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Abstract

Mechanistic analysis of metastatic prostate cancer (PCa) biology and therapy response critically
depends upon clinically relevant three-dimensional (3D) bone-like, organotypic culture. We here
combine an engineered bone-mimetic environment (BME) with longitudinal microscopy to test the
growth and therapy response of 3D PCa tumoroids. Besides promoting both tumor-cell
autonomous and microenvironment-dependent growth in PCa cell lines and patient-derived
xenograft cells, the BME enables /n vivo-like tumor cell response to therapy, and reveals bone
stroma dependent resistance to chemotherapy and BME-targeted localization and induction of
cytoxicity by Radium-223. The BME platform will allow the propagation, compound screening
and mechanistic dissection of patient-derived bone tumor isolates and applications toward
personalized medicine.
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1. Introduction

Bone metastases cause detrimental complications in patients with advanced cancers,
including prostate cancer (PCa), with limited therapeutic options to eliminate once-
established bone lesions [1, 2]. Besides cell intrinsic drivers, including up-regulation of
secreted cytokines and surface receptors, the bone microenvironment critically contributes to
progression, therapy response and resistance development of metastatic PCa in bone [1, 2].
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Traditionally, both PCa biology and response to therapeutics, in vitro, have been tested in
cancer cell lines grown in 2D plastic dishes [3, 4]. These cultures, however, lack both the
matrix and multicellular composition of bone, which limits their relevance for addressing
cancer-bone cell interplays and resulting outcomes [5]. As bone-mimetic systems,
engineered /n vitro models enable to combine stromal cells, including mesenchymal
precursors, endothelial cells, osteoblasts and osteoclasts, with 3D geometry and a calcified
extracellular matrix and allow further co-culture with cancer cells [6]. These engineered
platforms include (i) bone-derived cells in bioreactors [7]; (ii) matrix-based 3D hydrogels or
collagen mono- and co-cultures [6, 8]; (iii) synthetic or natural 3D scaffolds seeded with
stromal cells that develop ossified bone-like 3D structures [9, 10]; microfluidic devices [11]
and (iv) explanted bone [12]. Such models reveal defined cancer/bone interactions and
fundamental principles of bone cancer biology, including growth, survival, extravasation,
adhesive and paracrine cell-cell interactions and androgen sensitivity [3, 6-8, 10-12].
Besides these cellular functions, the more physiological cell organization and enriched
signaling response sustained by engineered 3D cultures can profoundly affect sensitivity/
resistance to treatments ([4, 13]). However, /n vitro engineered bone models have been
occasionally applied for probing the therapy response ([14, 15]) and underlying mechanism
of resistance ([9]).

We here developed 3D long-term culture of multicellular tumoroids in bone-mimetic
environments (BME) and apply live-cell microscopy to study their growth and response to
therapy. Our data reveal a critical contribution of the BME to provide topologic niches of
therapy response heterogeneity and cancer cell resistance (Fig. 1).

2. Materials and Methods

2.1 Cellline cultures and reagents

Human dual-color variant PC3 prostate cancer cells expressing H2B-eGFP and DsRed?2
were from Anticancer; luciferase-expressing PC3 cells were provided by Dr. Gary Gallick,
UT MD Anderson Cancer Center. Cells were maintained in DMEM (Corning), 10% fetal
calf serum (Sigma), penicillin and streptomycin (both 100 pug/ml, Sigma). Human C4-2B
cells (provided by Dr. Timothy Thompson, UT MD Anderson Cancer Center) expressing
H2B/mCherry and LifeAct-GFP were cultured in RPMI (Corning), 10% fetal calf serum
(Sigma), penicillin and streptomycin (both 100 pg/ml, Sigma) and 1% HEPES. The identity
of tumor cell lines was verified by Short Tandem Repeat DNA profiling (Characterized Cell
Line Core Facility, M.D. Anderson Cancer Center). ASC52telo telomerase reverse
transcriptase immortalized adipose tissue derived mesenchymal stem cells (hMSCs, ATCC)
were maintained in Minimum Essential Medium (MEM1X, Corning), supplemented with
17% fetal calf serum, vitamins (Sigma), non-essential amino acids (Sigma), sodium pyruvate
(Gibco), penicillin and streptomycin (both 100 pg/ml, Sigma). To induce osteoblastic
differentiation, hMSCs were cultured in osteogenic medium (DMEM 1X, supplemented
with 10% calf serum, penicillin and streptomycin, 50 pg/ml L-ascorbic acid, 10 mM f-
glycerophosphate, 0.1 pM dexamethasone from Sigma).
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2.2. Patient-derived xenografts generation and processing

MDA PCa 118b and MDA PCa 183 patient derived xenografts (PDXs) were developed in
the laboratory of Dr. Navone at the “Prostate Cancer Patient Derived Xenografts Program”,
department of Genitourinary Medical Oncology, MD Anderson Cancer Center and the David
H. Koch Center for Applied Research of Genitourinary Cancers. PDXs were established
following previous described procedures and propagated as subcutaneous xenografts in 6- to
8-week-old male NOD/SCID gamma male mice (Experimental Radiation Oncology, MD
Anderson Cancer Center) [16-18]. Maintenance of PDXs in mice was approved by the
Institutional Animal Care and Use Committee of The University of Texas MD Anderson
Cancer Center. Tumors were harvested when reaching 1-2 cm?3, cut in small pieces (3—
4mm3) and mechanically disaggregated using the plunge of a 1 ml syringe on a cell strainer
(100 pum pore size) in DMEM medium. Upon disaggregation of the mouse-derived tumor,
MDA PCa 183 gave rise to larger and cohesive aggregates, while MDA PCa 118b generated
smaller and looser clusters, in line with their in vivo pattern of growth [16-18]. To enrich for
tumor cell clusters, the cell suspension was centrifuged in a Ficoll gradient (Lymphoprep,
STEMCELL Technologies). To generate fluorescent PDX variants, freshly isolated cells
(3.75 x 10° cells) were stably transduced with 1pl of rLV.EF1.mCherry-9 lentiviral vector
(\Vectalys) and 0.5 pl of Polybreene, in 1ml of DMEM complete medium in a 24-well plate
(Thermo Fisher), overnight. PDXs-derived transduced cells were washed three times in PBS
and seeded on the scaffolds (7.5 x 10* cells/well, 150 pl/well in a 96 wells plate).

2.3 mPCL-CaP scaffold fabrication

Medical grade PCL scaffolds were 3D printed by melt electrospinning writing and surface-
treated with calcium phosphate coating, as described [19].

2.4 Generation and characterization of functionalized mPCL-scaffolds

hMSCs were detached from 2D culture at 70-80% confluence with trypsin-EDTA (Sigma),
seeded on the scaffold (2.5 x 10° cells in 25 pl, 37 °C, 5% CO2, for 4h) and maintained in
osteogenic medium. The seeding duration of 4h was sufficient to favor the interaction of the
cells with the scaffold and subsequent homogenous colonization. Osteogenic medium was
completely replaced weekly. To investigate 3D BME organization at 10, 20 or 30 days after
seeding, BME culture was incubated overnight with xylenol orange (20uM in osteogenic
medium; Sigma), rinsed in PBS, fixed (2% PFA, 30 min), and incubated with phallodin-
Alexafluor488 (1:100; Invitrogen) and DAPI in staining solution (10% FBS, 0.2% triton
X-100, 0.1% BSA in PBS). To detect collagen I, fixed BMEs were blocked in staining
solution 1h, then incubated with anti-collagen | antibody (1:100 in staining solution;
ab34710, AbCam) over night. BMEs were washed in PBS for 3 h (with several changes of
PBS), incubated with goat anti rabbit Alexafluor647 antibody (1:200 in staining solution;
Invitrogen) 4h, washed 3h in PBS and stained with DAPI. To detect alkaline phosphatase,
fixed and blocked BMEs were incubated over night with anti-alkaline phosphatase
Alexafluor488 antibody (1: 30; 561495, BD), washed 3 h in PBS and stained with DAPI.
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2.5 Generation of PCa tumoroids and seeding on mPCL scaffolds

Tumoroids of PCa cells (PC3 and C4-2B) were generated with the hanging-drop method.
Briefly, 10° PCa cells were incubated in 20% methyl cellulose in cell culture medium
supplemented with 1% matrigel (BD Biosciences) and deposited as 25 pl drops on the lid of
a 15 cm dish. The lid was inverted and the drops incubated overnight at 5% CO», 37 °C.
After aggregation, PCa tumoroids were positioned in the center of mPCL-CaP or BME in a
96 well-plate and overlaid with DMEM/FCS (75pl). For precise tumoroid positioning, the
bottom part of a 10ul tip was placed in the 96 well to facilitate the positioning of the
tumoroids on a restricted scaffold area. 3D tumoroid cultures were incubated overnight at
37°C, 5% CO2, transferred to a 48-well plate and cultured in a 1:1 mixture of PCa cells/
osteogenic growth medium.

2.6 Image acquisition and quantitative analysis

Images from 3D stacks were reconstructed and analyzed using Fiji [20]. PCa tumoroid
growth was monitored using an EVOS FL Cell Imaging System (AMG) equipped with 2X
AMEP 4631 objective, NA=0.06. Tumoroid growth was quantified as fluorescent intensity,
as the summation () of the grey value of all the pixels. The area occupied by each tumoroid
was defined as region of interest (ROI) with the magic wand tool. The background signal
was determined as the mean gray value from a cell-free ROI (40x40 px) in the same position
for all images and used for background subtraction as follows: fluorescent intensity
tumoroids — (area tumoroid x mean grey background). All images were taken using the same
setting at every time point.

PDXs growth and nuclear status during therapy response experiments with PC3 cells were
recorded using a confocal Leica MST66 microscope equipped with a Leica Z6 APO zoom
lens. PDX growth was quantified from the mCherry signal. Single channel z-stacks were
masked, thresholded (Moments plug-in, FIJI) and the signal-positive area was obtained. For
each sample, the relative fluorescence density was obtained averaging 10 slices per z-stack.
Therapy response in different tumoroid regions, including core or dhMSC-interface areas,
was scored by counting the number of apoptotic and non-apoptotic nuclei (based on nuclear
fragmentation) detected by H2B-eGFP nuclear signal. Scaffold maturation analysis and
orthogonal view of scaffolds seeded with PCa cells and PDXs were performed by using a
TrimScope 11 (LVBT) equipped (LaVision BioTech) with three Ti:Sapphire lasers
(Chameleon-XR, Coherent) and two Optical Parametric Oscillators (APE/Coherent),
resulting in a tunable excitation range from 800 to 1,300 nm and up to three laser lines [21].
The microscope was equipped with a long-working distance 25x NA 1.05 oil/water
(Olympus) objective. Simultaneous detection was performed using up to 5 backward
photomultipliers, with spectral separation of channels for DAPI and THG (450/60, 1090 nm
and 1280 nm), eGFP (525/50, 920 nm), SHG (525/50, 1090 nm), DsRed?2 (595/40,
1090nm), xylenol orange and mCherry (620/60, 1090 nm). 3D stacks were obtained for up
to 200 um depth at 5-10 pm step-size. Images from individual 3D stacks were reconstructed
and analyzed using F1JI. To analyze calcium deposition over time, xylenol orange signal was
thresholded (Li plug-in, FIJI) in individual slices from 3D stacks (10 consecutive frames
were averaged; 360 x 360 pm, 5 pm step interval in z-direction) and calculated as % of the
total area.
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2.7 Treatment of PC3in 2D culture

For testing docetaxel toxicity, luciferase-expressing PC3 cells were cultivated in a 96-well
plate (2000 cells/well) and treated after 1 d with docetaxel (0-100 nM, 1:3 dilutions,
Sanofi). The growth was measured over time by bioluminescence signal using an automatic
plate reader (PerkinElmer, EnVision 2104 multi label plate reader), after addition of
luciferine solution (150ug/ml). For testing Radium-223 (Rad223) toxicity, luciferase-
expressing PC3 cells were seeded in a 96-well plate (1500cells/well) and treated after 1 d
with Rad223 (0-6400 Becquerel/ml, 1:2 dilutions, Bayer).

2.8 Treatment of PC3 in BME

To assess docetaxel toxicity in BME, PC3 tumoroids were seeded on BME and mPCL-CaP
scaffolds, after 5 d treated with docetaxel and their growth monitored by epifluorescence
microscopy. To evaluate Rad223 toxicity in BME, PC3 tumoroids were seeded on BME,
after 3 d treated with Rad223 and their growth monitored overtime.

3. Results

3.1 Invitro bone mimetic environment (BME)

As in vitro bone mimetic environment (BME), calcium phosphate-coated, medical grade
polycaprolactone (mPCL-CaP) scaffolds in a micro format (5 x 5 x 0.2 mm; Fig. 2A, B)
were colonized with human mesenchymal stem cells (hMSCs) and matured in osteo-
inductive medium over 4 weeks (Fig. 1A; Fig. 2C) [22]. BMEs consisted of secretory
osteogenic differentiated hMSCs (dhMSCs) extending along and intercalating between
scaffold fibers (Fig 2. C-E) in a 3D niche-like fashion, as described [10, 23]. The density of
hMSCs with intact nuclei remained unchanged over time (Fig. 2F), indicating a largely non-
proliferative state. However, concomitant to osteogenic differentiation, calcium phosphate
content increased over 30 days of culture, with focal deposits of calcified matrix in the inter-
fiber space (Fig. 2G, asterisk), as well as collagen | deposition (Fig. 2H) and expression of
alkaline phosphatase (Fig. 2I), typical of mature osteoblasts. To test whether the scaffold
geometry impacts this osteogenic process, we compared mPCL-CaP scaffolds with different
overall shapes and intrinsic microscopic properties, including thickness, number and
distribution of fibers (Fig. S1A, B). Irrespective of the macro- and micro-geometry of the
scaffolds, comparable density of colonization by hMSCs or calcium deposition were
obtained (Fig. S1C, D). The G1 geometry was prioritized for further experiments because of
its uniform topology, more suited for reliable central positioning of tumor cell suspensions
and tumoroids.

Thus, we generated a calcified bone-like environment with biosynthetically active dhMSCs
and niche-like 3D topology.

3.2 PCacell growth on the 3D BME

We next imaged the growth of PC3 and C4-2B PCa cells, which both were originally
derived from bone metastases but display different phenotypes. However, PC3 cells
represent an aggressive, neuroendocrine-like PCa variant which lack androgen receptor and
prostatic serum antigen (PSA) expression and develop particularly rapid growth, whereas
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C4-2B cells typify a slow growing, castration resistant adenocarcinoma [24-26].
Multicellular tumoroids were seeded onto the BME, forming small avascular lesions (Fig.
1B). Cell growth during long-term culture was measured as fluorescence intensity of stably
expressed nuclear and cytoplasmic fluorophores (H2B-eGFP and DsRed?2 in PC3 cells H2B-
mCherry and LifeAct-GFP in C4-2B cells). Control experiments using tumoroids of known
size showed high correlation (R>0.9) between cell number and detected aggregated
fluorescence for both cytoplasmic and nuclear signal (Fig. S2), indicating reliable
fluorescence-based monitoring of cell density.

PC3 and C4-2B cells attached and expanded within and along the interconnected pore
network (Fig. 3C, D), yet retained a dense tumoroid core over time (Fig. 3A, B arrowheads).
PC3 cells rapidly grew on both mPCL-CaP scaffolds and BME with equal efficiency and no
difference in growth kinetics were observed over 9 days, according to their aggressive nature
(Fig. 3C). By comparison, C4-2B tumoroids, which required 28 days of culture to achieve a
similar density of colonization, showed a trend towards accelerated growth on dhMSC-
conditioned BME relative to dhMSCs-free scaffolds, possibly benefitting of stromal-derived
growth signals (Fig. 3D). Both cell lines retained cell-cell junctions at the tumoroid core and
developed a collective, sheet-like radiary outward expansion along the BME interface, which
was more effective in PC3 compared to C4-2B tumoroids (Fig. 3E, F). Thus, 3D bone
organotypic scaffolds provide an environment for tumor-cell autonomous growth of PCa
tumoroids originated from cell lines.

3.3 Growth of PDX-derived tumoroids in BME

Patient-derived tumors can accurately recapitulate intra- and inter-tumoral heterogeneity and
offer the possibility of personalized therapy studies [27, 28]. However, patient-derived cells
are difficult to propagate upon /n vitro culture and typically are maintained as serial
xenografts in immunodeficient mice, which preserve their biological and genomic integrity
and diversity [29-31]. Similarly, culture of PDX-derived cells in hydrogels [8] or organoids
in reconstituted basement membrane [32] has demonstrated intact molecular diversity of
prostate cancer subtypes, yet these soft materials lack the composition and biomechanical
properties of bone [8, 33]. To test whether the BME could support the survival and growth of
explanted PDXs, we exploited two bone metastasis-derived PDXs defined as MDA PCa 183
(a treatment naive, androgen dependent adenocarcinoma) and MDA PCa 118b (an androgen-
independent, more aggressive carcinoma resistant to androgen deprivation and
chemotherapy) [16-18]. PDX-derived cells were isolated from mice, enriched by density
gradient centrifugation (Fig. S3) and subjected to long-term /n vitro culture (Fig. 4A). For
fluorescence detection, freshly isolated PDX-derived cells were lentivirally transduced to
express mCherry fluorescent protein (Fig. S3, 4A).

After seeding, MDA PCa 118b cells initially generated small colonies that grew for up to 50
days and expanded almost 10 times in the BME, which was in line with their more
aggressive nature, while no cells survived when MDA PCa 118b PDX was cultured in the
absence of dhMSCs (Fig. 4B). Tumor cells, identified by cytokeratin 8/18 positivity (Fig.
4C), grew as multifocal nests surrounded by dhMSCs and retained compact epithelial
organization (Fig. 4D), similar to their organization in bone, /n vivo (Fig. 4H). MDA PCa
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183 cells initially attached as larger multicellular colonies on both mPCL-CaP scaffolds and
BME but survived and further grew only when stromal cells were present, with tumoroids
doubling in size after 30 days (Fig. 4E). Multicellular colonies retained homogenous
expression of cytokeratin 8/18 and epithelial, /n7 vivo-like configuration (Fig. 4F, H) and
grew as clusters anchored to the BME (Fig. 4G). Thus, 3D bone organotypic culture
supports stroma-dependent growth and propagation of PDX-derived cells and maintenance
of their epithelial phenotype.

3.4 The 3D BME for studying therapy response and resistance

Tumor-stroma cell-cell interactions and paracrine activation of survival pathways may
impact the sensitivity of metastatic cancer cells to therapeutic compounds and even support
drug resistance [4]. Alternatively, by up-regulating signaling hubs that sensitize tumor cells
or accumulating bone-tropic drugs, the stromal component can also support lethality
mechanisms and enhance responsiveness to therapy [4, 34]. To exploit the BME for
addressing PCa therapy response and the role of the stromal compartment therein, we first
applied docetaxel, a chemotherapeutic agent that stabilizes microtubules, inhibits cell-cycle
progression and induces apoptosis [33] (Fig. 1C). In 2D culture docetaxel dose-dependently
compromised PC3 cell growth at doses equal or higher than 1 nM and eliminated viable
cells at a dose of 30 nM (Fig. 5A, B). Docetaxel induced a dose-dependent response in BME
culture, however its efficacy was further linked to the presence of dhMSC, with persisting
cancer cell survival in BME but not mPCL-CaP scaffolds (Fig. 5A, C). To gain insight into
sub-regions, which might support this phenomenon despite docetaxel treatment, we
microscopically mapped apoptosis induction in PC3 cells inside the tumoroid core and along
the dhMSC interface (Fig. 5D). PC3 cells located at the interface of dhMSC-containing
BME, but not mPCL-CaP scaffolds, showed significant lower nuclear fragmentation (Fig.
5E, red arrowheads), while apoptotic rates in the tumoroid core were comparable for either
culture condition (Fig. 5E, green arrowheads). The viability of dhMSCs was minimally
compromised by docetaxel treatment (Fig. S4), which is consistent with limited cytotoxic
activity towards non-mitotic cells ([33]; compare Fig. 2F). Thus, although PC3 cell growth
in the 3D bone mimetic culture does not depend on stromal cells (Fig. 3), survival during
cytotoxic challenge by docetaxel benefits from the presence of a stromal component (Fig.
5E). These results suggest an active contribution of the bone stroma to PCa cell resistance to
docetaxel, resulting in preferential PCa cell survival along the dhMSC-containing interface.
The presence of a diverse number, distribution and nature (homo- vs. hetero-typic) of cell-
cell junctions or paracrine signals might actively support the differential response to
docetaxel.

Besides chemotherapy, which affects cancer cell directly, therapeutics targeting the bone
stroma can control tumor growth and progression, including Radium 223 (Rad223), an
alpha-emitting radio-isotope with calcium-mimetic properties that significantly prolongs
overall survival in advanced metastatic PCa patients [35] [36]. We first investigated whether
Rad223 differentially distributes in 2D versus BME 3D culture (Fig. 6A). In 2D culture,
Rad223 remained dissolved in the supernatant, without absorbance to the culture dish (Fig.
6B). In BME, however, Rad223 was near-completely (> 90%) detected in the scaffold and
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diminished from the supernatant (Fig. 6B), consistent with its bone-tropic localization /n
vivo [37].

In 2D culture, Rad223 effects followed a near-linear dose-response with 20, 45 and >95%
reduction of cell numbers for respective doses of 200, 400 and >1600 Bg/ml (Fig. 6C). In
BME culture, however, Rad223 was more efficient, requiring almost ten-fold lower
concentration (25 Bg/ml) to compromise PCa cell growth, and reached maximum efficacy at
200Beqg/ml without further increase at higher dose (Fig. 6D, E). Nuclear fragmentation rates
were low in cancer cells localized on top of the tumoroid core and significantly increased in
PC3 cells along the dhMSC-interface (Fig. 6F, G), consistent with a differential exposure to
Rad223, which is maximized at the interface and diminishes with greater distance due to
limited penetration of alpha particles (~100 um [34]).

These data indicate that BME culture supports both local enrichment of Rad223 to the
calcified bone-mimetic compartment and a locally confined therapy response of PCa
tumoroids near the dhMSC-interface.

4. Discussion and conclusions

The engineered BME provides central bone features and enables mechanistic, three-
dimensional and time-resolved analysis of (i) positioning and function of PCa cells, (ii) their
interaction with calcified bone stroma and osteoblasts, (iii) and the consequences for the
sensitivity to chemo- and radiotherapy. The BME combines engineered, micro-sized
scaffolds consisting of mPCL-CaP fibers functionalized with stromal cells that deposit
calcium and distribute in a niche-like 3D topology. This system, which recapitulates
principal features of calcified bone for co-culture with tumor cells, is amenable for live-cell
and high-resolution fluorescence microscopy to discern types of cell-autonomous versus
stroma-dependent growth. As potential biotechnological advance, besides established PCa
cell lines, the BME supports organotypic retention of epithelial growth by PDX cells over
weeks. Compared to other culture strategies for patient-derived cells, including 3D
organoids in reconstituted basement membrane [32], the tumoroids in the BME are
maintained in the presence of both extracellular matrix and a bioactive stroma. Thus, PCa
cells growth and response to cytotoxic therapy in BME may be mediated by dhMSC-derived
extracellular collagenous matrix and calcium deposits, paracrine signals released by stromal
cells [10] and heterotypic cell-cell interactions [8].

In vivo analyses in small animals have identified key steps of the complex progression of
bone metastasis, including cancer cell extravasation, survival and colonization [38-40]. /n
vivo systems however lack the fine control of the experimental variables, including
topological, physical and molecular cues, and impose significant experimental and logistic
demands, including animal welfare issues [41]. On the other hand, 2D cultures are simple,
consistent and readily reproducible, but limited in their complexity and unable to replicate
tissue-specific pathophysiology [42]. The 3D biomimetic models thus fill a technical gap
between conventional 2D approaches and preclinical /7 vivo models. In principle, 3D
biomimetic systems are not supposed to fully reproduce all the aspects of the bone tissue or
the metastatic process, but are expected to recapitulate the essential elements and functions
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needed to address relevant preclinical and clinical questions. As an example, research in a
microfluidic bone-like microenvironment identified the CXCR2-CXCLS5 axis as a mediator
of breast cancer cells extravasation [43] and a 3D indirect co-culture model of PCa cells and
osteoblasts revealed paracrine regulation of osteomimicry and androgen-responsive genes
[10]. Thus, bone-mimetic systems contribute to clarify defined aspects of the complex
spatial cellular and molecular interactions occurring between cancer and bone stromal cells

[6].

Beyond application in PCa propagation, the bioactive BME is particularly suitable to
investigate the response to therapeutic agents and the role of the bone stroma in either
limiting or enhancing their efficacy. We here show that PCa cell culture in 3D osteoblastic
bone stroma supports chemoresistance, consistent with /7 vivo evidence showing that
osteoblasts protect cancer cells from toxicity induced by chemo- and molecular therapeutics
[44, 45]. On the other hand, the BME absorbs Rad223, thus recapitulating its bone-seeking
properties /n vivo [37]. Thus, the consistency of our results with /n vivo findings further
validates the BME as a promising model that enables the dissection of tumor-stroma axis in
response to therapy and mechanisms of resistance.

To extend its applicability, the BME stroma is amenable to further enrichment by endothelial
cells forming vascular structures, osteoclasts contributing to matrix remodeling, adipocytes
and/or bone marrow stem cells and immune cells providing additional paracrine
conditioning. When applied towards PDX- or patient-derived cells the BME will enhance
personalized medicine and co-clinical analysis to better establish and predict the
heterogeneity and efficacy of anti-cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Bone-like environment generation and maturation B PCa cell seeding and growth C Analysis of the therapy response

mPCL-CaP

scaffold
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hMSCs Osteogenic Scaffold BME PCa tumoroid Live monitoring Therapy Live monitoring
medium  colonization/maturation
30d 3d(-30d) 14d

Fig. 1. Schematic representation of the bone mimetic environment of metastasis.
A. Human mesenchymal stem cells (hMSCs) were seeded on a miniaturized medical grade,

calcium phosphate polycaprolactone scaffold (mPCL-CaP) and maintained in osteogenic
medium for 30 days that engendered osteogenic maturation. B. PCa cells were seeded on the
bone mimetic environment (BME) as tumoroids and monitored over time by live-cell
fluorescence microscopy. C. Established tumoroids were subjected to chemo- or radiation
therapy and longitudinally monitored for therapeutic response by live-cell fluorescence
microscopy.

Biomaterials. Author manuscript; available in PMC 2020 March 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Paindelli et al.

Page 14

0l— v v
10 20 30

Nuclei (nx102field)

Time (days)
104 dekk

Ca™ area (%)
hal

10 20 30

; R A Time (days)
u Collagen | Alkaline Phosphatase

hMSCs dhMSCs, 30 d hMSCs dhMSCs, 30 d

Fig. 2. Maturation of thein vitro engineered bone-like microenvironment monitored by non-
linear microscopy.

A. Topology of native mPCL-CaP scaffold (bright field microscopy). Bar, 1 mm. B. 3D
organization of native mPCL fibers detected by second and third harmonic generation (SHG,
THG) microscopy. Box, region of single-channel images. Bar, 150 um. C. mPCL-CaP
scaffold functionalized with hMSCs after 30 days of osteogenic culture (overview, bright
field microscopy). Bar, 150 um. D, E. 3D organization of the engineered bone-like
microenvironment 30 days after hMSCs seeding, detected by multiphoton microscopy.
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Merged and single channel images are shown. Red box, inset with nuclei; arrowhead,
calcium deposited on the fibers; asterisk, inter-fiber calcium deposits. DAPI, SHG, red;
phalloidin, yellow; xylenol orange, Cyan; THG, White. Bar, 100 um; z-depth 100 um. F.
Quantification of nuclei number over time; means + SD, 4 biological replicates. G.
Quantification of calcium deposition over time stained by xylenol orange. Arrowhead,
calcium deposited on the fibers; asterisk, calcium deposited inter-fibers; means + SD, 4
biological replicates. (F, G) (**) p<0.01, (***) p<0.001, one-way Anova and Tukey’s post
hoc test. Bar, 100 um. H, I. Staining of collagen | and alkaline phosphatase on
functionalized scaffolds before and after the differentiation process (differentiated human
mesenchymal stem cells, dhMSCs; 30 days). White box, inset with nuclei. Bar, 50 um.
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Fig. 3. Growth of PCatumoroids on functionalized and mPCL -CaP scaffolds.
A, B. 3D reconstruction and x-z orthogonal view by multiphoton microscopy of PC3 DC (A)

and C4-2B DC (B) tumoroids. Bar, 100 um. Arrowhead, tumoroids core. C, D. PC3 DC (C)
and C4-2B DC (D) tumoroids on BME and mPCL-CaP scaffolds detected by
epifluorescence microscopy. Quantification of growth kinetics is shown (PC3 DC: DsRed2;
C4-2B: LifeAct-GFP), means + SD from 3 independent experiments with 4 scaffolds/time
point. Bar, Imm. E, F. PC3 DC (E) and C4-2B DC (F) cell-cell junctions as assessed by -
catenin staining, in both core and dhMSC-interface areas. Merged and single channel images
are shown. DAPI, green; B-catenin, red. Bar, 10 pm.
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Fig. 4. MDA PCa 118b and 183 growth in bone-mimetic environment.

A. Workflow of PDX-derived BME culture. Procedures are described in Results. B, C.
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Time-dependent growth and distribution of MDA PCa 118b/m-Cherry colonies on BME and

mPCL-CaP scaffolds. 3 independent experiments were performed, with 3 scaffolds per

condition. One representative experiment is shown. Bar, 200 um. Right panel, cytokeratin
8/18 staining of BME at day 21. Bar, 200 um. D. 3D reconstruction and x-z orthogonal view

of MDA PCa 118b on BME by multiphoton microscopy. White box, zoomed images

representing different sections of 150 um in z-depth (1, 2, 3). Red, DAPI; green, phalloidin;
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blue, THG. Bar 100 pm. E, F. Time-dependent growth and distribution of MDA PCa 183/m-
Cherry colonies on BME and mPCL-CaP scaffolds. Quantification of growth and size of
PCa colonies overtime; 3 independent experiments were performed, with 3 scaffolds per
condition; one representative experiment is shown. (***) p<0.001, by Student’s T-test, two
tailed. Bar, 200 um. Right panel, cytokeratin 8/18 staining of BME at day 21. Bar, 200 ym.
G. 3D reconstruction and x-z orthogonal view of MDA PCa 118b on BME by multiphoton
microscopy. White box, magnification. The magnification is shown at different depth levels
(1, 2; z-depth, 150 pm). Red, DAPI; green, phalloidin; blue, THG. Bar 100 um. H. Histology
of MDA PCa 118b and MDA PCa 183 in bone and BME. Yellow and black dashed lines
outline the tumor areas. Bar, 200 pum.
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A. Time line of docetaxel treatment in 2D vs. 3D culture £ dhMSCs. B. Dose-response curve
based on photon emission by luciferase-positive PC3 treated with docetaxel on cell culture
plate. 2 independent experiments were performed, in triplicate. One representative
experiment is shown, means + SD. C. PC3 DC tumoroids treated with OnM, 0.3nM, 3nM
and 30nM of docetaxel at day 12, +/-~dhMSCs detected by epifluorescence microscopy.
Tumoroid growth was monitored by fluorescence intensity analysis. 3 independent
experiments were performed, with 3 scaffolds per condition; one representative experiment
is shown, means = SD. Bar, 500 um. (*) p<0.05; (**) p< 0.01 by Student’s T-test, two tailed.
D. Schematic representation of the tumoroids seeded on BME, showing the core and the
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dhMSC-interface. E. PC3 DC cells (nucleus, H2B-eGFP) 2 days post-treatment with 0 or 30
nM docetaxel, in both core and dhMSC-interface areas, detected by confocal microscopy.
Green arrowhead, apoptotic nuclei in the core; red arrowhead, apoptotic nuclei at the
dhMSC-interface. The number of apoptotic nuclei is shown. Data represent the means £ SD
from 3 independent experiments with 3 scaffolds/time point. Bar, 5 um. (*) p<0.05 by
Student’s T-test, two tailed.
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Fig. 6. PC3 2D and BME culture dose-response curve to Rad223.
A. Time line of Rad223 treatment in 2D and 3D. B. a-particle emission in 2D and 3D

samples treated with Rad223 400 Becquerel/ml. M, medium; P, plastic; S, scaffold. (**)
p<0.01; (***) p< 0.001 by Student’s T-test, two tailed. C. Dose-response curve based on
photon emission by luciferase-positive PC3 treated with Rad223 on cell culture plate. 2
independent experiments were performed, in triplicate. One representative experiment is
shown, means + SD. D. 3D dose-response curve of PC3 DC cells on BME treated with
Rad223, monitored by fluorescence intensity analysis. Data represent the means + SD, from
3 independent experiments with 3 scaffolds/time point. E. PC3 DC tumoroids detected at
day 13 by epifluorescence microscopy. DsRed? signal is shown. Bar, 500 pm. F, G. PC3 DC
cells (nucleus, H2B-eGFP) 2 days post-treatment with 0 or 400 Bg/ml of Rad223, in both
core and dhMSC-interface. Data represent the means + SD, 4 scaffolds, detected by confocal
microscopy. Bar, 5 um. (*) p<0.05 by Student’s T-test, two tailed.
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