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Preface to “Biomaterial-Assisted 3D In Vitro Tumor
Models: From Organoid towards Cancer Tissue
Engineering Approaches”

The merging of disciplines is generating new knowledge at the cutting edge of science. This
collection has been envisaged to bring bioengineering, materials science, and cancer research a step
closer by explaining, designing and investigating new tools to release complex, more reliable yet
ethically sustainable tumor in vitro models. Our aim is to comprehensively foster the scientific
community working in this field to collaborate even more interactively and ultimately accelerate the
achievement of more powerful and precise therapies to fight cancer than those currently available.
Here, we have collected excellent contributions from researchers working in different countries (Italy,
Spain, Germany, UK, USA, Japan, Australia) and from four continents, including general overviews
and research papers facing diverse tumor types (e.g., pancreatic ductal adenocarcinoma, ovarian
cancer, breast cancer, colorectal cancer, and bone cancers), which avail themselves of biomaterial
scaffolds to study tumorigenesis, metastasis and screen different therapeutic options (chemo-, radio-,

and immuno-therapy) up to personalized approaches via patient-derived 3D models.

Serena Danti, Nicola Contessi Negrini, and Alessandro Franchi
Editors
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Cancers are a leading cause of death around the world, accounting for nearly 10 million
deaths yearly. Scientists across the globe are intensifying more and more of their efforts
to understand tumor development, to develop early-stage diagnostic (and theragnostic)
methods, as well as to identify new and personalized biomarkers to obtain novel and more
efficient drugs. The connecting link of all these aspects is the availability of reliable, repro-
ducible, cost-effective, and ethically sustainable models. Currently used in vivo animal
models and in vitro bi-dimensional (2D) models are affected by drawbacks that are hinder-
ing the understanding of tumor structural and biological complexity and the development
of efficient treatments. In recent years, biomaterial-assisted three-dimensional (3D) in vitro
modelling has gained tremendous momentum as a more reliable and biomimetic alternative
to better understand tumor biology and develop new therapeutics or screen drugs and drug
combinations for personalized medicine approaches. The growing knowledge produced in
the field of tissue engineering has lately opened the way for cancer tissue engineering [1].
The multi- and inter-disciplinary nature of this topic needs to fill a methodology gap, which
involves bringing the cancer biology community closer to the field of biomaterials science
and vice versa. This is the objective of our Special Issue, in which we collected a series of
13 papers (7 research papers, 4 reviews, 1 systematic review, and 1 commentary) published
by international leaders in relation to the development and application of 3D in vitro tumor
models using biomaterials as instructive elements.

Furthermore, 3D biomaterial-assisted in vitro models can be used to culture multiple
cell populations using biomaterials to recapitulate the 3D structure of the tissue in vivo,
not achievable by culturing cells on traditional 2D plastic substrates. Several biomaterials
or biomaterial combinations can be used to culture different cells to in vitro mimic the com-
plexity of specific cancers, replicating cell-cell interactions, cell-extracellular matrix (ECM)
interactions, and vascularization, which is not largely possible using traditional 2D culture
plastics as substrates [2,3]. The different structural and biological complexity obtained
with 3D in vitro models not only emulates the in vivo morphology, but it also increases the
functional similarity of the pathophysiological in vivo tissue/organ. For instance, the drug
sensitivity of tissues in vivo, such as the response to innovative immunotherapy, is better
mimicked and replicated by 3D in vitro models compared to 2D in vitro models [4].

Betriu et al. [5] studied the internalization and degradation of epithelial growth factor
receptors (EGFRs) of pancreatic ductal adenocarcinoma after treatment with Erlotinib and
compared the response of cells cultured on 2D plastics and 3D self-assembling peptide
scaffolds. The authors demonstrated how Erlotinib treatment promoted epidermal growth
factor (EGFR) degradation by cells cultured in 3D cultures, but not on 2D cultures, which
proves how the 3D environment allowed for an improved mimicking of in vivo cellular
morphology, matrix dimensionality ad stiffness, molecular gradient, and response to ther-
apeutics. In order to prepare 3D in vitro models of soft and hard cancers, Tomar et al. [6]
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used polyhydroxyalkanoates synthesized by microorganisms to fabricate 3D porous scaf-
folds via particulate leaching. The authors cultured breast and colon cancer cells and
demonstrated a nutrient diffusion across the scaffolds and cell penetration in the bioma-
terial 3D structure, proving the suitability of these scaffolds as 3D biomaterial-assisted
in vitro cancer models as more biomimetic alternatives to conventional cell cultures. The
use of these in vitro models is particularly promising when patient-derived cancer cells
are cultured in biomaterial scaffolds and used to develop a patient-specific 3D in vitro
model, enabling the possibility of developing personalized and patient-specific cancer
treatments [7]. However, the use of 3D models imposes new technical challenges that still
need to be fully addressed; namely, biomaterial-assisted in vitro models that use highly
reproducible, cost-effective, and adequate technologies for analysis are yet to be optimized.
In this context, for example, Shembrey et al. developed a method to monitor intra-tumoral
cell heterogeneity using the optical barcoding of patient-derived cancer cells in a 3D in vitro
model of colorectal cancer [8].

Biomaterial-assisted 3D in vitro models of cancers have the great potential of overcoming
the limitations of the currently used 2D in vitro model. However, developing biomaterial-
assisted 3D models comes with several challenges that need to be carefully tackled to achieve
an efficient model. Design parameters that need to be addressed include morphological and
topographical cues, structural and mechanical cues, and chemical/biological cues to correctly
mimic the in vivo tumor microenvironment found [9]. Wieland et al. prepared 3D aligned
microfiber scaffolds via melt electrowriting to mimic brain structures and demonstrated
the role of topography in determining cell behavior in a metastatic brain model [10]. The
authors showed the importance of aligned microfibers to guide the formation of an in vitro
relevant biomimetic model and applied the model to validate specific genotypes and their
involvement in controlling cell morphology, durotaxis, adhesion, plasticity, and migration
in a brain metastasis in vitro model. Mechanical cues are also fundamental to obtaining a
relevant biomaterial-assisted in vitro cancer model for both soft and hard tissues, as in the
case of bone metastasis and bone cancer [11]. For instance, we developed an in vitro os-
teosarcoma model using 3D-printed polyurethane and we tuned the porosity and mechanical
properties of the scaffolds to achieve an optimal scaffold to promote cell colonization in the
scaffold pores and osteogenic differentiation, which could be a platform for osteosarcoma
study [12]. After optimizing the physico-mechanical properties of the scaffolds, we intro-
duced biomimetic cues by pre-generating a bone-like ECM on the prepared scaffolds with
osteo-induced mesenchymal stem cells [13]. The presence of biomimetic chemical /biological
cues is indeed critical for an efficient biomaterial-assisted 3D in vitro model. In the context
of the 3D in vitro model of ovarian cell cancer [14], Gupta et al. developed and compared
different polymeric scaffolds and highlighted the importance of mimicking ECM components
in vitro to accurately mimic the in vivo tumor [15]. Finally, Wishart et al. demonstrated the
importance of a fibronectin coating on their polyurethane scaffolds to develop an in vitro
model capable of recapitulating hypoxic conditions in 3D pancreatic cancer models to study
the effects of radiotherapy treatment [16].

Biomaterial-assisted in vitro models have the great potential of allowing the biolog-
ical and structural complexity of tumors to be recapitulated in vitro, thus opening new
frontiers never investigated before with traditionally used 2D in vitro models and in vivo
animal models. The continuous innovation in biomaterials science and new biomolecular
tools for the characterization of in vitro models will critically contribute to improving our
understanding of cancer and develop new therapeutics to treat such dismal conditions. We
hope that this Special Issue will motivate cancer biology scientists and biomaterials and
tissue engineers to join forces to tackle this challenging research field, in order to make
advances in cancer understanding and treatment.

Conflicts of Interest: The authors declare no conflict of interest.
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Simple Summary: Development of new therapeutics to treat osteosarcoma is fundamental to decreas-
ing its current health impact. 3D in vitro models are gaining tremendous momentum as, compared to
traditional 2D in vitro models and in vivo models, can speed up new treatment discovery and provide
clarification of the pathology development, by ultimately offering a reproducible and biomimetic
tool. However, engineering a 3D osteosarcoma in vitro model is challenging, since the reliability
of the models strictly depends on their ability to correctly mimic the physical, mechanical, and
biological properties of the pathological tissue to be replicated. Here, we designed 3D printed
polyurethane scaffolds enriched by in vitro pre-generated bone extracellular matrix, synthesized by
osteo-differentiated human mesenchymal stromal cells, to replicate in vitro an osteosarcoma model,
which can be potentially used to study tumor progression and to assess new treatments.

Abstract: Osteosarcoma is a primary bone tumor characterized by a dismal prognosis, especially in
the case of recurrent disease or metastases. Therefore, tools to understand in-depth osteosarcoma
progression and ultimately develop new therapeutics are urgently required. 3D in vitro models
can provide an optimal option, as they are highly reproducible, yet sufficiently complex, thus
reliable alternatives to 2D in vitro and in vivo models. Here, we describe 3D in vitro osteosarcoma
models prepared by printing polyurethane (PU) by fused deposition modeling, further enriched with
human mesenchymal stromal cell (hMSC)-secreted biomolecules. We printed scaffolds with different
morphologies by changing their design (i.e., the distance between printed filaments and printed
patterns) to obtain different pore geometry, size, and distribution. The printed PU scaffolds were
stable during in vitro cultures, showed adequate porosity (55-67%) and tunable mechanical properties
(Young’s modulus ranging in 0.5-4.0 MPa), and resulted in cytocompatible. We developed the in vitro
model by seeding SAOS-2 cells on the optimal PU scaffold (i.e., 0.7 mm inter-filament distance, 60°
pattern), by testing different pre-conditioning factors: none, undifferentiated hMSC-secreted, and
osteo-differentiated hMSC-secreted extracellular matrix (ECM), which were obtained by cell lysis
before SAOS-2 seeding. Scaffolds pre-cultured with osteo-differentiated hMSCs, subsequently lysed,
and seeded with SAOS-2 cells showed optimal colonization, thus disclosing a suitable biomimetic
microenvironment for osteosarcoma cells, which can be useful both in tumor biology study and,
possibly, treatment.

Keywords: fused deposition modeling; cancer tissue engineering; in vitro model; mechanical
properties; mesenchymal stromal cell; bone matrix; bone cancer; tumor microenvironment
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1. Introduction

The development of three-dimensional (3D) tissue or organ biomimetic models has
become a topic of major interest in the field of biomaterials and tissue engineering. In vitro
bioartificial 3D models are unique tools to study the development of pathologies and
test potential new drugs [1], to better understand tissue and organ morphogenesis [2],
and to recapitulate tumorigenesis and cancer progression to potentially develop new
personalized treatments and therapeutics for precision medicine [3]. In the latter case,
cancer tissue engineering has emerged in the bioengineering field aiming at fabricating
3D in vitro models to mimic the multi-dimensional structure, organization, and complex
relationship in diverse tumor microenvironments (TMEs) [4]. Conventional studies to
assess therapeutic efficacy on tumor cells have usually been performed using traditional
two-dimensional (2D) in vitro models and small animal in vivo models. However, a wide
consensus has now been reached on the evidence that 2D models lack mimicking structural,
mechanical, and biochemical cues of the tissue microenvironment, thus oversimplifying
cell-cell and cell-extracellular matrix (ECM) interactions [5]. Moreover, animal models
are affected by several limitations, including low reproducibility, the impossibility of
performing longitudinal studies due to animal sacrifice at the end of most tests, associated
high costs, time-consuming studies, as well as ethical concerns and the necessity of ethical
approvement by dedicated bodies [3]. 3D in vitro models represent an optimal compromise
between the use of 2D in vitro models and in vivo models, as they mimic the complex 3D
architecture of tissues and they can recapitulate the cell-cell and cell-ECM interactions,
thus leading to improved predictions [6,7]. Despite undeniable advantages, the fabrication
of 3D in vitro models is still challenging for bioengineers, as prepared models should
possess adequate properties to mimic the specific tissue and pathology to be bioartificially
recreated [8].

Osteosarcoma is an osteoid-producing primary malignant bone tumor of mesenchymal
origin, primarily affecting long bones of the extremities, with the highest incidence in the
distal femur, proximal humerus, and proximal tibia [9]. Despite being relatively rare, race
and age have been identified as risk factors, with those aged 10-14 years old and over
65 years old being the most affected [10]. Current treatments for osteosarcoma include
surgical resection of the diseased portion, coupled with systemic chemotherapy. However,
differently from carcinomas (epithelial origin), the safe resection margin in osteosarcoma
resection is still unknown due to the unconfined structure of this tumor. As such, the
5-year event-free survival for patients with early diagnosed localized osteosarcoma is
65-70%, whereas patients with recurrent disease or metastases, most commonly in the
lungs (85-90%), have a very poor prognosis of approximatively 20-30% survival rate [11,12].
The development of tools to allow a deep understanding of the tumor evolution and
its interaction with the tissue microenvironment is thus impellent to identify molecular
targets, anticancer drugs, and patient-specific treatments, which would improve the current
pathological outcomes.

Typical steps used to study the efficiency of drugs and treatments avail themselves
of 2D in vitro cell cultures, followed by in vivo animal models, and finally pre-clinical
and clinical trials. However, most of the drugs/treatments demonstrated to be efficient
on 2D in vitro models fail in replicating this high efficiency in vivo, given the oversim-
plification of the 2D models, thus leading to a waste of resources [13]. 3D in vitro os-
teosarcoma models are required to speed up new therapeutic evaluation and they are the
objective of several studies. Such advanced osteosarcoma models can be distinguished
in: (i) scaffold-free systems (e.g., multicellular tumor spheroids and organoids cultured
in suspension), and (ii) scaffold-based cancer tissue engineering approaches. In the latter
case, the fabrication of biomaterial scaffolds to support the 3D tumor development allows
reproducible and easy to handle culture systems to be obtained, provided with tunable
biochemical /mechanical properties, which are in turn capable of mimicking those of the
native tumor microenvironment [14,15]. To date, the scientific literature mostly reports
on 3D scaffolds to study secondary tumors in bone. Several studies describe scaffolds
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designed to mimic in vitro the development of breast cancer bone metastasis, including
polyurethane (PU) foams [16], porous chitosan scaffolds loaded with hydroxyapatite [17],
silk fibroin scaffolds [18,19], poly(lactide-co-glycolide) (PLGA) porous scaffolds mineral-
ized with hydroxyapatite [20], 3D hyaluronate-based hydrogels [21], and polyethylene
glycol (PEG) hydrogels coupled with printed polycaprolactone (PCL) [22]. Only a few
works describe the development of scaffolds addressing in vitro models of primary bone
tumors. Electrospun poly(e-caprolactone) scaffolds were used to prepare Ewing osteosar-
coma in vitro models [23,24], porous silk sponges were fabricated via freeze-drying, seeded
with osteosarcoma cells, and the prepared model was compared to traditional 2D in vitro
cultures and in vivo mice models [25], and methacryloyl platelet lysate was used to sustain
spheroid growth and invasion [26]. Nevertheless, replicating in vitro a biomimetic microen-
vironment of bone cancer in terms of morphological, mechanical, chemical, and biological
cues represents a challenge [27]. Among the plethora of technologies used for scaffold
fabrication, 3D printing by fused deposition modeling is a subset of additive manufacturing
techniques, with high control of geometric parameters, such as pore and filament size,
fundamental to tailoring biomaterials properties. PU is a class of polymers entitled with
diverse properties. PUs are widely known in the biomedical field for their applications
in medical devices and have recently become attractive as 3D printing biomaterials [28].
Moreover, previous evidence highlighted the importance of biochemical signaling, often
provided by artificial hydroxyapatite coatings of the polymeric surfaces [13,16]. A possible
strategy, previously used in bone tissue engineering, relies on the application of bone cells
in a first culture step to produce bone ECM and then to remove these cells by lysis to
have a biohybrid scaffold in which to seed the stem cells of interest [29,30]. The advantage
of this strategy is that a biomimetic microenvironment is generated, not only containing
hydroxyapatite, but also bone proteins and growth factors secreted by non-pathogenic
cells [31].

Here, we developed a biomimetic osteosarcoma in vitro model via 3D printed poly-
ether-urethane (hereafter referred to as PU) scaffolds, post-decorated with human stromal
cell (hMSC)-synthesized ECM. In the first phase of this study, we tested different printed
geometries to achieve optimal morphological, physical, and mechanical properties to
replicate a bone-like model and allow hMSC colonization and differentiation towards
osteoblastic lineage. After selecting the most promising scaffolds, we developed different
biomimetic models by the deposition of biomolecules synthesized by undifferentiated or
osteo-differentiated hMSC. The constructs were then lysed to remove live cells and seeded
with SAOS-2 osteosarcoma cells to investigate the potential use of the prepared scaffold as
in vitro osteosarcoma model.

2. Materials and Methods
2.1. Materials

Thermoplastic PU (hardness: 80 Shore A) 3D printing filaments were purchased from
Sharebot S.r.l. (Nibionno, Italy). Lymphoprep was purchased by GE healthcare (Hatfield,
UK). Low-glucose Dulbecco’s Modified Eagles Medium (DMEM), L-glutamine, penicillin,
streptomycin heat-inactivated fetal bovine serum, trypsin, CaCl,, human AB plasma, p-
nitrophenol standards, alkaline buffer solution (1.5 M 2-amino-2-methyl-1-propanol at pH
10.3), 4-nitrophenyl phosphate disodium salt hexahydrate capsules, NaOH, acetic acid,
phosphate-buffered saline (PBS), methanol, 36 vol-H,O,, bovine serum albumin (BSA),
Mayer’s hematoxylin, dibutyl-phthalate polystyrene xylene (DPX), silver nitrate, pyro-
gallol, and sodium thiosulfate were obtained from Sigma-Aldrich, (Milan, Italy). The
osteogenic differentiation medium was bought from Lonza (Basel, Switzerland). Alamar-
Blue™, PicoGreen kit, and Paraffin Histoplast LP were supplied by Thermo Fisher Scientific
(Waltham, MA, USA). Arsenazo III was bought from Diagnostic Chemicals Ltd. (Oxford,
CT, USA). Neutral buffered formalin, absolute ethanol, and xylene were purchased from
Bio-Optica (Milan, Italy). Aluminum sulfate was obtained from Carlo Erba (Milan, Italy).
Goat serum was obtained from Vector Lab (Burlingame, CA, USA). Primary antibody for
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collagen type I (COLL-1; ab34710) was bought from AbCam (Cambridge, UK). Primary an-
tibodies for osteopontin (OPN; sc-166261), fibronectin (EN; sc-59826), transforming growth
factor beta 1 (TGF-[31; sc-146), and alkaline phosphatase (ALP; sc-166261) were supplied by
Santa Cruz Biotechnology, (Santa Cruz, CA, USA). Goat anti-rabbit and goat anti-mouse
biotinylated secondary antibodies and streptavidin (Vectastain Elite ABC Kit Standard)
were obtained from Vector Laboratories (Burlingame, CA, USA). SAOS-2 cell line (89050205)
was bought from ATCC-LG standards (Milan, Italy). L929 (85011425) cells were obtained
by ECACC (Salisbury, UK). McCoy’s 5A medium was bought from Gibco (Rodano, Italy).
HMSCs were supplied by Merck Millipore S.A.S. (Burlington, MA, USA).

2.2. 3D Printing of PU Scaffolds

Computer-aided design (CAD) models were prepared by SolidWorks®software (Dos-
sault Systems Solidworks Corp., Waltham, MA, USA). The CAD models were then pro-
cessed by Slic3r software (open source) to obtain stl files. These files were used to print PU
scaffolds by processing PU 3D printing filaments via fused deposition modeling (Sharebot
42, Sharebot s.r.l., Nibionno, Italy). Each scaffold was printed by subsequent deposition
of 12 parallel layers (thickness = 4.8 mm) and scaffold specimens were subsequently cut
with a scalpel (square shape, side = 6 mm). The angle shift between subsequent layers and
the distance between the axis of the printed filaments were varied (i.e., 90°, 60°, and 45°
angle shift between subsequent layers of parallel filaments printed at 1.0 mm or 0.7 mm
distance) to obtain different scaffold types, as summarized in Table 1. The surface rough-
ness of printed filaments (n = 6) was measured according to DIN 4768 (R,, R,Iso, UBM
MICROFOCUS).

Table 1. 3D printed polyurethane samples fabricated by varying the angle shift between subsequent
layers (i.e., 90°, 60°, or 45°) and the distance between the center of filament printed in parallel on the
same layer (i.e., 1.0 mm or 0.7 mm).

. . Angle Shift [°]
Filament Distance [mm] 90° 60° 45°
0.7 90_0.7 60_0.7 45_0.7
1.0 90_1 60_1 45 1

2.3. Morphological, Physical, and Mechanical Characterization

The morphological characterization of the printed PU scaffolds was performed by
stereomicroscope (Leica DFC290, Leica Microsystems). Top-view images of the scaffolds
(n = 6 images per n = 3 scaffolds per type) were acquired and analyzed by Image] software
(version 1.52e). The average pore area for each scaffold type was calculated by measuring
the area of pores in binary images. The density of the scaffolds was calculated as a mass-to-
volume ratio of the samples (1 = 5). The porosity percentage of each scaffold formulation
was calculated according to EN ISO 4590, following Equation (1):

Porosity [%]= (1 — M) x 100 1)

Pmaterial

where pgcaffold is the density of the scaffolds, while pyaterial is the density of the PU samples
printed with 100% infill.

The weight variation of the printed scaffold in a culture medium, tested to simulate
their potential use as in vitro model, was evaluated after scaffold sterilization (immersion
in absolute ethanol, exposure under UV light on both sides for 20 min). Dry samples
(n = 3) were weighted (wy), immersed in a culture medium, and stored in an incubator to
simulate the cell culture condition (37 °C, 5% CQO,). At established time points, samples
were removed from the culture medium and weighted (w;). The culture medium was
refreshed every three days. The percentage weight variation in time (AW%) was then
calculated as Equation (2) [32]:
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AW [%] = Wt — Wo

x 100 )

Static compression tests were performed by Dynamic Mechanical Analyzer (DMA
Q800, TA Instruments) to investigate the mechanical properties of the scaffolds. Hydrated
samples (i.e., immersed until weight variation reached the plateau) were tested at 37 °C
by applying a load ramp at 0.5 N-min~! (0.05 N preload) up to 18 N (i.e., load limit of the
machine). The Young modulus E was calculated as the slope of the curve in the 0-1% strain
range (R? > 0.9).

2.4. In Vitro Cytotoxicity Tests on PU Scaffolds

Samples printed with a 0.7 mm distance between filaments were selected for the
in vitro tests. Samples were sterilized by immersion in absolute ethanol and by exposure to
UV light (20 min per side).

In vitro, indirect cytotoxicity tests (according to UNI EN ISO 10993) were performed
by using 1929 and SAOS-2 cells. Scaffold samples (1 = 3) were lodged in 24-multiwell
tissue culture polystyrene (TCPS), immersed in a 1.2 mL culture medium, and stored in an
incubator (37 °C, 5% CO;) for 1, 3, and 7 days. At each time point, a culture medium without
samples was placed in the incubator as a control. L929 and SAOS-2 cells were seeded in
96-multiwell TCPS at 1 x 10* cells/well density and cultured until 70% confluency was
reached. Then, the culture medium was replaced with the scaffold supernatant to continue
cell cultures for 24 h, using a non-conditioned culture medium as control. The cell metabolic
activity was evaluated using the AlamarBlue™ assay, as Equation (3) [33]:

Cell Viability %] = Jetuate ~ falamarbive 40 ®)

control — fAlamarBlue

where fgjate is the fluorescence intensity of the supernatant of the cells cultured with culture
medium eluates, f 01 the intensity of the supernatant measured for cells incubated with
culture medium controls, and fajamarBlue the background fluorescence of the unreacted
AlamarBlue solution (Aexcitation = 540 NM, Aemigsion = 995 nm, using a UV spectrophotometer
(Tecan GENius Plus plate reader, Tecan Trading AG, Méannedorf, Switzerland).

2.5. 3D Bone Model Preparation

The suitability of the printed scaffolds as 3D in vitro culture systems for bone was
first evaluated by seeding and then osteo-differentiating hMSCs on scaffolds printed
with 90°, 60°, and 45° angle shift patterns. HMSC was expanded in a culture medium
consisting of low-glucose DMEM added with 2 mM L-glutamine, 100 IU/mL penicillin,
100 mg/mL streptomycin, and 10% heat-inactivated FBS until 70-80% confluence was
reached. HMSCs at 500.000 cells/sample were resuspended in 50 uL of human AB plasma
with 20 uL CaCl, 25 mM, seeded on 90_0.7, 60_0.7, and 45_0.7 printed PU scaffolds, and
incubated for 30 min at 37 °C in 24-multiwell TCPS. Subsequently, 1 mL of culture medium
was added to each sample. The following day, the expansion medium was changed
to an osteogenic differentiation medium, and the culture was continued for 2 weeks
by replacing the culture medium every 2-3 days. The metabolic activity of hMSC/PU
scaffold constructs was measured by AlamarBlue assay. On days 1, 7, and 14 of culture,
the samples (n = 3) were incubated for 3 h at 37 °C with the dye diluted in the culture
medium as per the manufacturer’s instruction. For each test, 100 uL of supernatant
from samples or controls were loaded in 96-multiwell TCPS and the absorbance was
measured by spectrophotometry (Victor 3; PerkinElmer, Waltham, MA, USA) under double
wavelength reading (i.e., at 570 nm and 600 nm). The AlamarBlue percentage (%AB,.4) was
calculated by the Equation (4), as for the manufacturer’s protocol, in which: A = absorbance,
s = sample, and ¢ = control:
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(117, 216-Ag(570 nim) — 80, 586-Ag(600 nm))

%AByeq = x 100 )

(155, 677 Ac(600 nm) — 14,652-A (570 nm))

Cellularity (i.e., DNA content) in construct lysates was quantified by PicoGreen assay.
Constructs (1 = 3) previously frozen in 2 mL of double-distilled (dd)-water underwent three
freeze/thaw cycles followed by vortexing to allow DNA extraction from the samples. DNA
standards (range: 0-6 ug/mL) were prepared and 50 ug/mL of standard or sample was
poured into individual wells of a 96-multiwell plate. Working buffer and PicoGreen dye
solution, prepared following the manufacturer’s instructions, were added at 100 pg/mL
and 150 pg/mL per well, respectively. After 10 min incubation in the dark at room
temperature (RT), the fluorescence intensity was measured at Aecitation = 480 NM, Aemission
=520 nm, using Victor 3 plate reader.

On the residual samples not used for cellularity (n = 3), intracellular ALP was quanti-
fied via a colorimetric end-point assay using p-nitrophenol phosphate as a reagent. The
rate of p-nitrophenol formation, catalyzed by ALP, is directly related to the enzyme activity
in the sample. p-nitrophenol standards (range: 0-250 M) were prepared, and 80 puL of
standard or sample was inserted into individual wells of a 96-multiwell plate. The alkaline
buffer solution was added at 20 uL/well. Substrate solution was prepared by dissolving the
capsules into dd-water with a final concentration of 4 mg/mL and added at 100 pL/well.
The microplate was incubated at 37 °C for 1 h and the reaction was stopped by adding
0.3 M NaOH at 100 puL/well. The absorbance was measured at 405 nm using Victor 3
plate reader.

Finally, the amount of mineralized ECM present, in terms of calcium content, was
quantified using the Arsenazo IIl reagent. 1 N acetic acid was added to equal volumes of
residual lysate solutions to obtain 0.5 M acetic acid sample solutions. Samples (1 = 3) were
incubated overnight to dissolve calcium deposits. Ca®* standards (range: 0-100 yg/mL)
were prepared from dilutions of a 1 mg/mL stock solution of CaCl, and 20 pL of standard
or sample was added to individual wells of a 96-multiwell plate. MilliQ water solution
at 300 uL/well of Arsenazo III > 0.15 M was added and the microplate was incubated for
10 min at RT. The absorbance at 650 nm was measured on a Victor 3 plate reader. Cell
distribution and morphology on the scaffolds were investigated via histological analysis.
The constructs were fixed in neutral buffered formalin (4% w/v) at 4 °C overnight, and
washed in PBS. Dehydration was done using a graded series of ethanol aqueous solutions
at 40 °C. The samples were clarified in xylene overnight at RT and rinsed in liquid paraffin
in a vacuum oven at 60 °C for 24 h, placed in a wax embedding box, and air-dried. Paraffin
blocks were sectioned by a microtome into 6 um-thick sections that were mounted on
glass slides. The sections were deparaffinized in xylene, rehydrated in absolute ethanol,
washed in distilled water, and PBSx1. The specimens were incubated in a methanolic
solution containing 0.6% v/v 36-volume HyO,, in the dark for 15 min to quench endogenous
peroxidases. After washings in PBS, specimens were incubated with 5% v/v goat serum for
20 min at 37 °C to block a-specific binding sites of the secondary antibodies. Sections were
then incubated with primary antibodies diluted in 0.1% w/v bovine BSA in a moist chamber
overnight at 4 °C. The following antibodies were used: rabbit polyclonal anti-human
collagen type I 1:1200 mouse monoclonal anti-human Osteopontin 1:2000 and mouse
monoclonal anti-human Alkaline Phosphatase 1:100. Negative controls were obtained by
incubating sections with only BSA /PBS solution. Specimens were then incubated with goat
anti-rabbit or goat anti-mouse biotinylated secondary antibodies diluted 1:200 in 1.5% v/v
goat serum-1x PBS solution for 60 min, then with streptavidin solution for 30 min, prepared
according to the manufacturer’s instructions. Sections were incubated in the substrate-
chromogen solution (0.5 mg/mL of 3,3'-diaminobenzidine tetrahydrochloride) and added
with HyO,, for 5 min in the dark, then counterstained with Mayer’s hematoxylin for 2 min
and washed in tap water for 2 min. Sections were dehydrated in absolute ethanol, clarified,
and mounted with a coverslip DPX mounting medium. Stained sections were observed
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with a Nikon Eclipse Ci microscope (Nikon Instruments, Amsterdam, The Netherlands)
equipped with a digital camera.

2.6. 3D Osteosarcoma Model Preparation and Validation

In vitro osteosarcoma models were prepared by seeding SAOS-2 cells on PU scaffolds
printed with a 60° angle shift pattern. SAOS-2 cells (1 x 106 cells) were resuspended
in 50 pL of human AB plasma with 20 uL CaCl, 25 mM and seeded on differently pre-
treated PU scaffolds for 30 min at 37 °C in 24-multiwell TCPS. The different pre-treatments
included (i) printed PU scaffolds (i.e., no pre-treatment), (ii) PU scaffolds containing non-
mineralized ECM produced by pre-seeded undifferentiated hMSCs (PU_ECM), which were
further lysed in sterile H,O, and (iii) PU scaffolds containing mineralized ECM produced
by osteodifferentiated hMSCs, which were further lysed in sterile H,O (PU_bECM). The
PU_ECM constructs were obtained as described in Section 2.5, either using an hMSC
growth medium or an osteo-differentiating culture medium for 3 weeks. After cell seeding,
1 mL of McCoy’s 5A culture medium was added, and the constructs were cultured for
1 week. The different prepared models are summarized in Table 2.

Table 2. 3D in vitro osteosarcoma models prepared using PU 60° pattern printed scaffolds.

3D Osteosarcoma Scaffold Pre-Treatment Substrate Used for 2nd Step Culture
Model Acronym  (Ist Step Culture, 3 Weeks) Osteosarcoma Cells (1 Week)
PU None Plain scaffold SAOS-2 cells
PU_ECM Undifferentiated hMSC Scaffold containing SAOS-2 cells

culture followed by cell lysis ~ immature bone ECM

Scaffold containing
mature (mineralized) SAOS-2 cells
bone ECM

Osteo-differentiated hMSC

PU_bECM culture followed by cell lysis

The in vitro models were then processed for histological analysis, as previously de-
scribed. H&E staining was performed to study cell morphology and scaffold colonization,
as reported in Section 2.6. In addition, von Kossa staining was performed to reveal de-
posits of calcium phosphate, typical of bone mineralized ECM. After deparaffination and
rehydration, sections were washed in PBS, incubated with 1% w/v silver nitrate exposed
to light, 0.5% w/v pyrogallol, and 5% w/v sodium thiosulfate. The counterstaining was
performed by incubating cells with 0,1% w/v nuclear fast red diluted in a distilled water
solution containing 5% w/v aluminum sulfate, followed by washing in tap water to visualize
the staining. Sections were dehydrated, clarified, mounted, and observed as previously
described.

2.7. Statistical Analysis

Data were analyzed by GraphPad Prism software. All data are represented as
mean =+ standard deviation. Statistical analysis was performed by one-way ANOVA
test and Tukey’s multiple comparisons, considering p < 0.05 as statistically significant.

3. Results

In vitro osteosarcoma, 3D models were developed by first optimizing the physicome-
chanical properties of the printed PU scaffolds for a bone 3D model. Different layouts of the
PU scaffolds were obtained by changing the angle shift printing pattern and the distance
between the filaments. The cytocompatibility of the produced scaffolds was assessed using
SAOS-2 and L929. Thereafter, the most suitable scaffold allowing a 3D in vitro model
of bone tissue was selected using osteo-differentiated hMSCs. The selected PU scaffold
was then used to generate osteosarcoma 3D models by seeding SAOS-2 cells. Different
treatments were preliminarily applied to the polymeric scaffold to recapitulate in vitro the
development of osteosarcoma, aiming at understanding the role of biological molecules.

11



Cancers 2022, 14, 2003

3.1. Morphological, Physical, and Mechanical Properties of 3D Printed Polyurethane Scaffolds

Optimization of the fabrication parameters and procedure was required to 3D print
defect-less scaffolds with reproducible geometry. The initial printing trials achieved scaf-
folds characterized by morphological irregularities, given by insufficient extrusion of mate-
rial and non-uniform deposition of the printed filaments. Thus, the printing parameters
were adjusted to achieve a uniformly printed structure. The optimized printing parameters
are summarized in Table 3. Afterward, the Geode files used to print the scaffolds were
modified by Repetier-Host software to guide the movements of the printing head, thus
avoiding defects in the deposited material during the printing process. Optimization of
the printing and design parameters and modification of the printing movements allowed
scaffolds with desired and reproducible geometries to be finally obtained (Figure S1). These
parameters were then applied to print scaffolds with different geometries and subsequently
tested as potential in vitro osteosarcoma models.

Table 3. Optimized 3D printing parameters used for the fabrication of 3D printed PU scaffolds as
in vitro osteosarcoma models.

o Printing Speed Extrusion Temperature Plate Temperature Extrusion
Printing [mm-s—1] [°Cl [°C] Multiplier
Parameters
240 30 1.5
Design Layer height [mm] Filament thickness [mm] Filament diameter [mm]
parameters 0.4 0.4 17

The printed PU filaments were characterized by roughness values R, = 0.60 4= 0.20 pm
and R,Iso = 4.09 + 1.22 pum. Six different scaffold geometries (i.e., 90_1, 60_1,45_1, 90_0.7,
60_0.7, and 45_0.7) were printed by varying the printing pattern (i.e., 90°, 60°, and 45° angle
shift between subsequent printed layers) and distance between filaments (i.e., 1.0 mm and
0.7 mm). Representative images of the printed patterns compared to the computer-assisted
design (CAD) drawing set for the printing process are shown in Figure 1.

Figure 1. Morphology of 3D printed PU scaffolds imaged via stereomicroscope. Columns
(A1,A2,B1,B2,C1,C2) show different printing patterns: 90°, 60°, and 45° angle shifts between sub-
sequent printed layers, respectively. The top row (A1,B1,C1) shows a 1.0 mm distance between
filaments, whereas the bottom row (A2,B2,C2) 0.7 mm distance between filaments. Scale bar = 2 mm
for all. Inset images depict computer-assisted design (CAD) files used to print the scaffolds.

12
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All the printed geometries reproduced the CAD designs used to print the scaffolds.
The measured distance between the center of printed filaments corresponded to the one
set in the different CAD models (i.e., for all the printed geometries, error < 1%), proving
the correct deposition of filaments following the CAD model. The average diameter of
the printed filaments was 0.57 £ 0.07 mm, approximatively 40% higher than the set fil-
ament thickness. This increase in thickness was attributed to the printing process that
melted the filament, thus causing it’s partial spreading upon deposition. The latter is a
well-studied phenomenon occurring during fused deposition modeling printing proce-
dures [34]. Different pore architectures were achieved by varying the angle shift between
printed layers (Figure 1(A1,A2,B1,B2,C1,C2)) and the distance between adjacent filaments
(Figure 1(A1,A2,B1,B2,C1,C2)). SEM micrographs displaying the printed geometries and
surface of the printed filaments are displayed in Figure S2. Scaffolds printed with 90°
shift angle patterns showed squared pores, for both 1.0 mm and 0.7 mm inter-filament
distances. Scaffolds printed with 60° shift angle patterns had hexagonal pores in case of
1 mm inter-filament distance, whereas triangular pores in case of 0.7 mm inter-filament
distance. Scaffolds printed with 45° shift angle patterns showed pores with a more complex,
rose-like shape. For all the considered geometries, no structure collapse was observed, as
confirmed by the porous structure observed for the cross-sections of the 3D printed PU
scaffolds (Figure S3).

The physicomechanical properties of the scaffolds were successfully modulated by
changing the printing patterns. The average pore area approximatively ranged from
0.43-0.08 mm? (Figure 2A). The 90_1 and 60_1 scaffolds were characterized by the highest
pore area (i.e., 0.43 + 0.04 mm? and 0.42 4 0.06 mm?, respectively, p > 0.05, and p < 0.05 vs.
other scaffolds), as qualitatively proved by the previously shown morphology. The 45_1 and
90_0.7 type scaffolds had comparable pore sizes (i.e., 0.15 4= 0.12 mm? and 0.16 + 0.03 mm?,
respectively; p > 0.05), which were higher than 60_0.7 and 45_0.7 type scaffolds (p < 0.05).
The 60_0.7 and 45_0.7 type scaffolds showed the smallest pore areas (i.e., 0.08 & 0.03 mm?
and 0.08 & 0.06 mm?, respectively; p > 0.05). The high standard deviation in pore size of the
scaffolds printed with 45° angle shift was given by the different shapes of pores obtained
by printing with this angle shit, compared to the repeated motifs (i.e., squared, hexagonal,
or triangular) observed in 90° and 60° angle shifts. Percent porosity values ranged from 55
to 67% (Figure 2B). Scaffolds printed with a 1.0 mm distance between filaments resulted
to possess higher porosity than the scaffolds printed with a 0.7 mm distance (p < 0.05),
while no differences were detected comparing the scaffolds printed with the same distance
between filaments and different angle shifts (p > 0.05). The apparent density of the scaffolds
also varied by changing the distance between the filaments, being the scaffolds printed
with 0.7 mm distance were characterized by higher density values than scaffolds printed
with 1.0 mm distance (Figure 54).

Sterile scaffolds were then immersed in a culture medium and incubated at 37 °C, 5%
CO,, to investigate the absorption of fluids inside the porous structure in simulated cell
culture conditions. The percent weight variation of the scaffolds up to 3 weeks and the
weight variation values at plateau are shown in Figure 2C. All the scaffolds showed a quick
fluid absorption, namely, increasing weight variation values in the first 3 h after immersion
in the culture medium, thus good hydrophilicity. At plateau, the scaffolds printed with
1.0 mm inter-filament distance demonstrated higher weight variation compared to that of
the scaffolds printed with 0.7 mm inter-filament distance (Figure 2D; p < 0.05).

Representative stress-strain (0-¢) curves obtained by compression tests for PU scaffolds
printed with 1.0 and 0.7 mm distance are shown in Figure 3A,B, respectively.
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Figure 2. Physical characterization of 3D polyurethane (PU) scaffolds. (A) Average pore area
determined by top-view images of the printed scaffolds (* p < 0.05), and (B) percent porosity (* p < 0.05).
(C) Weight variation of the printed PU scaffolds after immersion in culture medium, and (D) weight
variation at plateau (* p < 0.05).
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Figure 3. Compressive mechanical properties of 3D printed PU scaffolds. (A,B) Representative
stress-strain curves of (A) samples printed with 1.0 mm distance, and (B) 0.7 mm distance between
fibers, with 90°, 60°, and 45° angle shifts between subsequent printed layers. (C) Elastic modulus E
was calculated from the compressive curves (* p < 0.05).

Scaffolds printed with 0.7 mm inter-filament distance showed a linear response in the
range of the applied stress, while scaffolds printed with 1.0 mm inter-filament distance
showed a first linear region (i.e., ¢ < 0.2 mm-mm™!) and subsequent non-linear response
(i.e., €> 0.2 mm-mm™!). All the scaffolds proved to be able to support the applied loads
with neither failure nor disruption up to 18 N. Elastic modulus (E) values of the scaffolds
under compression ranged from 0.5-4.0 MPa, depending on the printed geometry and
distance between filaments (Figure 3C). The scaffolds printed with 0.7 mm inter-filament
distance resulted in higher E values, compared to those printed with 1.0 mm inter-filament
distance between filaments (p < 0.05). This difference was given by the different number
of intersection points between the printed filaments that sustained the load during com-
pression. If the same surface area was considered, the scaffolds printed with filaments
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closer one to the other were characterized by a higher number of intersections between the
filaments that were able to sustain the load, thus resulting in higher E values.

3.2. In Vitro Cytotoxicity of PU Scaffolds

In vitro tests were conducted on scaffolds printed with a 0.7 mm inter-filament distance
between filaments. Scaffolds printed with 1.0 mm inter-filament distance were excluded
from the in vitro tests as they showed low E values (i.e., E < 1.5 MPa). In addition, high
pore size due to the larger inter-filament distance hindered the pore colonization from
seeded SAOS-2 and L.929 cells (data not shown). In vitro indirect cytotoxicity showed that
SAOS-2 cells (Figure 4A) and 1929 cells (Figure 4B), used as osteosarcoma and connective
tissue cell line models, respectively, displayed cell metabolic activity higher than 90%, thus
proving the non-cytotoxicity of the printed PU scaffolds.
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Figure 4. In vitro indirect cytotoxicity tests. Cell viability was intended as metabolic activity, mea-
sured for (A) SAOS-2 and (B) L929 cells cultured in a culture medium extracted by contact with PU
samples with 0.7 inter-filament distance for 1, 3, and 7 days.

3.3. 3D In Vitro Bone Model

After a preliminary cytotoxicity assessment was performed by using two different
cell lines, the ability of the printed PU scaffolds in supporting primary bone cell adhesion
and colonization to different scaffold inner geometries was tested by using hMSCs. All the
scaffolds supported hMSC adhesion and an increase in metabolic activity was observed in
time (Figure 5A).

No statistical differences were observed comparing the cell viability (Figure 5A) and
cellularity, namely the cell number in the scaffolds (Figure 5B), of hMSCs cultured on
scaffolds with different geometries (p > 0.05). After 2 weeks of culture, ALP activity
(Figure 5C) was significantly reduced for cells cultured on scaffolds with 90° and 60° angle
shifts, compared to cells cultured on scaffolds with 45° (p < 0.05). Calcium content was
higher for scaffolds printed with 90° geometry, compared to scaffolds printed with 45°
geometry (Figure 5D).

Histological analysis confirmed the presence of osteodifferentiated hMSCs coloniz-
ing the printed PU scaffolds. Figure 6 shows the H&E and von Kossa staining in the
three scaffold types after being cultured with osteo-differentiated hMSCs, the latter re-
vealing presence of mineralization nodules. It is important to outline that, unlike in 60°
Figure 6(A2,B2) and 45° Figure 6(A3,B3), the cells cultured in 90° Figure 6(A1,B1) shift
angle geometry scaffolds adhered only to the PU fibers and did not grow inside the pores.

Bone markers were also revealed via immunohistochemistry to confirm hMSC osteo-
differentiation (Figure 7). The early markers ALP Figure 7(A1-A3), osteopontin
Figure 7(B1-B3), and osteocalcin Figure 7(C1-C3) were expressed on the printed PU scaf-
folds with different intensities. A good but not uniform positivity of intracellular ALP
antigen was observed for 45° and 60° angle shift scaffolds, which was less but more uni-
formly observed for 90° angle shift scaffolds (Figure 7A). The expression levels confirmed
the highest hMSC osteo-differentiation, in terms of intensity of late-stage marker expression,
on 90° angle shift scaffolds Figure 7(A1,B1,C1).
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Figure 5. Characterization of the in vitro response of hMSCs osteo-differentiated on 90°, 60°, and 45°
angle shift printed geometries with 0.7 inter-filament distance: (A) metabolic activity of cells over
2 weeks of culture, (B) content of DNA (cellularity) per sample (* p < 0.05), (C) alkaline phosphatase
(ALP) activity, and (D) Ca2* content (* p < 0.05).

w H&E

von Kossa

Figure 6. Histological staining on osteodifferentiated hMSC/scaffold constructs. 3D printed scaffolds
consisted of PU fibers oriented at 90° (A1,B1), 60° (A2,B2), and 45° (A3,B3) angle shift printed
geometries with 0.7 inter-filament distance. (A) H&E staining: cell nuclei are in blue-violet, cytoplasm
in pink, black arrows = some representative cells; (B) von Kossa staining: mineralized matrix granules
are in black, cell nuclei in red, red arrows = mineralized ECM. “PU” indicates polyurethane scaffolds;
scale bar = 100 um for all micrographs.
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Figure 7. Inmunohistochemistry of hMSCs osteo-differentiated on 3D PU scaffolds at 90° (A1,B1,C1),
60° (A2,B2,C2), and 45° (A3,B3,C3) angle shift printed geometries with 0.7 inter-filament distance.
Representative micrographs revealing bone markers in brown and specifically the immunopositivity
to (A) alkaline phosphatase (ALP), (B) osteopontin (OPN), (C) osteocalcin (OCN). “PU” indicates
polyurethane scaffolds; arrows point to well visible cells; scale bar = 100 um for all micrographs.

Figure 8 shows the results of the immunohistochemical analysis in the hMSC/PU
scaffold constructs for some key ECM molecules, such as collagen type I (Figure 8A) and
fibronectin (Figure 8C), as well as a fundamental signaling molecule, TGF-f31 (Figure 8B),
present in bone, which is considered to play a role in cancer progression and metastasis.
Immunohistochemical analysis confirmed the absence of pore colonization in 90° angle
shift PU scaffolds in Figure 7(A1,B1,C1) and Figure 8(A1,B1,C1). The cells adhered to the
scaffold’s inner surfaces without being able to fill the scaffold pores.

Collagen I, TGF-B1, and fibronectin were expressed in the three scaffold types. Colla-
gen type I was revealed in all the three scaffold types, in particular in 60° and 45° angle shift
PU scaffolds Figure 8(A2,A3). TGE-f31 was most intensely expressed in 90° angle shift PU
scaffolds Figure 8(B1). Fibronectin was very intensely revealed in 90° angle shift PU scaf-
folds Figure 8(C1) and at the adhesion sites between cells and scaffold surfaces in 60° and
45° angle shift PU scaffolds Figure 8(C2,C3). All these findings supported the fact that the
three PU scaffold types were cytocompatible and allowed for hMSC osteo-differentiation.
The cells differentiated in 90° angle shift PU scaffolds showed higher expression of late
bone markers than others, even though the scaffold colonization was not effective. The 60°
angle shift PU scaffolds were thus used to generate the osteosarcoma model.
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Figure 8. Immunohistochemistry of hMSCs osteo-differentiated on 3D PU scaffolds at 90° (A1,B1,C1),
60° (A2,B2,C2), and 45° (A3,B3,C3) angle shift printed geometries with 0.7 inter-filament distance.
Representative micrographs revealing some ECM and signaling molecules in brown and specifically
the immunopositivity to (A) collagen type I (COLL-1), (B) transforming growth factor beta 1 (TGF-$1),
(C) fibronectin (FN). “PU” indicates polyurethane scaffolds; arrows point to well visible cells; scale
bar = 100 um for all micrographs.

3.4. 3D In Vitro Osteosarcoma Model

The PU scaffolds printed with a 60° angle shift were then selected for the development
of the in vitro osteosarcoma model (Table 2, see Discussion). The PU filaments arranged in
these geometric features provided an optimal compromise between efficient pore coloniza-
tion by hMSCs, and the highest calcium production. SAOS-2 cells were seeded on PU_bone
ECM scaffolds, as well as on plain PU and PU_ECM scaffolds as controls (Figure 9). H&E
staining revealed the presence of rounded cells, i.e., SAOS-2 cells, keeping contact with
scaffold in all the analyzed samples (Figure 9A), particularly in the pores of scaffolds with
pre-generated bone ECM Figure 9(A3).

Von Kossa staining showed the presence of mineralized ECM only in the constructs
constituted by scaffolds with pre-generated bone ECM and SAOS-2 cells Figure 9(B3).
Different from the two controls in which SAOS-2 cells were layered on the polymeric
surface Figure 9(B1,B2), SAOS-2 cells were detected in contact with the calcium nodules in
the poral spaces Figure 9(B3).
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Figure 9. 3D PU scaffolds with 60° shift angle geometry with 0.7 inter-filament distance as in vitro
osteosarcoma model. Histological sections showing: (A) H&E staining; and (B) von Kossa staining of:
(A1,B1) 3D printed PU scaffolds cultured with SAOS-2 cells; (A2,B2) 3D printed scaffolds containing
immature (i.e., hMSC pre-generated) ECM cultured with SAOS-2 cells, and (A3,B3) 3D printed PU
scaffolds containing mature (i.e., osteodifferentiated hMSC pre-generated) bone ECM cultured with
SAQOS-2 cells. Black arrows indicate SAOS-2 cells, red arrows indicate mineralized ECM granules,
“PU” indicates polyurethane scaffolds; scale bar = 100 um for all the micrographs.

4. Discussion

3D in vitro osteosarcoma models are of paramount importance to deepen the knowl-
edge on the development and progression of this cancer, as well as to ease and optimize
the discovery of new treatments and drugs [3]. A reliable 3D in vitro model would allow
the current limitations of 2D in vitro models to be overcome, as they oversimplify the
physiological features of the pathological tissue [35]. On the other hand, such a 3D in vitro
model would allow efficient management of the complex in vivo studies, without raising
ethical concerns [6]. Developing reliable 3D in vitro cell/biomaterial constructs strictly
depends on the fabrication of scaffolds with morphology (e.g., pore size and porosity)
and mechanical properties suitable for the selected tissue, thus resulting in an adequately
biomimetic microenvironment for cancer cell growth. Additive manufacturing technologies
have demonstrated a unique potential to target these features [36]. In our study, the control
of the morphological and mechanical features of the fabricated scaffold is achieved by using
fused deposition modeling [37], while a chemically biomimetic microenvironment is artifi-
cially replicated in vitro by seeding hMSCs on the printed PU scaffolds, promoting their
osteogenic differentiation and culturing osteosarcoma cells on the developed biomimetic
3D printed scaffold after hMSCs were removed by lysis. Under these circumstances, the
osteosarcoma cells are cultured on a morphologically and mechanically suitable scaffold
that contains the organic and mineral components of bone ECM produced by normal (i.e.,
non-cancerous) cells.

PU is a class of polymers widely used in the biomedical field, both for clinical uses
(e.g., cardiovascular applications [38]), which has been investigated to prepare scaffolds for
bone regeneration [39], as well as in vitro bone models [16]. We selected PU as a polymer
for the fabrication of our models due to its versatility, possibility of controlling its physi-
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comechanical properties, non-cytotoxicity, and biostability, the latter being useful when
long-term in vitro cultures are required since the same characteristics will be maintained
on the long run. For these reasons, PU was considered a valuable polymer to prepare an
in vitro osteosarcoma model. The commercial PU filaments were processed by fused depo-
sition modeling, after optimizing the printing parameters, to obtain scaffolds with defined
and reproducible architectures. Compared to other traditional fabrication technologies
employed to prepare scaffolds for bone tissue engineering (e.g., particulate leaching [20],
gas foaming [16], lyophilization [17]), the 3D printing technology used in this study allowed
scaffolds with controlled pore size, distribution, and geometry to be obtained in a relatively
short time [37,40]. Three patterns (i.e., 90°, 60°, and 45° angle shifts) and two different
distances between adjacent printed filaments (i.e., 0.7 mm and 1.0 mm) were applied to
fabricate scaffolds with different pore sizes and morphology, as these design parameters
also served to modulate the physicomechanical properties of the scaffolds [41]. Tuning the
design of the pores allowed the scaffold porosity to be modulated, which in turn influenced
the mechanical properties and, eventually, the in vitro cell response. The distance between
the printed filaments that we set was in the 700-1000 um range, which led to pore size
resembling the optimal pore dimension described in the literature for in vitro bone tumor
models, namely, ranging from 200-300 um [25], up to 1100 um [42]. Different distances
between filaments combined with diverse geometrical patterns resulted in distinct pore
areas, that approximatively ranged from 0.40-0.08 mm?. Changes in the pore areas gave
rise to a variation of the scaffold density, which, for all the prepared scaffolds, was in
the trabecular bone density range. The porosity of the prepared scaffolds (55-67%) was
comparable to the one achieved for scaffolds fabricated by additive manufacturing and
used for bone regeneration [43], as well as for in vitro bone models [44].

The first step of this study addressed the identification of the most suitable scaffold
type able to support normal bone tissue growth. We considered that osteosarcoma, as a
primary bone tumor, develops within bone tissue. Preliminary in vitro tests using SAOS-2
and L929 cells showed that large pores of scaffolds printed with a 1.0 mm distance be-
tween filaments, resulted in poor cellularity and lack of pore occupation by cells and
ECM molecules. In addition, those scaffolds had low rigidity. Thus, scaffolds printed
with 0.7 mm inter-filament distance were further investigated as in vitro osteosarcoma
models. Moreover, 1.0 mm inter-filament scaffolds demonstrated relatively low mechanical
properties (i.e., E < 2 MPa), compared to 0.7 mm inter-filament distance scaffolds (i.e.,
E > 2 MPa). The mechanical properties of the scaffolds must be tuned to achieve a suit-
able biomimetic model, as they contribute to guiding cell fate and morphology [45,46],
as well as the in vitro mimicry of the TME [47]. We tuned the mechanical properties of
the scaffolds by designing their pore geometry and size [41]. Our scaffolds had Young’s
modulus values in the order of MPa, which are superior [16,48], or comparable [49,50] to
those described in literature able to mimic metastatic and primary bone tumors. Using
the 0.7 inter-filament distance, we obtained bone-like constructs with similar cellularity
using osteo-differentiated hMSCs. However, only in the 45° and 60° filament angle shift,
the cells were able to colonize the poral spaces. In the 90° type, the cells resulted were
laid onto the PU filaments, efficiently differentiated, but the pores were not populated. In
the 45° type, we observed a less mature bone ECM generation, as the ALP activity was
higher and calcium content lower. Therefore, the 60° filament angle shift was chosen as the
optimal scaffold type. The selected material and fabrication technology used to design the
morphology, physical, and mechanical properties, allowed us to define the most promising
scaffold type (i.e., 60_0.7), which was subsequently used to prepare biomimetic in vitro
models by incorporating different cell-secreted molecules.

The TME is made of the cellular and extracellular components in and by which the
tumor exists and develops. TME is thus the result of dynamic and complex cell-cell and
cell-ECM interactions taking place between normal and cancerous cells and their secreted
molecules [4,13]. The TME consists of cancer cells, tumor stromal cells (e.g., stromal fi-
broblasts, endothelial cells, and immune cells), and ECM molecules (e.g., collagenic and
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non-collagenic molecules, hyaluronan, laminin). Among others, the role of collagen and its
interaction with fibronectin is conditioned by tumor cells to enable signaling pathways and
receptors that support cancer progression and metastasis. It is also considered that these
phenomena are stimulated by the TME, as it promotes cancer cell heterogeneity and clonal
evolution [51]. For instance, during tumor progression, cancer cells modify and divert the
surrounding ECM towards the enhancement of anchorage-dependent molecules and the
storage of pro-tumorigenic factors [52]. Polymeric scaffolds incorporating biomolecules,
like gelatin, were able to stimulate fibroblast proliferation [53], as well as cancer cell interac-
tion by metalloproteinase production [8], and integrin expression [54], which is associated
with tumor progression [52]. Another signaling molecule involved in carcinogenesis is
TGEF-, as in normal conditions, it possesses tumor-suppressing activity. Dysregulation
of TGF-f has been associated with cancer invasiveness and metastasis [55]. Therefore,
multidrug resistance often occurs because of the TME, which, by also recruiting normal
cells to the scope, is revealed to be a protective environment for the tumor. To better
target, the tumors, including osteosarcoma, drugs able to interact with the TME along with
cell proliferation are a subject of study [56]. In this view, the mechanical consistency of
scaffold-based in vitro models, particularly relevant for hard tissue tumors, maybe not
be exhaustive.

To better recapitulate the complexity of the TME, and specifically, the cancer cell-ECM
cross-talk, we recreated some biological traits of the bone ECM within our 3D printed
synthetic polymeric substrate. By cultivating hMSCs embedded in fibrin clots in the
60_0.7 scaffold type, followed by cell lysis, we generated the biomolecules proper of bone
ECM, to be further explored as a microenvironment for osteosarcoma cell colonization.
An immature (i.e., not mineralized, to be used as control) bone ECM was obtained by
culturing undifferentiated hMSCs, whereas a mature (i.e., mineralized) bone ECM was
obtained by differentiating the hMSCs towards the osteoblastic lineage for 3 weeks inside
the PU scaffolds. This pre-generated bone ECM, as obtained in 3D printed PU 60_0.7, was
analyzed via immunohistochemistry, resulting in rich collagen type I fibers, was positive
for osteopontin, osteocalcin, fibronectin, TGF-f3, and ALP, and via histochemistry, revealing
calcium nodules. Quantitative tests corroborated the success of osteogenic differentiation
by the presence of calcium [57]. The used procedure for cell lysis is known to preserve ECM
molecules and growth factors [29]. In this way, we supported a suitable physicomechanical
microenvironment, as given by the PU scaffolds, with a biological microenvironment, as
given by cell-deposited bone-ECM. At this stage of the investigation, we aimed to have a
simple model of SAOS-2 cells interacting with a bone ECM-like scaffold. As such, we did
not co-culture normal (i.e., osteodifferentiated hMSCs) and cancerous (i.e., SAOS-2) cells
together; however, this will be possible by removing the lysis step to save the generated
osteoblasts [53]. Moreover, immune and/or vascular cells could be added [54,58]. The
obtained findings revealed a remarkable interaction of SAOS-2 cells with the biohybrid
scaffold. Indeed, SAOS-2 cells were able to colonize the pores of the scaffolds by interacting
with the deposited bone ECM. This study aims to provide a model of improved complexity
for osteosarcoma, enabling the study of drugs that target the TME. Combined drugs may
disclose effective therapeutic options to improve the prognosis of osteosarcoma.

5. Conclusions

We 3D-printed PU scaffolds with reproducible patterns, geometries, and properties.
The selected scaffolds (i.e., 0.7 mm distance between filaments, 60° angle shift) showed
optimal porosity, density, cytocompatibility, and mechanical properties to be used for
in vitro bone regeneration. The developed pre-culture condition (i.e., pre-seeding with
osteo-differentiated hMSCs, subsequently lysed) was a suitable procedure to obtain a
biohybrid scaffold, which combined the optimal physicomechanical properties of the
3D printed synthetic polymer, with the relevant biological properties of an in vitro pre-
generated bone ECM. The developed bone-biomimetic 3D microenvironment was used
for culturing SAOS-2 cells to create a TME recapitulating the main ECM features for the
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osteosarcoma study. The 3D in vitro model here developed could be used, in the future, to
screen new therapeutics and to in-depth investigate osteosarcoma progression.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cancers14082003 /s1, Figure S1: optimization of printing parameters;
Figure S2: Representative SEM micrographs of printed PU scaffolds; Figure S3: representative
microscopy images of the section of the scaffolds; Figure S4: apparent density of the scaffolds.
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Simple Summary: Tumour progression in vivo was able to be well mimicked in 3D culture by
utilizing biodegradable 10 mm x 10 mm x 8 mm P(3HO-co-3HD) and P(3HB)-based 3D scaffolds
with a pore size of 30 to 300 um. Both hard (MCF7 and MDA-MB-231) and soft (HCT116) tumour-
related cells were successfully grown on the scaffolds, and their growth patterns were studied for
5 days. MDA-MB-231 tend to grow in clusters, and MCF?7 cells form an evenly dispersed layer, which
covered most of the 3D PHA scaffolds, while HCT116 formed large colonies within the pockets of
the 3D PHA scaffold. Epithelial mesenchymal transition (EMT) marker genes, including Wnt-11,
E-cadherin, Vim and Snail expression profiles, were like those seen in real tumour samples, which
confirmed that the cancer models were exhibiting real tumour-like characteristics with high fidelity.
These models are important in mimicking hypoxic tumours and in studying gene expression, cellular
signalling, angiogenesis and drug response for translational research.

Abstract: Tumour cells are shown to change shape and lose polarity when they are cultured in 3D,
a feature typically associated with tumour progression in vivo, thus making it significant to study
cancer cells in an environment that mimics the in vivo milieu. In this study we established hard
(MCF7 and MDA-MB-231, breast cancer) and soft (HCT116, colon cancer) 3D cancer tumour models
utilizing a blend of P(3HO-co-3HD) and P(3HB). P(3HO-co-3HD) and P(3HB) belong to a group
of natural biodegradable polyesters, PHAs, that are synthesised by microorganisms. The 3D PHA
scaffolds produced, with a pore size of 30 to 300 um, allow for nutrients to diffuse within the scaffold
and provide the cells with the flexibility to distribute evenly within the scaffold and grow within the
pores. Interestingly, by Day 5, MDA-MB-231 showed dispersed growth in clusters, and MCF7 cells
formed an evenly dispersed dense layer, while HCT116 formed large colonies within the pockets
of the 3D PHA scaffolds. Our results show Epithelial Mesenchymal Transition (EMT) marker gene
expression profiles in the hard tumour cancer models. In the 3D-based PHA scaffolds, MDA-MB-231
cells expressed higher levels of Wnt-11 and mesenchymal markers, such as Snail and its downstream
gene Vim mRNAs, while MCF?7 cells exhibited no change in their expression. On the other hand,
MCEF?7 cells exhibited a significantly increased E-Cadherin expression as compared to MDA-MB-231
cells. The expression levels of EMT markers were comparative to their expression reported in the
tumour samples, making them good representative of cancer models. In future these models will be
helpful in mimicking hypoxic tumours, in studying gene expression, cellular signalling, angiogenesis
and drug response more accurately than 2D and perhaps other 3D models.

Keywords: tumour modelling; polyhydroxyalkanoates (PHAs); scaffold; breast cancer; colon cancer;
epithelial-mesenchymal transition (EMT)
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1. Introduction

Cancer remains a major cause of death worldwide with 19.3 million new cases and
10 million deaths worldwide in 2020. The most prevalent types of diagnosed cancers
include breast (11% of the total cases), lung (11.4%) and colorectal (10%) cancer, followed
by prostrate (7.3%) cancer [1]. Cancers that begin in epithelial cells of glandular tissues
and produce fluids and mucous are termed as adenocarcinomas. Most cancers of the
breast, colon and prostate are adenocarcinomas. Invasive ductal carcinoma is the most
common breast adenocarcinoma. Tissue engineered models are required to provide the cells
with a mimic of their native environment while preserving their phenotypes, genotypes
and behaviour, in order to provide a high-throughput analysis and cost-effective drug
screening [2,3].

Two-dimensional (2D) monolayer cultures have been used to study tumour biology
where cells are cultured on rigid materials like glass and polystyrene with no contribution
from the extracellular matrix. A growing number of studies recognise the limitations of
such 2D cultures for in vitro studies [4-9]. Apart from the simplicity and low cost, this
method does not entirely reflect the essential physiology of real tissues. The cells are forced
into polarity and a flattened shape, and modified mechanical and biochemical signals
affect cell-cell communication [7,10,11]. As a result, most 2D studies of cellular network
functions do not translate to the in vivo models, thereby hindering the development of
effective therapies that can be successfully translated into the clinic. The development of
3D cell culture provides better models for drug screening, translational research and cancer
prediction. In animal models, cancer is induced by genetic modification or is surgically
implanted into mice. However, the success rates of establishing and propagating theses
human solid tumours range from 20% to 50% [12]; in genetically engineered mouse models,
the tumours fail to grow synchronously and make comparisons of drug responses difficult,
and human versus murine differences further add up to the dissimilarities from the human
tumours [13].

In vivo cancer-associated stroma is a three-dimensional (3D) structure consisting of
neighbouring cells, extracellular matrix (ECM), blood vessels, immune cells and cytokines.
Cancer cells interact with their microenvironment during proliferation, metastasis and
during chemo- or radiotherapy [14-22]. Therefore, it is important to study cancer cells in
an environment that mimics the in vivo milieu. The tumour microenvironment has been
investigated extensively [23-29], nevertheless tumour cell biology in a three-dimensional
(38D) environment remains poorly understood. Still, 3D polymer-based cancer models can
provide several advantages when compared to animal models, such as reproducibility,
complexity in terms of cell types, substrate chemistry, topography, tailored mechanical
properties, engineered gas diffusion gradients and ethical sustainability [30].

Several 3D in vitro culture models have been proposed to mimic physiological con-
ditions in the tumour, recreating cell-to-cell contact, tumour cell microenvironment and
generating hypoxic-necrotic areas [31]. Studies reveal that various cancer cell lines grown in
2D and 3D cell cultures show differences in cancer-related pathways like mTOR-AKT-S6K
(mechanistic target of rapamycin (mTOR)-ribosomal S6 kinase (S6K) pathway), and also
vary in their drug response, thus making it important to switch to 3D models [32-34].
mTOR is an essential regulator of cell homeostasis including protein translation, glucose
and lipid metabolism, as well as cell survival and autophagy, and it is a central player
that senses and responds to various extracellular growth signals [35]. Scaffold-free cell
culture models do not utilise exogenous artificial platforms for promoting cell growth.
Such cellular aggregates, termed as multicellular tumour spheroids (MCTS), are the most
popular 3D cell culture method to mimic the tumour microenvironment and the cells
produce their own ECM. These only partially recapitulate the microenvironment cues
and are difficult to optimise for inconsistencies in their formation. They are often applied
to mimic structures of breast cancer, epithelial cancer and endothelial cell angiogenesis.
Breast and ovarian cancer cell lines have been studied using Matrigel in multi-well or trans-
well plates for gene expression, cellular signal pathways, angiogenesis and chemotherapy
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response [22,36-39]. In addition, different types of scaffolds, ranging from non-woven fibre
ECM-derived materials to polymers in the form of foams and hydrogels, have been investi-
gated. For developing effective scaffolds it is important that the biomaterial should meet
the requirement of the physical properties and biocompatibility. Natural biodegradable
polymers are attractive because they are highly biocompatible and hence may be used
to support cell growth in vitro and tissue growth in vivo. They are composed of polysac-
charides (amylose, cellulose, alginate, chitosan or hyaluronic acid), proteins (collagen or
gelatine), nucleic acids or polyhydroxyalkanoates [40]. Alginate is a popular biomaterial
for cellular encapsulation and has been used to produce fibres or scaffolds for the 3D
culture of cancer cells. Low concentrations of alginate with other hydrogels including
gelatine, agarose and gelatine methacrylate (GelMA) have been used to design networks of
moderate stiffness and retain biological characteristics, tumorigenicity, metastatic ability
and increased drug resistance [41,42]. Gene expression analysis of tumour cells cultured in
2D versus 3D alginate-based, oxygen-controlled tumour models revealed striking interde-
pendence between culture dimensionality and hypoxia response [43]. Gelatine hydrogel
microspheres (GM) incorporated into cell aggregates tackle the problem of low oxygen and
nutrient supply and demonstrate longer cell viability [44]. Cancer invasion models based
on drug-incorporated gelatine microspheres along with cancer cells and cancer-associated
fibroblasts are efficient tools of drug screening [45]. Chitosan is another biomaterial known
for its biocompatibility, biodegradability, low immunogenicity and low cost. Deacetylated
chitosan scaffolds show better attachment of cancer cell lines, and cells grow as three-
dimensional clumps on the chitosan matrix [46]. Chitosan forms electrostatic interactions
with amine groups of alginate and blends to form an interconnected and porous 3D struc-
ture with mechanical strength and shape maintenance, which is significantly improved as
compared to neat chitosan [47]. A blend of the hydrogel form of chitosan and hyaluronic
acid has been used as a non-adhesive material for spheroids formation [48].

The formation of a solid tumour is central to the development of most kinds of cancer.
Solid tumours involve cancers of the ovary, breast, colon, brain and other tissues [49]. Most
solid tumours have a complex 3D architecture with different populations of abnormal
cells divided into parenchymal and stromal compartments. The interactions between the
tumour and the microenvironment result in complexity and heterogeneity of tumours
leading to resistance to chemotherapy [27]. The stiffness and fibrosis increase from healthy
to malignant tissues and are accompanied with chemoresistance [50]. The stiffness of
fibroadenoma (solid, smooth, firm non-cancerous benign lumps), measured by its Young’s
modulus value is 11.42 kPa, and that of invasive ductal carcinoma (cancer that begin
growing in a milk duct and then invade the fibrous or fatty tissue of the breast outside of
the duct) is 22.55 kPa [51]. However, the Young’s modulus of colorectal cancer tissue is
7.51 kPa [52]. These values indicate that breast cancer tissues display higher tissue stiffness
than colorectal cancer and are hence the former are referred to as hard tumours and the
latter as soft tumours.

Hence, a 3D model for cancer with high fidelity needs to meet many criteria including
shape, suitable dimensions, adequate interconnected porosity and suitable mechanical
properties to mimic the exact tumour environment. Such a model structure thus needs to
be made of a material that is processable into porous 3D structures with tuneable stiffness.
Polyhydroxyalkanoates (PHAs) comprise such a family of biodegradable polyesters that
are produced by bacterial fermentation under nutrient-limiting conditions [53]. There are
two types of PHAs, short chain length PHAs (monomer chain length C4-Cs), or SCL-PHAs,
and medium chain length PHAs (monomer chain length C4-Cy4), or MCL-PHAs. SCL-
PHAs are normally hard and brittle, whereas MCL-PHAs are highly elastomeric in nature.
In addition, PHAs are highly biocompatible in nature and exhibit surface properties that
allow for the attachment and proliferation of mammalian cells [54-56]. The first PHA
to be identified was poly(3-hydroxybutyric acid) (P(3HB)), which is a homopolymer of
3-hydroxybutyrate (HB). P(3HB) is a typical SCL-PHA, i.e., a stiff polymer. Examples of
MCL-PHAs, the elastomeric member of this family, include Poly(3-hydroxyoctanoate), or
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P(BHO), and Poly(3-hydoxyoctanoate-co-3-hydroxydecanoate), or P(3HO-co-3HD) [57].
Blending is an effective way of developing new polymeric material with tailored me-
chanical properties and in some cases also leads to improved biocompatibility as com-
pared to the parent components. For example, the viability of mouse fibroblasts (cell
line 1.929) on Poly(3-hydroxybutyrate) films increased significantly upon blending with
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate), P(3HB-co-3HHX) [58,59].

Verification of the biomimetic properties of a 3D cancer model can be carried out
using a range of methodologies, and quantification of a suitable marker is one of the
best strategies. Aberrant Wnt signalling is a hallmark for many cancers and upregulated
Wnt-11 expression is reported in breast cancer [60]. Moreover, it has been established that
Wnt-11 expression triggers oestrogen receptor alpha and modulates cellular migration
in breast cancer [61]. Wnt-11 is downstream of TGF-—shown previously to be one
of the triggers of epithelial-mesenchymal transition (EMT) and chemoresistance [62,63].
EMT is associated with disruption of intracellular tight junctions and loss of cell-cell
contact; during cancer progression it is an accepted phenomenon that is due to the loss of
epithelial features and gain of mesenchymal morphology [64]. Wnt-11 would thus indeed
be a suitable biomarker to validate the 3D cancer models. EMT is a process of cellular
reprogramming of epithelial cells into modulating their cell-cell adhesion properties and
gaining mesenchymal characteristics such as increased motility and invasiveness linked
to metastasis [65]. The EMT programme is orchestrated through transcription factors like
Snail, Slug and Zeb1 that are responsible for the gain of mesenchymal properties [66]. Snail
is linked to tumour progression and invasiveness due to its ability to alter the expression of
the Vimentin gene (vim) [67]. The latter is one of the mesenchymal markers responsible for
maintaining cell shape, cytoplasm integrity and stabilizing cytoskeletal interactions and is
found downstream of the Snail gene. An intercellular adhesion protein, E cadherin, displays
the gain of epithelial properties and is inversely correlated to invasion of surrounding
tissues and metastasis [68]. In the present study, we mainly focus on altered expression of
four genes associated with EMT in the human adenocarcinoma cell line.

In this study, we have established, for the first time, 3D cancer models based on the
novel family of biocompatible natural polymers, or PHAs. A blend of the MCL-PHA,
P(BHO-co-3HD), an elastomeric polymer, and a SCL-PHA, P(3HB), a stiff polymer, was
used to tailor the mechanical property of the model. Porous 3D PHA scaffolds were
generated with variable pore size, allowing for efficient infiltration of the cells and the
required nutrients. The growth pattern of the cell lines representing both hard and soft
cancer, i.e., breast cancer (MCF7, MDA-MB-231) and colon cancer (HCT116), respectively,
have been investigated within these 3D PHA scaffolds. Two different breast cancer cell
lines exhibiting variable growth kinetics were used to compare their temporal growth
pattern. While MCE-7 are epithelial-like cells associated with a weak invasiveness and
good prognosis, MDA-MB-231 are enriched for epithelial to mesenchymal transition (EMT)
markers and possess higher phenotypic plasticity and a more invasive behaviour connected
to aggressive disease [69]. The size of the 3D tumour models was developed mimicking
their real dimensions in patients. Finally, the expression of EMT markers were quantified
within these novel tumour models. The unique PHA-based cancer models developed in
this work are an excellent step forward in the provision of tailorable 3D models for the
in-depth understanding of cancer progression and therapy.

2. Materials and Methods
2.1. Bacterial Strains and Chemicals Used

P(3BHO-c0-3HD) was produced using Pseudomonas mendocina CH50, which was ob-
tained from the National Collection of Industrial and Marine Bacteria (NCIMB 10541),
Aberdeen, UK. P(3HB) was produced using Bacillus subtilis OK2, which was obtained from
the University of Westminster culture collection. The chemicals used for the production
and characterisation of PHAs were purchased from Sigma-Aldrich or BDH Ltd. (Dorset,
UK), VWR (Leicestershire, UK), unless otherwise stated.
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2.2. Production and Extraction of P(3HB) and P(3HO-co-3HD)

P(3HB) was produced by Bacillus subtilis OK2 using glucose at 35 g/L concentration
as the sole carbon substrate. The sterile nutrient broth was inoculated with a single colony
of Bacillus subtilis OK2 and incubated for 16 h at 30 °C, 200 rpm. Then, 10% (v/v) of the
inoculum was used to inoculate the production stage (modified Kannan and Rehacek
media), which was incubated at 30 °C, 200 rpm for 48 h. The temperature was controlled at
30 °C, pH was set at 6.8 and 1 vvm air was supplied to the bioreactor. At the end of the
fermentation, cells were retrieved by centrifugation. Wet biomass was homogenised and
stored at —20 °C overnight, followed by lyophilisation. P(3HO-co-3HD) was produced
by P. mendocina CH50 using glucose at 20 g/L concentration as the sole carbon substrate.
Fermentation was carried out in two stages. The seed culture was prepared by inoculating
sterile nutrient broth with a single colony of P. mendocina CH50. This was incubated for
16 hat 30 °C, 200 rpm. Then, 10% (v/v) of the inoculum was used to inoculate the second
stage seed culture (mineral salt medium—MSM), which was incubated at 30 °C, 200 rpm
for 24 h. Next, 10% (v/v) of the second stage seed culture was used to inoculate the final
PHA production media (MSM media). The temperature was controlled at 30 °C, pH was
setat7 and 1 vvm air was supplied to the bioreactor. At the end of the fermentation, cells
were retrieved by centrifugation. Wet biomass was homogenised and stored at —20 °C
overnight followed by lyophilisation. PHA was extracted from the dried biomass using the
Soxhlet extraction method. Methanol was used to remove the impurities from the biomass
under reflux for 24 h. Methanol was then replaced with chloroform, and the biomass
was subjected to Soxhlet extraction for another 24 h. The chloroform solution containing
polymer was concentrated in a rotary evaporator. The PHA was precipitated using ice-cold
methanol solution and stored at room temperature [70-72].

2.3. Gas Chromatography Mass Spectrometry (GC-MS)

The monomeric composition of the PHA produced was identified using GC-MS. Prior
to the GC-MS analysis, polymer samples were methanolysed. GC-MS analysis was carried
out using a Varian GC/MS system consisting of Chrompack CP-3800 gas chromatograph
and Saturn 200 MS/MS block as described in Constantinides et al., 2018.

2.4. Production of the 3D PHA Scaffolds

The 3D PHA scaffolds were prepared using the particulate leaching technique. P(3HB)
and P(BHO-co-3HD) were dissolved in chloroform, in a 50:50 ratio. Sodium chloride
(<300 um) was used as the porogen to create porous 3D PHA scaffolds. It was added to the
polymer solution in a 1:9 (polymer:porogen) ratio and stirred for 24 h at room temperature
to allow for homogeneous dispersion. The polymer solution containing porogen was
poured into a Teflon mould (Dimensions—20 mm x 16 mm x 10 mm) and allowed to
dry. The dry 3D PHA scaffolds were removed from the mould using a sterile scalpel
and immersed in sterile water to allow porogen leaching. The pH of the sterile water
containing 3D PHA scaffolds was measured to ensure complete removal of the porogen.
Post leaching, the scaffolds were dried. They were visibly porous and were approximately
20 mm x 15 mm X 8 mm in size.

2.5. Cell Culture on 3D PHA Scaffolds

The 3D PHA scaffolds were cut into 10 mm x 10 mm x 8 mm using a sterile scalpel
and placed in 24-well plates. Prior to seeding cells, the 3D PHA scaffolds were sterilised on
both sides under high-intensity ultraviolet radiation, concentrated around a wavelength of
253.7 nm for 30 min. The 3D PHA scaffolds were further sterilised by washing them with
70% ethanol for 5 min. This was repeated thrice. Post sterilisation, they were allowed to dry
for 12 h in the 37 °C humidified chamber to allow for ethanol to volatilise away. Sterile 3D
PHA scaffolds were then rinsed thrice in 1x phosphate buffer saline (PBS) (Sigma Aldrich,
St. Louis, MO, USA) and then incubated in 2 mL of Dulbecco’s modified Eagle medium
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(DMEM) supplemented with 2 mM L-glutamine, 10% FBS and 1% Penicillin-Streptomycin
for the next 24 h.

HCT116 (ATCC®-CCL-247), MCE-7 (ATCC®-HTB-22) and MDA-MB-231 (ATCC®-
HTB-26) cell lines were obtained from ATCC. The cells were cultured in T75 flasks (Sigma
Aldrich) in DMEM (Himedia) containing 10% FBS (Thermo Fisher Scientific, Waltham, MA,
USA), 2 mM L-Glutamine (Merck Life Science UK Limited, Dorset, UK) and 1% antibiotic
solution (100 U/mL penicillin, 100 ug/mL streptomycin) (Sigma Aldrich), henceforth
referred to as complete DMEM. Cultured cells were maintained at 37 °C, 5% CO; in a
humidified incubator. Static surface seeding method was used to seed cells onto the 3D
PHA scaffolds as described in previous papers [73]. The ratio of the cell-seeded and scaffold
area was optimised. Different cell seeding densities were used. The higher cell density
of 200,000 cells/scaffold of 3 x 10 x 10 or 10 x 10 x 10 mm? scaffolds was found to be
optimal. Hence, a concentrated cell suspension of 200,000 cells was added to each 3D PHA
scaffold and incubated for 30 min to allow for cells to attach to the scaffold. After 30 min,
500 uL (enough to cover the 3D PHA scaffold) of complete DMEM was carefully added
from the sides so as to not dislodge any cells seeded on the top of the 3D PHA scaffolds
and incubated for 12 to 24 h. After 12 h, 1000 uL of complete DMEM was added from the
sides. At the end of incubation, the 3D PHA scaffolds were submerged in complete DMEM
and covered with a cell crown 24 (Scaffdex Oy, Tampere, Finland). The cell-seeded 3D
PHA scaffolds were incubated for 5 days. After every 24 h, media were aspirated, 3D PHA
scaffolds were washed three times with PBS and complete DMEM was added to the 3D
PHA scaffolds.

2.6. Cell Proliferation Studies

Proliferation of the cells on the 3D PHA scaffolds at the end of each time point was
determined using the Alamar Blue assay following the manufacturer’s protocol (Thermo
Fisher Scientific, Gloucester, UK). Alamar Blue reagent (10% volume of culture media) was
added to the wells. After 3 h of incubation, Alamar Blue solution was transferred to a
96-well plate to obtain absorbance values at 570 nm. Tissue Culture Plastic (TCP) was used
as the positive control.

2.7. Scanning Electron Microscopy (SEM)
2.7.1. SEM Characterisation of the 3D PHA Scaffolds

Post leaching, dried 3D PHA scaffolds were observed under the Scanning Electron
Microscope (SEM). The 3D PHA scaffolds were cut using a clean scalpel. The samples were
vacuum-dried and placed on aluminium stubs. Finally, the 3D PHA scaffolds were gold
coated and imaged using SEM Zeiss EVO40. The pore sizes were calculated from the SEM
images using the Image J program (Public Domain Image Processing Program, National
Institute of Health, Bethesda, MD, USA).

2.7.2. SEM Characterisation of the Cell Laden 3D PHA Scaffolds

SEM was used to view the cross section of the cell laden 3D PHA scaffolds to observe
cell morphology within the 3D PHA scaffold. Cell seeded 3D PHA scaffolds were fixed
in 2% paraformaldehyde in PBS and kept at 4 °C overnight. They were dehydrated
using graded ethanol solution (50%, 70%, 80%, 90% and 100%) and Hexamethyldisilazane
(HMDS), and they were gold plated and imaged using SEM Zeiss EVO40 (Public Domain
Image Processing Program, National Institute of Health, Bethesda, MD, USA).

2.8. Confocal Microscopy

The cell-seeded 3D PHA scaffolds cultured as described above were stained with
CellTrace™ Calcein Green, AM/Ethidium homodimer (Invitrogen™)-1 mix in 1:4 ratio
(MDA-MB-231) or 50 mM Image-iT TMRM reagent/10 uM CellTrace™ Calcein Green, AM
(Invitrogen™) (HCT116 and MCF-7) for 30 min, cut using a clean scalpel into 1-2 mm
slices placed in glass-bottom dishes and viewed using 488 nm and 548 nm wavelength,
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respectively, using a Nikon AIR microscope. In MDA-MB-231-seeded 3D PHA scaffolds,
Calcein Green/Ethidium bromide led to green/red colour for live/dead analysis, whereas
in HCT116- and MCF7-seeded 3D PHA scaffolds, TMRM/Calcein Green led to red /green
colour, respectively. TMRM is a cell-permeant dye that accumulates in active mitochondria
with intact membrane potentials indicating live cells.

2.9. Total RNA Extraction, cDNA Synthesis and gRT-PCR

Total RNA was extracted using Trizol (Sigma, Hertfordshire, UK), RNA concentration
and purity was measured using the NanoDrop Spectrophotometer using absorbance values
at 260 nm and 280 nm. cDNA was generated by the reverse transcriptase reaction and
used for qPCR. The following genes were studied (corresponding primer sequences are
given in references in parentheses): Wnt-11 [74]; Vim, Snail and E-cadherin [75]. Analysis
by real-time gPCR was done by SYBR Green premix (Qiagen, Germantown, UK) using
the following conditions: 95 °C for 15 min, 40 cycles at 95 °C for 15 s, 60 °C for 1 min
and 72 °C for 15 sec. Relative levels of mRNA expression were calculated according to
the CT/2-AACT method [64]. RNA polymerase II, (RPII) was optimised and used as the
reference gene [76,77]. Experiments were performed in triplicate and the standard deviation
was calculated as well as the Student’s t-test using GraphPad Prism 7.00 (La Jolla, CA,
USA) software.

2.10. Data Analysis

All data were analysed as means & standard errors. Statistical significance was
determined using the student’s ¢-test or ANOVA with Newman-Keuls post hoc analysis,
as appropriate. Results were considered significant for p < 0.05.

3. Results
3.1. Production and Chemical Characterisation of the Polymer to Make 3D PHA Scaffolds

Polymer production was carried out using bacterial fermentation. P(3HB) and P(3HO-
co-3HD) polymers were produced using Bacillus subtilis OK2 and Pseudomonas mendocina
CH50, respectively, with glucose as the sole carbon source as described in Basnett et al., 2021.

Gas Chromatography-Mass Spectrometry was used to confirm the monomeric com-
position of the PHAs produced. For P(3HB), the gas chromatogram showed one peak
(Rt = 4.1 min), originating from the product of polymer methanolysis, and another peak
of the internal standard, methyl benzoate (R; = 6.4 min) (Figure 1a). Mass spectra pat-
tern for the peak at R = 4.1 min matched with the methyl ester of 3-hydroxybutyric acid
from the NIST Standard Reference Library. For P(3HO-co-3HD), the gas chromatogram
showed two peaks (R = 7.7 min and R; = 9.3). The mass spectra for the peaks matched
with the methyl esters of 3-hydroxyoctanoic acid (3HO) and 3-hydroxydecanoic acid (3HD),
respectively, from the NIST Standard Reference Library (Figure 1b).
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Figure 1. (a) GC-MS spectra of P(3HB) and (b) P(3HO-co-3HD). (¢) Schematic representation of the
preparation of porous 3D PHA scaffolds. (d) An optical image of air-dried porous 3D PHA scaffolds
20 mm x 15 mm x 8 mm. (e) SEM images of the P(3HB)/P(3HO-co-3HD) 50:50 3D PHA scaffold.

In Figure 1a,b, the peak at 6.25 represented the internal standard (methyl benzoate).
In the case of P(3HB), the fragment peak at retention time 4.125 represented the 3-hydroxy
methyl ester of butyric acid, whereas in the P(3HO-co-3HD) spectrum, the fragment peak
at retention time of 7.611 and 9.188 represented 3-hydroxyl-methyl ester of octanoic acid
and decanoic acid, respectively.

3.2. Production and Characterisation of the 3D PHA Scaffold

The porous 3D PHA scaffolds were prepared by solvent casting—particulate leaching
technique [67], which is a standard method to produce polymer-based scaffolds. The NaCl
sieved through a 300 um sieve ensured that the 3D PHA scaffolds have a well-connected
variable pore size. The adoption of an appropriate polymer-to-salt ratio, experimentally
defined as 1:9 for both P(3HO-co-3HD) and P(3HB), resulted in the formation of rich and
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interconnected porosity, and the choice of sieving salt through a 300 um sieve allowed for
controlling the final pore size. The 3D PHA scaffolds were soaked in distilled water to
remove the porogen (Figure 1c). Stable pH of the water into which the porogen was being
leached ensured the complete removal of the porogen, i.e., NaCl. The 3D PHA scaffolds
appeared to be visibly porous without magnification. The 3D PHA scaffold size was
20 mm x 15 mm x 8 mm (Figure 1d). Larger 3D PHA scaffolds were produced, hoping to
induce hypoxic conditions in the core.

Figure le shows SEM images of 3D PHA scaffolds, which were analysed further to
analyse the structure and calculate the pore size of the 3D PHA scaffolds using Image J.
The pore size varied from 30 to 300 um, which provided a varied level of pore sizes within
the 3D PHA scaffolds. The pores of variable sizes were evenly distributed throughout the
3D PHA scaffold, and an interconnected network of pores was observed.

3.3. Cell Culture on the 3D PHA Scaffolds to Create the Disease Models
3.3.1. Hard Tumour Disease Models

To show the ability of these 3D PHA scaffolds for development of tumour models
two different human cancer cell lines derived from breast epithelium were chosen because
of their different invasive properties and stiffness; basal MDA-MB-231 was derived from
adenocarcinoma metastatic tumour site that is linked to aggressive disease, and MCF7 was
derived from primary breast ductal carcinoma that belongs to the luminal A subtype [2,69].
These cell lines have significantly different stiffness. Several studies report that metastatic
cells are softer as compared to their non-invasive counterparts [78,79]. Stiffness values of
more aggressive cells (MDA-MB-231) are lower than their non-aggressive counterparts
(MCF?) [80]. Each cell line was seeded on pre-soaked 3D PHA scaffolds and allowed to
grow for 5 days. High cell seeding density per 3D PHA scaffold sample was chosen for cell
viability studies to allow the cells to populate the 3D PHA scaffold, enabling cell-scaffold
interaction as shown in Figures 2 and 3.

Day 5

2000X

Figure 2. Cont.
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MDA-MB-231

Figure 2. SEM images of cells grown on 10 mm x 10 mm x 8 mm PHA-based 3D scaffolds (a-d) MCF7
cells cultured on 3D PHA scaffolds at (a,b) Day 1 and (c,d) Day 5. (b) MDA-MB-231 cells cultured on
3D PHA scaffolds at (e,f) Day 1 and (g,h) Day 5.

HCT116

Figure 3. SEM images of HCT116 cells grown on 10 mm x 10 mm x 8 mm 3D PHA scaffolds on
Day 1 (a,b) and Day 5 (c,d).
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3.3.2. Cell Viability of Hard Cancer 3D Models

Viability of the cells on the 3D PHA scaffold was assessed on Day 1, 3 and 7 using
the Alamar blue assay that detects metabolically active cells. The MCE-7 cells displayed a
significant increase in cell viability with time (Figure 4a). On Day 1, 3 and 7, cell viability
was set at 100% for the 2D cell culture on TCP. While at Day 1 on the 3D PHA scaffold, the
cell viability was 74%, which significantly increased to 98.8% (p < 0.05) at Day 3. Again, on
Day 7, there was a further significant increase in the cell viability of the MCF-7 cells to 168%
(p < 0.05). Similarly, MDA-MB-231 cells displayed a significant increase in cell viability
over time (Figure 4b). On Day 1, 3 and 7, the cell viability of the cells cultured on 2D cell
culture on TCP were normalised to 100%. While the cells on the 3D PHA scaffolds showed
only 59% cell viability on Day 1, which increased significantly to 80.2% on Day 3 (p < 0.05),
followed by a further increase to 161.45% (p < 0.05) on Day 7.
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Figure 4. Alamar blue assay of (a) MCF-7 cells and (b) MDA-MB-231 cells cultured on 2D tissue
culture plastic (TCP) and 3D PHA scaffold for 1, 3 and 7 days. Differences were considered statistically
significant with p < 0.05 (*).
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These results show that cells in the 2D cell cultures exhibited higher proliferation rates
than those in the 3D cultures initially, but the 3D cultures maintained a longer proliferation
phase. This finding was consistent with previous studies [81].

3.3.3. SEM Imaging of the Disease Models: Formation of Hard Cancer 3D Models

After 1 and 5 days of culture, cells were fixed on the 3D PHA scaffolds and observed
under the SEM to assess their morphology. SEM images revealed that the MDA-MB-231
cells formed aggregates in contrast to the elongated shape observed when cultured on
a 2D surface. The MCF-7 cells displayed diverse morphologies (Figure 2a,b,e,f). They
proliferated into extensive layers of cells on the 3D PHA scaffold at Day 5. Hence, it seems
like initially, on Day 1, the cells adhere to the 3D PHA scaffold and adjust to the new
environment provided by the 3D PHA scaffold. However, by Day 5, the cells proliferate
at a high rate, either forming layers covering the 3D PHA scaffold surface or growing in
clumps where each cell surface could be viewed.

3.3.4. Live Cell Assessment on the Hard Cancer Disease Models

To investigate the growth pattern of breast cancer cell lines, MCF7 and MDA-MB-231
cells were grown on 10 mm 3D PHA scaffolds for a period of up to 5 days. The cells
were stained with TMRM (Red) and Calcein green (green) to check the live cells within
the 3D PHA scaffolds. TMRM detects active mitochondrial membrane and Calcein green
detects live cells with intact cell membranes. On Day 1, the MCF7 cells were distributed
evenly throughout the 3D PHA scaffold and no clumps were observed (Figure 5a,b). The
cells spread throughout the centre and infiltrated to the bottom of the 3D PHA scaffolds
(Figure 5b). On Day 5, MCF?7 cells showed an even distribution throughout the 3D PHA
scaffolds and there was no significant cell death, and they appear to be denser than Day 1
(Figure 5¢,d). MCEF?7 cells formed an even dispersed layer on the 3D PHA scaffolds on
Day 5, which covered most of the 3D PHA scaffold. The porosity of the 3D PHA scaffolds
facilitates the cells to infiltrate to the bottom of the 3D PHA scaffolds, and a consistent
distribution of cells were observed throughout the 3D PHA scaffold. Similar to the MCE7
cells, MDA-MB-231 cells also grew well on the 3D PHA scaffolds. Upon staining with
Calcein Green (green), a lower density of MDA-MB-231 cells was observed on Day 1
(Figure 5e,f) and Day 5 (Figure 5g,h), and they tended to grow in clusters, as observed in
native tumour tissue, throughout the 3D PHA scaffold. In comparison to MCF-7, there was
not a marked difference in the growth pattern of MDA-MB-231 between Day 1 and Day 5.

3.3.5. Wnt-11 and E-Cadherin mRNA Expression Profiling

Solid hard tumour models made by culturing breast cancer cell lines MCF7 and MDA-
MB-231 were analysed for mRNA expression levels of several EMT marker genes. Wnt-11,
E-cadherin, Vim and Snail genes were monitored over a period of 0, 7, and 14 days after
seeding the cells in 3D PHA scaffolds. MCF7 and MDA-MB-231 cells were cultured in 3D
PHA scaffolds, and cells were extracted from 3D PHA scaffolds on Day 0, 7 and 14 and
analysed for mRNA levels.

We first analysed Wnt-11 mRNA levels in both MCE-7 and MDA MB-231 cells. Wnt-11
mRNA expression in both breast cancer cell lines were quantified after growing cells
on 3D PHA scaffolds on Day 0 using qRT-PCR. The MCF-7 cells, which have the most
epithelial properties, expressed less Wnt-11 mRNA than MDA-MB-231 cells (Figure 6a;
Day 0; 40-fold & 0.5, n = 3; p < 0.01). Next, MCE-7 cells were seeded onto 3D PHA scaffolds
and allowed to grow for 14 days, and Wnt-11 mRNA levels were analysed in a time
dependent manner. qRT-PCR analysis revealed that Wnt-11 gene expression in MCF7 cells
did not significantly change when the cells were grown on the 3D PHA scaffolds for 7 and
14 days. Similarly, MDA-MB-231 cells were seeded on the 3D PHA scaffolds and allowed
to proliferate for a period of 14 days. Interestingly, Wnt-11 mRNA levels were found to be
significantly upregulated in MDA-MB-231 cells grown on 3D PHA scaffolds on Day 7 and
14 by 5 4 0.2 and 229 + 0.8-fold in comparison to Day 0, respectively.
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MDA-MB 231

Figure 5. The 3D images of cells grown on 10 mm x 10 mm x 8 mm PHA-based 3D scaffolds (a—d).
MCF7 cells cultured on 3D PHA scaffolds at (a,b) Day 1 and (c¢,d) Day 5 stained with TMRM (Red)
and Calcein Green (Green), both for live cells. (b) MDA-MB-231 cells cultured on 3D PHA scaffolds
at (e,f) Day 1 and (g/h) Day 5 stained with Calcein Green (Green) live cells and Ethidium bromide
(Red) dead cells.

E cadherin is another EMT marker that is an intracellular adhesion protein and marker
of epithelial characteristics [68]. To see the effects of PHA-based 3D disease models, MCE-7
and MDA-MB-231 cells were seeded on 3D PHA scaffolds and allowed to proliferate for
a period of 0, 7 and 14 days. mRNA levels of the E-Cadherin gene were studied using
qRT-PCR analysis. It was observed that the expression level of E-cadherin was significantly
higher in MCF7 cells than MDA-MB-231 cells and increased further on the Days 7 and 14,
as reported earlier [82]. Wnt-11 and E-cadherin mRNA levels were found to be inversely
correlated in MCF-7 and MDA-MB-231 cells (Figure 6d; n = 3; p < 0.05). Next, mesenchymal
markers Vim and Snail mRNA levels were analysed in MCF-7 and MDA-MB-231 cells
cultured on 3D PHA scaffolds. Cells were allowed to proliferate for 0, 7 and 14 days, then
subjected to qRT-PCR analysis. It was observed that in MDA-MB-231 cells, the expression
levels of Vim and Snail increased significantly by 429- and 450-fold, respectively, when the
cells were grown for 14 days as compared to on Day 0 (n = 3; p < 0.01). Enhanced Vim and
Snail gene expressions were also found in MCF-7 cells on Day 7 as compared to Day 0 (5-
and 8-fold, respectively), but significant upregulation of both Vim and Snail mesenchymal
markers was observed after 14 days with respect to Day 0 (Figure 6e, n = 3; p < 0.01).
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Figure 6. (a) qRT-PCR analysis of Wnt-11 expression level in MCF7 and MDA-MB-231 cells cultured
in 3D PHA scaffolds. (b) Wnt-11 mRNA levels in MCF7 cells cultured in 3D PHA scaffolds for
0,7 and 14 days. (¢) Wnt-11 mRNA expression levels in MDA-MB-231 cells cultured on 3D PHA
scaffolds for 0, 7 and 14 days. (d) E-Cadherin mRNA expression levels in MCF7 and MDA-MB-231
cells cultured in 3D PHA scaffolds for 0, 7 and 14 days. (e) mRNA levels of Vim and Snail in MCF7
and MDA-MB-231 cells grown in 3D PHA scaffolds. The column graphic represents the average of
three replicates of mRNA isolated from each cell line. The data are normalised according to RPII
expression level by fold analysis (n = 3; p < 0.01).

In summary, all the results obtained are consistent with the fact that 3D cell culture
using the 3D PHA scaffolds are superior substrates as mimics of the microenvironment of
tumours as compared to 2D cell culture (data not shown) to reliably study gene expression
profiles as well as cellular behaviour. The role of increased EMT markers and Wnt-11 in 3D
need to be studied further in the future.

3.4. Cancer Disease Modelling for Soft Tumours
3.4.1. SEM Imaging of the Disease Models: Formation of Soft Cancer 3D Models

Human adenocarcinoma colorectal cell line HCT116 was seeded on the fabricated
3D PHA scaffolds of 10 x10 x 8 mm size and was allowed to proliferate for 5 days. The
cell line proliferated into flat layered sheets on the 3D PHA scaffold on Day 1. HCT116
cells proliferated further and layers of cells forming colonies spread out within the crevices
of the 3D PHA scaffolds by Day 5 (Figure 3c,d). Hence, it seems like initially, on Day 1,
the cells adhere and adjust to the new environment provided by the 3D PHA scaffold.
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However, by Day 5, the cells proliferated at a high rate, either forming layers covering the
3D PHA scaffold surface or growing in clumps where each cell surface could be viewed.

3.4.2. Live Cell Assessment on the Soft Cancer Disease Models

To make soft cancer models, HCT116 cells were allowed to grow in 3D PHA scaffolds
for 5 days and imaged at Day 1 and 5 by staining them with TMRM (Red) and Calcein
Green (Green). TMRM detects active mitochondrial membranes, and Calcein green detects
live cells with intact cell membranes. HCT116 cells grow in pockets in the 3D PHA scaffolds
rather than being dispersed throughout the 3D PHA scaffolds. This could be attributed
to the fact that HCT116 grow in colonies in 2D cultures as well. By Day 5, HCT116 cells
appeared to form bigger clusters (Figure 7a—c) than Day 1 (Figure 7d-f), and colonies started
to appear in the pockets within the 3D PHA scaffolds with no significant cell death because
the cells had enough time to adhere and adapt to the 3D PHA scaffold’s environment.

d

HCT 116

Figure 7. Live cell imaging of HCT116 cells grown on 10 mm x 10 mm x 8 mm 3D PHA scaffolds on
Day 1—(a) upper side, (b) centre and (c) lower side—and on Day 5—(d) upper side, (e) centre and
(f) lower side—using TMRM (Red) and Calcein Green (Green), both for live cells. The upper side,
lower side and centre of the 3D PHA scaffold were imaged using a Nikon confocal microscope.

3.5. Comparison of Growth Patterns in Soft and Hard Cancer Disease Models

As seen in Figure 8, on Day 5, MDA-MB-231(representing hard breast tumour/cancer
type) showed dispersed growth in clusters, and MCEF7 cells (representing hard breast
tumour/cancer type) formed an evenly dispersed dense layer, while HCT116 (represent-
ing soft colon tumour/cancer type) formed large colonies within the pockets of the 3D
PHA scaffolds.
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(a) Centre (b) Centre (c)

Day 5

MCF7 HCT 116 MDA-MB-231

Figure 8. Comparison of cell growth patterns of (a) MCF7, (b) HCT-116 stained with TMRM (Red)
and (c) MDA-MB-231 cells stained with Calcein Green (Green), both for live cells.

4. Discussion

In this study, an MCL and SCL-PHA blend (50:50 wt%) was used to fabricate a porous
3D PHA scaffold of size 10 mm x 10 mm X 8 mm and culture breast and colon cancer
cells. There are many advantages of using PHAs. One main advantage of using PHAs
is the fact that the mechanical properties of PHAs can be modulated to make models of
variable stiffness. This is because there are many types of PHAs ranging from C4-Cig
units in each monomer unit. By varying the carbon source provided to the bacteria and
the bacterial species used, the monomer content of the PHA can be altered. This in turn
leads to changes in the mechanical properties. The mechanical properties of the PHA-
based 3D scaffolds can be tailored to match the specific tumour type by blending various
types of PHAs or producing copolymers with different monomer types. This leads to
an enormous range of mechanical properties that are not accessible for scaffolds using
alginate/gelatine /hyaluronic acid or chitosan. In addition, PHA-based scaffolds have a
slow degradation rate, and the degradation occurs by surface degradation. This results in
stable scaffold structures, which can be used for long-term studies as opposed to the other
types mentioned above. Additionally, PHAs are thermoplastics in nature and hence can be
processed easily using a variety of processing methods, such as 3D printing using fused
deposition modelling (FDM) and Selective Laser Sintering (SLS), to produce structurally
varied and bespoke models.

Finally, and not the least, the size that can be achieved using PHA-based scaffolds is
comparable to that of patient tumours. Since most tumours grow to a size of 1-2 cm when
initially diagnosed, cancer cells grown in 3D PHA scaffolds of 1 cm thickness will resemble
the oxygen gradient, nutrient and waste removal characteristics of in vivo tumours and
emulate a tumour-like microenvironment [83,84]. Most 3D scaffolds that use biomaterials,
such as gelatine, alginate and chitosan, have a lower size range, up to 600 pm [41,44,45]. 3D
cell culture in the bigger 3D PHA scaffolds resembling tumour sizes is much more relevant
to the understanding of cancer cell behaviour, identification of targets for cancer treatments
and drug screening.

Hence, novel 3D cancer models were developed, where breast cancer and colon cancer
cells were used to mimic hard and soft tumours, respectively. Breast tumours have higher
stiffness as compared to colon tumours, which affects the oxygen gradient and nutrient
supply in these tumours, and also affects the various cellular mechanisms [85]. PHAs
are relatively slow in degradation and undergo surface degradation [86]. For substantial
degradation, the scaffolds will need to be maintained in vitro for at least two to three
months. In contrast, degradation of hydrogel-based scaffolds, such as for alginate and
gelatine, occurs very fast. They undergo bulk degradation in less than 12 h in vitro [87]. It
is extremely difficult to match the speed of hydrogel degradation with the pace of tissue
formation, which is important in maintaining the shape and mechanical integrity of tissue-
engineering constructs [10]. However, PHA-based scaffolds undergo surface degradation
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after 2-3 months as opposed to hydrogel scaffolds that would crumble and break during
this period. Hence, PHA-based scaffolds remain stable for longer periods of time and can
be used for long-term studies.

MCL and SCL-PHAs have been studied previously and have exhibited excellent bio-
compatibility with different types of cell lines for various applications including tissue
engineering and medical devices [70,71,88]. However, MCL and SCL PHA blends have
not been explored previously for their suitability as 3D PHA scaffolds in cancer disease
modelling. The scaffold was developed using P(3HB), which is a short-chain length PHA,
known to be hard and brittle in nature and P(3HO-co-3HD), which is a medium-chain
length PHA, known to be soft and elastomeric. Therefore, a ratio of 50:50 was chosen
as a first example to study the feasibility of the PHA-based models. In the future, the
ambition is to use a range of the ratios and hence obtain scaffolds with a varying range
of mechanical properties. The MCL and SCL-PHAs used for the fabrication of 3D PHA
scaffolds were produced by the fermentation of P. mendocina CH50 and Bacillus subtilis OK2,
respectively, using glucose as the carbon source. It is well established that Pseudomnonas sp.
are capable of accumulating MCL-PHA copolymers when grown on structurally unre-
lated carbohydrates [89,90]. Similarly, Bacillus species are known to produce the P(3HB)
homopolymer when grown on glucose as substrate [91]. GC-MS was used to identify the
MCL-PHA as a P(3HO-co-3HD) copolymer and the SCL-PHA as a P(3HB) homopolymer.

The P(3HO-co-3HD)/P(3HB) blend was used to fabricate 3D PHA scaffolds using the
salt-leaching technique [92]. SEM images presented a foam-like structure with well-defined
pores formed due to the dissolution of sodium chloride particles (Figure 1e).The pore size
in the fabricated 3D PHA scaffolds ranged from 30 to 300 pm, the pores of variable sizes
were evenly distributed throughout the 3D PHA scaffold, the interconnected network of
pores facilitated the infiltration of cells throughout the 3D PHA scaffold and the cells had
enough space to be able to grow in colonies and form 3D tumour models similar to the
in vivo models. The pores would act as channels to facilitate cellular interaction, nutrient
and oxygen diffusion, as well as waste removal [93,94]. Previously, various breast cancer
cell lines from different subtypes, such as MCF-7 (luminal A), BT474 (luminal B), SKBR3
(human epidermal growth factor receptor 2—HER2) and MDA-MB-231 (triple negative),
have been cultured in 3D microenvironments. The 3D liver model of Alginate (1% and
0.5%): GelMA (gelatine methacrylate) fibres containing NIH-3T3 fibroblasts, HepG2s and
HUVECs showed no change in cell viability [41]. UV light illumination always carries
the risk of high cell death and DNA damage, which affects normal cellular function.
The Alginate:GelMA mixture was optimised for normal cellular function at a 365 nm
wavelength [41]. This was not a concern in our study, as the 3D PHA scaffolds were
UV sterilised prior to cell seeding. In this study, breast cancer cell lines, such as MCF-7
and MDA-MB-231, and the colon cancer cell line, HCT116, were cultured on the PHA-
based porous 3D PHA scaffolds, and growth was observed for 1 and 5 days. Cancer cell
properties, such as morphology, proliferation pattern and tumorigenicity, were monitored
until Day 5. Both the cell lines attached and proliferated on the 3D PHA scaffold over time.
In comparison to tissue culture plates, MCF-7 and MDA MB -231 cells cultured on 3D PHA
scaffolds exhibited delayed growth until Day 3 (Figure 4). Both the cell types continued to
proliferate on the 3D PHA scaffolds until Day 7, while cells cultured on 2D tissue culture
plastic (TCP) displayed no change in cell viability on Day 7 (Figure 4). This could be due
to the higher surface area of 3D scaffolds as compared to the 2D cell culture, which has a
major drawback of contact inhibition to sustain cell growth over long durations [10]. It is
the 3D environment in which the cells grow and maintain a longer proliferation phase, and
are hence growing under conditions that mimic in vivo conditions [95].

These observations were consistent with a similar study conducted by Florczyk et al., 2016,
where three cell lines, TRAMP-C2 (prostate cancer), SK-Hep-1 (liver cancer) and MDA-MB-
231 (breast cancer), were cultured on 2D tissue culture plastic and Chitosan-Alginate 3D
scaffolds [96].
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It was observed that in the 2D cell culture, cell lines proliferate rapidly and be-
come confluent, whereas cells show delayed growth, forming tumour spheres on the
3D scaffolds [96]. In another study conducted by Chen et al., 2012, MCF-7 cells were cul-
tured on 3D collagen scaffolds. MCF-7 cells proliferated on the 3D PHA scaffolds until the
Day 13, whereas these cells did not proliferate beyond Day 7 on 2D tissue culture plates [63].
This was concurrent with results obtained in our study, pointing out that cells cultured on
the 3D PHA scaffolds initially take time to attach and start proliferation, unlike 2D cell
culture, where cells soon fail to proliferate due to contact inhibition.

SEM images revealed that MDA-MB-231 cells formed aggregates and exhibited
rounded morphology in a 3D environment while displaying a spindle-shaped morphol-
ogy in the 2D cell culture. Similar observations were made by Ivers et al., 2014, when
MDA-MB-231 cells were cultured in 3D, using a reconstituted basement membrane matrix
Geltrex® for 10 days. MDA-MB-231 form aggregates or spread in a dissociated manner
showing elongated or round-shaped morphology, demonstrating the dynamic behaviour
of the MDA-MB-231 in a 3D environment [97]. MCF-7 cells cultured on 3D PHA scaffolds
displayed diverse morphologies in 3D (Figures 2a-d and 5a-d). They proliferated into
sheets with some rounded cells. While HCT116 formed large colonies within the pockets of
the 3D PHA scaffold by Day 5, this needs further analysis, as they might make hypoxic
pockets within the 3D PHA scaffold. This was consistent with the observation made by
Chen et al., 2012. Do Amaral et al., 2011, made an observation that MCF7 cells formed
unusual spheroids when cultured in 3D for longer periods of time [98]. This could explain
the absence of grape like cell clusters on Day 5.

Live cell imaging of cells cultured on 3D PHA scaffolds provides a better analysis of
the growth pattern and viability of hard and soft cancer cell lines. On Day 1, the MCF7 cells
were distributed evenly throughout the 3D PHA scaffold, and no clumps were observed
(Figure 5a,b). The cells spread throughout the centre and until the bottom of the 3D PHA
scaffolds. While HCT116 cells grew in pockets rather than being dispersed throughout
the 3D PHA scaffolds (Figure 6a—c). This could be attributed to the fact that HCT116 cells
also grow in colonies in 2D cultures. On Day 5, MCF7 cells showed an even distribution
throughout the 3D PHA scaffold, and there was no significant cell death and they appeared
to be denser than Day 1 (Figure 5c,d). However, HCT116 cells appeared to form bigger
clusters on Day 5 as compared to Day 1 (Figure 7d—f), and colonies started appearing in
the pockets within the 3D PHA scaffolds with no significant cell death because the cells
had sufficient time to adhere and adapt to the 3D PHA scaffold’s environment. Similarly,
on Day 5, MCF7 cells formed an evenly dispersed layer, which covered most of the 3D
PHA scaffold. HCT116 continued to form larger colonies within the pockets of the 3D
PHA scaffold, which needs further analysis as they might make hypoxic pockets within the
3D PHA scaffold, as mentioned above. The porosity of the 3D PHA scaffolds facilitated
the penetration of the cells to the bottom of the scaffolds and resulted in a consistent
distribution of cells throughout the 3D PHA scaffold.

In chitosan alginate (CA) scaffolds, both hepatocellular carcinoma as well as human
glioblastoma U-87 MG and U-118 MG cell lines showed increase in the expression levels of
genes involved in EMT and cancer stem cells [99,100]. The mixed hydrogel of chitosan and
hyaluronic acid (CH) used for human non-small cell lung cancer cells 3D spheroid formation
showed increase in the expression level of EMT marker, stemness or drug resistance
compared with those of cells in the 2D culture system [101]. 3D human glioblastoma cancer
stem cells cultured in CH scaffolds also enhanced the expression of stem cell markers
and drug resistance [102]. Gene expression profiles in hard cancer disease models were
studied in a time-dependent manner. MCF7 and MDA-MB-231 cells cultured on 3D PHA
scaffolds were analysed for mRNA expression levels of several EMT marker genes. Wnt-11,
E-cadherin, Vim and Snail genes were monitored over a period of 14 days after seeding
the cells in 3D PHA scaffolds. Our results demonstrated that MDA-MB-231 cells, when
grown within 3D PHA scaffolds, express higher levels of Wnt-11 and mesenchymal markers
such as Vim and Snail mRNAs. Wnt signalling regulates a variety of cellular processes,
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including differentiation, cellular proliferation and stem cell pluripotency [74,103]. It has
been reported that triple-negative breast cancer, which is an aggressive subtype of breast
cancer, and expresses high levels of Wnt-11, which is accepted as a cancer stem cell (CSC)-
like marker [60,61]. Epithelial cancer cells undergoing EMT adopt a cancer stem cell-like
phenotype and are uniquely capable of seeding new tumours [104]. Moreover, it has
been reported that TGFf is linked to both EMT and Wnt-11. A recent study used TGF-31
stimulation to investigate angiogenesis [105]. Future studies are required to determine the
role of TGF-31 in the PHA-based models.

E-cadherin is considered a pivotal marker in the EMT mechanism [106]; thus, we
analysed the mRNA levels of E-cadherin in MCF7 and MDA-MB-231 cells as an “epithelial”
marker at the molecular level. Both cell lines show increased E cadherin expression over
a period of 14 days, which suggests gain of epithelial characteristics. This is inconsistent
with the gain of EMT phenotypes as studies report E-cadherin to be linked to intercellular
adhesion and to epithelial characteristics. However, most breast cancers are invasive ductal
carcinoma and express E-cadherin in primary tumours and metastasis, which suggests
that the PHA-based models resemble tumour expression profiles. We found increased
E-cadherin mRNA levels in MCF-7 cells in a time-dependent manner, whereas MDA-MB-
231 cells showed more ‘mesenchymal’ characteristics by increasing their Snail and Vim
mRNA expressions. The complex genetic changes required to attain EMT-linked phenotypic
changes are mediated by specific transcription factors including Snail (also known as Snaill).
In 3D PHA scaffolds, the expression level of E-cadherin was significantly higher in MCF7
cells than MDA-MB-231 cells. Unlike MDA-MB-231 cells, MCF7 cell lines grown in 3D PHA
scaffolds for 14 days show no significant change in Vim and Snail. This observation explains
the significantly higher expression level of E-cadherin in MCEF7 cells than MDA-MB-231 cells.
The Snail acts as a transcriptional repressor of E-cadherin to regulate epithelial-mesenchymal
transitions [107]. Snail 1 can be considered as one of the master EMT regulators and
modulates cancer cell survival, cell cycle regulation, apoptosis evasion, cell adhesion,
neuroendocrine differentiation and chemoresistance [106,108]. Snail also modulates the
expression of a large number of genes directly or indirectly, associated with cancer invasion
and metastasis to promote EMT in vitro [66,109]. Studies in tumour samples report that Vim
is a downstream gene of Snail and is expressed by Snail to attain the EMT phenotype [107].
This explains why both breast cancer cell lines show a consistent change in their Vim and
Snail mRNA levels, with increase in the transcription factor Snail gene expression and its
downstream gene vim in MDA-MB-231, while in MCF?7 cells, no change was observed in
their expression. Studies of EMT markers in “basal-like” breast tumours reported that EMT
markers (vimentin), as well as cadherin switching (reduced expression of E-cadherin), were
significantly more frequent [110]. The epithelial components of breast carcinomas express
E- cadherin, a proportion of them also show vimentin expression, while the mesenchymal
components of breast carcinomas show vim expression [110].

These observations point out the resemblance in the EMT markers in breast cancer
cell lines cultured in 3D PHA scaffolds. The EMT gene expression profiles of MCF7 and
MDA-MB-231 cells cultured in 3D PHA scaffolds were similar to those seen in tumour
samples, which is representative of better cancer models that can be further analysed for
their tumour-like characteristics. The PHA-based cancer models result in better stemness
characteristics and molecular marker resemblance to tumours. Our data confirmed that
PHA-based 3D scaffolds allowed for breast cancer cells to grow in 3D, and the EMT/Wnt11
gene expressions increased significantly as shown by others in Matrigel-based 3D cultures.
In summary, all the results are consistent with the fact that PHA-based 3D disease models
are comparable to other biomaterials to study gene expression profiles as well as cellular
behaviour as compared to 2D cell culture. In addition, in future, the 3D model developed
in this work could be used to enhance the percentage of tumour development in vivo,
especially with cells from patients, a truly bespoke model.
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5. Conclusions

This is the first ever study investigating the suitability of 3D PHA scaffolds for
the development of cancer models using breast cancer and colon cancer cell lines. We
produced two types of PHAs, P(3HB) and P(3HO-co-3HD), using Bacillus subtilis and
Pseudomonas mendocina, respectively, and with good yields. These were blended to form
high-quality 3D scaffolds with controlled interconnected porosity. Three types of cancer cell
lines, MCF7 cells, MDA-MB-231 (breast cancer cells) and HCT116 (colon cancer cells), were
successfully grown within the PHA-based 3D scaffolds, exhibiting excellent proliferation
and cellular morphology mimicking that of native cancer cells. These results confirmed
that the PHA-based 3D scaffolds provided a suitable 3D environment for the cancer cells
and would work very well to create functional 3D disease models to be used for in-depth
understanding of the process of cancer development and for novel drug testing. Both
Wnt-11 and EMT have been linked to the stem cell phenotype. These results could con-
tribute to an understanding the cellular behaviour of cancer cells and help in finding better
targeted therapies. Therefore, the role of increased EMT markers and Wnt-11 in cancer cells
grown within the 3D disease models needs to be further explored. These models will be
helpful in analysing the gene expression, cellular signalling pathways, angiogenesis and
chemotherapy response more accurately than 2D and other currently available 3D models.
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Simple Summary: Glioblastoma multiforme (GBM) and metastatic triple-negative breast cancer
(TNBC) with PTEN mutations are associated with brain tumor spreading and poor patient outcomes.
GBM, and possibly TNBC, migrate on axons and blood vessels to disseminate in the brain; however,
the mechanism is unresolved. There is a need for new therapeutic targets to blunt brain tumor
spreading. Using 3D aligned printed microfibers mimicking brain structures proved that RHOB, in
addition to ROCK and PTEN signaling, were essential for GBM and TNBC 3D cell migration. GBM
and TNBC cell lines with PTEN loss of function and high RHOB expression exhibited amoeboid
morphology with increased durotaxis, binding and migration speed on 3D microfibers, in contrast to
the PTEN wildtype. Depending on the PTEN genotype, RHO-ROCK-PTEN inhibitors or PTEN rescue
significantly regulated these properties. Regarding GBM and brain metastasizing TNBC, we conclude
that RHOB inhibitors could play a novel role for improved therapy response and patient outcome.

Abstract: Background: Glioblastoma multiforme (GBM) and metastatic triple-negative breast cancer
(TNBC) with PTEN mutations often lead to brain dissemination with poor patient outcome, thus new
therapeutic targets are needed. To understand signaling, controlling the dynamics and mechanics of
brain tumor cell migration, we implemented GBM and TNBC cell lines and designed 3D aligned
microfibers and scaffolds mimicking brain structures. Methods: 3D microfibers and scaffolds were
printed using melt electrowriting. GBM and TNBC cell lines with opposing PTEN genotypes
were analyzed with RHO-ROCK-PTEN inhibitors and PTEN rescue using live-cell imaging. RNA-
sequencing and qPCR of tumor cells in 3D with microfibers were performed, while scanning electron
microscopy and confocal microscopy addressed cell morphology. Results: In contrast to the PTEN
wildtype, GBM and TNBC cells with PTEN loss of function yielded enhanced durotaxis, topotaxis,
adhesion, amoeboid migration on 3D microfibers and significant high RHOB expression. Functional
studies concerning RHOB-ROCK-PTEN signaling confirmed the essential role for the above cellular
processes. Conclusions: This study demonstrates a significant role of the PTEN genotype and RHOB
expression for durotaxis, adhesion and migration dependent on 3D. GBM and TNBC cells with
PTEN loss of function have an affinity for stiff brain structures promoting metastasis. 3D microfibers
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represent an important tool to model brain metastasizing tumor cells, where RHO-inhibitors could
play an essential role for improved therapy.

Keywords: 3D tumor model; 3D microfiber; amoeboid cell migration; brain cancer; breast cancer;
PTEN; RHO; ROCK; durotaxis; topotaxis

1. Introduction

Cell migration and invasion are hallmarks of development and cancer [1]. For the
ability of cells to migrate, dynamic and spatially regulated changes of the cytoskeleton,
cell adhesion and cell interactions with the extracellular matrix (ECM) must occur [2].
Depending upon the cell type, two main migratory phenotypes can be differentiated:
(1) single cells, which are amoeboid or mesenchymal, and (2) multicellular, or so-called
collective cell migration [3]. Cell-cell as well as cell-ECM interactions are crucial for a cell
to instantly respond to the environment and further propagate the signals that control cell
shape and motility [4]. Specific tissue types harbor different ratios of ECM components,
such as collagen, laminin, fibronectin and hyaluronic acid [5]. Especially in the brain, higher
amounts of laminin and hyaluronic acid are found, where they contribute to normal brain
function and tumor stiffness regulating tumor cell motility [6,7]. Although laminin is not a
component of axons, it is embedded in an ECM enriched with laminin. Collagen is not an
ECM component in normal brain but is found in the basement membrane of blood vessels.
Primary GBM and human GBM xenografted mice showed increased levels of collagen in
tumors from tissue microarrays using second-harmonic generation microscopy [8]. These
authors found a significant association of disorganized collagen filaments in GBM with a
poorer patient survival. Several different laminin proteins compose an inner blood vessel
basement membrane and an outer one with capillaries. Interestingly, within the specialized
perivascular spaces containing blood vessels surrounded by cerebral spinal fluid, laminin
encases pericytes on capillaries and also locates at the outer surface [9]. Functionally, brain
tumor cells sense ECM structures as migratory cues, where they become polarized by
reorganizing the actin cytoskeleton to facilitate both a protrusive leading and a contractile
trailing edge [10]. Cellular protrusions with organized actin filaments include lamellipodia,
filopodia, invadopodia and blebs, which are regulated by various cytoskeletal and signaling
pathways [11].

Glioblastoma multiforme (GBM) arise from glial cells of the central nervous system
and represent the most aggressive type of human brain tumors [12-14]. Due to the diffuse
infiltration of GBM throughout the brain, the inability to achieve complete surgical tumor
resection leads to poor patient prognosis with a mean survival of about 15 months [14].
Although circulating GBM cells have been detected within the blood in 20% of patients at
primary diagnosis, extracranial metastases of GBM are rarely found, most likely due to
short patient survival [12]. Therefore, it is crucial to obtain a better understanding of GBM
migration at a cellular and molecular level.

It is known that GBM cells are attracted to white matter tracts composed of myelinated
axons organized into bundles, but interestingly also on blood vessels within the perivascu-
lar spaces where GBM cells migrate and metastasize surrounding brain regions [13,15,16].
One explanation for GBM cell attraction could relate to the high mechanical rigidity of
axons and blood vessels. This type of physical attraction towards a more rigid environment
where cells migrate to and “home in” is defined as durotaxis, or mechanical substrate
compliance [7,17]. It has been shown that integrin-based focal adhesions are stably or
dynamically tracking/sensing the stiffness critical for durotaxis and migration speed [18].
Other environmental cues influencing cell migration are as follows [18]: chemotaxis, where
cells migrate towards diffusible chemical gradients; haptotaxis representing cell movement
towards chemical cues on a surface, such as ECM proteins and, lastly, contact guidance,
also called topotaxis or ratchetaxis, where cells use ultrastructures as guiding tracks for
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migration. Topotaxis was described as a mechanism where a single cell membrane and the
cytoskeleton conform to the topography of the cell adhesion substrate. Using melanoma
cells, it was shown that this adaptation to the topography was dependent mainly on genetic
and signaling differences involving the PI(3)K and ROCK-dependent pathways [18]. In
addition, it was shown that nanostructures, which translate topographical signals to cells,
influenced directional migration [19,20].

Distant metastasis of primary tumors are known, especially triple negative breast
cancer (TNBC), which has a brain metastasis incidence rate of 46% [21,22]. TNBC is a highly
malignant and fast progressing subtype of breast cancer that is diagnostically negative
for the expression of the estrogen and progesterone receptors with no overexpression of
the human epidermal growth factor 2 receptor. Research is ongoing about how metastasis
of circulating TNBC cells to the brain occurs, but how these cells enter and disseminate
throughout the brain and if they share similar cellular activities to GBM cells is still
unanswered.

At the molecular level, a key player involved in regulating cellular migration and
invasion is the Phosphatase and Tensin Homolog (PTEN) protein. PTEN is a known
tumor-suppressor antagonizing the oncogenic phosphoinositide 3-kinase (PI3K) pathway,
where it dephosphorylates the metabolite phosphatidylinositol-3,4,5-triphosphate (PIP3) to
phosphatidylinositol-4,5-bisphosphate, inhibiting downstream signaling. The mechanism
of PTEN in motile cells was shown due to its cellular localization and dynamics with
PIP3. PIP3 is located at the leading edge of migrating cells, stimulating polymerization of
actin. PTEN suppresses cell motility by dephosphorylating PIP3 resulting in lower actin
polymerization. A cross-inhibitory role of PIP3 and PTEN was proposed where a rise of
PIP3 levels led to the dissociation of PTEN from the membrane, and this cycling process
resulted in PIP3 waves [21,22]. PTEN loss of function results in constitutively active PI3K
signaling and induces proliferation, migration and cell survival [23,24]. PTEN mutations
are one of the most common genetic alterations in GBM and are directly associated with
malignant transformation and metastasis, but also noted in up to 40% of primary breast
cancers associated with therapeutic resistance and a shorter patient overall survival [25-29].
Interestingly, PI3K activation or loss of PTEN was found in 77% of brain metastases or
25-71% of breast tumors metastasized to the brain, respectively [30-32].

Other essential factors for cell migration are the ras homolog family member (RHO)
GTPases, which include 20 mammalian genes and play a more determining role regulating
actin polymerization, depolymerization and activity of actin-associated myosins during
migration [33]. RHO GTPAses cycle between an inactive (GDP-bound) and active (GTP-
bound) form, regulated by the activity of Rho-specific guanine nucleotide exchange factors
(exchange of GDP with GTP) and GTPase-activating proteins that catalyze GTP-hydrolysis.
In addition, most RHO GTPAses, such as RHOA, also translocate between cytosol (inactive)
and membrane (active) forms, due to modification by isoprenyl lipids [33]. PTEN is
required for directional movement of cells via different cellular localizations and activation
through RHO GTPase and Rho associated coiled-coil containing protein kinase (ROCK)
signaling [34]. Besides the main RHO GTPase RHOA, RHOB plays an essential role for
actin cytoskeleton and especially for membrane blebbing and amoeboid migration [35].

Biomedical materials developed for use in tissue engineering are essential for mod-
eling 3D tumor growth, migration and invasion [36,37]. A relatively new 3D printing
technology, melt electrowriting, has been used to fabricate complex multiscaled architec-
tural biomaterial structures [38,39] from microfibers [40], also used for clinical purposes.
Melt electrowriting processes polymers, which can be implemented within a biological
context for 3D cell cultures recapitulating aspects of the in vivo environment, are novel
tools for 3D tumor cell modeling [41-43].

In this investigation two different 3D melt electrowriting poly-(e-caprolactone) (PCL)
structural designs were used as topographical guides to mimic axons and blood vessels in
the brain to assess if GBM and TNBC cells have similar cellular activities. RNA sequencing
(RNA-seq) was used to shed light on the gene pathways regulating adhesion, migration
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and cell morphology. Our main findings demonstrate that GBM and TNBC types have
enhanced durotaxis and topotaxis and increased migration influenced by the PCL melt
electrowriting fibers. We show new findings that enhancement of the above cellular
activities stems from mutated PTEN variants with loss of function and de-regulated RHOB
signaling, which is dependent on a 3D environment. This study validates a significant role
for the PTEN loss of function genotype for these cellular processes and explains why these
tumor cells have a greater affinity for stiffer structures, such as axons and blood vessels
promoting dissemination throughout the brain.

2. Materials and Methods
2.1. Cell Lines and Cell Culture

All cell lines used in this investigation were purchased from the American Type
Culture Collection (ATCC, Rockville MD, USA) and tested regularly for mycoplasma
infection according to the manufacturer’s instructions (Minerva Biolabs, Berlin, Germany).
GBM cell lines U87 MG (U87) (ATCC® HTB 14™) and LN18 (ATCC® CRL-2610™) and
the triple negative breast cancer (TNBC) cell lines MDA-MB-231 (ATCC® HTB26™) and
MDA-MB-468 (ATCC® HTB132™) were grown and maintained as described below. U87
cells were cultured in Minimum Essential Medium (MEM); LN18 and MDA-MB-231were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) and MDA-MB-468 in Nutrient
Mixture F-12 (DMEM/F12). All media were supplemented with 10% fetal bovine serum
(FBS), 2 mM L-Glutamine, 10 mM HEPES Buffer and 1 x nonessential amino acids (all
media, FBS, and supplements from Gibco™ Thermo Fisher Scientific, Waltham, MA, USA).
Cells were maintained in 75 cm tissue culture flasks in a humid atmosphere with 5% CO, at
37 °C. Cells were passaged at 70-80% confluency using 0.0625% Trypsin. The U87 cell line
has a PTEN gene splice donor mutation of exon three resulting in an in-frame exon three
deletion and PTEN loss of function, whereas LN18 is PTEN wild type (wt) [44]. The TNBC
MDA-MB-468 cell line has a PTEN gene splice donor mutation of exon four resulting in
an in-frame deletion of exon four and PTEN loss of function [44,45]. The MDA-MB-231
cell line is PTEN wt. For simplicity, both U87 and MDA-MB-468 cell lines are referred to as
PTEN loss of function, whereas LN18 and MDA-MB-231 as PTEN wt.

2.2. Melt Electrowriting Printing and Glass Slide Treatment

A custom-built melt electrowriting printer was used to fabricate box-pore scaffolds as
well as aligned and stacked microfiber tracts as previously described [38,46]. Briefly, melt
electrowriting was performed using medical-grade PCL (PURASORB PC 12, Lot#1712002224,
05/2018, Corbion Inc, Amsterdam, Netherlands) at 21 + 3 °C and a humidity of 40 & 5%.
Scaffolds were printed at 85 °C, 3 bar, 25 G nozzle, 4 mm collector distance and 6 kV
voltage applied. A 48 mm X 96 mm rectangular mesh was direct-written and cut to 9 mm
disks with an infrared laser. Aligned microfiber tracts were printed at 85 °C; 0.5 bar of air
pressure; 22 G nozzle and 6.5 kV voltage applied across a 3.85 mm collector distance. The
interfiber distance was set at 200 pm with 10 layers in G-code for both scaffolds. Scaffolds
and aligned microfibers were printed onto a metal surface or glass coverslips, respec-
tively, where the glass surface was previously coated with NCO-terminated, star-shaped
poly(ethylene oxide-stat-propylene oxide) (sP(EO-stat-PO) (provided by DWI Leibnitz
Institute for Interactive Materials, Aachen, Germany) to facilitate scaffold adherence but
decrease surface protein adsorption. Prior to sP(EO-stat-PO) coating, coverslips were
washed with acetone, water, and isopropanol and dried using an air pressure gun, treated
with 100% oxygen plasma in a plasma generator (Pico low-pressure plasma system, Diener
Electronic GmbH, Ebhausen, Germany) then incubated in a desiccator with 3-aminopropyl-
trimethoxysilane for surface activation. Coverslips were then homogenously rotationally
spun and coated at 2500 rpm for 40 s with 10 mg mL~! NCO-sP(EO-stat-PO) in 10% (v/v)
tetrahydrofuran (Merck, Darmstadt, Germany)-MilliQ water. Coated coverslips were
ready for melt electrowriting printing within 24 h.
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2.3. Melt Electrowriting Scaffold Functionalization

3D box-pore scaffolds were cut into 9 mm discs and placed into a 15.6 mm culture
dish (24-well plate) (Waltham, Massachusetts, MA, USA) and 3D-aligned microfiber tracts
were placed into a 34.8 mm culture dish (6-well plate) (Corning, New York, NY, USA)
then sterilized with UV-light for 30 min, incubated with 1 M NaOH for 10 min and finally
washed five times with 1x PBS. For functionalization, scaffolds or aligned microfiber tracts
were incubated with 10 pg mL~! laminin-111 (BioLamina, Sundbyberg, Sweden) at 4 °C
overnight.

2.4. U87 Cells Stably Express the Farnesylated-tdTomato Fluorescent Protein

A stable transfected U87 cell line was established expressing the farnesylated-tdTomato
fluorescent protein in order to track the 3D movement of cells within Matrigel with or
without scaffolds (for cell network formation assay see below). For cloning of the td-
farnesyl-vector, the cDNA of the farnesylated-tdTomato fluorescent protein was reversed
transcribed from the tdTomato-farnesyl-5 gene (Addgene, Watertown, MA, USA) imple-
menting primers containing a Bam HI and Notl restriction enzyme sites in order to replace
the AcGFP ¢cDNA in the pLVX-AcGFP-N1 vector (Clontech, Mountain View, CA, USA). Fol-
lowing ligation into the pLVX-AcGFP-N1 vector, bacterial transformation, purified plasmid
DNA was then expanded using the NucleoBond Xtra Maxi Kit (Macherey-Nagel, Diiren,
Germany) and verified for the correct tdTomato-farnesyl-5 gene sequence of the construct
(Eurofins Genomics Germany GmbH, Ebersberg, Germany). The pLVX-tdTomato-farnesyl-
5-N1 vector was then cotransfected with the packaging plasmid psPAX.2 (Addgene, Water-
town, MA, USA) and the envelope vector VSV-G (Addgene, Watertown, MA, USA) into
LentiX 293 T cells (Takara Bio Inc., Kusatsu, Shiga, Japan) using the Lipofectamine 2000
reagent (Thermo Fisher Scientific, Waltham, MA, USA). Forty-eight hours after transfection,
the lentivirus-containing supernatant was harvested and briefly centrifuged before being
concentrated with the LentiX concentrator (Takara Bio Inc., Kusatsu, Shiga, Japan). For
subsequent reverse transduction of U87 cells, the concentrated virus (107 infectious units
mL~!) was dispensed at 100,000 cells per 9.6 cm?. Successfully transduced U87 cells were
further selected with 3 pm mL~! Puromycin (Thermo Fisher, Waltham, MA, USA).

2.5. Cell Network Loop and Branch Formation Quantification

In order to perform the cell network formation assay, each cell suspension contained
50,000 U87 farnesylated-tdTomato cells and Matrigel (Corning, Corning, New York, NY,
USA) at a final concentration of 4.5 mg mL ! in a final volume of 150 uL, and then was
pipetted onto a laminin-coated scaffold in a 15.6 mm culture dish. After 30 min incubation at
37 °C, 100 pL culture medium was added. Laminin-coated scaffolds embedded in Matrigel
were imaged every 10 min at 568 nm for a total of 20 h using an inverted microscope
(Olympus IX83, cellSens Software V1.16, Olympus Corporation, Tokyo, Japan) using a
live cell imaging chamber at a temperature of 37 °C and at 5% CO,. All cell culture
experiments were maintained in this live cell imaging chamber during imaging. Six
experiments were performed for U87 cells with scaffolds and eight experiments with
UB87 cells in Matrigel alone. The AVI-videos were converted into TIF-files using a Python
script. The cell network formation assay was analyzed using the online Tool WimTube
(Wimasis, Onimagin Technologies SCA, Cordoba, Spain). We previously implemented
the WimTube program to analyze primary breast adipose stem cells, which form and
resemble endothelial capillary like structures with Matrigel [43]. The WimTube-Tool
software performs quantification of tube-like formations from microscopic images. It is an
automated process that recognizes cellular networks, which form either closed tube-like or
loop network structures (counted independently with numbers indicated in yellow), but
also quantifies branch-like structures (marked in white), which are not closed in formation.
In this present study, the following structures were quantified using WimTube for the cell
network formation assay with U87 cells: (1) the total number of cell loop structures and (2)
the total number of branch-like structures.
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2.6. Cell Migration Assessment Following Treatment with PTEN, RHO and ROCK Inhibitors or
Rescuing PTEN Function with Live Cell Imaging

Live cell imaging was performed using an inverted microscope and phase contrast
(Olympus IX83, cellSens Software V1.16, Olympus Corporation, Tokyo, Japan). All cell
culture experiments were maintained in this live cell imaging chamber during imaging. For
each migration experiment, 20,000 cells of a respective cell line were initially seeded onto
laminin-coated aligned microfiber tracts and, after a 15 min incubation at 37 °C, 100 pL of
culture medium was added. Aligned microfibers were imaged every 10 min for up to 15 h
in an enclosed chamber with constant equilibration at 37 °C and 5% CO2. The AVI-videos
were converted into TIF-files using a Python script. To inhibit the PTEN wt protein, LN18
cells (300,000 per 9.6 cm?) were treated with the PTEN inhibitor SF-1670 (Sellekchem,
Houston, TX, USA) at a concentration of 3 tM starting 48 h prior to migration and live cell
imaging (1 = 7 experiments). To rescue U87 cells with a PTEN loss of function, we cloned
the human PTEN wt gene under control of CMV in the overexpressing pRK5 vector. PTEN
cDNA was reversed transcribed from human whole blood RNA using primers containing
an EcoR1 and EcoR1/Sall sites. The PTEN PCR product (1230 bp) was ligated into the
PRKS5 Vector (pRK5-PTEN) and confirmed by DNA sequencing. U87 cells with a PTEN
loss of function were transfected with 3 jg pRK5-PTEN vector using JetPEI® according to
the manufacturer’s instructions (VWR, Radnor, Pennsylvania, PA, USA). The U87 PTEN
transfected cells were assayed for migration on laminin-coated aligned microfibers using
live cell imaging after 48 h (1 = 4 experiments for control; n = 3 experiments for transfection).
To inhibit the RHO-associated, coiled-coil containing protein kinase (ROCK), we treated
U87 cells (350,000 per 9.6 cm?) with the ROCK inhibitor Y-27632 (Stemcell Technologies,
Vancouver, Canada) at a concentration of 5 uM, starting 24 h prior to the migration assay
using live cell imaging (1 = 7 control and n = 9 ROCK inhibitor experiments). For RHO
inhibition of respective cell lines (350,000 per 9.6 cm?), 3 ug/mL of the RHO Inhibitor
(C3 Trans based) (Biozol, Eching, Germany) was added to culture media containing 5%
FCS, starting 6 h prior to the migration assay live-cell imaging. Cells were then incubated
with laminin-coated aligned microfiber tracts and imaged every 10 min for a total of 20 h
(U87 PTEN loss of function: n = 4 experiments, MDA-MB-468 PTEN loss of function:
n = 3 experiments). AVI-videos were converted into TIF files using a Python script. The
migration speed in um/h was calculated using the manual tracking tool of Image] /Fiji.

2.7. Cell Viability

Cell viability after treating cell lines with the RHO inhibitor was assessed using a
Live/Dead assay. In brief, cells were incubated for 30 min at 21 °C for 30 min with
2 x 107 M Calcein-AM (green = living cells; Thermo Fisher Scientific, Waltham, MA,
USA) and 2 x 10~ M ethidium homodimer I (red = dead cells, Sigma-Aldrich, St. Louis,
MO, USA) in 1x PBS.

2.8. Immunocytochemistry and F-Actin Staining

U87 cells (50,000 cells grown in 4.5 mg mL~! Matrigel (Corning, NY, USA) with
scaffolds were stained for 8-Tubulin and microtubule-associated protein 2 (MAP2) to assess
3D cell growth and network formation at day 1, day 3 and day 6. All steps were performed
at 21 °C. Cells were fixed for 15 min with 2% paraformaldehyde (PFA), washed with 1x
PBS, and blocked /permeabilized for 3 min with 5% goat serum and 0.2% Triton X-100 in
1x PBS. Cells were incubated with the primary antibodies Anti-8-Tubulin (1: 500, Abcam,
Cambridge, UK) and Anti-MAP2 for 2 h (1: 500, Sigma Aldrich, St. Louis, MI, USA).
Following washing, cells were incubated for 45 min with secondary Dylight-488 Alexa and
Dylight-594 (both 1:200 dilutions; Sigma Aldrich, St. Louis, MI, USA). For F-actin staining,
Actin Green 488 ready probes were used (Thermo Fisher Scientific, Waltham, MA, USA).
To stain cell nuclei DRAQ5 (BioStatus, Shepshed, UK) or Hoechst 33342 (Thermo Fisher
Scientific, Waltham, MA, USA) were used according to the manufacturer’s instructions.
The computer software Imaris was used for 3D reconstructions (Oxford Instruments,
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Abingdon, UK). Cells were either incubated with Actin Red 555 Ready Probes Reagent
(2 ng/mL) (Rhodamine phalloidin) or Actin Green 488 ready probes (both from Thermo
Fisher Scientific, Waltham, MA, USA) specific for F-actin, and DRAQ5 (Biostatus Ltd.,
Shepshed, UK) for cell nuclei according to the manufacturer’s instructions.

2.9. Confocal and Scanning Electron Microscopy

Cells were imaged using a confocal laser scanning microscope (Leica, SP5X, 20 x dip-in
water-immersion objective; numerical aperture (NA) 1.0) with laser power set to 1.2 mW to
avoid photobleaching. F-Actin Alexa 488 was detected with an Argon laser at 488 nm; F-
Actin Red 555 (Tetramethylrhodamine (TRITC)) with an Argon laser at 540 nm, and DRAQ5
with a He-Ne laser at 633 nm. Hoechst 33342 was detected with a UV laser at 350 nm.
Images of cells with scaffolds represent an overlay of 35-40 z-stack sections. Confocal
images of cells on aligned microfibers represent an overlay ranging from 18-21 z-stack
sections (each step 0.99 pm equaling 17.82-20.79 um with a line average of 3).

For scanning electron microscopy, a Zeiss Crossbeam 340 scanning electron microscope
(Carl Zeiss Microscopy GmbH, Oberkochen, Germany) was used. Aligned microfibers
were washed with PBS and incubated in 6% glutaraldehyde (Sigma-Aldrich, Schnelldorf,
Germany) for 15 min. After a washing step in ice-cold PBS, the samples were dehydrated
by increasing concentrations of ethanol from 50 to 100%. The samples were incubated
in hexamethyldisilazane (Sigma-Aldrich, Schnelldorf, Germany) for 15 min and dried
overnight. All samples were sputter-coated with a 4 nm layer of platinum with a Leica EM
ACE600 (Leica Microsystems, Wetzlar, Germany) before imaging.

2.10. RNA Extraction, qPCR and RNA-Sequencing

For RNA-extraction, 50,000 cells of representative cell lines were grown in Ma-
trigel in the presence or absence of scaffolds compared with cells grown on 2D cul-
ture dishes alone or coated with Matrigel at 0.1 mg mL™'. RNA was extracted at day
3 using TriFast® PeqGOLD (PEQLAB Biotechnologie, Erlangen, Germany) according
to the manufacturer’s instructions. All samples were incubated with DNase I to fur-
ther fractionate the RNA and then precipitated in the presence of glycogen (both from
Sigma-Aldrich, St. Louis, MI, USA). Human brain total RNA from a single healthy nor-
mal donor from freshly harvested tissue was purchased (Amsbio, catalog number HR-
201). All RNAs were stored at —80° C. RNA was reversed-transcribed into cDNA using
the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham,
MA, USA). For quantitative real-time PCR, SYBR Select Master Mix (Life Technologies,
4472919) and MicroAMPFast 96-well Reaction-plates (Applied Biosystems, Forster City,
CA, USA) were used with a StepOne™ Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). All kits were used accordingly to the manufacturer’s instructions.
Primer Sequences: RPL13-TF (5'-CTGCTGAAGAACTGAAACTGGC-3'), RPL13-BR (5'-
CTCTTCCTCAGTGATGACTGGA-3'), RHOA-TF (5'-TTCCCAAGAAACTGG-3'), RHOA-
BR (5'-CATACACCTCTGGGA-3'), RHOB-TF (5'-CATCCAAGCCTACGA-3'), RHOB-BR
(5'-CAGTTGATGCAGCCGTTCTG-3'), MAP2-TF (5" AAGAGAATGGGATCAACGGA-
GAG), MAP2-BR (5 TTGTTCACCTTTCAGGACTGCT).

For RNA-sequencing (RNA-seq) 200 ng poly-A purified mRNA was isolated from
U87 cells grown in 2D and in 3D with Matrigel and scaffolds from day 3 (1 = 3 independent
experiments were pooled). RNA-seq was performed by Eurofins Genomics Germany
(Ebersberg, Germany). Paired-end read RNA-seq (2 x 150 bp) was executed via [llumina
with 31,779,803 clean reads for U87 in 2D and 33,331,487 for U87 in 3D and scaffolds. Tran-
scriptome analyses were performed by mapping and quantification of transcripts against a
reference genome and a pairwise comparison of expression determining significant fold
changes.
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2.11. Western Blot

Cell lysates were loaded onto Mini-Protean TGX Precast protein gels (BioRad, Her-
cules, CA, USA) and run at 100 V for 1 h. Gels were semi-dry transferred onto PVDF
membranes. The membrane was incubated in 1 x PBS + 0.1% Tween-20 buffer (1x PBST)
with 3% milk powder (blocking buffer) for 1 h at room temperature. A PTEN antibody (Cell
Signaling, Danvers, Massachusetts, MA, USA) and a GAPDH antibody (Santa Cruz Biotech-
nologies, Dallas, Texas, TX, USA) were diluted 1: 750 in blocking buffer and incubated
overnight at 4° C. Washes were performed with PBST before the addition of goat-anti-
rabbit-HRP (Cell Signaling, Danvers, MA, USA) (1:500) for 1 h at room temperature. For
protein detection, the membrane was incubated for 3 min in HRP juice (PJK GmbH, Klein-
bittersdorf, Germany) and visualized using the Amersham™ Imager 600 (GE Lifesciences,
Little Chalfont, UK). Original Western blot images can be found in Figures S4 and S5.

2.12. Statistical Analysis and Data Presentation

Statistical analyses were performed using GraphPad Prism 8 for Windows (GraphPad
Software Inc., San Diego, CA, USA) with nonparametric statistical tests (Mann-Whitney-
Test). Breast and glioblastoma pan cancer atlas, and The Cancer Genome Atlas (TCGA)
data sets were accessed via cbioportal [47]. Categorized mutational data for PTEN (PTEN
mutation = pathogenic and likely pathogenic mutations; PTEN splice variants and wt)
and RHOB/RHOA gene expression were downloaded and correlated with each other. For
statistical testing nonparametric Mann-Whitney tests were used.

3. Results
3.1. Design and Fabrication of 3D Scaffolds and Aligned Microfibers for Cell Functional Studies

Previously we demonstrated that 8-chamber radial structures using melt electrowrit-
ing and filled with different concentrations of 3D matrices were important tools to deter-
mine the optimal matrix and concentration for growth of the U87 human cell line [48]. In
a different study, aligned solution electrospun nanofiber sheets enhanced migration of
U87 cells, xenografted in mice, away from the primary brain tumor site to an extracortical
site [49]. Thus, tailoring melt electrowritten printed fiber structural designs is helpful to
address biological functions of tumor cells. Here we designed melt electrowritten 3D box-
pore scaffolds or aligned microfibers to resemble axons and blood vessel tracts (Figure 1).
Scanning electron microscopy measurements for both scaffolds and aligned microfibers
consisted of 10 layers of single aligned PCL microfibers with an average fiber diameter of
10 pum, an inter-fiber bundle distance of 200 um and an overall height of approximately
100 um (Figure 1B,C). Additionally, for scaffolds, ten layers of microfibers were deposited
in each direction (0° and 90°) resulting in a 20-fiber overlap at intersections (Figure 1B).

3.2. U87 Cells Show an Enhanced Scaffold Directed Durotaxis, Adhesion and Network Formation

Since GBM, and possibly breast tumor cells, can disseminate throughout the brain
via axons and blood vessels, we first tested if U87 cells have an affinity for the scaffolds.
Growing U87 cells in 3D with Matrigel (4.5 mg mL~!) and laminin-coated scaffolds resulted
in an increased cellular affinity for the scaffold within 24 h and continued until 72 h
(Figure S1). We observed at 24 to 72 h distinct amoeboid cells, migrating towards and
associated with the scaffold (Figure S1A). By day six, U87 cells became more extended,
where they formed distinct cellular networks between the scaffolds, but were also wrapped
around aligned microfibers (Figures 2A and S1A). In order to directly test an affinity of
GBM cells for scaffolds, we live-imaged and tracked U87-td-farnesyl expressing GBM cells,
which emit a red cytosolic fluorescence, in a time kinetic manner up to 18 h in Matrigel with
laminin-coated scaffolds or Matrigel alone (Figure 2B, Videos S1 and S2). In the presence of
scaffolds, tumor cells actively migrated toward and adhered to the scaffold forming loop
and branch-like cellular networks (Figure 2B,C). In contrast, although U87 cells migrated
throughout the Matrigel alone, no loop cellular networks were noted. Additionally, cell
attraction appeared to occur equally along aligned microfibers and at the corners of scaffold
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structures, thus showing no topographical preference for a particular scaffold region. The
total number of U87 cellular loops and branches in the presence of the scaffold significantly
peaked at 10 h and 15 h compared to Matrigel alone (Figure 2C).
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Figure 1. Fabrication and design of 3D scaffolds and aligned microfibers have similar properties. (A) Schematic representa-
tion of melt electrowriting. Medical grade PCL melt was extruded through an electrified nozzle into a jet that solidified
upon reaching the collector. Repeated deposition enabled the fabrication of a 9 mm diameter scaffold or an 8 mm long array
of aligned microfibers. (B) Scanning electron microscopy image of a scaffold consisting of 10 stacked aligned fibers along
the length and 20 stacked overlapping aligned fibers at each corner, where each fiber has a diameter of 10 um. The interfiber
bundle distance is 200 pm (indicated as a white bar) with an overall box form scaffold structure with the total height of the
fiber walls ~ 140 £ 7 um as indicated (in white). (C) Scanning electron microscopy image of aligned microfibers. Each fiber
bundle tract consists of 10 stacked aligned fibers where each PCL fiber is 10 um in diameter with the total height of the fiber
walls 106 + 15 um (indicated as a white bar). The interfiber bundle distance is 200 um.
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Figure 2. U87 durotaxis and cell network formation with scaffolds in 3D cultures. (A) Left image
of a 3D reconstruction of an immunocytochemical staining of U87 cells at day 6 with 4.5 mg mL~!
Matrigel and a single box pore (200 pum) scaffold (white solid square) (white scale bar = 30 um)
(B-tubulin, green; MAP2, red; Hoechst 33342, blue nuclei). The middle image shows the same region
from the left image (white arrow) but without the scaffold to show the wrapping of U87 cells around
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the aligned microfibers. The right image is a magnification of the left image (black arrow) to
demonstrate U87 cell interactions at day 6 (right scale bar = 10 um) (8-tubulin, green; MAP2, red;
Hoechst 33342, blue nuclei). (B) Cell network formation assay. U87-td-farnesyl expressing cells grown
in 3D with 4.5 mg mL~! Matrigel alone (minus (-)PCL above) or with a scaffold (+PCL bottom)
and imaged over time up to 18 h. Images were analyzed for cell branches or loop-like structures
(blue with red lines) using the WimTube computer program. White scale bar = 200 um. (C) Graphs
show cell network formation assay (+PCL) scaffolds top red line (n = 6 experiments) and (-PCL)
scaffolds bottom blue line (1 = 8 experiments) quantified as the total number of cell loops (left graph,
Y-axis) and branches (right graph, Y-axis) formed over 18 h. Significance was found comparing +PCL
to -PCL; cell loops at 10 h * p = 0.0113; 15 h *** p = 0.0007; 18 h ** p = 0.0023; cell branches at 10 h
**p =0.002; 15 h ** p = 0.0079).

Previously it was shown that the stiffness of Matrigel (at 4.5 mg mL~!) represents
a soft matrix of <100 Pa (Young’s modulus), but scaffolds exhibited a high stiffness of
~15 kPa [41,42]. A combination of hydrogel with scaffolds positively influences the overall
handling by increasing stiffness synergistically [41,42]. In general, a higher matrix rigidity
activates durotaxis-directed cell migration towards stiffer substrates [50,51]. Using the same
conditions as above for Matrigel and scaffolds, we interpret our findings that a durotactic
tumor cell response is occurring, where U87 cells migrate from a lower stiffness toward
a substrate of a higher stiffness, where scaffolds having aligned microfibers represent a
strong physical cue (Figures 1 and 2). However, our findings demonstrating the wrapping
of U87 cells around melt electrowritten fibers also suggest that the fiber topography affects
cell behavior (Figure 2A).

3.3. GBM and Breast Cancer Cell Migratory Behavior with 3D-Aligned Microfibers

Following our findings demonstrating a strong durotactic response of U87 cells for scaf-
folds, we next implemented aligned microfibers (Figure 1C) to analyze the cell migratory be-
havior of GBM and TNBC cell lines in detail using live cell imaging (Figures 3 and 4). We first
tested U87 cell migration on aligned microfibers coated with laminin-111 (Figures 3 and S1B),
as laminin-111 is the most prominent brain ECM subtype and also enriched on small blood
vessels [9,52]. Similar to scaffolds, an enhanced durotactic response of U87 cells was also
observed for aligned microfibers as well as active cell migration (Figure 3A, Video S3).
Furthermore, scanning electron microscopy indicated that most U87 cells were morpho-
logically round and organized onto single microfibers supporting a topographical cue for
movement (Figure 3B).

In striking contrast to U87 cells, LN18 cells showed no active durotactic response for
laminin-coated aligned microfibers, and no migration (Figure 4A, Video S4). However,
over a 10 h period some cells could adhere to aligned microfibers but did not migrate. We
hypothesized that these differences between U87 and LN18 cells could be due to their oppo-
site PTEN genotypes (U87 PTEN loss of function with no PTEN protein expression; LN18
PTEN wt) (Figure S2A,B). Based on the known regulatory role of PTEN in migration, we
performed live cell imaging experiments modulating PTEN function. Transfecting and res-
cuing U87 cells (PTEN loss of function) with a PTEN wt overexpressing vector (Figure S2B)
significantly blunted migration speed from 32.4 pm/h to 29.5 um/h (p = 0.0341) (Figure 4C.
In contrast, treatment of LN18 cells (PTEN wt) with a PTEN inhibitor restored a durotactic
response, adherence and migration on laminin-coated aligned microfibers (Figure 4A,
Video S5). A total rescue of cell migration with a speed of 16.4 um/h, compared to no
migration without inhibitor treatment, was found (Figure 4D).
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Figure 3. U87 durotaxis and cell migration with aligned microfibers. (A) Representative images of
U87 cells on laminin-coated aligned microfibers at 0 h and 10 h; scale bar = 200 pm. (B) Representative
scanning electron microscopy image of U87 cells on stacked aligned microfibers (total of 10 melt

electrowritten printed fibers: scale bar = 20 pm).

We next tested if two TNBC cell lines with opposing PTEN genotypes behaved similar
to GBM cells for durotaxis, cell adhesion and migration, using the same experimental
conditions. Results showed that MDA-MB-468 cells (PTEN loss of function) and MDA-
MB-231 cells (PTEN wt) were comparable to GBM cell lines, but with some differences
(Figure 4B,E). For example, MDA-MB-468 cells (PTEN loss of function) like U87 cells
demonstrated a strong durotactic response for aligned microfibers, cell adhesion and
migration (Video S6). Although both PTEN wt, in contrast to LN18 and MDA-MB-231 cells,
showed more collective cell adhesion, migration only occurred as single cells (Video S7).
However, MDA-MB-231 migrated significantly slower at 17 um/h on aligned microfibers
than MDA-MB-468 (PTEN loss of function) at 26.5 um/h (p < 0.0001) (Figure 4B,E).
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Figure 4. PTEN regulates GBM and TNBC cell durotaxis and migration. (A) Representative images
from left to right of U87 PTEN loss of function cells (1st column, control) and U87 cells after PTEN wt
transfection and rescue (2nd column) on laminin-coated aligned microfibers at 0 h (top) and 10 h
(bottom) (scale bar = 200 pm). LN18 PTEN wt cells (3rd column, control), and LN18 cells (4th column)
following PTEN inhibitor (PTENi) SF1670 treatment on laminin-coated aligned microfibers at 0 h
(top) and 10 h (bottom). (B) Representative images of MDA-MB-468 PTEN loss of function cells and
MDA-MB-231 PTEN wt cells on laminin-coated aligned microfibers at 0 h (top) and 10 h (bottom)
(scale bar = 200 um). Note the specific collective adherence at 0 h of MDA-MB-231 PTEN wt cells.
(C) Aligned microfiber migration speed (um/h) of U87 PTEN loss of function cells (control) (n = 4
experiments; n = 51 cells) and U87 cells after PTEN wt transfection and rescue (n = 3 experiments;
n =101 cells) * p = 0.0341. (D) Migration speed (um/h) of LN18 PTEN wt cells with PTEN inhibitor
(PTEN1) SF1670; (1 = 7 experiments; n = 40 cells). (E) Aligned microfiber migration speed (um/h) of
MDA-MB-468 PTEN loss of function cells (1 = three experiments; n = 37 cells) and MDA-MB-231
PTEN wt cells (n = four experiments, n = 35 cells) **** p < 0.0001.

3.4. RHOB as a Novel Regulator of Migration

To further explain PTEN regulation of GBM and TNBC cell migration, we focused on
the RHO-ROCK signaling pathway (Figure 5B). Next to RHOB and RHOC, RHOA has been
described as the most prominent regulator of the migration signaling pathway [53]. To gain
insight into the genes including RHO-ROCK signaling and other pathways, we performed
RNA-seq from U87 cells grown in 3D with Matrigel and scaffolds compared to 2D controls.
Results showed a highly significant 46.15-fold increase of RHOB expression in 3D versus
2D (p = 0.0001) (Figure 5A, Table S1). Differential gene expression of RHOB signaling
members, as well as actin and myosin genes, support regulation of migration (Figure 5C).
On the other hand, genes involved in other migration modes, such as neuronal migration
via nucleokinesis (nuclear piston migration) and astrocyte migration (astrogliosis) were not
increased, supporting the hypothesis that GBM cell migration is predominantly regulated
by RHO/ROCK signaling (Figure 5C) [54].
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Figure 5. RHOB signaling and regulation of migration. (A) RNA-seq data (Volcano-plot) of U87 PTEN loss of function
cells grown in 3D with Matrigel and scaffolds versus 2D (3 days). Red dots (left): significantly (p < 0.05) down regulated
genes; green (right) dots significantly (p < 0.05) up-regulated genes. RHOB was 5.528-fold log2 up regulated in U87 3D
cultures and scaffolds (p = 0.0001). Other significantly up-regulated genes include G0S2 (6.4-fold, p = 0.011), induced in
glioma with high invasion [55], APLN (4.55-fold, p = 0.0307) induces colon cancer cell migration [56], ALDOA (3.37-fold,
p =0.0202) promotes lamellipodia [57], SEMA7A (3.84-fold, p = 0.05) via ITGB1 [58] and IMPDH?2 (1.25-fold, p = 0.036)
regulates colorectal cancer cell migration [59] (Supplemental Tables S1 and S2). (B) Overview of the RHOB signaling
pathway. RAC1 promotes an elongated cell phenotype (mesenchymal) migration (left), which is inhibited by RHOB. RHO
activates ROCK leading to blebbing and amoeboid migration (right) and is negatively regulated by PTEN dephosphorylating
phosphatidylinositol-3,4,5-triphosphate (PIP3) to phosphatidylinositol-4,5-bisphosphate (PIP2). Ub (ubiquitinylated); P
(phosphorylated). (C) RNA-seq gene expression differences (heatmaps) of U87 PTEN loss of function cells in 3D with
Matrigel and scaffolds versus U87 in 2D (red = log2-fold up regulated and blue= log2-fold down regulated). Top heat map:
RHOB signaling genes, e.g., up-regulation of Integrins (esp. ITGA10 and ITGB2) and inflammation genes (e.g., IL11, IL1B)
stimulating RHOB; middle heatmap: actin-myosin expression; bottom heatmap: neuronal migration (left) and astrocyte
migration (right). (D) QPCR and relative gene expression (2-DDCt) of RHOA and RHOB in U87 and MDA-MB-468 PTEN
loss of function cells in 2D vs. U87 and MDA-MB-468 cells in 3D with Matrigel and scaffolds (3 days). Significant values
from left to right: U87 RHOA expression in 2D vs. 3D: * p = 0.0316; U87 RHOB expression in 2D vs. 3D: ** p = 0.0031,
MDA-MB-468 RHOB expression in 2D vs. 3D: * p = 0.0409. U87 RHOA 3D vs. U87 RHOB 3D: **** p < 0.0001.

The significant role of RHOB was validated using quantitative real time PCR (qQPCR)
for both U87 and MDA-MB-468 cells using the same 3D and 2D culture conditions as for
RNA-seq (Figure 5D). Furthermore, RHOB expression was significantly higher than RHOA
for U87 cells in 3D. In contrast, both PTEN wt LN18 and MDA-MB-231 cells showed no
significant increase of RHOB gene expression compared to 2D (Figure S2C). Importantly,
U87 cells in 3D Matrigel without PCL also showed a significant induction of RHOB, but not
RHOA expression, compared to U87 cells seeded on 2D or 2D Matrigel coating (Figure S2D).
In contrast, LN18 showed no induction of RHOB expression in 3D Matrigel alone. Our
results support that tumor cells with a PTEN loss of function induce high levels of RHOB
expression and enhanced migration dependent on a 3D environment; however, durotaxis
is only active in the presence of PCL (Figure 2B,C).
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Based upon our RNA-Seq and qPCR results we initiated functional cell culture studies
to further unravel the role of RHOB and pathway members in the migratory behavior of
U87 and MDA-MB-468 cells (Figure 5B). Treatment of U87 cells with a ROCK inhibitor
demonstrated a highly significant decrease of migration speed to 24.5 um/h (p < 0.0001)
on aligned microfibers compared to control, where cells migrated at an average speed of
31.5 um/h (Figure 6A,B). Further in line with RHO/ROCK signaling, treating both PTEN
loss of function U87 and MDA-MB-468 cells with a RHO inhibitor blunted durotaxis and
adhesion, and completely inhibited cell migration, while both cell types remained viable
(Figure 6C, Video S8). This result supports that blocking RHO kinase primarily inhibits cell
migration, which is also necessary for the durotactic response.

pm/h

CTRL +ROCKi

_U87 + RH MDA-MB-468

Figure 6. RHO-ROCK regulates tumor cell durotaxis and migration. (A) Representative images
of U87 PTEN loss of function control cells (left) or cells treated with the ROCK inhibitor (ROCKi)
Y-27632 at 0 h and 10 h on laminin-coated aligned microfibers. (B) Migration speed (um/h) of
U87 cells (control, CTRL) (n = 7 experiments; n = 67 cells) vs. U87 cells with the ROCK inhibitor
(ROCKIi)Y-27632 (n = 9 experiments, n = 107 cells); **** p < 0.0002. (C) Representative images (from
left to right) of U87 control (1st column) or cells treated with RHO inhibitor (RHOi) (2nd column)
and MDA-MB-468 PTEN wt cells control (3rd column) or treated with the RHO inhibitor (RHO)
(4th column) on aligned microfibers coated with laminin at 0 h and 10 h (U87: n = 4 experiments;
MDA-MB-468: n = 3 experiments). Lower panels are examples of cell viability analyses of the
respective tumor cells above after RHO inhibitor treatment. Green: live cells; red: dead cells.

Finally, we asked if there was a clinical correlation between primary GBM and breast
cancers with PTEN wt or PTEN splice or other mutations and RHOB expression using
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The Cancer Genome Atlas (TCGA). Although rare, primary GBM and breast tumors with
PTEN splice mutations had significantly higher RHOB gene expression versus tumors
with PTEN wt or other PTEN mutations (Figure 7A). Upon further analyses, in seven of
ten of the primary GBM and breast cancer tumors with PTEN splice mutations and high
RHOB expression a homozygote PTEN loss of function was found. In line with TCGA
primary tumors, both U87 and MDA-MB-468 cells harbor PTEN splice variants leading to
a homozygote PTEN loss of function (Figure S2A for U87). In contrast, analyzing RHOA
expression in primary GBM and breast tumors, using the same TCGA cohorts, showed no
significant RHOA expression for tumors with PTEN splice variants. However, a significant
higher expression of RHOA (~10%) was found in tumors with PTEN mutations versus
tumors with PTEN wt (p = 0.001). The above findings, along with our cell culture studies,
support a prominent role for RHOB and PTEN splice variants with PTEN loss of function
in regulating tumor cell migration of GBM and breast cancers.
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Figure 7. RHOB signaling in primary GBM and breast tumors and RHOB regulation of cell morphology. (A) Correlation
of PTEN wt or PTEN splice or other mutations with RHOB expression from primary GBM and breast cancers (TCGA);
*p =0.031; ** p = 0.003; PTEN mutations: n = 98 tumors; including GBM (n = 46 tumors) and breast cancer (1 = 52 tumors).
PTEN splice variants: n = 10 tumors; including GBM (1 = 4) and breast cancer (1 = 6). PTEN wt: n = 1102 tumors including
GBM (n = 97) and breast cancer (1 = 1005 tumors). (B) Representative scanning electron microscopy images on laminin-
coated aligned microfibers with U87 PTEN loss of function, LN18 PTEN wt, MDA-MB-468 PTEN loss of function and
MDA-MB-231 PTEN wt cells at 24 h after seeding (scale bar = 2 um). (C) Confocal z-stack images of F-actin Alexa 488
staining of U87 PTEN loss of function control cells (top left) vs. U87 cells after PTEN wt transfection and rescue (bottom
left); and MDA-MB-231 PTEN wt (top) vs. MDA-MB-468 PTEN loss of function cells (bottom) on laminin-coated aligned
microfibers at 24 h after seeding (green: F-actin; blue: DRAQ5 indicates nuclei) (scale bar = 20 um). (D) Quantification of
cell height from confocal images (um) (Y-axis) of U87 PTEN loss of function (control) vs. U87 after PTEN wt transfection
and rescue and MDA-MB-468 PTEN loss of function vs. MDA-MB-231 PTEN wt cells. *** p = 0.0010; ** p = 0.0016.
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3.5. RHOB Signaling as a Regulator of Cell Morphology

A more in-depth view of RHOB signaling as regulated by PTEN supports a cellular
decision of either an amoeboid or mesenchymal cell shape as well as movement (Figure 5B).
Microscopic analyses comparing both GBM and TNBC cell lines with opposing PTEN geno-
types on laminin-coated aligned microfibers noted significant differences in cell morphol-
ogy. For example, scanning electron microscopy demonstrated that high RHOB-expressing
U87 and MDA-MB-468 cells with PTEN loss of function were amoeboid and primarily
located mainly on single fibers (Figure 7B). In contrast, both low RHOB-expressing and
PTEN wt LN18 and MDA-MB-231 cells were flat and spread over 2-3 fibers. Measuring
the cell heights confirmed that amoeboid U87 and MDA-MB-468 cells had average cell
heights of 9.9 um and 12.2 um, respectively (Figure 7D). These values were significantly
higher compared to MDA-MB-231 PTEN wt cells and U87 cells transfected with a PTEN wt
overexpressing vector, which had average cell heights of 8.3 um and 6.5 um, respectively.

Using confocal laser microscopy, detecting F-actin confirmed cell morphologies as
observed by scanning electron microscopy (Figure 7B,C). Congruent with an amoeboid
morphology, U87 cells and MDA-MB-468 cells showed distinct F-actin protrusions with
different sizes at the leading edge, but also small actin blebs on the surface of MDA-
MB-468 cells (Figures 7C and 8C,G with white arrows). Prominent F-actin (Phalloidin
positive) staining was also noted at the cell surface for both cell lines along the membrane
with different intensities (Figures 7C and 8C,G with red arrows). The nucleus of the U87
cells was primarily located at the rear of the cell, opposite to the direction of movement
(Figures 7C and 8C).

3.6. Skating Snail-Like Cell Migration and the Motor Clutch Model

To unravel a more detailed analysis of the migration mode, we focused on U87 and
MDA-MB-468 tumor cells with PTEN loss of function and high RHOB expression. Using
live cell imaging with a higher magnification, we compared cell morphology, plastic-
ity modes, the total migratory distance and persistence behavior on aligned microfibers.
Distinct amoeboid plasticity modes resembling “snail-like” crawling, followed by alter-
nating fast movements, was common for both tumor cell types (Figures 7C, 8A-G and S3,
Videos S9 and S10). These skating snail-like cellular forms resemble how speed skaters on
ice initially propel their forces forward to accelerate and then skate in a gliding manner
with higher speed.

For example, one mode showed that skating snail-like U87 cells were initially slow,
then accelerated (between 9-15 min) and slowed down again (between 30-42 min) (Figures
8A,D,G top and S3B). Another skating snail-like U87 cell mode demonstrated an instant
acceleration to a fast mode then slowed down and stopped (Figures 8E,G bottom and S3B).
Lastly, a skating snail-like U87 cell mode showed a slow “crawling” and then a faster
sliding with long cellular protrusions at the leading edge (Figures 8B,C,F and S3B). These
changes in cellular plasticity modes dramatically point to an intrinsic characteristic of
these tumor cells. However, when cells paused their migration on aligned microfibers,
both U87 and MDA-MB-468 cells displayed a more elongated and flattened morphology
(Figures 8A,B,D-F and S3A,B). Analyzing the cell surface length of moving cells on aligned
microfibers demonstrated that cells during fast movements had the shortest length com-
pared to slow and halted cells (Figure 8H). Next, we addressed the total migratory distance
and persistent migration of U87 and MDA-MB-468 cells. Comparing the total time that cells
migrated on aligned microfibers revealed that U87 cells significantly migrated for longer
times (27.06 & 1.65 min) compared to MDA-MB-468 cells (21.08 & 1.09 min) (Figure 8I).
Addressing the total time of reverse migration occurring in one single cellular movement,
U87 cells demonstrated significantly fewer reverse movements (6.22 4 0.83 min) compared
to MDA-MB-468 cells (9.96 & 1.53 min) (Figure 8]). The above findings support that U87
cells significantly migrated more persistently than MDA-MB-468.
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Figure 8. Skating snail-like cellular plasticity modes and persistence on aligned microfibers. (A,B) Consecutive images
of U87 cell plasticity modes and migration over time; white arrows indicate leading edge cellular protrusions (scale bar
=25 um). (C) Confocal image of z-stacks showing F-actin Red staining of an amoeboid U87 PTEN loss of function cell
(red: F-actin, blue DRAQS5 indicates nuclei), red arrow indicates cell nucleus at cell rear, white arrow indicates leading edge
cellular protrusion, green arrow indicates direction of movement (scale bar = 10 um). (D-F) Schematic images of migration
cell plasticity modes of “skating snail-like” movements for U87 cells. IT = nonmoving resting cells; thin arrow = slow cell
movement; bold dotted-thick arrow = fast cell movement (G) Confocal image of z-stacks of two U87 cells (top, bottom)
(red: F-actin, blue DRAQ)5 indicates nuclei), red arrow indicates strong F-actin stain around the cell circumference, white
arrow indicates cellular protrusion, and green arrow indicates direction of movement. (H) Quantification of cell surface
length on aligned microfibers (Y-axis) of different U87 migration modes (X-axis). Shortest bar graph = fastest mode of
movement. (I) Quantification of total U87 and MDA-MB-468 cell migration time (min) for single cell movements along
aligned microfibers, FigU87: 27.06 & 1.65 min; MDA-MB-468: 21.08 + 1.09 min; * p = 0.0142. (J) Quantification of reverse
migration (min) of single movements of U87 and MDA-MB-468 after continual forward movements (green circle and arrow
= forward movement and red circle and arrow = reverse movement), U87: 6.22 + 0.83 min, MDA-MB-468: 9.96 4+ 1.53 min;
* p=0.0462. A total of 258 single cell movements were analyzed for both 8I and 8]. (K) RNA-seq gene expression differences
of U87 cells in 3D with Matrigel and scaffolds versus U87 in 2D. Expression of clutch genes (1 = 35), motor genes (1 = 40),
acceleration genes (1 = 50) and migration impairment genes (1 = 58) [60-62].
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The motor clutch model describes the physical and molecular mechanics of how
cells move on substrates [63]. This complex process involves actin polymerization at
the leading cell edge driving forward cell movement, which is coordinated with actin
depolymerization proximally and centrally along with localized myosin motors that pull
and exert force on this F-actin network, resulting in retrograde actin flow [64]. Clutch
adaptor proteins such as cell receptor integrins and other clutch components, such as
talin and vinculin, interact with F-actin, transmit forces to adhesion sites and regulate the
cellular grip on the extracellular matrix controlling cell movement [64,65]. Previously it
was shown that the molecular processes describing the motor-clutch model implemented
many different genes [60-62] (1 = genes) for clutch (1 = 35), motor (n = 40), acceleration
(n = 50) and migration impairment (n = 58). In line with the motor clutch model, we
analyzed the relevant proteins mediating the motor clutch mechanism, as well as proposed
proteins responsible for acceleration and impairment of migration according to our RNA-
seq data [60-62]. Although some motor clutch specific genes were found more highly
expressed in U87 grown in 3D with Matrigel and laminin-coated scaffolds and 2D cultures
(Figure 5C), our expression analyses using RNA-seq of the above 183 genes showed no
significant differences (Figure 8K).

4. Discussion

One of the first comparative histological analyses by Scherer in 1938 showed that GBM
growth and dissemination throughout the brain depends on architectural organization [15].
Histologically, Scherer discovered that GBM cells were mainly associated with white matter
axon bundles, and could even follow dendrites when invading the cortex. Importantly,
secondary tumors to the brain were mainly detected in border zone regions, such as
the cerebral vascular supply and gray and white matter junctions, further supporting
that metastatic tumor cells travel along the arterial tree [66]. Brain structures in terms of
stiffness are still under investigation. For example, local viscoelastic properties of neurons
and glial cells using scanning force microscopy showed that the elastic storage modulus
(E’) of astrocytes (glial cells) was between ~300 Pa (30 Hz) to ~520 Pa (200 Hz), whereas
that of neurons ranged from ~650 Pa (30 Hz) to ~1,590 Pa (200 Hz) [67]. These values
defined the cells of the central nervous system (CNS) as very soft compared to other cells,
such as fibroblasts (E' ~3 kPa at 200 Hz) [68]. Axon bundle tracts have widths ranging
from 0.1-10 pm [69] and stiffnesses recorded of 4.6 + 1.5 kPa (Young’s modulus) [70].
Interestingly, using waveguide elastography with healthy individuals’ in vivo, similar
values for white matter tracts of 4-4.6 kPa (shear modulus) were found [71].

Evaluation of stiffness of arteries and veins is ongoing in the literature; however,
stiffness analyses of brain vessels are still needed. For example, the Young's elastic modulus
of human arteries has been measured as 679 kPa + 304 kPa standard deviation with an
adjusted arterial diameter of the left carotid artery of 410 um =+ 130 pm standard deviation
(n = 6441 individuals) [72]. Diameters of smaller human blood vessels are ~8 pm for
capillaries and 20-30 um for venules and arterioles using magnetic resonance imaging
with computed tomography [73]. Multiphoton laser-scanning microscopy of mice brains
showed that the brain vessels ranged between ~1 and 20 um in diameter [74]. Most
importantly, using live imaging of GBM cells invading and growing in mice brains, it was
shown that GBM cells migrated primarily along blood microvessels of the peritumoral
area, especially when microvessels ran parallel to each other [74].

Isolated human normal brain and GBM have similar shear storage moduli at a low
strain (elastic moduli of ~300 Pa) [75]. However, normal brain and GBM shear moduli
increased to kPa range when uniaxially compressed ex vivo [75]. ECM protein components
are increased in GBM, resulting in higher stiffness [76]. In contrast to the above, magnetic
resonance elastography (MRE), which measures stiffnesses via mechanical shear waves
in vivo, showed that GBM is softer than normal brain [77]. However, MRE results especially
of GBM, have to be critically evaluated due to different cerebral blood flows, and lower
stiffness measurements could reflect the overall heterogeneity including hemorrhaging,
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edema and necrosis [78]. Importantly, vascularization and interstitial pressure are very
high in GBM (and other tumors), due to the fact that GBM shows the highest microvascular
proliferation and microvessel density of all brain cancers [79]. What is clearly needed are
measurements of localized solid tumor regions away from necrosis and edema to assess
solid tumor stiffness. Thus, it is highly likely that GBM has essentially a higher stiffness
then normal brain in vivo.

It is well known that breast cancer tumors are stiffer (E’ = 4.04 + 0.9 kPa) than
normal mammary tissue (E” = 0.167 & 0.031 kPa) [80] supporting tumor cell mediated
ECM remodeling. On the other hand, single primary breast cancer cells are very soft
(~300 Pa), similar to the CNS cells described above [81]. It is conceivable that tumor cells
with different mechanical conditioning target different metastatic sites, as shown for breast
cancer cells [82]. Since it is known that cells have a high affinity for stiffer substrates [17],
it is plausible that tumor cells demonstrate a durotactic activity for stiffer white matter
tracts and blood vessels in the brain. Support for this stems from our experiments, where
both TNBC and GBM cells with PTEN loss of function demonstrated enhanced affinity
for aligned microfiber tracts seeded in a nonstiff fluid environment. This scenario could
especially represent circulating TNBC cells entering the blood/brain barrier and thus
seeking stiffer substrates.

In the present study, we implemented scaffolds and aligned microfibers (each 10 pm)
with measured compression stiffnesses of ~15 kPa including porous spaces [41] to simulate
axon tracts and blood vessels within the brain. Although, the aligned microfibers used in
this study are in line with the diameters of axon bundles and small blood vessels and ECM
components, the high stiffness of microfibers may be relevant with small blood vessels
but higher than axons measured in normal brain. However, axon stiffness in the GBM
tumor environment with increased levels of ECM is unknown. Importantly, we present
novel findings demonstrating that both GBM and TNBC cells with homozygote PTEN
loss of function and high RHOB gene expression show similar 3D migration properties in
contrast to GBM and TNBC cells with PTEN wt and low RHOB expression. Furthermore,
using TCGA analyses, 70% of primary GBM and breast cancer tumors with PTEN splice
mutations had homozygote PTEN loss of function with significantly high RHOB expression
(Figure 7A). These primary tumors are similar to the cell lines used in this study, supporting
the clinical relevance of our experimental findings regarding 3D migration. Thus, we
conclude that the status of a specific tumor cell genotype together with expression of
RHO/ROCK-signaling genes represent “molecular cues” for 3D structures regulating
durotaxis, cell adhesion and migration.

Only GBM and TNBC cells with PTEN loss of function and high RHOB gene expres-
sion resulted in an enhanced single cell durotactic response, promoting cells to migrate
towards stiffer scaffolds or aligned microfibers. Furthermore, following adherence these
tumor cells significantly had a faster migration speed on aligned microfibers than PTEN wt
and low RHOB expressing cells. Recently, two other GBM cell lines (U251 and GL15), with
either a PTEN mutation or a deletion, also demonstrated durotaxis with a polydimethyl-
siloxane substrate [83]. It is noteworthy that MDA-MB-231 cells with PTEN wt and low
RHOB expression showed a specific mode of “collective cell adherence” with aligned
microfibers, where single cells could load onto and migrate at a slower speed. In contrast
no durotaxis or migration occurred with LN18 PTEN wt. Interestingly, an essential role for
Pten controlling collective cell migration was also found during mouse embryonic devel-
opment [84]. It was demonstrated that TGFB induced migration via PTEN suppression,
where TGFB1 switched breast cancer cells from a collective to a single cell migration mode
via RHO/ROCK signaling [85]. It will be important to further study the collective nature
of MDA-MB-231 binding to aligned microfibers.

Another study using solution electrospun nanofiber scaffolds with a higher stiffness,
of up to 166 kPa, demonstrated increased migration of glioma stem cells depending on
multibranched N-glycans metabolized by MGAT5 [86]. According to our RNA-seq data
of U87 cells grown in 3D and scaffolds, with a ~10-fold lower stiffness to the above study,
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the MGATS5 gene as well as other MGAT genes were not overexpressed, implying that
multibranched N-glycans were probably not responsible for migration. In contrast to
glioma stem cells, U87 cells showed no overexpression of stem cell markers, such as SOX2,
ZEB1, ATXN1, ALCAM, CD9, ITGA?7, CD44 and CHI3L1.

Although much is known regarding PTEN regulating chemotaxis and migration [87],
we prove a pivotal role for PTEN controlling durotaxis and migration speed using aligned
microfibers. Manipulating PTEN with a PTEN inhibitor, or rescuing PTEN function,
completely recovered durotaxis and migration of LN18 PTEN wt cells or blunted cell speed
of U87, respectively. The 2D studies of Tamura et al. showed that NIH3T3 mouse embryonic
fibroblasts and U87 cells overexpressing PTEN lowered 2D migration via reduced integrin-
mediated cell spreading and focal adhesions [88]. The latter study also showed that PTEN
inhibition enhanced cell migration using 2D scratch assays. Furthermore, our findings
reveal an essential role of RHO or downstream ROCK kinase activity for durotaxis and
migration. Corroborating our U87 RNA-seq, where RHOB was the highest significantly
expressed gene (46.15-fold), which was confirmed with qPCR for U87 and MDA-MB-468,
inhibition of RHO halted both durotaxis and migration without cell death. In addition,
inhibiting ROCK also significantly blunted migration speed. Another ROCK inhibitor,
Fasudil®, reduced invasion of GBM cells xenografted into mice [89]. In contrast, using
MDA-MB-231 cells in confined environments, such as 3 um channels or GBM cells on
2D surfaces, showed no inhibition of migration and speed with ROCK inhibitor Y-27632,
supporting no Myosin II involvement using these conditions [90,91]. Taken together, our
above findings, along with the literature, support an essential regulatory role for the
RHOB/ROCK/PTEN signaling pathway controlling durotaxis and migration.

Concerning cell morphology, Gong et al. showed that RHOB overexpression, along
with RHOB shuttling from endosomes to the plasma membrane, led to cell blebbing and
increased amoeboid migration in 3D collagen [35]. In contrast, a morphological switch from
an amoeboid to a more elongated lamellipodial shaped cell involved RHOA signaling [54].
We also detected a significant switch of PTEN rescued U87 from an amoeboid shape to an
elongated flat phenotype with a lower migration speed. Furthermore, we discovered that
U87 and MDA-MB-468 cells with homozygote PTEN loss of function and increased RHOB
expression had distinct amoeboid cell shapes migrating through a 3D matrix towards
scaffolds (Figure S1A), and also on aligned microfibers (Figures 7B,C and 8A-G). Further
support for an amoeboid shape showed significant increased cell heights for U87 and MDA-
MB-468 cells, compared to more elongated cells with PTEN wt and RHOB low expression.
Normal mammary epithelial cells spread more on a stiff matrix (5000 Pa) compared to a
soft matrix of 140 Pa, which was shown to be dependent on RHO, ROCK or Myosin [92].

Our confocal imaging of amoeboid shaped cells also showed enhancement of F-actin
along the cell rim or cortex, which extended into different sized protrusions at the leading
edge of the cell. The nucleus was mainly positioned in the cell rear. An enriched F-actin
cortex has previously been noted in spherical-like shaped cells, presenting a single barrier
along the cell circumference [93]. It is notable that RHOB recruits DIAPH1 to endosomes
forming an F-actin coat [94]. It would be interesting to analyze if RHOB and DIAPH1
also play a role in F-actin membrane coating, due to the fact that RHOB shuttles between
endosomes and plasma membrane [35]. Increased actin-myosin contraction also associates
with highly motile round cancer cells along with decreased adhesion, thus supporting a
basis for our observations of fast amoeboid cell movements on aligned microfibers with
less cell surface area [95].

It is known that different cellular protrusions can be found associated with amoeboid-
shaped cells, contributing to cell movement [96]. It was shown that single cellular focal
adhesions autonomously sense the environment for stiffness and rigidity [17]. The latter
study proved that the sensing of focal adhesions via the Paxillin/Vinculin/Focal adhesion
kinase (PTK2) pathway was essential for durotaxis, but not chemotaxis. Our RNA-seq of
U87 cells in 3D with scaffolds versus 2D showed an induction of the adhesion adaptor gene
Paxillin (2.46-fold), but not of Vinculin and Focal adhesion kinase. Additionally, it was
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shown that soft matrices suppressed actin-myosin assembly and orientation. Specifically,
myosin heavy chain IIA (MYH9) initiated formation of actin-myosin filaments and myosin
heavy chain IIB (MYH10) bound and stabilized these filaments. In contrast to soft matrices,
MYHO did not polarize, but MYH10 was induced during durotaxis with stiff substrates [97],
which we found to be 7.5-fold upregulated with our RNA-seq of U87 in 3D with scaffolds.
Lastly, regarding the nucleus position of migrating cells, it was shown that the direction
of cell migration appeared to be driven by positioning the nucleus towards the cell rear
in multiple cell types via microtubules, with a possible extension of the leading edge [98].
Rearward orientation of the nucleus was also regulated by activation of RHO signaling
pathways [99].

Our scanning electron microscopy findings showing alignment of single amoeboid
cells on individual 10 um fibers within a single 100 um aligned microfiber tract, support a
topographical cue for migration (Figures 3B and 7B). On the other hand, elongated cells
appeared to topographically sense and stretch over several PCL fibers. Although the
majority of topotaxis studies address cells sensing specific 3D nanostructures [20], our
laminin-coated aligned microfibers represent smooth 10 pum round tube-like structures.
Lastly, for both amoeboid U87 and MDA-MB-468 cells with high RHOB expression and
PTEN loss of function, we recorded different plasticity modes, which we coined “skating
snails”. For example, U87 cell surface lengths along the aligned microfibers corresponded
with different speeds. Fast migrating U87 cells showed a surface length of 10 um, whereas
slow and halted U87 cells were 20 pm or 30 pum in length, respectively (Figure 8H). In line
with our findings, Maiuri et al. showed that cell speed and persistence are exponentially
coupled via actin flow [100]. Although U87 and MDA-MB-468 showed similar plasticity
modes, U87 cells were more persistent, “skating” for longer distances than MDA-MB-468
cells. Thus, we support the idea that these cellular plasticity modes reflect intrinsic genetic
differences between GBM and TNBC cells.

Other publications have also implemented biomaterials or ECM fiber structures
to mimic brain structures, such as axons, to investigate tumor cell migration in the
brain [49,101-103]. All these publications tested fiber sizes, fiber widths, single, stacked or
parallel fibers to resemble axon and blood vessel structures. One common finding among
all studies was the striking different plasticity modes of cells migrating on various fiber
constructs. Doyle et al. demonstrated that cells migrating on 1.5 pum single fibrillar lines
(also called 1D) composed of fibronectin were identical to cells migrating in a 3D fibrillar
matrix but were significantly slower on 2D fibronectin coated substrates [101]. The authors
concluded that both 1D and 3D cellular migration were comparable based upon different
properties of migrating cells. For example, cells had a uniaxial cell morphology with a
single lamellipodia and a coordinated protrusion-retraction cycle, which resulted in a
unidirectional rapid migration independent of ECM density, but dependent on myosin II
contractility.

5. Conclusions

Our findings validate a significant role of specific PTEN genotypes along with RHOB
signaling controlling cell morphology, durotaxis, adhesion, cellular plasticity and migra-
tion speed of tumor cells. For both GBM and TNBC types with homozygote PTEN loss
of function and high RHOB expression, we propose that the cellular plasticity modes
of amoeboid cells promote enhanced durotaxis, topotaxis, increased migratory speeds
and longer traveling distances, which could lead to faster dissemination throughout the
brain. The fact that PTEN regulates the cell polarity of the phosphatidylinositol-3,4,5-
triphosphate/phosphatidylinositol-4,5-bisphosphate gradient supports the idea that an
aberrant gradient due to PTEN loss of function could be responsible for the above dereg-
ulations. Presently clinical treatments have not yet achieved the goal of extending the
survival of patients with GBM or breast cancer patients with brain metastasizing tumors.
RHO GTPase inhibitors have been implemented in preclinical xenografted animal studies
demonstrating anti-tumor effects [104]. Data from TCGA studies support that RHOA is
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mainly deleted among all major cancer types, thus being a possible tumor suppressor such
as PTEN and would not be a proper candidate for inhibitors [105]. On the other hand,
TCGA data supports RHOB as a proto-oncogene amplified in the majority of all major
tumors, including GBM and invasive breast cancers [105]. Thus, RHOB could represent a
target for therapeutic treatment. This opens the door for new therapeutic drugs regard-
ing tumors overexpressing RHOB targeting cell migration. Our study demonstrates the
importance of PTEN and RHOB not only for primary and metastasizing tumors, but also
for circulating tumor cells upon entry into a stiffer environment, where RHOB inhibitors
could play an essential role for improved therapy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13205144/s1. Figure S1: Durotaxis, topotaxis and cell adhesion/network formation
on 3D scaffolds, Figure S2: PTEN splice mutation analysis and RHOA /RHOB expression in GBM
and TNBC cells, Figure S3: The skating snail-like cellular plasticity modes of migration, Figure S4:
Uncropped Figure S2B (upper), Figure S5: Uncropped Figure S2B (down), Table S1: Ten most
significant up-regulated genes of U87 in 3D vs. 2D using RNA-seq, Table S2: Ten most significant
down-regulated genes of U87 in 3D vs. 2D using RNA-seq, Video S1: U87-td-farnesyl expressing
cells in 3D Matrigel without scaffold, Video S2: U87-td-farnesyl in Matrigel with in 3D Matrigel
with scaffold, Video S3: U87 on aligned 3D microfibers, Video S4: LN18 on aligned 3D microfibers,
Video S5: LN18 in the presence of PTEN inhibitor on 3D aligned microfibers, Video S6: MDA-MB-468
on aligned 3D microfibers, Video S7: MDA-MB-231 on aligned 3D microfibers, Video S8: U87 in
the presence of RHO inhibitor on 3D aligned microfiber, Video S9: U87 skating snail on 3D aligned
microfibers, Video S10: MDA-MB-468 skating snail on 3D aligned microfibers.

Author Contributions: R.S. and P.L.S. conceived, designed and coordinated the study; A.W. and H.S.
designed and performed the experiments; E.B. and P.D.D. designed and produced the biomaterials;
D.J. performed 3D computer reconstructions from confocal images; A.W. and R.S. prepared the
figures; MLE. performed the TCGA analysis; R.S. and P.L.S. wrote and A.W. helped to finalize the
manuscript; AW., HS., E.B,, PD.D., D.J,, M.E,, M\W.B,, R.S. and P.L.S. edited the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research project was funded by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation)—Project number 326998133—TRR 225 (subproject B01).

Institutional Review Board Statement: Not applicable, because no primary patient material was
used in this study.

Informed Consent Statement: Not applicable, because no primary patient material was used in
this study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: Technical assistance of Carmen Villmann, Natascha Schaefer, Lena Fischer and
Adrian Weich is greatly appreciated. The present work was performed by A.W. in partial fulfillment
of the requirements for obtaining the degree “Dr. rer. nat.” at the Friedrich-Alexander-University
Erlangen-Nuernberg (FAU), Germany.

Conflicts of Interest: The authors declare no conflict of interest. No funding from commercial sources
was obtained for the present study. However, ME has financial relations to disclose: he received
speaker’s bureau honoraria from Janssen, Roche, Astellas, Diaceutics, MSD, AstraZeneca; grant
support from AstraZeneca, Janssen, STRATIFYER, and Diaceutics; advisory honoraria, employment
and personal fees from Diaceutics, AstraZeneca, GenomicHealth, and Janssen.

1.  Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]
2. Ridley, A.J. Rho GTPase signalling in cell migration. Curr. Opin. Cell Biol. 2015, 36, 103-112. [CrossRef] [PubMed]
3. Friedl, P.; Sahai, E.; Weiss, S.; Yamada, K.M. New dimensions in cell migration. Nat. Rev. Mol. Cell Biol. 2012, 13, 743-747.

[CrossRef] [PubMed]

4. Papusheva, E.; Heisenberg, C.P. Spatial organization of adhesion: Force-dependent regulation and function in tissue morphogen-
esis. EMBO . 2010, 29, 2753-2768. [CrossRef]

70



Cancers 2021, 13, 5144

10.

11

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Frantz, C.; Stewart, K.M.; Weaver, V.M. The extracellular matrix at a glance. J. Cell Sci. 2010, 123, 4195-4200. [CrossRef]

Pedron, S.; Becka, E.; Harley, B.A. Regulation of glioma cell phenotype in 3D matrices by hyaluronic acid. Biomaterials 2013, 34,
7408-7417. [CrossRef] [PubMed]

Ulrich, T.A.; de Juan Pardo, E.M.; Kumar, S. The mechanical rigidity of the extracellular matrix regulates the structure, motility,
and proliferation of glioma cells. Cancer Res. 2009, 69, 4167-4174. [CrossRef] [PubMed]

Pointer, K.B.; Clark, P.A.; Schroeder, A.B.; Salamat, M.S.; Eliceiri, KW.; Kuo, J.S. Association of collagen architecture with
glioblastoma patient survival. ]. Neurosurg. 2017, 126, 1812-1821. [CrossRef]

Yousif, L.F.; Di Russo, ]J.; Sorokin, L. Laminin isoforms in endothelial and perivascular basement membranes. Cell Adhes. Migr.
2013, 7, 101-110. [CrossRef]

Mair, D.B.; Ames, H.M.; Li, R. Mechanisms of invasion and motility of high-grade gliomas in the brain. Mol. Biol. Cell 2018, 29,
2509-2515. [CrossRef]

Vega, EM.; Fruhwirth, G.; Ng, T.; Ridley, A.J. RhoA and RhoC have distinct roles in migration and invasion by acting through
different targets. J. Cell Biol. 2011, 193, 655-665. [CrossRef]

Rossi, J.; Giaccherini, L.; Cavallieri, F.; Napoli, M.; Moratti, C.; Froio, E.; Serra, S.; Fraternali, A.; Ghadirpour, R.; Cozzi, S.; et al.
Extracranial metastases in secondary glioblastoma multiforme: A case report. BMIC Neurol. 2020, 20, 382. [CrossRef] [PubMed]
Hara, A.; Kanayama, T.; Noguchi, K.; Niwa, A.; Miyai, M.; Kawaguchi, M.; Ishida, K.; Hatano, Y.; Niwa, M.; Tomita, H. Treatment
Strategies Based on Histological Targets against Invasive and Resistant Glioblastoma. . Oncol. 2019, 2019, 2964783. [CrossRef]
[PubMed]

Thakkar, J.P.; Dolecek, T.A.; Horbinski, C.; Ostrom, Q.T.; Lightner, D.D.; Barnholtz-Sloan, J.S.; Villano, ].L. Epidemiologic and
molecular prognostic review of glioblastoma. Cancer Epidemiol. Biomark. Prev. 2014, 23, 1985-1996. [CrossRef]

Scherer, H.J. Structural development in gliomas. Am. ]. Cancer 1938, 34, 333-351.

Farin, A.; Suzuki, S.O.; Weiker, M.; Goldman, J.E.; Bruce, ].N.; Canoll, P. Transplanted glioma cells migrate and proliferate on host
brain vasculature: A dynamic analysis. Glia 2006, 53, 799-808. [CrossRef] [PubMed]

Plotnikov, S.V.; Pasapera, A.M.; Sabass, B.; Waterman, C.M. Force fluctuations within focal adhesions mediate ECM-rigidity
sensing to guide directed cell migration. Cell 2012, 151, 1513-1527. [CrossRef] [PubMed]

SenGupta, S.; Parent, C.A.; Bear, J.E. The principles of directed cell migration. Nat. Rev. Mol. Cell Biol. 2021, 22, 529-547.
[CrossRef]

Caballero, D.; Comelles, J.; Piel, M.; Voituriez, R.; Riveline, D. Ratchetaxis: Long-Range Directed Cell Migration by Local Cues.
Trends Cell Biol. 2015, 25, 815-827. [CrossRef] [PubMed]

Park, J.; Kim, D.H.; Kim, HN.; Wang, C.J.; Kwak, M.K; Hur, E.; Suh, K.Y.; An, S.S.; Levchenko, A. Directed migration of cancer
cells guided by the graded texture of the underlying matrix. Nat. Mater. 2016, 15, 792-801. [CrossRef] [PubMed]

Lv, Y;; Ma, X;; Du, Y.; Feng, J. Understanding Patterns of Brain Metastasis in Triple-Negative Breast Cancer and Exploring
Potential Thhuaerapeutic Targets. OncoTargets Ther. 2021, 14, 589-607. [CrossRef]

Brosnan, E.M.; Anders, C.K. Understanding patterns of brain metastasis in breast cancer and designing rational therapeutic
strategies. Ann. Transl. Med. 2018, 6, 163. [CrossRef] [PubMed]

Leslie, N.R; Yang, X.; Downes, C.P.; Weijer, C.J. PtdIns(3,4,5)P(3)-dependent and -independent roles for PTEN in the control of
cell migration. Curr. Biol. 2007, 17, 115-125. [CrossRef] [PubMed]

Gerisch, G.; Schroth-Diez, B.; Muller-Taubenberger, A.; Ecke, M. PIP3 waves and PTEN dynamics in the emergence of cell polarity.
Biophys. ]. 2012, 103, 1170-1178. [CrossRef]

Ohgaki, H.; Dessen, P; Jourde, B.; Horstmann, S.; Nishikawa, T.; Di Patre, P.L.; Burkhard, C.; Schuler, D.; Probst-Hensch, N.M.;
Maiorka, P.C.; et al. Genetic pathways to glioblastoma: A population-based study. Cancer Res. 2004, 64, 6892-6899. [CrossRef]
Furukawa, K.; Kumon, Y.; Harada, H.; Kohno, S.; Nagato, S.; Teraoka, M.; Fujiwara, S.; Nakagawa, K.; Hamada, K.; Ohnishi, T.
PTEN gene transfer suppresses the invasive potential of human malignant gliomas by regulating cell invasion-related molecules.
Int. J. Oncol. 2006, 29, 73-81. [CrossRef]

Witzel, I.; Oliveira-Ferrer, L.; Pantel, K.; Muller, V.; Wikman, H. Breast cancer brain metastases: Biology and new clinical
perspectives. Breast Cancer Res. 2016, 18, 8. [CrossRef] [PubMed]

Csolle, M.P.; Ooms, L.M.; Papa, A.; Mitchell, C.A. PTEN and Other PtdIns(3,4,5)P3 Lipid Phosphatases in Breast Cancer. Int. ].
Mol. Sci. 2020, 21, 9189. [CrossRef]

Milella, M.; Falcone, I.; Conciatori, F.; Cesta Incani, U.; Del Curatolo, A.; Inzerilli, N.; Nuzzo, C.M.; Vaccaro, V.; Vari, S.; Cognetti,
F.; et al. PTEN: Multiple Functions in Human Malignant Tumors. Front. Oncol. 2015, 5, 24. [CrossRef]

Hohensee, I.; Chuang, H.N.; Grottke, A.; Werner, S.; Schulte, A.; Horn, S.; Lamszus, K.; Bartkowiak, K.; Witzel, I.; Westphal,
M.; et al. PTEN mediates the cross talk between breast and glial cells in brain metastases leading to rapid disease progression.
Oncotarget 2017, 8, 6155-6168. [CrossRef] [PubMed]

Wikman, H.; Lamszus, K.; Detels, N.; Uslar, L.; Wrage, M.; Benner, C.; Hohensee, I.; Ylstra, B.; Eylmann, K.; Zapatka, M.; et al.
Relevance of PTEN loss in brain metastasis formation in breast cancer patients. Breast Cancer Res. 2012, 14, R49. [CrossRef]
[PubMed]

Adamo, B.; Deal, A.M.; Burrows, E.; Geradts, ].; Hamilton, E.; Blackwell, K.L.; Livasy, C.; Fritchie, K.; Prat, A.; Harrell, ].C.; et al.
Phosphatidylinositol 3-kinase pathway activation in breast cancer brain metastases. Breast Cancer Res. 2011, 13, R125. [CrossRef]
[PubMed]

71



Cancers 2021, 13, 5144

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

Lawson, C.D.; Ridley, A.J. Rho GTPase signaling complexes in cell migration and invasion. . Cell Biol. 2018, 217, 447-457.
[CrossRef] [PubMed]

Li, Z.; Dong, X.; Wang, Z.; Liu, W.; Deng, N.; Ding, Y.; Tang, L.; Hla, T.; Zeng, R.; Li, L.; et al. Regulation of PTEN by Rho small
GTPases. Nat. Cell Biol. 2005, 7, 399-404. [CrossRef]

Gong, X.; Didan, Y.; Lock, J.G.; Stromblad, S. KIF13A-regulated RhoB plasma membrane localization governs membrane blebbing
and blebby amoeboid cell migration. EMBO J. 2018, 37, €98994. [CrossRef] [PubMed]

Loessner, D.; Rockstroh, A.; Shokoohmand, A.; Holzapfel, B.M.; Wagner, F.; Baldwin, J.; Boxberg, M.; Schmalfeldt, B.; Lengyel,
E.; Clements, J.A.; et al. A 3D tumor microenvironment regulates cell proliferation, peritoneal growth and expression patterns.
Biomaterials 2019, 190-191, 63-75. [CrossRef] [PubMed]

Hutmacher, D.W.; Loessner, D.; Rizzi, S.; Kaplan, D.L.; Mooney, D.J.; Clements, ].A. Can tissue engineering concepts advance
tumor biology research? Trends Biotechnol. 2010, 28, 125-133. [CrossRef]

Kim, J.; Bakirci, E.; O'Neill, K.L.; Hrynevich, A.; Dalton, P.D. Fiber Bridging during Melt Electrowriting of Poly(epsilon-
Caprolactone) and the Influence of Fiber Diameter and Wall Height. Macromol. Mater. Eng. 2021, 306. [CrossRef]

Pham, Q.P;; Sharma, U.; Mikos, A.G. Electrospinning of polymeric nanofibers for tissue engineering applications: A review. Tissue
Eng. 2006, 12, 1197-1211. [CrossRef] [PubMed]

Robinson, T.M.; Hutmacher, D.W.; Dalton, P.D. The Next Frontier in Melt Electrospinning: Taming the Jet. Adv. Funct. Mater.
2019, 29, 1904664. [CrossRef]

Visser, J.; Melchels, EP; Jeon, ].E.; van Bussel, EIM.; Kimpton, L.S.; Byrne, H.M.; Dhert, W.J.; Dalton, P.D.; Hutmacher, D.W.;
Malda, J. Reinforcement of hydrogels using three-dimensionally printed microfibres. Nat. Commun. 2015, 6, 6933. [CrossRef]
[PubMed]

Janzen, D.; Bakirci, E.; Wieland, A.; Martin, C.; Dalton, P.D.; Villmann, C. Cortical Neurons form a Functional Neuronal Network
in a 3D Printed Reinforced Matrix. Adv. Healthc. Mater. 2020, 9, €1901630. [CrossRef] [PubMed]

Weigand, A.; Boos, A.M.; Tasbihi, K.; Beier, ].P.; Dalton, P.D.; Schrauder, M.; Horch, R.E.; Beckmann, M.W.; Strissel, P.L.; Strick, R.
Selective isolation and characterization of primary cells from normal breast and tumors reveal plasticity of adipose derived stem
cells. Breast Cancer Res. 2016, 18, 32. [CrossRef]

Furnari, EB.; Lin, H.; Huang, H.S.; Cavenee, W.K. Growth suppression of glioma cells by PTEN requires a functional phosphatase
catalytic domain. Proc. Natl. Acad. Sci. USA 1997, 94, 12479-12484. [CrossRef]

Hollestelle, A.; Elstrodt, F.; Nagel, ].H.; Kallemeijn, W.W.; Schutte, M. Phosphatidylinositol-3-OH kinase or RAS pathway
mutations in human breast cancer cell lines. Mol. Cancer Res. 2007, 5, 195-201. [CrossRef] [PubMed]

Grosshaus, C.; Bakirci, E.; Berthel, M.; Hrynevich, A.; Kade, ].C.; Hochleitner, G.; Groll, J.; Dalton, P.D. Melt Electrospinning
of Nanofibers from Medical-Grade Poly(epsilon-Caprolactone) with a Modified Nozzle. Small 2020, 16, €2003471. [CrossRef]
[PubMed]

Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.0.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012, 2,
401-404. [CrossRef] [PubMed]

Bakirci, E.; Schaefer, N.; Dahri, O.; Hrynevich, A_; Strissel, P; Strick, R.; Dalton, P.D.; Villmann, C. Melt Electrowritten In Vitro
Radial Device to Study Cell Growth and Migration. Adv. Biosyst. 2020, 4, €2000077. [CrossRef]

Jain, A.; Betancur, M.; Patel, G.D.; Valmikinathan, C.M.; Mukhatyar, V.J.; Vakharia, A.; Pai, S.B.; Brahma, B.; MacDonald, T.J.;
Bellamkonda, R.V. Guiding intracortical brain tumour cells to an extracortical cytotoxic hydrogel using aligned polymeric
nanofibres. Nat. Mater. 2014, 13, 308-316. [CrossRef] [PubMed]

Lo, C.M.; Wang, H.B.; Dembo, M.; Wang, Y.L. Cell movement is guided by the rigidity of the substrate. Biophys. ]. 2000, 79,
144-152. [CrossRef]

DuChez, B.J.; Doyle, A.D.; Dimitriadis, E.K.; Yamada, K.M. Durotaxis by Human Cancer Cells. Biophys. |. 2019, 116, 670-683.
[CrossRef]

Lau, LW.,; Cua, R;; Keough, M.B.; Haylock-Jacobs, S.; Yong, V.W. Pathophysiology of the brain extracellular matrix: A new target
for remyelination. Nat. Rev. Neurosci. 2013, 14, 722-729. [CrossRef] [PubMed]

Gadea, G.; de Toledo, M.; Anguille, C.; Roux, P. Loss of p53 promotes RhoA-ROCK-dependent cell migration and invasion in 3D
matrices. . Cell Biol. 2007, 178, 23-30. [CrossRef] [PubMed]

Yamada, K.M.; Sixt, M. Mechanisms of 3D cell migration. Nat. Rev. Mol. Cell Biol. 2019, 20, 738-752. [CrossRef] [PubMed]
Fukunaga, T.; Fujita, Y.; Kishima, H.; Yamashita, T. Methylation dependent down-regulation of G0S2 leads to suppression of
invasion and improved prognosis of IDHI-mutant glioma. PLoS ONE 2018, 13, €0206552. [CrossRef] [PubMed]

Podgorska, M.; Pietraszek-Gremplewicz, K.; Nowak, D. Apelin Effects Migration and Invasion Abilities of Colon Cancer Cells.
Cells 2018, 7, 113. [CrossRef]

Tochio, T.; Tanaka, H.; Nakata, S.; Hosoya, H. Fructose-1,6-bisphosphate aldolase A is involved in HaCaT cell migration by
inducing lamellipodia formation. J. Dermatol. Sci. 2010, 58, 123-129. [CrossRef] [PubMed]

Messina, A.; Ferraris, N.; Wray, S.; Cagnoni, G.; Donohue, D.E.; Casoni, F.; Kramer, PR.; Derijck, A.A.; Adolfs, Y.; Fasolo, A.;
et al. Dysregulation of Semaphorin7A /betal-integrin signaling leads to defective GnRH-1 cell migration, abnormal gonadal
development and altered fertility. Hum. Mol. Genet. 2011, 20, 4759-4774. [CrossRef]

72



Cancers 2021, 13, 5144

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Duan, S.; Huang, W.; Liu, X; Liu, X.; Chen, N.; Xu, Q.; Hu, Y.; Song, W.; Zhou, J. IMPDH2 promotes colorectal cancer progression
through activation of the PI3K/AKT/mTOR and PI3K/AKT/FOXO1 signaling pathways. J. Exp. Clin. Cancer Res. 2018, 37, 304.
[CrossRef]

Bangasser, B.L.; Odde, D.J. Master equation-based analysis of a motor-clutch model for cell traction force. Cell. Mol. Bioeng. 2013,
6,449-459. [CrossRef]

Prahl, L.S.; Bangasser, P.E,; Stopfer, L.E.; Hemmat, M.; White, EM.; Rosenfeld, S.S.; Odde, D.]. Microtubule-Based Control of
Motor-Clutch System Mechanics in Glioma Cell Migration. Cell. Rep. 2018, 25, 2591-2604.e2598. [CrossRef]

Simpson, K.J.; Selfors, L.M.; Bui, J.; Reynolds, A.; Leake, D.; Khvorova, A.; Brugge, ]J.S. Identification of genes that regulate
epithelial cell migration using an siRNA screening approach. Nat. Cell Biol. 2008, 10, 1027-1038. [CrossRef] [PubMed]
Mitchison, T.; Kirschner, M. Cytoskeletal dynamics and nerve growth. Neuron 1988, 1, 761-772. [CrossRef]

Giannone, G.; Dubin-Thaler, B.J.; Rossier, O.; Cai, Y.; Chaga, O.; Jiang, G.; Beaver, W.; Dobereiner, H.G.; Freund, Y.; Borisy, G.;
et al. Lamellipodial actin mechanically links myosin activity with adhesion-site formation. Cell 2007, 128, 561-575. [CrossRef]
[PubMed]

Riveline, D.; Zamir, E.; Balaban, N.Q.; Schwarz, U.S,; Ishizaki, T.; Narumiya, S.; Kam, Z.; Geiger, B.; Bershadsky, A.D. Focal
contacts as mechanosensors: Externally applied local mechanical force induces growth of focal contacts by an mDial-dependent
and ROCK-independent mechanism. J. Cell Biol. 2001, 153, 1175-1186. [CrossRef] [PubMed]

Hwang, T.L.; Close, T.P,; Grego, ].M.; Brannon, W.L.; Gonzales, F. Predilection of brain metastasis in gray and white matter
junction and vascular border zones. Cancer 1996, 77, 1551-1555. [CrossRef]

Lu, Y.B,; Franze, K ; Seifert, G.; Steinhauser, C.; Kirchhoff, F.; Wolburg, H.; Guck, J.; Janmey, P.; Wei, E.Q.; Kas, J.; et al. Viscoelastic
properties of individual glial cells and neurons in the CNS. Proc. Natl. Acad. Sci. USA 2006, 103, 17759-17764. [CrossRef]
[PubMed]

Mahaffy, R.E.; Shih, C.K.; MacKintosh, F.C.; Kas, J. Scanning probe-based frequency-dependent microrheology of polymer gels
and biological cells. Phys. Rev. Lett. 2000, 85, 880-883. [CrossRef]

Costa, A.R; Pinto-Costa, R.; Sousa, S.C.; Sousa, M.M. The Regulation of Axon Diameter: From Axonal Circumferential Contractil-
ity to Activity-Dependent Axon Swelling. Front. Mol. Neurosci. 2018, 11, 319. [CrossRef]

Zhang, Y.; Abiraman, K.; Li, H.; Pierce, D.M.; Tzingounis, A.V.; Lykotrafitis, G. Modeling of the axon membrane skeleton structure
and implications for its mechanical properties. PLoS Comput. Biol. 2017, 13, €1005407. [CrossRef]

Romano, A.; Scheel, M.; Hirsch, S.; Braun, J.; Sack, I. In vivo waveguide elastography of white matter tracts in the human brain.
Magn. Reson. Med. 2012, 68, 1410-1422. [CrossRef] [PubMed]

Liao, D.; Arnett, D.K.; Tyroler, H.A.; Riley, W.A.; Chambless, L.E.; Szklo, M.; Heiss, G. Arterial stiffness and the development of
hypertension. The ARIC study. Hypertension 1999, 34, 201-206. [CrossRef] [PubMed]

Mueller, B.; Lang, S.; Dominietto, M.; Rudin, M.; Schulz, G.; Deyhle, H.; Germann, M.; Pfeiffer, F.; David, C.; Weitkamp, T.
High-resolution tomographic imaging of microvessels. Proc. SPIE 2008, 7078, 70780B. [CrossRef]

Winkler, E; Kienast, Y.; Fuhrmann, M.; Von Baumgarten, L.; Burgold, S.; Mitteregger, G.; Kretzschmar, H.; Herms, J. Imaging
glioma cell invasion in vivo reveals mechanisms of dissemination and peritumoral angiogenesis. Glia 2009, 57, 1306-1315.
[CrossRef] [PubMed]

Pogoda, K.; Chin, L.; Georges, P.C.; Byfield, FJ.; Bucki, R.; Kim, R.; Weaver, M.; Wells, R.G.; Marcinkiewicz, C.; Janmey, P.A.
Compression stiffening of brain and its effect on mechanosensing by glioma cells. New |. Phys. 2014, 16, 075002. [CrossRef]
[PubMed]

Mohiuddin, E.; Wakimoto, H. Extracellular matrix in glioblastoma: Opportunities for emerging therapeutic approaches. Am. J.
Cancer Res. 2021, 11, 3742-3754.

Pepin, K.M.; McGee, K.P.; Arani, A.; Lake, D.S.; Glaser, K.J.; Manduca, A.; Parney, L.LE; Ehman, R.L.; Huston, J., 3rd. MR
Elastography Analysis of Glioma Stiffness and IDH1-Mutation Status. AJNR Am. |. Neuroradiol. 2018, 39, 31-36. [CrossRef]
[PubMed]

Hanif, F.; Muzaffar, K.; Perveen, K.; Malhi, S.M.; Simjee, S.U. Glioblastoma Multiforme: A Review of its Epidemiology and
Pathogenesis through Clinical Presentation and Treatment. Asian Pac. ]. Cancer Prev. 2017, 18, 3-9. [CrossRef]

Lebelt, A.; Dzieciol, J.; Guzinska-Ustymowicz, K.; Lemancewicz, D.; Zimnoch, L.; Czykier, E. Angiogenesis in gliomas. Folia
Histochem. Cytobiol. 2008, 46, 69-72. [CrossRef] [PubMed]

Paszek, M.].; Zahir, N.; Johnson, K.R.; Lakins, ].N.; Rozenberg, G.I; Gefen, A_; Reinhart-King, C.A.; Margulies, S.S.; Dembo, M.;
Boettiger, D.; et al. Tensional homeostasis and the maligant phenotype. Cancer Cell 2005, 8, 241-254. [CrossRef] [PubMed]
Lautscham, L.A.; Kammerer, C.; Lange, ].R.; Kolb, T.; Mark, C.; Schilling, A.; Strissel, P.L.; Strick, R.; Gluth, C.; Rowat, A.C.; et al.
Migration in Confined 3D Environments Is Determined by a Combination of Adhesiveness, Nuclear Volume, Contractility, and
Cell Stiffness. Biophys. |. 2015, 109, 900-913. [CrossRef] [PubMed]

Watson, A.W.; Grant, A.D.; Parker, S.S.; Hill, S.; Whalen, M.B.; Chakrabarti, J.; Harman, M.W.; Roman, M.R.; Forte, B.L.; Gowan,
C.C,; et al. Breast tumor stiffness instructs bone metastasis via maintenance of mechanical conditioning. Cell Rep. 2021, 35, 109293.
[CrossRef] [PubMed]

Palama, L.E.; D’Amone, S.; Ratano, P.; Donatelli, A.; Liscio, A.; Antonacci, G.; Testini, M.; Di Angelantonio, S.; Ragozzino, D.;
Cortese, B. Mechanical Durotactic Environment Enhances Specific Glioblastoma Cell Responses. Cancers 2019, 11, 643. [CrossRef]

73



Cancers 2021, 13, 5144

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

Bloomekatz, J.; Grego-Bessa, J.; Migeotte, I.; Anderson, K.V. Pten regulates collective cell migration during specification of the
anterior-posterior axis of the mouse embryo. Dev. Biol. 2012, 364, 192-201. [CrossRef] [PubMed]

Giampieri, S.; Manning, C.; Hooper, S.; Jones, L.; Hill, C.S.; Sahai, E. Localized and reversible TGFbeta signalling switches breast
cancer cells from cohesive to single cell motility. Nat. Cell Biol. 2009, 11, 1287-1296. [CrossRef] [PubMed]

Marhuenda, E.; Fabre, C.; Zhang, C.; Martin-Fernandez, M.; Iskratsch, T.; Saleh, A.; Bauchet, L.; Cambedouzou, J.; Hugnot, J.P;
Duffau, H.; et al. Glioma stem cells invasive phenotype at optimal stiffness is driven by MGATS5 dependent mechanosensing. J.
Exp. Clin. Cancer Res. 2021, 40, 139. [CrossRef] [PubMed]

Funamoto, S.; Meili, R.; Lee, S.; Parry, L.; Firtel, R.A. Spatial and temporal regulation of 3-phosphoinositides by PI 3-kinase and
PTEN mediates chemotaxis. Cell 2002, 109, 611-623. [CrossRef]

Tamura, M.; Gu, J.; Matsumoto, K.; Aota, S.; Parsons, R.; Yamada, K.M. Inhibition of cell migration, spreading, and focal adhesions
by tumor suppressor PTEN. Science 1998, 280, 1614-1617. [CrossRef] [PubMed]

Deng, L.; Li, G.; Li, R;; Liu, Q.; He, Q.; Zhang, J. Rho-kinase inhibitor, fasudil, suppresses glioblastoma cell line progression
in vitro and in vivo. Cancer Biol. Ther. 2010, 9, 875-884. [CrossRef] [PubMed]

Balzer, EM.; Tong, Z.; Paul, C.D.; Hung, W.C,; Stroka, K.M.; Boggs, A.E.; Martin, S.S.; Konstantopoulos, K. Physical confinement
alters tumor cell adhesion and migration phenotypes. FASEB |. 2012, 26, 4045-4056. [CrossRef] [PubMed]

Smith, C.L.; Kilic, O.; Schiapparelli, P.; Guerrero-Cazares, H.; Kim, D.H.; Sedora-Roman, N.L; Gupta, S.; O'Donnell, T.; Chaichana,
K.L.; Rodriguez, EJ.; et al. Migration Phenotype of Brain-Cancer Cells Predicts Patient Outcomes. Cell Rep. 2016, 15, 2616-2624.
[CrossRef] [PubMed]

Butcher, D.T.; Alliston, T.; Weaver, V.M. A tense situation: Forcing tumour progression. Nat. Rev. Cancer 2009, 9, 108-122.
[CrossRef] [PubMed]

Charras, G.T.; Hu, C.K.; Coughlin, M.; Mitchison, T.J. Reassembly of contractile actin cortex in cell blebs. J. Cell Biol. 2006, 175,
477-490. [CrossRef]

Fernandez-Borja, M.; Janssen, L.; Verwoerd, D.; Hordijk, P.; Neefjes, ]. RhoB regulates endosome transport by promoting actin
assembly on endosomal membranes through Dial. J. Cell Sci. 2005, 118, 2661-2670. [CrossRef] [PubMed]

Deakin, N.O.; Turner, C.E. Distinct roles for paxillin and Hic-5 in regulating breast cancer cell morphology, invasion, and
metastasis. Mol. Biol. Cell 2011, 22, 327-341. [CrossRef]

Petrie, R.J.; Harlin, HM.; Korsak, L.I.; Yamada, K.M. Activating the nuclear piston mechanism of 3D migration in tumor cells. J.
Cell Biol. 2017, 216, 93-100. [CrossRef] [PubMed]

Raab, M.; Swift, J.; Dingal, P.C.; Shah, P.; Shin, J.W.; Discher, D.E. Crawling from soft to stiff matrix polarizes the cytoskeleton and
phosphoregulates myosin-II heavy chain. J. Cell Biol. 2012, 199, 669-683. [CrossRef] [PubMed]

Gundersen, G.G.; Worman, H.J. Nuclear positioning. Cell 2013, 152, 1376-1389. [CrossRef] [PubMed]

Maninova, M.; Klimova, Z.; Parsons, ].T.; Weber, M.].; Iwanicki, M.P.; Vomastek, T. The reorientation of cell nucleus promotes the
establishment of front-rear polarity in migrating fibroblasts. J. Mol. Biol. 2013, 425, 2039-2055. [CrossRef] [PubMed]

Maiuri, P; Rupprecht, ].E.; Wieser, S.; Ruprecht, V.; Benichou, O.; Carpi, N.; Coppey, M.; De Beco, S.; Gov, N.; Heisenberg, C.P;
et al. Actin flows mediate a universal coupling between cell speed and cell persistence. Cell 2015, 161, 374-386. [CrossRef]
[PubMed]

Doyle, A.D.; Wang, EW.; Matsumoto, K.; Yamada, K.M. One-dimensional topography underlies three-dimensional fibrillar cell
migration. J. Cell Biol. 2009, 184, 481-490. [CrossRef] [PubMed]

Sharma, P; Sheets, K.; Elankumaran, S.; Nain, A.S. The mechanistic influence of aligned nanofibers on cell shape, migration and
blebbing dynamics of glioma cells. Integr. Biol. 2013, 5, 1036-1044. [CrossRef]

Estabridis, H.M.; Jana, A.; Nain, A.; Odde, D.J. Cell Migration in 1D and 2D Nanofiber Microenvironments. Ann. Biomed. Eng.
2018, 46, 392-403. [CrossRef] [PubMed]

Clayton, N.S.; Ridley, A.J. Targeting Rho GTPase Signaling Networks in Cancer. Front. Cell Dev. Biol. 2020, 8, 222. [CrossRef]
[PubMed]

Svensmark, J.H.; Brakebusch, C. Rho GTPases in cancer: Friend or foe? Oncogene 2019, 38, 7447-7456. [CrossRef] [PubMed]

74



cancers

Review

3D Printing and Bioprinting to Model Bone Cancer: The Role of
Materials and Nanoscale Cues in Directing Cell Behavior

Tiziana Fischetti 1, Gemma Di Pompo 2 Nicola Baldini 2-3*, Sofia Avnet 't and Gabriela Graziani

Citation: Fischetti, T.; Di Pompo, G.;
Baldini, N.; Avnet, S.; Graziani, G. 3D
Printing and Bioprinting to Model
Bone Cancer: The Role of Materials
and Nanoscale Cues in Directing Cell
Behavior. Cancers 2021, 13, 4065.
https://doi.org/10.3390/
cancers13164065

Academic Editors: Nicola
Contessi Negrini, Alessandro Franchi

and Serena Danti

Received: 12 July 2021
Accepted: 6 August 2021
Published: 12 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3,%,1

Department of Biomedical and Neuromotor Sciences, Alma Mater Studiorum-Universita di Bologna,
40138 Bologna, Italy; tiziana.fischetti2@unibo.it (T.F.); sofia.avnet3@unibo.it (S.A.)

Biomedical Science and Technologies Lab, IRCCS Istituto Ortopedico Rizzoli, 40136 Bologna, Italy;
gemma.dipompo@ior.it

3 Laboratory of NanoBiotechnology, IRCCS Istituto Ortopedico Rizzoli, 40136 Bologna, Italy

*  Correspondence: Nicola.baldini@ior.it (N.B.); gabriela.graziani@ior.it (G.G.)

1t Equal contribution.

Simple Summary: Three-dimensional bioprinting is a promising tool for the study of cancer devel-
opment and progression in bone, as it permits modeling the complexity of the microenvironment
and cell-to-cell interactions. To this aim, an ideal model should combine a proper structure design,
biomaterials selection, and the cellular counterpart. In this review, 3D-bioprinted bone systems
obtained by different bioinks, and strategies, are discussed, aimed at mimicking the bone cancer mi-
croenvironment. The main challenges and unmet needs to reach perfect biomimicry are highlighted.

Abstract: Bone cancer, both primary and metastatic, is characterized by a low survival rate. Currently,
available models lack in mimicking the complexity of bone, of cancer, and of their microenviron-
ment, leading to poor predictivity. Three-dimensional technologies can help address this need,
by developing predictive models that can recapitulate the conditions for cancer development and
progression. Among the existing tools to obtain suitable 3D models of bone cancer, 3D printing and
bioprinting appear very promising, as they enable combining cells, biomolecules, and biomaterials
into organized and complex structures that can reproduce the main characteristic of bone. The
challenge is to recapitulate a bone-like microenvironment for analysis of stromal—cancer cell interac-
tions and biological mechanics leading to tumor progression. In this review, existing approaches to
obtain in vitro 3D-printed and -bioprinted bone models are discussed, with a focus on the role of
biomaterials selection in determining the behavior of the models and its degree of customization. To
obtain a reliable 3D bone model, the evaluation of different polymeric matrices and the inclusion of
ceramic fillers is of paramount importance, as they help reproduce the behavior of both normal and
cancer cells in the bone microenvironment. Open challenges and future perspectives are discussed to
solve existing shortcomings and to pave the way for potential development strategies.

Keywords: 3D printing; 3D bioprinting; bone cancer; calcium phosphates; bone model; orthopedics

1. Introduction

Bone cancer can arise as primary (sarcomas) or metastatic lesions. Bone sarcomas,
including osteosarcoma and Ewing’s sarcoma, are highly aggressive tumors, mainly affect-
ing pediatric patients and young adults [1]. Although the advent of chemotherapy has
considerably prolonged life expectancy, bone sarcomas are still associated with a 5-year
survival rate of approximately 50-60% due to their resistant or recurrent nature, thus
representing a leading cause of cancer-related death in young people [2]. Bone is also
the third most common metastatic site in patients affected by breast, prostate, lung, and
renal carcinoma. Bone metastatic progression leads to 90% of death from cancer [3,4]
and is associated with a significant decrease in the 5-year survival rates [5-9] and severe
morbidities, including pain, fracture, hypercalcemia, and spinal cord compression [7,10,11].
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At this stage, the disease is usually considered incurable, and treatment is only palliative,
consisting of pain-relieving medication, radiation therapy, and surgery [12-14].

To date, the availability of tissue samples of bone cancers has been limited by the
difficulty of reaching the bone site. Furthermore, adjuvant therapy is often administered
prior to surgery. Because the therapy has some cytotoxicity, it may alter the integrity of
DNA, RNA, and proteins, or interfere with the metabolic and the proliferation activities
of cells of the tumor microenvironment, all prior to tissue sampling. As a consequence,
this may alter the native characteristics and behavior of cells, thus affecting the relative
molecular and morpho-histological analyses [15]. Consequently, the study of the biological
mechanisms underlying bone tumors and the development of successful strategies for
their treatment and prevention are very difficult. In this context, preclinical modeling of
bone microenvironment appears to be a crucial and promising challenge. For decades,
evaluation of cancer cell proliferation, migration, invasion, and drug response has relied
on two-dimensional (2D) in vitro cell culture systems. However, such models fail to mimic
the spatial, biochemical, and mechanical complexity of the native three-dimensional (3D)
tumor microenvironment, that is, tissue architecture, severely limiting their interpretation
in the study of primary and secondary bone cancer [2]. In vivo models overcome these
drawbacks by mimicking the physiological context of tumor growth and progression, thus
being more predictive of drug response compared to 2D cultures. Nevertheless, studies
on animals are limited by ethical concerns, species-specific differences, and high costs. In
addition, non-spontaneous cancer models, such as syngeneic, xenografts, or orthotropic
models, also fail to recapitulate the paracrine circuits by which the bone niche modulates
bone cancer progression and response to treatments. This is because they often develop
too rapidly, which impedes the establishment of the natural interactions between cancer
cells and stromal cells that occur in vivo [16-18].

Three-dimensional in vitro models can help to bridge the gap between preclinical
in vitro and in vivo models, as they are highly reproducible, affordable, support the use
of human cells, and can recapitulate the key features of the bone tumor niche, such as 3D
cell-cell and cell-extracellular matrix (ECM) interactions, therefore facilitating mechanistic
and drug response studies [19,20]. To this aim, to date, various 3D techniques have been
developed, including multicellular spheroids, microfluidic chips, cell patterning techniques,
and 3D printing [21]. Thanks to the combination of these advanced technologies with
different types of biomaterials, versatile approaches can be obtained to develop 3D cellular
constructs that can recapitulate the tumor microenvironment complexity.

To study bone tumors, the model shall mimic as closely as possible the composition
and properties of the native bone tissue, merging biological and materials science-related
requirements. Bone, however, is a complex tissue, composed of a mineral and an organic
phase, and by cells, all arranged in a highly hierarchical structure [22-24]. Therefore,
the model shall also possess a certain degree of complexity and fulfill several require-
ments. Among these, (i) excellent biocompatibility, (ii) suitable surface properties, (iii) ade-
quate mechanical properties, (iv) a porous structure that can allow cell colonization and
vascularization, and (v) tailored degradability are those identified as mandatory in the
literature [22,25,26].

In this scenario, 3D bioprinting offers new perspectives, as it allows easily producing
porous structures having finely tunable architecture, mechanical properties, and composi-
tion [27,28]. In these models, surface characteristics (morphology and roughness) can be
modulated from the macro to the submicrometric scale by tailoring the model shape and
porosity. By loading the models with nanoscale materials (nanocoatings or nanoparticles),
features at the nanoscale can also be obtained while creating a hybrid organic/inorganic
composition. The use of inorganic micro- or nano-fillers permits increasing printing fidelity,
and further modulates degradability, stability, mechanical properties, and interactions
with host cells [29-33]. However, in 3D printing, cells can be seeded onto the scaffolds
but cannot be incorporated in the fibers, hindering the study of cell-cell and cell-ECM
interactions [34,35]. To address these limitations, 3D bioprinting can be used to create
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complex in vitro cancer and bone models that can replicate different aspects of the 3D
tumor microenvironment [36-38] and may be useful for understanding tumor heterogene-
ity and identify those mechanisms responsible for tumor progression and resistance to
therapy [36,39]. More in detail, 3D bioprinting permits: (i) printing multiple cell types,
including cancer and normal cells associated with the tumor microenvironment [40]; (ii) en-
abling the formation of vessel-like structures that are crucial to study the metastatic process
and to assess anti-cancer drug delivery and responses [41]; (iii) modulating the composition
of the exogenous ECM for what regards both the inorganic matrix and the various growth
factors or signaling molecules [36,38]. This is important as it permits simulating the loose
or dense connective tissues surrounding the cells in the tumor microenvironment, thus
providing a reliable re-establishment of the existing crosstalk between cancer cells and
neighboring matrices [21,38]. Consequently, both 3D printing and bioprinting, combined
with nanoscale materials, appear promising to simulate specific properties of the bone
tissue and study cancer.

In summary, biofabrication technologies, combined with specifically engineered mate-
rials, enable the printing of biomimetic 3D structures with detailed morphological features,
from the millimeter to nanometer range [42], and fine control over the spatial positioning
of cells during the bioprinting process [43-46]. For this reason, 3D printing and bioprint-
ing have opened new routes, overcoming the limitations of overly simplified traditional
2D cultures in mimicking heterogeneity and complexity of both native [40] and tumor
tissues [36,38].

In this review, we will focus on new trends in the development and manufacturing of
3D osteomimetic scaffolds obtained through additive manufacturing techniques for the
study of osteosarcoma and bone metastases. The state of the art and advances regarding
novel organic/composite bioinks, inorganic fillers, and new strategies for biomimetic
scaffold development are systematically reviewed, and the main challenges, opportunities,
and future perspectives are highlighted.

2. The Bone Microenvironment: Key Features for 3D Modeling of Bone Cancer

Bone sarcomas and bone metastases share the same environment and niche. Once
established in bone, they interact with normal resident cells and with physical stimuli,
including mechanical stress and hypoxia [47]. When cancer cells colonize the bone com-
partment, they start to proliferate, invade, and disrupt the normal bone matrix and acquire
an osteomimetic phenotype, thereby interacting with bone cells [48-52].

2.1. Interaction with Normal Cells

The cellular environment of the bone tumor niche is comprised of complex and
dynamic interactions between tumor and normal resident cells, including osteoblasts,
osteoclasts, endothelial, immune, and hematopoietic cells, all of which are implicated in
the pathogenesis of bone cancers [48]. Invading cancer cells strongly affect the activity
of osteoblasts and osteoclasts (bone-forming cells and bone-resorbing cells, respectively),
thereby disrupting the physiological balance of bone remodeling. Therefore, abnormal bone
tissue formation and/or dysregulated bone resorption may occur, resulting in osteoblastic
or osteolytic lesions [53] (Figure 1).

In osteoblastic lesions (i.e., osteosarcoma and prostate cancer metastases), tumor-
derived growth factors (i.e., insulin growth factors (IGF)-1 and -2, transforming growth
factor-beta (TGF-f3), bone morphogenetic proteins (BMPs), platelet-derived growth factor
(PDGF), endothelin-1 (ET-1), and fibroblasts growth factors (FGFs)) stimulate the differenti-
ation and bone-forming activity of osteoblasts. In turn, osteoblasts produce growth factors
that further stimulate tumor growth, such as interleukin-6 (IL-6), monocyte chemoattractant
protein 1 (MCP-1), or vascular endothelial growth factor (VEGF) [54].
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Figure 1. Schematic depiction of vicious cycle of bone metastasis involving the complex mutual interactions between
tumor cells and bone cells in osteoblastic and osteoclastic bone lesions. Tumor cells secrete pro-osteoblastic (i.e., IGF-1
and -2, TGF-f3, BMPs, PDGF, ET-1, and FGFs) or pro-osteoclastic (i.e., RANKL, IL-6, IL-8, IL-11, TNF-&, VEGF, and PTHrP)
mediators (blue arrows) that induce bone formation or bone resorption, respectively. In turn, in osteoblastic lesions,
osteoblasts produce pro-tumor growth factors (i.e., IL-6, MCP-1, and VEGF) that further stimulate the growth of cancer
cells (red arrows). In osteolytic lesions, osteoclast-mediated bone resorption induced by cancer cells triggers the release
of pro-tumor growth factors (i.e., IGFs and TGF-3) from the bone matrix, thus fueling the vicious cycle of cancer growth
(red arrows).

In cancer-induced osteolytic bone disease, such as breast cancer metastases, cancer cells
secrete a variety of cytokines and growth factors, including receptor activator of nuclear
factor kappa-B ligand (RANKL), IL-6, IL-8, interleukin 11 (IL-11), tumor-necrosis factor-
alpha (TNF-«), vascular endothelial growth factor (VEGF), and parathyroid hormone-
related protein (PTHrP) [32], which directly or indirectly stimulate osteoclasts to resorb
bone. The process of bone resorption, in turn, causes the release of additional growth
factors from the matrix, such as IGFs and TGF-§3, that can also favor cancer progression [48].
Among the paracrine pro-osteoclastogenic factors produced by cancer cells, RANKL,
PTHrP, IL-11, and VEGF have particular relevance [55]. Furthermore, in the acidic tumor
microenvironment, tumor-activated osteoblasts or mesenchymal stromal cells (MSCs) can
secrete inflammatory cytokines, such as IL-6 and IL-8, that, in turn, further boost bone
disruption and tumor progression [56].

However, only taking into consideration the interactions of osteoblasts and osteo-
clasts with tumor cells is an oversimplification. In fact, as for lung [57,58], brain [59-61],
colon [62,63], and breast cancer [41,59], tumor-induced vasculature is a critical factor for the
survival and proliferation of cancer cells in bone. During the uncontrolled growth of the
tumor, oxygen and nutrient deprivation strongly stimulate the pro-angiogenic activity of
tumors cells, inducing the secretion of angiogenic growth factors and cytokines, such VEGF
and IL-8, into the surrounding extracellular microenvironment. This dysregulated signal-
ing pathway activates the adjacent endothelial cells and perivascular cells, causing the
recruitment of new blood vessels, which further support the growth of the tumor [64,65].
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In summary, modeling the complex interactions between resident bone cells and
tumor cells by considering all the different cellular players is crucial to recapitulate the
molecular and cellular mechanisms of bone cancers in vitro.

2.2. Interaction with the Bone Matrix

Upon spreading to the skeleton, cancer cells not only interact with bone cells but
also with the ECM. The latter is a dynamic structure including both organic and inorganic
components that contribute to the functioning of the musculoskeletal system [66]. Although
it is mainly composed of type I collagen (=90%) [67], bone ECM also comprises several
non-collagenous proteins, including fibronectin and lysyl oxidase (LOX). The inorganic
phase of bone (~75-80 wt.%), instead, is constituted by biogenic apatite (BA) nanocrystals
(also called biological hydroxyapatite, or bone apatite), which allow for mineral exchange.

Biophysical properties of bone ECM are crucial in determining cell phenotype and
behavior, both in normal and cancer cells. In fact, (i) the cell-matrix interactions in bone
can affect cell migration, proliferation, survival, and remodeling [68], and (ii) ECM cues
can promote tumor growth and decrease the response to therapeutics [69]. In addition,
(iii) ECM stiffness can modulate the stemness and the expression of epithelial-mesenchymal
transition (EMT) markers in osteosarcoma cells [70]. Finally, (iv) several studies have shown
that hydroxyapatite (HA, Ca;9(PO4)s(OH),) can affect the behavior of normal and cancer
cells [29,71], thereby validating the importance of including the ceramic counterpart in 3D
in vitro tumor models [72]. In conclusion, reproducing a composition as similar as possible
to that of native tissue is crucial to investigate how cues provided by the bone matrix can
modulate cancer cell phenotype, growth, and chemoresistance.

3. Additive Manufacturing for Printing Bone-like Tissues

In bone oncology, the development of 3D models by additive manufacturing is still
at its early stages, and several key issues are yet to be investigated. On the contrary, in
orthopedics, biomimetic 3D constructs have been largely applied for the regeneration and
repair of native bone tissue [44,73-78]. The knowledge acquired in this field can thus
be advantageously translated to create models and solutions for the study of cancer cell
development and progression in bone.

3.1. Printing Versus Bioprinting

Additive manufacturing is a very promising and versatile technique that allows the de-
velopment of 3D constructs through a layer-by-layer process in which various biomaterials
can be combined and possibly mixed with different cell types and /or growth factors [79,80].
Additive manufacturing is referred to as 3D bioprinting or printing, respectively, depend-
ing on whether cells are included in the printing process. Embedding the cells into the ink
has some advantages and drawbacks that depend on the tissue to model and its specific
characteristic. Models manufactured by 3D printing require the cell to be seeded on the
surface of 3D constructs, so the technique is also known as “indirect bioprinting”. These
models permit high freedom in the choice of the materials to be printed, so they better
mimic mechanical and structural properties of bone, as well as its degradation profile [80].
The so-obtained models may have long-term stability and can be inserted into bioreactors.
However, seeding cells onto the 3D constructs does not allow for homogeneous cell disper-
sion and scaffold colonization [81,82], thus partially allowing for the simulation of cell—cell
and cell-ECM interactions.

Instead, 3D bioprinting permits the creation of a defined distribution of cells and/or
biomolecules inside the ink and hence across the fibers of the whole scaffold [26,45,83],
which is necessary to mimic the biological complexity of cancer [44,84]. In addition, the
use of natural hydrogels, having high water content, guarantees high biocompatibility
and the possibility to tune the chemical and physical characteristics of the ink (including
viscosity, crosslinking, and concentration, all determining shear stress) by selecting the
appropriate polymeric matrix. As a consequence, they permit creating a microenvironment
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compatible with the medium-term survival of the cells embedded in the ink [85]. However,
different from 3D-printed scaffolds, 3D-bioprinted constructs show limited mechanical
properties and lower stability, so the models are not suitable for applications that require
mimicking mechanical stress or are for use in bioreactors. In bone 3D printing, the most
used synthetic polymers are polycaprolactone (PCL) [86-90], polyethylene glycol diacrylate
(PEGDA) [31,78], and polylactic acid (PLA) [41], because of their mechanical strength, struc-
tural properties, and biocompatibility, both in vitro and in vivo. These polymers, largely
used for 3D printing, have high rigidity and slow degradation rate [28,87,91]. However,
they need to be processed in aggressive conditions (dilution in acid/toxic solvents and/or
at high temperature) and cannot incorporate cell media [28,87]. Hence, cell loading of the
polymeric fibers is impeded, which makes them unsuitable for bioprinting.

An optimal ink for 3D bioprinting shall fulfill the needs of high printing fidelity, shape
maintenance, cell viability, and function [79]. These outcomes are affected by several pa-
rameters, both depending on the ink, such as: (i) chemical composition, including polymer
concentration and molecular weight [85,92]; (ii) viscosity (hydrogels with shear-thinning
characteristics are desired [92,93]), and cell density (suitable cell concentration in the or-
der of 10° cells/mL, corresponding to approximately 5% of the total bioink volume [44]).
The chemical composition of the ink is the main parameter regulating cells response, as
described in Section 3.3.2. However, the ink’s physical characteristics (i.e., polymer concen-
tration, viscosity, and crosslinking mechanism) also have importance in determining cells
viability in the short, medium, and long term [79,85,94,95].

More in detail: (i) high polymer concentrations permit obtaining dense polymer
chains, resulting in increased mechanical properties and stiffness. However, increased
density causes a lower diffusion rate of the nutrients, which reduces cell viability and
proliferation [79,96]. (ii) High viscosity increases printability and shape fidelity but also
shear stress, which negatively impacts cells viability [79,95,97]. Similarly, (iii) a high
degree of crosslinking increases mechanical properties but decreases cell viability [79,85,95].
Consequently, the bioink choice is not trivial, as it depends on multiple and opposing
parameters (Figure 2). For an extensive overview, see [68,69].

Based on these considerations, in 3D bone bioprinting, natural polymers are preferred,
such as alginate [73,98-101], gelatin [98,100,102], and gelatin methacrylate (GelMA) [103-106],
silk fibroin [107,108], chitosan [75,109,110], hyaluronic acid [76,111], fibrin [86,112], and
collagen [31,109,113]. Considering biomimicry, collagen and its denatured counterpart,
gelatin, are the most promising, although alginate is often preferred due to the easiness
of printing. The selection of the hydrogel is of paramount importance, as it determines
printability (shape fidelity and printing conditions), cell survival, and cell-cell interactions.
Furthermore, for the development of bone tumor models, it must be considered that 70-75%
of bone is composed of a mineralized phase [24,67,114,115], BA, which is a multi-substituted
nanocrystalline HA. This phase has a strong influence on tumor and bone cell behavior
(viability, morphology, differentiation, etc.) and promotes cancer cells’ proliferation and
release of IL-8 [29,71]. For this reason, a mineralized model can be more suitable than a
polymeric one for the study of bone cancer. As already reported, there are two ways to
include a mineralized fraction in 3D-printed and bioprinted scaffold: directly by adding
micro/nanoparticles in the osteomimetic ink [30,31,116,117] or by grafting on the surface
as a coating [117,118], the latter being more diffused in 3D printing technology [119].
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Figure 2. Trend of printability and shape maintenance depending on bioink viscosity (related to ink
concentration) and crosslinking degree. Bioink type and the reported parameters need evaluation
for each 3D bioprinting experiment. Generally, low/intermediate values of these parameters are
preferable to guarantee cell viability.

Although a wide and increasing number of studies investigate 3D printing of biomimetic
inks for applications in bone tissue regeneration, to date, only a few focus on 3D printing for
bone tumor modeling, and an even lower number takes into account bioprinted constructs
for tumor modeling (Figure 3). Moreover, not all the performed studies consider the
inclusion of a biomimetic or non-biomimetic ceramic phase. Detailed examples and results
will be reported in the next paragraphs. However, the increasing trend of research studies
on these topics clearly shows their relevance.
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Figure 3. Comparison of uses of 3D printing and 3D bioprinting approaches over time (based
on Web of Science, type of document was article, keywords for “3D printing” AND “bone” AND

“regeneration”, “3D printing” AND “bone” AND “cancer”, “3D bioprinting” AND “bone” AND
“regeneration” and “3D bioprinting” AND “bone” AND “cancer”).

3.2. Bioactive and Bioinert Bioceramic Fillers in Bioprinting

Bioceramic can be used to functionalize both natural and synthetic polymers and tune
mechanical properties, viscosity, and/or stability of the ink, as well as its architecture and
biological properties [74,120-122]. In particular, the addition of bioceramic fillers, inde-
pendently of their composition, provides increased mechanical properties [121,123,124],
partially overcoming the intrinsic limitations of the hydrogels. At the same time, they affect
the rheological characteristics of the inks and permit higher shape fidelity and stability
over time [31,125]. To these aims, both bioinert and bioactive compounds can be selected.

However, the use of bioactive compounds (calcium phosphates CaPs and/or bioactive
glasses—BG) can provide additional benefits: (i) the release of ions (such as Ca, P, Mg,
Na, etc.) that are present in bone, simulating the tissue environment and interacting with
healthy and tumor cells; (ii) topographical cues both at the micro- and the nano-scale, that
can support cells adhesion to the models surface and directly influence their behavior
(for instance, Nano-HA particles/coatings has been reported to direct early differentiation
of MSCs [126-128]). Increased adhesion, in turn, facilitates seeding, cell spreading, and
proper colonization of all parts of the model.

Among the most investigated bioceramic (for a detailed description of different types
of bioceramic, see [129,130]), hydroxyapatite [31,75,99] is the most used because of its
similarity to the inorganic phase of bone. However, although bone apatite is somehow
similar to pure HA, they differ in terms of composition, ion doping, stoichiometry, crys-
tallinity degree, crystal size/morphology, and, consequently, solubility and ions release
into the biological medium [131]. Indeed, BA is characterized by low crystallinity and
a high solubility and is ion-doped. In BA, carbonate ions substitute for hydroxide and
phosphate ions, changing into the formula Cajj.5y/3(PO4)6-x(CO3) x(OH),. /3. Besides car-
bonates, BA contains a significant amount of foreign ions, such as magnesium, fluorine,
strontium, silicate, zinc, and manganese, all having specific and significant biological
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roles [72]. Thus, in comparison to pure or stoichiometric HA, ion-substituted or BA bet-
ter mimics normal bone tissue [72]. As a demonstration, a large number of studies on
bone tissue regeneration have confirmed that BA improves adhesion and proliferation
of osteoblast-like cells and osteogenic differentiation of osteoblast precursors, as demon-
strated by increased alkaline phosphatase (ALP) and mineralization activity, both in vitro
and in vivo [31,116,124,132-141].

Due to its putative pro-tumorigenic effect [142], HA has also been used to model bone
cancers, in particular, osteolytic bone metastases from breast carcinoma [106,116]. Typically,
secondary tumor formation in bone is considered a function of bone resorption because the
degradation of bone mineral matrix releases bioactive ions and soluble growth factors that,
in turn, are critical for the proliferation of both normal and cancer cells [143]. However,
insoluble cues inherent to the inorganic component of the bone mineral matrix may also
regulate metastatic growth by promoting adhesion, proliferation, and colonization of tumor
cells, as highlighted in [116] when comparing a mineralized and a non-mineralized scaffold
for breast cancer modeling. In the same study, the presence of HA in the mineralized
scaffolds also promoted the release of IL-8 from breast cancer cells that, in turn, exerted pro-
tumorigenic and pro-osteolytic effects [71], thereby supporting the vicious cycle of tumor
growth and bone resorption. Hence, incorporation of a bone-like mineralized component
into engineered cancer models may allow the study of the molecular mechanisms behind
HA-induced metastasis in bone or, possibly, the study of HA-promoted drug resistance of
cancer cells in bone. In another study on the same type of cancer [29], the effects of HA
particles were studied by varying their size, crystallinity, and synthesis route, and assessing
their effects on protein adsorption, cancer cells adhesion, growth, and IL-8 secretion. Protein
adsorption, cell adhesion, and proliferation increased with decreasing HA crystallinity and
crystal size. In contrast, IL-8 secretion reached the highest level in scaffolds with highly
crystalline HA [29]. Data obtained by this study are very interesting, and it would be
worthy to investigate the same behavior by using other cancer types that are prone to grow
or metastasize to bone. However, although a large body of literature is already available
on the use of functionalized nanoparticles and their biological role [31,117,124,144-146],
research on printing of ion-doped CaPs is only in its early infancy, and further development
is expected in the next years. Finally, of note, all the studied particles were used at one same
scale (e.g., nanoparticles as nanoscale cues to modulate cells colonization in the scaffolds,
but also to boost early differentiation and influence morphology), whereas the study of the
effects of multi-scale particles is still unexplored.

3.3. Bioprinting: Cells and Bioinks
3.3.1. Normal Cells Used in 3D Bioprinting for Mimicking the Bone Microenvironment

The most used cells for 3D bone bioprinting in orthopedics are murine or human
MSCs from either bone marrow or adipose tissue [87,110,113,147-151], murine calvarial
MC3T3-E1 pre-osteoblast cells [46,68,152], and human fetal osteoblasts [105,147,153]. Print-
ing of osteocytes has also been recently proposed [154]. These cells, when cultured in
osteoinductive media or in media added with growth factors (i.e., bone morphogenic
protein-2 BMP-2 [76,132,155-158], FGE-2 [112,159], VEGF [74,147]) and/or other additives
(i.e., Ca*™*) [102,107], express osteogenic markers (i.e., ALP, osteonectin (ON), osteopon-
tin (OPN), osteocalcin (OCN)) and markers of late osteocyte phenotype (i.e., podoplanin
(PDPN) and sclerostin (SOST)), and are able to mineralize.

3.3.2. Biomimetic Inks

An ideal biomimetic ink for cancer modeling should mimic the structural, physico-
chemical, and biological properties of ECM. Indeed, to study the mechanisms underlying
tumorigenesis and cancer progression, biomimetic inks should mimic the substrate on
which the tumor develops and grows. On the other hand, they should reproduce ECM-
cells interactions, thereby allowing the study of the mechanisms occurring in osteolytic or
osteoblastic lesions, both in primary and secondary bone tumors.
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Silk fibroin and chitosan [75,107,110,120,158,160,161], collagen [113,133,145,150,154]
and hyaluronic acid [76,78,116,148,151], chemically modified (i.e., methacrylation reaction)
or used in blends [98,105,116,161] are among the most widely natural hydrogels employed
to induce bone formation. These polymers have biological and chemical features resem-
bling the organic ECM components of bone native tissue. To best mimic bone ECM, the
addition of inorganic counterparts as bioceramic (i.e., bioactive glass [30,31,87,100,156], 3-
tricalcium phosphate (TCP) [89,130,162], HAs [31,73,75,99,122,149], and nanoclays in pow-
ders or micron (nanoparticles) [74,78]) has been fully investigated. Three-dimensional bio-
printing is promising in the obtainment of 3D cell-laden constructs based on osteomimetic
inks combining polymeric matrix and ceramic fillers. To date, positive results have already
been obtained regarding either the process, such as printability and extrudability, and
the properties resulting from the obtained constructs, such as mechanical strength and
stability maintenance. For instance, increased osteogenic ability and mineralization were
obtained by using Laponite nanosilicates [74,78], Poly-Ca?*complex (i.e., PolyP mixed with
CaCly) [30,98] and B-TCP particles [89,130,162], even in absence of an osteogenic medium.
These data offer important insights for the development of biomimetic models, as the same
technologies can be adapted to reproduce “synthetic bone” with mineralized fractions. To
this regard, the studies carried out for bone regeneration also stress the importance of an
accurate selection of the following material characteristics: (i) composition (for instance,
differences in biological behavior were assessed between scaffolds doped with different BG,
with higher mineralization for borate instead of silicate glasses [30,71,152]); (ii) morphology
(particle shape, dimensions, and surface features affect the overall behavior of the scaffold);
and (iii) mechanical properties.

Most of the studies focus on HA, as it more closely resembles the composition of bone.
HA positively influences mechanical and biological properties of the constructs, including
the extent of mineralization and collagen production exerted by host cells [73,75,99,156],
besides their osteogenic differentiation [19]. In these terms, HA shows more promising
results compared to BG nanoparticles [31]. It has also been observed that results in osteoin-
duction and mineralization may be affected by the hydrogel combination with HA and by
the specific characteristics of HA particles (for instance, carbonated HA nanoparticles show
increased solubility and hence bioactivity, compared to the stoichiometric counterpart [75];
see Section 3.2).

3.3.3. Vascularized 3D-Bioprinted Bone-like Constructs

Along with the addition of inorganic fillers, a bioprinted model of bone cancer should
incorporate vasculature, as it is essential to mimic both normal and cancer cell behavior. In
normal musculoskeletal development and regenerative processes, blood vessels have differ-
ent functions: (i) providing an efficient transport network for molecules and hematopoietic
cells, (ii) nourishing niches for hematopoietic stem cells that reside within the bone marrow,
and (iii) supporting bone formation and homeostasis [163]. On the other hand, during can-
cer progression, tumor-induced vascularization fosters tumor growth and dissemination
by providing oxygen and nutrients and by supporting the intravasation and extravasation
of cancer cells [164]. Tumor angiogenesis is initiated by environmental stresses, such as
hypoxia and acidosis, leading to a disequilibrium in the pro-/anti-angiogenic balance and
consequently to the increased expression of pro-angiogenic factors, including hypoxia-
induced factor (HIF) and VEGE. Although the formation of a tumor vascular network starts
from the existing healthy blood vessels, its expansion may be aided by additional processes,
such as vasculogenesis and vascular mimicry [165].

Therefore, the development of 3D-bioprinted bone-like constructs incorporating vas-
culature is essential to recapitulate and study the multistep process of cancer development
in bone, both for primary tumors and metastases. To reproduce the osteogenic and vas-
culogenic niches of bone in vascularized bone constructs, different approaches have been
reported [86,104,118,152,165-168]. These include different combinations of composite ma-
terials (i.e., natural hydrogels blended with rigid polymers and bioceramic fillers) and
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cell types (i.e., MSCs and human umbilical vein endothelial cell HUVEC). Hence, a func-
tional vascularized bone model should possess: (i) high mechanical stability and durability,
(ii) specific biological cues, and (iii) osteoconductive properties, which can be obtained by
the combined use of rigid /synthetic polymers, natural hydrogels, and bioceramic fillers,
respectively [169]. The fulfillment of these requirements has shown promising results in the
expression of osteogenic and angiogenic markers (i.e., Angiopoietin-1 (Ang-1), FGF-2 and
VEGE). Furthermore, it has been reported that co-culturing HUVECs and MSCs boosted cell
proliferation and vascular network development [166]. Finally, dynamic perfusion culture
through a bioreactor system [168] can be beneficial for both bone and vascular regions, as
the combination of liquid flux and mechanical cues (e.g., shear stress) enhance osteogenic
differentiation, mineralization, and VEGF expression. The here-reported strategies, though
lacking in reproducing the complexity in the combination of the vascular and bone region,
are promising for the development of the vascular network in 3D bone construction.

4. 3D-Bioprinted Models of Bone Cancers

To date, only a few 3D-bioprinted in vitro cancer models have been proposed, and an
even lower number has been published on bone sarcomas and metastases (Table 1). Among
these, the majority exploits indirect 3D bioprinting, where cells (either tumor cells, bone
cells, or co-cultures) are not embedded in the scaffold fibers but seeded onto its surface.
These studies focus on: (i) the effects of scaffolds geometry and composition on cancer cells
proliferation, (ii) cancer cell chemoresistance compared to 2D cultures, and (iii) the effects
of the direct and indirect interplay between stromal and cancer cells.

Regarding bone sarcomas, a few studies have shown the effect of bioceramic fillers on prolif-
eration and mineralization of 3D-bioprinted Saos-2 osteosarcoma cell lines (Section 3.3.2) [30,98].
Notably, although these studies consider SaOS-2 as osteoblast-like cells for bone tissue
engineering applications, the obtained results can be directly translated to models for
osteosarcoma growth in bone.

Among the different types of carcinomas that metastasize to bone, breast cancer is the
most frequent and, hence, the most studied in the field of 3D bioprinting. In particular,
breast cancer cells are often co-cultured with stromal cells of the bone microenvironment,
such as the MSCs and the osteoblasts [19,78,147,170-174], since they support the key
events in breast carcinoma metastasization and progression, including migration and drug
resistance [175,176].

More in detail, Holmes et al. [173] used fused deposition modeling-based 3D bio-
printing for studying bone colonization by breast cancer cells. Three-dimensional bone
scaffolds were obtained by PLA, then modified through carboxyl nanocrystalline HA coat-
ings. Square and hexagon patterns (250 and 150 pum size) were chosen because they mimic
the random orientations of ECM in bone. Among the chosen patterns, small hexagonal
pores were the ones that allowed the highest proliferation of breast cancer cells. This
study confirmed that the nanosurface texturization provided by HA offers a biomimetic
and tunable bone model that can effectively simulate bone invasion and colonization by
metastatic carcinoma cells [173].
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Table 1. Summary of reports on 3D bone bioprinting for the development of 3D bone tumor in vitro models.

3D Printing Technology Materials Type of Cells Results Ref.
PolyPCa?* enhanced structure
. . stability
Alginate, gelatin _ PolyPCa?* metabolic
. N J Sa0S-2 y
Extrusion bioprinter Overlay with agarose layer and (5 x 10° cells/mL) degradation by cells [98]
PolyP-Ca*™* complex (100 uM) PolyPCa?" modulator of gene
expression in Sa0S-2
Add'A]gin?;’e/ lgeIlatT 52052 Formation of mineral nodules
: P ition of PolyD, silica, or Ao~ composed of Ca-phosphate,
Extrusion bioprinter biosilica + BG nanoparticles (5 x 10° cells/mL) Ca—czrbonate phosp 301
(55 nm)
Young’s moduli between 30
and 50 MPa, suitable for
Fused deposition PLA,' MDA-MB-231, biomimetic mechanical cues
modeling HA coating MSCs Effective adhesion of breast [173]
(wet deposition) cancer cells on HA-coated
scaffolds
3D-printed scaffold retains
native characteristics of
Polyethylene glycol (PEG), in vivo tumor
PEG-DA MDA-MB-231 (5 x 10° Homogenous dispersion of
Stereolithography nHA 10 wt% cells/scaffold, HA nanoparticles in the [146]
bioprinter (wet deposition) MSCs scaffold
Grain size: width =25 nm, (1.5 x 10° cells/scaffold) Larger number of spheroids
length = 50-100 nm and enhanced migration when
HA was added to the scaffolds
Homogeneous dispersion of
PEG, PEG-DA MDA-MB-231 HA within the matrix
Stereolithograph nHA 10 wt% (5 x 10° cells/scaffold), nHA—PEG suitable
ereonthograpiy (wet deposition) Human fetal osteoblasts microenvironment for cell [170]
bioprinter Grain size: width = 25 nm, (hFOBS) attachment and proliferation
length = 50-100 nm (5 x 10° cells/scaffold) Multicellular spheroids similar
to natural tumor structure
Uniform porosity and good
; : dispersion of nHA within the
GelMA (different congentratlons), MSCs or osteoblasts (1 x sca?folds
. nHA 10 wt% o
Stereolithography (wet deposition) 10° cells/mL) GelMA + nHA suitable for [147]
bioprinter Grain size: width = 25 nm, MDAé'MB'Z?’l studying MSCs/breast cancer
length = 50-100 nm (1 x 10° cells/mL) and osteoblasts /breast cancer
cells in vitro
Multi-interaction of tri-culture
. GelMA, . (cancer—vessel-tissue)
PEGDA (dlffersr}llt Aconcentratlons) MDA-MB-231 Mechanicgl prqperties lower
Stereolithography diff. . Endothelial cells than physiological range but )
bioprinter (different concentrations) hFOBs suitable for bone cells growth [41]

(wet deposition)
Grain size: width = 25 nm,
length = 50-100 nm

(1 x 10* cells/mL)

Vascular environment
important for directional
migration of cancer cells

Conversely, Zhu et al. used stereolithography-based 3D printing to create 3D bone
models with 500 um and 250 um square and hexagonal pores and co-culture human
MSCs and MDA-MB-231 breast cancer cells on the scaffold. In this study, the authors
demonstrated that pattern geometry greatly influences cell proliferation. Small square
patterns produced the strongest mitogenic effect. In this study, PEG and PEGDA resins
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were functionalized by HA nanoparticles and printed. MDA-MB-231 cells cultured on
the 3D scaffolds were able to migrate and form distinct and spheroidal 3D structures
(Figure 4a(i)), which was not observed in 2D culture. The obtained spheroidal morphol-
ogy was emphasized when MDA-MB-231 were co-cultured with MSCs, thus showing
the effect of the tumor-associated mesenchymal stroma in regulating cancer cell behav-
ior (Figure 4a(ii)). Furthermore, the addition of HA nanoparticles promoted cell-matrix
interactions and the formation of MDA-MB-231 larger spheroids compared to the bare
3D matrix. Finally, MDA-MB-231 cultured on the 3D scaffold showed a phenotype more
resistant to the anti-cancer drug 5-fluorouracil compared to 2D matrices, possibly due
to a reduced drug penetration in the 3D in vitro tumor microenvironment [146]. These
findings further corroborate the existence of differences in the drug sensitivity of cancer
cells when cultured in 3D instead of 2D models. Indeed, it has been widely demonstrated
that 3D models recapitulate cell-matrix interactions and enhanced ECM synthesis, thereby
mimicking the in vivo tumor microenvironment. In turn, ECM deposition reduces the
penetration of drugs into the tumor mass [145], while 2D monolayered cell cultures are
directly exposed to drug treatment.

a) i b)

2D Direct coculture

30 Direct coculture

GelMA+nHA .
MDA-MB-231 Human osteoblats 1

Side view
=

c)

Figure 4. Effect of tumor-healthy cell interactions in co-culture systems and in 3D vs. 2D models. (a) Morphology of breast
cancer cells cultured alone or with MSCs. (i) Confocal images of MDA-MB-231 alone, and (ii) in co-culture with MSCs;
green fluorescence represents Cell Tracker Green™ stained breast cancer cells. Reproduced with the permission of © 2015
Elsevier Inc. All rights reserved [146]. (b) Enhanced spheroid formation by direct co-culture of hFOB and MDA-MB-231
cells on the 3D matrix in comparison to monolayer culture. hFOB and MDA-MB-231 were pre-stained with cell tracker
green and orange, respectively. Reproduced with the permission of © IOP Publishing. All rights reserved [170]. (c) Confocal
micrographs of osteoblasts/breast cancer cells (i) and MSCSs /breast cancer cells (ii) co-cultured in the 3D-bioprinted matrix
after 1, 3, and 5 days. The middle columns represent the cross-sectional views. Osteoblasts and breast cancer cells were
stained by Cell Tracker Green CMFDA dye (green) and Orange CMTMR dye (red), respectively. Reproduced with the
permission of © 2016, American Chemical Society [147]. (d) Development of MDA-MB-231 cells metastasis and colonization
toward bone over 14 d of the culture period. Cell tracker imaging was conducted to monitor the BrCa invasive process,
including breast cancer growth, transendothelial migration, and colonization. The yellow arrows indicate the migration
of invasive breast cancer cells. (i) Immunofluorescent images of hFOB and MDA-MB-231 cells in a vascular environment
with DAPI staining after 14 d of culture. CD31 and vWF staining were used to identify both EC and breast cancer cells.
(ii) Osteogenesis of hFOB was characterized by OCN and OPN staining. Combining CD31 and Ang1l was used to distinguish
the breast cancer cells and endothelial cells. B: bone tissue, V: vessel, T: tumor tissue. Reproduced with the permission of
Wiley-VCH GmbH [41].
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Further confirmation of the possibility to modulate drug response by a 3D biomimetic
environment was shown by Han et al., who demonstrated the ability of a 3D-printed
biomimetic model of the bone niche to host metastatic breast cancer cells isolated from
patient-derived xenografts (PDX). These models showed a drug response to cisplatin
similar to the in vivo model, thus supporting the use of 3D printing for drug testing. This
possibility was also confirmed in other types of cancers, such as cervical [177], brain [60,178],
lung [179], and bladder [179,180]. The quick rising of novel bioprinted models of several
types of cancer for drug screening and personalized medicine approaches, as well as the
increasing trend of publications on bone models for oncology (Figure 3), clearly indicates
that numerous studies will be published in the upcoming years for bone tumors as well.

In another study, PEG/PEGDA + nHA scaffolds were investigated to assess the
interactions between hFOBs and MDA-MB-231 cells. The authors used a stereolithography-
based 3D bioprinter to create 3D bone models with square pore patterns and a transwell
culture system to evaluate the crosstalk between MDA-MB-231 and osteoblasts. In this
system, the two cell populations were physically separated but able to exchange medium
and secreted cytokines. This study aimed to recreate the microenvironment of bone
metastases and to study the effect of bone-invading breast cancer cells on osteoblast
activity, with a specific focus on their effect on cell proliferation, on the synthesis of proteins
necessary for bone repair, and on the secretion of inflammatory cytokines, which may
stimulate osteoclasts activity and are relevant to breast cancer progression in bone [15,181].
The co-culturing induced a significant effect on cells proliferation, increasing proliferation
of MDA-MB-231 cells and decreasing that of hFOBs, respectively. Furthermore, co-culturing
MDA-MB-231 and hFOB cells led to an increase in the secretion of IL-8, both by MDA-MB-
231 and by hFOBs, up to three-fold higher for hFOBs, when in the presence of MDA-MB-231.
Comparing 2D and 3D direct co-culture models, differences were also observed in cancer
cell growth. While in 2D models, cancer cells grew in monolayer regardless of hFOBs
presence (data acquired at 7 days), in 3D-printed matrices, they arranged in spherical
aggregates, forming spheroid-like structures (=100 um diameter) even at early culture time
points (Figure 4b) [170]. Data reported enlightened the importance of both compositional
and morphological cues, alongside the possibility to tune cells response by patterning and
adding bio-and nano-bioceramic. These results pave the way for a systematic study of
these aspects in combination with 3D printing and bioprinting.

The interactions between cancer and stromal cells were also studied by Zhou et al.,
who used a 3D stereolithography-based bioprinting technique to fabricate a 3D biomimetic
bone matrix able to recreate a bone-like microenvironment. In this study, for the first time,
MSCs and osteoblasts were embedded in matrices composed of GeIMA and nanocrystalline
HA, later seeded with breast cells. The model’s aim was to develop a 3D bioprinting
bone tumor model. As for Zhu et al. [170], the addition of cancer cells in the model
reduced the proliferation of both osteoblasts (Figure 4c(i)) and MSCs (Figure 4c(ii)), while
the macromolecules that these two cell types secrete promote cancer cells growth [147].
Additionally, the secretion of VEGF, a crucial regulator of angiogenesis, was overexpressed
in tumor cells in co-cultures with MSCs and osteoblasts, whereas, in the same culture, ALP
activity, a marker of osteogenesis, was decreased for both MSCs and osteoblasts.

Finally, a further example of bioprinting for modeling and studying breast cancer
and the metastasization process to the bone is the study of Cui et al. [41], who used a 3D
stereolithography technology for the creation of a model with three distinct regions: (i) a
compartment enriched with breast cancer cells, (ii) a vessel with endothelial cells, and
(iii) a zone mimicking micro-vascularized bone. The model was developed to study the
metastatic process of carcinoma cells intravasating through the endothelial barrier and
then extravasating to the bone region. To create the distinct regions, GeIMA and PEGDA
were used in different concentrations for cancer and bone matrices, and nHA was added
to the latter to simulate the inorganic phase of bone. GelMA was also employed to print
the vessel interposed between the bone and the cancer matrix. To foster cell seeding on
the printed matrices (hFOBs/endothelial cells and MDA-MB-231 cell on bone and cancer
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matrices, respectively), 3D-printed matrices were mounted on GelMA, and then the vessel
was printed in the central part. It was observed that, over a 7-day culture period, MDA-
MB-231 cells migrated to the bone matrix. Migration was even accelerated by the presence
of endothelial cells in the central vessel, showing the crucial role of these cells in cancer pro-
gression. When MDA-MB-231 cells colonized the bone matrix, hFOBs showed a decreased
proliferation, while MDA-MB-231 were strongly stimulated to a mitogenic phenotype
possibly by the cytokines secreted by osteoblasts, as observed in [170]. Moreover, the
growth of endothelial cells in co-culture was slower than in monoculture, suggesting that
the factors secreted by MDA-MB-231 inhibited endothelial cell proliferation (Figure 4d(i)).
Furthermore, the upregulation of CD31 angiogenic marker and the downregulation of
OPN and OCN (Figure 4d(ii)) confirmed the pro-angiogenic activity and the osteogenic
inhibition of cancer cells [41].

Overall, the reported 3D models show accurate and reproducible results in terms of
mimicking cancer and stromal cell behavior in the bone metastasis microenvironment, thus
representing valuable research tools for bone cancer research.

5. Conclusions and Future Perspectives

Bone cancer (sarcoma and metastases) are associated with high mortality and compli-
cations rate, so more predictive models are needed to study the progression of the disease
and the efficacy of therapy.

Higher predictivity requires a better mimicry of the characteristics of the bone and
the tumor microenvironment, and new biomaterials-assisted strategies can help overcome
this unmet challenge. Among the new strategies, 3D-printed and bioprinted models
can offer new perspectives for mimicking the composition, architecture, and physicome-
chanical characteristics of bone. In addition, the recent development of multi-material
bioprinting systems appears promising to allow the simultaneous deposit of the desired
cell types (i.e., stromal cells, immune cells, cancer-associated fibroblasts, and microvascular
cells [21,36,44]) and the recapitulation of the cancer microenvironment at different stages
of cancer progression. Moreover, preliminary results regarding the inclusion of a vascular-
ization compartment indicate that this approach could significantly improve the biological
and physiological relevance of 3D in vitro cancer models.

However, the development of 3D models is still at its early stages, with very few results
being published. Although the different strategies and results obtained in bone tissue
engineering are a useful benchmark for a deeper understanding and further development
of in vitro bone models, many challenges are yet to be addressed:

Increased cell model complexity. The cellular environment of the bone tumor niche is
comprised of complex and dynamic interactions between tumor and normal resident cells,
but the available studies only consider the interactions of osteoblasts and osteoclasts with
tumor cells, which is an oversimplification.

Better mimicry of ECM complexity in terms of composition, stiffness, and complexity
of the organic and mineral phases. To this aim, the inclusion of HA in the models appears
important, as it dictates normal and tumor cells behavior. At the same time, biomimicry
could be further increased, by incorporating ion-substituted or BA in the models, to
recapitulate the crystallinity, solubility, and ion-availability of the bone environment.

Increased use of ceramic to merge nanoscale morphological cues and biomimetic
composition. This approach allows the model ions naturally present in bone to have
an important biological role. Ceramic permits increasing the stability and mechanical
properties of the models and guarantees higher adhesion of cells to the scaffold’s surface.
Thanks to the tunable (and not yet exploited) properties of CaPs, several parameters of the
model can be regulated, including printability, viscosity, and shear stress during printing
(depending on particles shape and dimensions, which can be determined by selecting the
specific CaP and its ion-doping), and CaPs stability /solubility (depending on CaP type
and ion-doping, crystallinity, and specific surface).
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For 3D printing, a more detailed study on the strategies for the incorporation of
ceramics in the model, for instance, by nanostructured coatings and/or more controlled
distribution of the nanoparticles. Coatings obtained by wet synthesis might lack homo-
geneity and adhesion to the substrate. On the other side, nanoparticles might unevenly
distribute and generally remain in the bulk of the fiber, with a few available on the surface
for interaction with the surrounding microenvironment.

A combination of 3D printing and bioprinting strategies merges the advantages of the
two techniques.

More detailed studies show pores’ shape/size and surface patterning. Available
studies show that patterning can improve the characteristics of the model, but a system-
atic investigation is needed to determine which are the best architectural parameters to
be selected.

Vascularization. This aspect is highly neglected, but it influences several parameters
that are of paramount importance in tumor progression and drug response, including
hypoxia, nutrients and oxygen diffusion, and shear stress.
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2D Two-dimensional

3D Three-dimensional
Ang-1 Angiopoietin-1

ALP Alkaline phosphatase
BA Biogenic apatite

BG Bioactive glass

BMP-2 Bone morphogenic protein-2
CaPs Calcium phosphates

ET-1 Endothelin-1

EMT Epithelial-mesenchymal transition
ECM Extracellular matrix

FGF Fibroblast growth factor

GelMA  Gelatin methacrylate

HA Hydroxyapatite

hFOB Human fetal osteoblasts

HIF Hypoxia-induced factor

HUVEC  Human umbilical vascular endothelial cells
IGF Insulin growth factor

1L-6,8,11 Interleukin-6,8,11

LOX Lysyl oxidase

MSCs Mesenchymal stromal cells

nHA Hydroxyapatite nanoparticles
OCN Osteocalcin

ON Osteonectin

OPN Osteopontin

PCL Polycaprolactone

PDGF Platelet-derived growth factor
PDPN Podoplanin
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PEG Polyethylene glycol

PEGDA  Polyethylene glycol diacrylate

PTHrP Parathyroid hormone-related protein

PLA Polylactic acid

RANKL  Receptor activator of nuclear factor-kappa B ligand
SOST Sclerostin

TCP Tricalcium phosphate

TGF-3 Transforming growth factor-beta

VEGF Vascular endothelial growth factor
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Simple Summary: Breast cancer commonly migrates to the skeleton. Once patients have breast
cancer in their bones, their quality of life is poor. Research has shown that the environment and
structure of bone helps support metastatic breast cancer cell growth. Current models used in
laboratories to study breast cancer that has migrated to bone do not include all the components
of what happens in the human body. This is because technology in the past was limiting. Now,
however, a new technology exists, called three-dimensional (3D) bioprinting, that “prints” living
cells in geometries like the ones within the human body, to replicate a more realistic environment.
In cancer research, 3D bioprinting allows researchers to more closely replicate events that occur
when cancer cells migrate from a primary location to a secondary site, as well as model events in
the environment of the secondary site. 3D bioprinting may also be used instead of animal models in
some cases, and may speed up new drug discovery for cancer treatment.

Abstract: Breast cancer commonly metastasizes to bone, resulting in osteolytic lesions and poor
patient quality of life. The bone extracellular matrix (ECM) plays a critical role in cancer cell metastasis
by means of the physical and biochemical cues it provides to support cellular crosstalk. Current
two-dimensional in-vitro models lack the spatial and biochemical complexities of the native ECM
and do not fully recapitulate crosstalk that occurs between the tumor and endogenous stromal cells.
Engineered models such as bone-on-a-chip, extramedullary bone, and bioreactors are presently
used to model cellular crosstalk and bone—tumor cell interactions, but fall short of providing a
bone-biomimetic microenvironment. Three-dimensional bioprinting allows for the deposition of
biocompatible materials and living cells in complex architectures, as well as provides a means to
better replicate biological tissue niches in-vitro. In cancer research specifically, 3D constructs have
been instrumental in seminal work modeling cancer cell dissemination to bone and bone-tumor cell
crosstalk in the skeleton. Furthermore, the use of biocompatible materials, such as hydroxyapatite,
allows for printing of bone-like microenvironments with the ability to be implanted and studied
in in-vivo animal models. Moreover, the use of bioprinted models could drive the development of
novel cancer therapies and drug delivery vehicles.

Keywords: bioprinting; breast cancer; metastasis; bone; tissue engineering; 3D modeling; tumor
microenvironment; extracellular matrix

1. Introduction

Bone is a unique organ that provides, among other things, structural support and
protection for the body. The bone, including the extracellular matrix (ECM), is continu-
ously remodeled whereby components of the ECM are modified, secreted, or degraded [1].

Cancers 2021, 13, 507. https:/ /doi.org/10.3390/ cancers13030507 99 https:/ /www.mdpi.com/journal/cancers



Cancers 2021, 13, 507

The skeleton is composed of a variety of cells, including osteoblasts, osteocytes, osteo-
clasts, fibroblasts, endothelial cells, and mesenchymal stromal cells [2,3]. These cells are
surrounded by organic and inorganic components such as type I collagen and apatite
nanocrystals [2—4]. These organic and inorganic components constitute the bone matrix
which is capable of providing biochemical and physiological cues that regulate bone
modeling and mechanotransduction [3].

The skeleton is an attractive site for cancer cell dissemination and colonization due
to its unique molecular and structural properties [5]. Although prognosis is excellent in
patients with early non-invasive disease, 5-year mortality rates with treatment exceed 80%
once cancer has invaded the bone [6]. Normal bone processes, such as bone remodeling,
produce a plethora of growth factors and cytokines that are strong chemoattractants for
metastatic cancer cells [7-11]. Once in the bone, metastatic cancer cells hijack the endoge-
nous stromal cells in the bone microenvironment, including osteoblasts and osteoclasts, to
remodel the bone matrix, leading to a disorganized basement membrane and disrupted
cellular crosstalk, which ultimately promote tumor progression [12-14]. Thus, understand-
ing the interactions between the ECM and metastatic cancer cells is crucial in order to
both regulate and prevent metastatic cancer cell growth in bone. However, the study of
cancer cell dissemination, seeding, colonization, and survival in bone is complicated by the
vast structural and physiological complexities of the organ. Most model systems currently
available only account for select aspects of the niche; thus, a combination of techniques is
frequently utilized to wholly recapitulate events that occur during bone—tumor crosstalk.

Two-dimensional (2D) in-vitro cell culture environments have arisen as important
platforms for the study of cancer cell proliferation, migration, and invasion as well as
cancer cell response to therapeutic treatment. Although simple and low cost, the planar
geometry and non-physiologic composition (i.e., tissue culture plastic) of 2D cultures can
induce variable cellular morphologies and aberrant gene expression [15-17] that impact
the behavior and cellular crosstalk of endogenous bone and tumor cells [15,18]. Moreover,
mechanical cues translated by the microenvironment are absent [3]. Importantly, Bissell
and colleagues discovered that normal breast epithelial cells required interactions with
the basement membrane, as present in three-dimensional (3D) cultures, to display and
maintain their normal phenotype. Otherwise, the normal breast epithelial cells behaved
similarly to tumor cells when grown in 2D cultures [19]. Thus, such models inadequately
represent the spatial, biochemical, and mechanical complexities of the native 3D tumor
microenvironment, severely limiting their interpretation in the study of metastatic disease
to the bone.

Recognizing these shortcomings, investigators are now developing 3D bone microen-
vironments such as bioreactors [20-26], scaffolds [27,28], extramedullary bone [29,30],
and bone-on-a-chip [31,32] models for metastatic cancer research. Such novel systems
allow for more relevant material composition and spatial relationships among cells and,
in some cases, provide similar mechanical forces. However, these systems face individual
challenges including reproducibility, scale, and ability to manipulate matrix biochemical
composition and structural integrity, and can be difficult to seed with cells for culture [33].
Thus, a gold standard model for the study of cancer metastasis to bone remains elusive.

3D bioprinting, an evolving technology, may help to facilitate such research. A novel
biofabrication technique that yields reproducible, biomimetic 3D environments composed
of cells and native biomaterials, 3D printing offers distinct advantages over prior 2D and
3D cell culture models. ECM composition and matrix geometry and stiffness, as well as cell
density and position, are all controllable parameters in bioprinted 3D scaffolds, supporting
cellular proliferation, migration, phenotype development, and matrix and biochemical
factor production [16]. 3D constructs can achieve biophysical characteristics similar to
the native tissue microenvironments, allowing for the study of cancer progression and
tumorigenesis [34]. Thus, 3D bioprinting may provide a more robust solution, yielding
biomimetic microenvironments for the study of cell-cell and cell-matrix interactions at the
forefront of cancer research.
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In this review, we focus on cancer metastases to bone and provide an overview of
current 2D and 3D in-vitro culture model systems, as well as 3D in-vivo and ex-vivo model
systems to study cancer metastases to bone. We review the applications and limitations
of current technologies, which include the inability of current models to wholly represent
the spatial, biochemical, and mechanical complexities of the native 3D tumor microenvi-
ronment, causing limited interpretation of results generated in these systems. We next
discuss an emerging technology called 3D bioprinting. 3D bioprinted bone-mimetic mi-
croenvironments offer distinct advantages over current 2D and 3D technologies, including
reproducibility and the ability to incorporate native biophysical properties of the ECM,
including cellular composition, stiffness, and geometry. As a result of these and other
advantages, 3D bioprinting has the potential to elevate into the next generation current
models in cancer research that mimic the bone-tumor niche.

2. Gross Anatomy of Bone and Bone Physiology

Bone is a metabolically active and dynamic organ that supports many body functions,
including regulation of calcium blood levels, providing structural support, and protecting
internal organs. To accomplish these and other functions, bone is composed of three main
cell types: osteoblasts, osteoclasts, and osteocytes. Osteoblasts, the cells that synthesize
new osteoid matrix, account for 4-6% of total cells in bone. Osteoblasts are derived from
mesenchymal stromal cells present in the bone marrow [35]. After stimulation with bone
morphogenetic proteins and growth factors, mesenchymal stromal cells proliferate to
form pre-osteoblasts, which then differentiate into mature osteoblasts capable of matrix
synthesis and deposition [36]. Newly formed bone is composed of type I collagen and
non-collagenous proteins (proteoglycans and other extracellular matrix proteins) (~22%),
hydroxyapatite (~70%), and water (~8% by weight) [35,37,38].

Osteoclasts, on the other hand, are the cells responsible for bone resorption. Os-
teoclasts account for 1-4% of total cells in the bone, and are derived from bone mono-
cytes [39,40]. Bone marrow monocytes (i.e., precursor osteoclasts) express Receptor Acti-
vator for Nuclear factor Kappa beta (NF-kB)(RANK) on their cell surface, which binds to
Receptor Activator for Nuclear factor Kappa beta Ligand (RANK-L) on osteoblasts to elicit
osteoclastogenesis [41]. Several single-nucleated osteoclasts then fuse together to form
one mature, multi-nucleated bone-resorbing osteoclast [41]. Upon subsequent activation,
osteoclasts carry out a complex degradation process to secrete matrix degradation enzymes
and resorb bone. This process exposes bones” organic matrix via degradation by cathepsin
K and additional cysteine proteinases, lysozymal enzymes, phosphatases, and matrix
metalloproteinases at the osteoclast-bone interface [41-46]. As bone is resorbed, growth
factors stored in the bone matrix, including transforming growth factor-beta (TGF-B), in-
sulin growth factor (IGF), and bone morphogenetic proteins (BMPs), are released into the
microenvironment [47].

Osteocytes help to regulate the activities of osteoblasts and osteoclasts via mechan-
otransduction, and represent ~90-95% of cells in the bone [48,49]. Osteocytes are formed
when osteoblasts become terminally differentiated and embedded in the bone matrix.
Osteocytes reside in small cavities, called lacunae, which transmit signals to bone cells,
including osteoblasts and osteoclasts, via tiny channels called canaliculi [49]. These signals
regulate nutrient exchange in bone, as well as bone remodeling and sensation of mechanical
stimuli [3,50-53]. As a result of their ability to sense mechanical load in the bone, osteocytes
have earned the nickname the “mechanosensors of bone” [54-56].

3. Bone Remodeling during Disease

Bone resorption and deposition are held in a tightly regulated, homeostatic balance
in which there is no net bone loss or gain. However, this balance is upset in pathological
conditions, including infection (osteomyelitis), osteoarthritis, and bone metastatic can-
cers [57-60]. In each of these conditions, and especially in osteolytic disease related to
cancer, osteoclasts are overstimulated to degrade bone. Osteoblasts do not deposit new
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bone; thus resulting in net bone loss [61]. In brief, osteomyelitis is a severe bone infection,
caused by the bacterium Staphylococcus aureus, which can be fatal [62,63]. Osteomyelitis
typically occurs from chronic inflammation as a result of osseointegrated implants (e.g.,
dental implants or femoral implants (i.e., artificial hip)) [64-66]. Osteomyelitis involves the
internalization of S. aureus by osteoblasts, permitting S. aureus to evade immune detection
and cause sustained inflammation [67]. Upon internalization of S. aureus, osteoblasts in-
crease their production of inflammatory cytokines, including interleukin-6 (IL-6), monocyte
chemoattractant protein-1 (MCP-1), regulated on activation normal T cell expressed and
secreted (RANTES), and macrophage inflammatory protein-1 alpha (MIP-1 alpha), as well
as factors that stimulate osteoclastogenesis, including granulocyte-colony stimulating fac-
tor (G-CSF), RANK-L, and interleukin-8 (IL-8), among others [68-74]. Sustained infection
leads to a reduction in osteoblast proliferation and eventual osteoblast death. Subsequently,
bone is resorbed at an increased rate by osteoclasts, leading to sustained bone loss [74].
Osteoarthritis is another bone disease characterized by chronic inflammation that impacts
osteoblast function. In osteoarthritis, osteoblasts overexpress inflammatory cytokines,
including IL-8, IL-6, vascular endothelial growth factor (VEGF), and prostaglandin E2
(PGE2), among others [59,60,75]. This results in a reduction of osteoblast bone deposition,
and an imbalance in bone remodeling that results in sustained bone resorption. [76,77].
Interestingly, many of the same cytokines and inflammatory factors overexpressed by
osteoblasts during osteomyelitis and osteoarthritis have also been known to be overex-
pressed during bone invasion by metastatic cancer cells, including breast, prostate, lung,
and multiple myeloma [7,26,78-82].

4. Bone Is a Favored Site of Cancer Metastasis

Bone is a preferential site of cancer metastasis [8,9]. In an attempt to explain directional
tropism of disseminated cancer cells for specific organs in the body, Stephen Paget made
the following statement in 1889: “When a plant goes to seed, its seeds are carried in all
directions; but they can only live and grow if they fall on congenial soil [83]”. As suggested
by Paget, disseminated tumor cells are the “seeds” and the bone niche, rich in growth
factors, neovascularization factors, and cytokines, is the “congenial soil” necessary for
cancer cell growth [84]. Paget’s “seed and soil” hypothesis also explains the preferential
metastasis of breast, prostate, lung, and multiple myeloma disseminated cancer cells to the
bone. Furthermore, mounting evidence has implicated the cells of the bone responsible for
remodeling, the osteoblasts and osteoclasts, as key players in bone metastatic cancer cell
progression, including cancer cell homing to and seeding in bone, dormancy, cancer cell
re-activation, and contribution to macrometastatic lesion growth [85,86].

Once shed from a primary tumor, disseminated tumor cells enter the circulation,
ultimately traveling to large blood vessels found in the bone called vascular sinusoids.
Blood flow within the sinusoids is sluggish, allowing for normal movement of immune,
hematopoietic, and lymphoid cells into and out of the bone. This slow blood flow also
enables cancer cells to easily invade bone simply due to the normal physiology [8,87]. The
vascular sinusoids are the main entry point for disseminated tumor cells into the bones,
with the majority of metastases occurring at the ends of long bones, including the femur,
where there is a high rate of metabolic activity due to bone turnover by the osteoblasts
and osteoclasts.

4.1. Breast Cancer Cells Preferentially Metastasize to Bone

Approximately 20-30% of breast cancer patients will develop metastatic lesions, with
~15% of those being bone metastases [88,89]. Approximately 50% of these metastases
will involve bone as a primary secondary tissue, with nearly 80% being secondary or
recurring metastatic sites [82,90-92]. Once breast cancer invades bone, the relative 5-year
survival rate falls to less than 10% [90]. Lesions in the bone that form as a result of bone
metastatic breast cancer are predominantly osteolytic in nature, however, some lesions can
also be mixed lytic and blastic [10,87,91-93]. During the formation of osteolytic lesions,
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osteoclasts are constitutively activated to resorb bone, and osteoblasts do not deposit new
bone, resulting in sustained bone degradation. This phenomenon has been described
as the “vicious cycle” of breast cancer metastases to bone [9,25,94]. Occurring during
advanced tumor progression, metastatic breast cancer cells produce parathyroid hormone-
related protein (PTHrP), which stimulates osteoblasts to produce increased amounts of
RANK-L. Osteoblasts that overexpress RANK-L bind to the receptor RANK on osteoclast
precursors, stimulating osteoclastogenesis and increased bone resorption. Growth factors
stored in bone are released, including TGF-beta, which are used by cancer cells to produce
additional PTHrP [9,94], ultimately leading to sustained bone resorption and osteolytic
lesion formation. Bone pain, fractures, hypercalcemia, and spinal cord compression subse-
quently occur [9,95,96]. Clinically, patients with osteolytic lesions are treated with drugs
such as bisphosphonates that block the activity of osteoclasts, thus reducing bone degra-
dation [97-100]. However, these drugs are not curative for the lesions already present;
currently, no therapeutics are available that have the sole purpose to directly stimulate new
bone deposition by osteoblasts.

4.2. Multiple Myeloma Metastases to the Bone

Multiple myeloma is another cancer that preferentially metastasizes to bone [101,102].
Approximately 70% of patients presenting with multiple myeloma have bone metastases
upon diagnosis. Over time, over 90% of patients with multiple myeloma will develop
bone metastases during the course of their disease [103]. The vast majority of these metas-
tases will be osteolytic in nature, with bone being resorbed at a rate greater than it is
deposited. Multiple studies by Roodman and colleagues have determined this is due to
metastatic multiple myeloma cell suppression of osteoblast differentiation via a variety of
factors [104-110]. At present, two main treatment strategies are being evaluated either in
pre-clinical or clinical trials for the treatment of osteolytic metastases due to bone metastatic
multiple myeloma. First, in pre-clinical models, treatment with an antibody to sclerostin,
a Wnt/beta-catenin antagonist, reduced osteolytic lesion formation by 60% compared to
wild-type mice. In addition, in tumor-bearing mice with a genetic deletion of sclerostin,
there was a 50% increase in trabecular bone volume as well as an increase in the number
of osteoblasts compared to tumor-bearing, wild-type mice [106]. Furthermore, as part of
a phase I/1I clinical trial, an inhibitor of DKK1, which is also involved in the Wnt signal-
ing pathway, was found to increase osteoblast differentiation and calcium deposition in
co-cultures of osteoblasts plus multiple myeloma cells in-vitro. That same DKK inhibitor
increased both trabecular bone volume and Wnt/beta-catenin signaling (crucial for os-
teoblast differentiation) in tumor-bearing mice when compared to placebo [111]. Taken
together, these results suggest that the inhibition of sclerostin and/or inhibitors of DKK1
may be promising tools to promote osteoblast activity, leading to increased subsequent
bone deposition in multiple myeloma bone disease.

4.3. Prostate Cancer Colonization of the Skeleton

Prostate cancer has a predilection for bone metastases. Greater than 80% of patients
with late-stage prostate cancer will develop bone metastases [9]. As opposed to other
cancers with strong tropism for the bone, the vast majority of metastatic lesions that occur
as a result of prostate cancer are osteoblastic in nature in which there is an excess of
bone deposition [112]. This is due to prostate cancer cells preferentially homing to the
ends of long bones where osteoblasts predominantly reside, leading to increases in both
osteoblast and prostate cancer cell proliferation [80,113]. Interestingly, newly formed bone
is disorganized, typically with low density, and is weak in strength [114,115]. This is due
to a malalignment of osteoblasts along a collagen matrix, leading to the production of bone
with a spongy structure as opposed to a hard and compact lamellar structure [116,117].
There are some reports, however, of bone metastatic prostate cancer lesions being mixed or
osteolytic [118,119].
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Similar to the “vicious cycle” of breast cancer metastases to the bone, bone metastatic
prostate cancer cells are involved in a cycle that promotes excessive bone deposition by
osteoblasts and continued proliferation of metastatic prostate cancer cells. Prostate can-
cer cells in the bone produce growth factors, including TGF-beta and IGF-1, as well as
bone morphogenetic proteins that drive osteoblasts to deposit new bone [81,95,120,121].
In turn, bone resorption by osteoclasts is suppressed, leading to sustained net bone de-
position [94,122]. In addition, activated osteoblasts overexpress inflammatory cytokines,
including IL-6, IL-8, MCP-1, and VEGEF, that fuel metastatic prostate cancer cell growth in
bone [123]. A number of clinical trials are underway to treat osteoblastic lesions associated
with bone metastatic prostate cancer. In a phase I/1I clinical trial, atrasentan, an antagonist
to the endothelin receptor A, reduced bone pain, slowed metastatic prostate tumor growth,
and resulted in a significant decrease in median time to disease progression when com-
pared to placebo [124,125]. In addition to atrasentan, Radium-223, an alpha particle emitter
that preferentially accumulates at sites rich in osteoblast activity, has proven to be a promis-
ing therapeutic for patients with bone metastatic prostate cancer. In pre-clinical models,
tumor-bearing mice exposed to Radium-223 had reduced bone growth, and preserved bone
volume and architecture [126].

4.4. Lung Cancer Metastasizes to the Skeleton

Lung cancer is another cancer that has a tropism for the bone, although less so than
breast cancer, prostate cancer, and multiple myeloma; lung cancer metastasizes to the bone
approximately 34.3% of the time [127]. While exact mechanisms for preferential metas-
tasis of lung cancer to bone are unclear, recent data implicate growth factors including
TGF-beta [128], cytokines and chemokines such as stromal-derived factor-1 (SDF-1) and
CXCR4 [129], and matrix metalloproteinases [129] that help drive lung cancer metastases
to bone. Of the many types of lung cancer, small cell lung cancer and non-small cell lung
cancer present mainly with osteolytic bone metastases in the spine and ribs [130-132]. Ad-
ditional data suggest that lesions associated with bone metastatic lung cancer can also be
mixed osteolytic and osteoblastic [130-132]. Clinically, markers of bone turnover, including
osteopontin, collagen type I, and bone sialoprotein, can be used as biomarkers for the
evaluation of bone metastatic lung cancer progression in human patients [133-140]. Osteo-
pontin in particular has been associated with an aggressive lung cancer phenotype whereby
increased osteopontin expression promotes lung cancer cell migration and invasion in bone
via increased epithelial-to-mesenchymal transition [141,142].

5. Models to Investigate Tumor-Bone Cell Interactions
5.1. Model Systems for Early Cancer Cell Dissemination to Bone

Upon dissemination to bone, a cancer cell will either proliferate to form a metastatic
lesion, or the cancer cell may enter a proliferatively quiescent or dormant state [143-145].
Sometimes also named “metastatic latency” [85], cellular dormancy can be defined as
either proliferative arrest or a state of balanced proliferation and apoptosis where there
is no net growth. In many situations, this is an adaptive response to microenvironmental
stress at a secondary site whereby disseminated tumor cells must respond to unknown
signals from the niche in order to survive [143]. Over time, dormant cancer cells become
reawakened, leading to cancer cell proliferation and the formation of macrometastases
in bone. At present, there is no model available that fully recapitulates all of the steps of
early human cancer cell dissemination to bone. While a number of pre-clinical models are
available that recapitulate specific steps of established disease, efforts to specifically study
earlier events in bone metastatic cancer progression, especially early dissemination to bone,
initial cancer cell seeding of bone, and events associated with metastatic latency, have
been hampered by a lack of mouse and ex-vivo model systems due to substantial technical
limitations [146]. Most importantly, there are no immune-competent mouse models capable
of recapitulating all steps of the metastatic cascade available to investigate the role of the

104



Cancers 2021, 13, 507

immune system during disease progression. As a result, knowledge of the early events of
disease progression is severely limited.

Presently, only a handful of studies have attempted to investigate early steps of cancer
metastasis to bone. Of those, osteoblasts in the endosteal bone niche have been identified
as key mediators of cancer cell seeding. Scimeca et al. assessed human tissue samples
of benign breast lesions, breast-infiltrating carcinomas, and bone metastatic breast cancer
lesions [147]. The authors found a large number of breast cancer cells that underwent
epithelial-to-mesenchymal transition (EMT) in the infiltrating carcinomas, which corre-
sponded to a large number of breast-osteoblast-like cells that were positive for RANKL
expression as well as the vitamin D receptor. These breast—osteoblast-like cells were also
discovered in matched bone metastases [147]. These data suggest that osteoblasts and
osteoblast-like cells may be used as an early predictor of bone metastatic breast cancer.
Bodenstine et al. attempted to describe mechanisms that regulate osteoblast populations
during the early stages of bone metastatic breast cancer [148]. An intratibial injection
model was used to introduce osteoblasts plus bone-tropic breast cancer cells into the tibia
to assess tumor growth. In mice injected with cancer cells alone (control), tumors that
formed were smaller in size and remained contained in the bone cavity. By comparison,
breast cancer cells co-injected with osteoblasts formed large palpable tumors nearly double
the size of those formed with cancer cells injected alone, that migrated into the extra-
osseous space [148]. These data suggest intracellular crosstalk between osteoblasts and
bone metastatic cancer cells is important in cancer cell progression. However, while the
mouse model used may not be fully representative of early-stage events, it may still help
shed light on crosstalk that occurs between osteoblasts and metastatic breast cancer cells
in bone.

Our laboratory additionally utilized a mouse model of intratibial injection to study
interactions between osteoblasts and bone-tropic breast cancer cells in early disease progres-
sion. We identified a subset of osteoblasts present in the bone-tumor niche that regulate
breast cancer progression in bone by producing inhibitory factors that reduce breast cancer
cell growth [85]. We called this subset “educated” osteoblasts (EOs). Remarkably, tumors
formed in mouse bones in the presence of EOs were smaller and grew at a slower rate
than tumors composed of naive osteoblasts. We identified candidate proteins that distin-
guish “educated” osteoblasts (EOs) from naive osteoblasts both in-vivo and ex-vivo. Using
these markers, we interrogated human patient samples of bone metastatic breast cancer
and identified EOs in patients with estrogen receptor positive (ER+) breast cancer [85,93].
Moreover, we demonstrated that exposure to EO conditioned medium reduced breast
cancer cell proliferation and led to a reduction in the number of cells in the S phase of the
cell cycle of both triple negative (TN) and ER+ breast cancer cells in-vitro. Furthermore,
direct co-culture with EOs increased TN and ER+ breast cancer expression of p21 compared
to cultures with naive osteoblasts [85]. Similar to our findings in bone metastatic breast
cancer, Lawson et al. found that osteoblasts and osteoclasts in the bone were capable of
promoting (osteoblasts) or reawakening (osteoclasts) multiple myeloma cells from prolifer-
ative quiescence using an intravenous injection syngeneic mouse model as well as in-vitro
analyses [86]. The authors used intravital imaging to track single multiple myeloma cells as
they entered the bone niche and found that when fluorescently labeled multiple myeloma
cells directly engaged with osteoblasts, myeloma cell growth was suppressed [86]. The
authors recapitulated this in-vitro, whereby exposure to the conditioned medium of or co-
culture with murine osteoblasts increased the number of dormant multiple myeloma cells.
Conversely, when exposed to osteoclast-precursor conditioned media, multiple myeloma
cells exhibited increased proliferation and growth [86]. Interestingly, daily injection of
soluble RANK-L into tumor-bearing mice resulted in a reduction of dormant multiple
myeloma cells and subsequent increase in osteoclastogenesis and bone resorption. In two
additional studies, osteoblast expression of TGF-beta and Gas6 [149], as well as BMP7 [150],
maintained bone metastatic prostate cancer cells in a dormant state, whereas reduction
of those factors promoted prostate cancer cell growth. Thus, these data suggest engage-
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ment with osteoblasts either via direct or indirect means is key in the regulation of bone
metastatic cancer cell progression.

5.2. Models to Investigate Late-Stage Metastatic Cancer Cell Invasion, Colonization, and Survival
in Bone

Currently, there are no models available, in-vitro, ex-vivo, in-vivo, or otherwise, that
fully recapitulate all the steps of the human bone metastatic cascade. This is mainly due
to extensive technical hurdles and limitations, limited available human cell lines, limited
immune-competent models, and sustaining long-term cell growth of primary human
stromal cells [151-154]. As a result, multiple experimental models are used to investigate
specific aspects of the metastatic cascade, with each mainly designed to investigate a
specific stage of metastasis. Often, a combination of model systems is used to answer
a given experimental question. For example, we and others have used complimentary
approaches to investigate breast cancer metastasis in bone, including, but not limited
to, multiple human cell lines [155,156], extended culture bioreactors [156], poly-ether-
urethane foam scaffolds [157], biocompatible printed scaffolds [33], and novel engineered
organotypic models [154].

5.2.1. In-Vivo Models of Cancer Metastasis to Bone

In-vivo mouse models are a common pre-clinical assay to study a variety of steps of
the bone metastatic cascade. Syngeneic mouse models refer to murine cancer cells injected
into mice (i.e., same genetic background as the host), whereas xenograft models describe a
host that is genetically distinct from the cancer cells inoculated (i.e., human cancer cells
inoculated into mice). Each model has its own advantages and disadvantages: syngeneic
models permit the analysis of an immune-competent system, as well as allow investigation
between inoculated cells and endogenous stromal cells within the microenvironment [158].
However, there are proteins and genes that are not analogous between humans and
mice (e.g., IL-8 (human) and MIP-2 (murine); GRO-alpha (human) and KC (murine)).
Therefore, mechanisms that may be identified via a syngeneic mouse model may not
directly translate to humans [158]. Xenograft models permit the study of human cancer
cells in an immune-compromised host such that mechanisms specific to human cancer
cell progression may be studied. In many cases, human and mouse cells are capable of
uninhibited crosstalk [158,159]. However, xenograft models do not permit the study of the
immune system with cancer progression.

Syngeneic and xenograft models may further be broken down based on the route
of injection, specifically via the orthotopic, intracardiac, or intratibial route [160]. In an
orthotopic model, cancer cells or fragments are implanted into the same anatomic location
from which the cancer originated; i.e., breast cancer cells inoculated into the mammary
gland or prostate cancer cells inoculated into the prostate of a mouse. While orthotopic
models are very beneficial in studying primary cancer progression, many times, a primary
tumor may out-pace the growth of any metastases that may arise. In these cases, primary
tumors may be removed upon reaching a certain size, subsequently allowing metastases
in secondary sites to progress. Depending on the growth of the inoculated cancer cells,
progression to metastasis in orthotopic models may be prolonged, requiring multiple
months of study [161]. Experimental metastasis models permit the investigation of steps
involving the trafficking of cancer cells to secondary sites, as well as investigation of late-
stage metastases. Intracardiac injections recapitulate cancer cell trafficking and homing
to secondary organs via the vasculature due to the cancer cells being directly injected
into the left ventricle of the heart, which bypasses pulmonary circulation [160]. Several
laboratories have developed bone-tropic cell lines utilizing intracardiac mouse models,
which more closely mimic bone metastases in humans [162,163]. In the majority of cases,
intracardiac injections are carried out in a xenograft model due to fluorescent labeling of
inoculated cancer cells for tracking and retrieval for ex-vivo analysis. Finally, intratibial
injections are a model of established disease whereby cancer cells are directly injected into
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the trabecular bone of the tibia of mice. Tumors rapidly form, permitting the study of the
bone microenvironment during late-stage disease [160].

5.2.2. Three-Dimensional Tissue-Engineered Models to Study Cancer-Bone Interactions
during Disease Progression

Current models to investigate complex cancer cell-bone interactions include tissue-
engineered bone constructs (TEBCs), bone-on-a-chip (BC) bone tissue models, bioreactors
for continuous culture, three-dimensional printed bone matrix scaffolds, hydrogels, and
extramedullary bone models [164-166]. While these models replicate physiological systems
better than standard two-dimensional cell culture due to their biophysical properties, all
of these models fall short of being able to fully recapitulate the complexity and cellular
crosstalk that occurs in the bone—tumor microenvironment. As a result, many investigators
use a combination of 2D cell culture, 3D tissue-engineered models, and in-vivo models to
investigate specific steps of the metastatic cascade.

Hydrogel Tissue Constructs

Hydrogels can be used in both two- and three-dimensional formats and are available
as either natural (i.e., collagen) or synthetic (i.e., polyacrylamide) materials [167-170]. Of
the types, three-dimensional hydrogels best mimic native bone, recapitulating tissue stiff-
ness and bone’s elastic modulus, which most closely represent the mechanotransductive
properties of the skeleton [164]. Furthermore, three-dimensional hydrogels permit the em-
bedding of cells to be studied, which facilitate the study of cellular migration and invasion
through a matrix. This also enables seeded cells to resemble their normal morphology
in-vivo, thus allowing for better representation of physiologic events that occur during
cellcell and cell-matrix contact. While beneficial, the increased complexities involved
in the use of cell-containing three-dimensional hydrogels (e.g., viability-maintaining fab-
rication techniques, crosslinking, and nutrient diffusion) may increase resource needs
relative to more simple two-dimensional models (e.g., gel-coated polystyrene) as well
as create technically challenging analysis via full thickness penetration of the hydrogel
for imaging [167,170]. Because of these limitations, two-dimensional hydrogels are ben-
eficial for easier cell observation and analysis, as well as the ease of manipulation of
microenvironmental conditions. Two-dimensional hydrogels are also well established.
A major disadvantage of two-dimensional hydrogels, though, is the inability to permit
three-dimensional tissue structure, including flattened cell morphology, forced cell polarity
(i.e., cells seeded on top of a hydrogel as opposed to within), and a high matrix stiffness
due to the conformation of the hydrogel being flat [164].

Bone-Like Scaffolds

Bone-like scaffolds are one 3D model system frequently used to model the bone mi-
croenvironment [107,117]. These models are capable of recapitulating the rigid extracellular
matrix of bone. Polymers such as poly-(e-caprolactone) (PCL) [114,115], polylactic acid
(PLA), or PCL/PLA blends [116] have been used to print 3D scaffold structures onto which
cells of interest are seeded. PCL, in particular, is an FDA-approved biocompatible and
bioresorbable scaffold that has been used in the past as a three-dimensional scaffold for
craniofacial bone grafts, but is now being used in other applications [171,172]. Our labora-
tory in particular has used PCL-based scaffolds as model systems in which GFP-labeled
triple negative breast cancer cells were cultured [33]. We showed that the cancer cells were
capable of infiltrating the depth of the scaffold while proliferating, and were also capa-
ble of establishing vascular networks through the formation of blood vessels [33]. Other
studies have shown that PCL blended with PLA mimics bone architecture well, whereby
osteosarcoma cells were capable of seeding and proliferating in scaffolds generated with
these materials [165,173,174]. Thus, biomimetic synthetic polymers are a useful tool that
effectively models both the biomechanical properties and architecture of the bone niche.
Furthermore, these models allow for the manipulation of the niche via exchange of seeded
cells of interest.
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Bioreactor-Based Engineered Tissue

Bioreactors are another useful tool to specifically examine bone—-tumor interactions un-
der long-term culture conditions [118-120]. While these models are mainly limited to study-
ing cellular behavior in-vitro, they do offer the flexibility of long-term cell growth/crosstalk
(i.e., 6+ months). Vogler, Mastro, and colleagues designed a 3D bioreactor capable of
generating crosstalk upon long-term culture (up to 120 days) of both murine and human
osteoblast cell lines. Importantly, these cells displayed characteristics of normal osteoblasts
throughout their growth [118]. Furthermore, that same model system was used to mimic
breast cancer colonization in bone whereby a tri-culture of osteoblasts, osteoclasts, and
human breast cancer cells recapitulated events observed during the “vicious cycle of breast
cancer metastasis”, including increased osteoclast activity, along with a decrease in os-
teoblast response, decreased matrix thickness, increased matrix resorption, and increased
cancer cell proliferation [119]. Both human and murine cells were capable of growth in
the bioreactor.

Humanized Biomaterial Implants

Finally, other groups have developed novel humanized biomaterial implants to serve
as new platforms for the study of the bone niche. Andreeff and colleagues developed
an extramedullary bone (EMB) model using mesenchymal stromal cells and endothelial
colony-forming cells to recapitulate the hematopoietic and bone marrow microenviron-
ments [30]. Importantly, this was the first development of a genetically controlled human
bone marrow microenvironment capable of engrafting into NOD/SCID/IL-2r gamma
null (NSG) immunocompromised mice. Unlike prior models to study the human bone
marrow microenvironment, the EMB closely mimics human disease in-vivo, provides a
robust hematopoietic environment, and can serve as a representative assay for modeling
cancer metastases to bone [30]. Importantly, this model effectively recapitulated leukemia
cell seeding and proliferation in a human bone marrow microenvironment, as well as
permitted cancer cell metastasis to the ends of long bones; a preferential site of cancer
cell invasion [30]. Several years later, Andreeff and colleagues refined this mouse model
to include a humanized bone-chip implant whereby freshly isolated human bone frag-
ments were collected from patients undergoing hip replacement surgery and mixed with
Matrigel™ [29]. Four weeks post-implantation into the flanks for NSG mice, the human
bone implants developed their own vasculature. To investigate leukemia engraftment and
the impacts of leukemia on osteogenic differentiation, Molm13 leukemia cells expressing
GFP and luciferase were injected via the tail vein and strongly engrafted into the human
bone implant as early as 10 days post-injection [29]. Similarly, the Lee group utilized a bio-
engineering approach to create genetically engineered scaffold microenvironments using
human bone stromal cells [27,28]. The human bone marrow stromal cells were genetically
engineered to stably express human cytokines (including TNF-alpha) or human growth fac-
tors (including VEGF) important for bone remodeling and were embedded into 3D porous
hydrogel scaffolds. This permitted the generation of a human soluble factor-enriched
microenvironment. The seeded scaffolds were then implanted into immunocompromised
mice and stromal cell engraftment and proliferation were investigated [27].

In an effort to merge principles from the EMB model and genetically engineered bone
scaffold model, our laboratory seeded PCL scaffolds (Figure 1A) coated with Matrigel™
with GFP-labeled MDA-MB-231 human metastatic breast cancer cells admixed at a 1:1 ratio
with either naive MC3T3-E1 osteoblasts (OB) engineered to express tdTomato or educated
osteoblast (EO) cells engineered to express tdTomato [175]. The seeded scaffolds were
then cultured for 12 days during which we monitored the engraftment of both the MDA-
MB-231GFP breast cancer cells and either MC3T3-E1-tdTomato osteoblasts or tdTomato-
EO cells over time using fluorescence imaging. As seen in Figure 1, MDA-MB-231-GFP
breast cancer cells and either MC3T3-E1-tdTomato osteoblasts (Figure 1B-E) or tdTomato-
EO (Figure 1F-I) cells can clearly be seen proliferating, spreading out, and positioning
themselves adjacent to each other within the scaffold over time [175].
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Scaffolds were implanted into the flanks of NSG mice 13 days after cell seeding. Mice
were monitored via an In-Vivo Imaging System (IVIS) non-invasive intravital imaging for
2 months, where cancer cell proliferation in the scaffold can be seen (Figure 2A,G) [175].
Mice were humanely euthanized, and scaffolds and femurs (site of preferential metastasis)
harvested for analysis. Ex-vivo scaffold analysis revealed well-formed tumors composed
of either MC3T3-E1-tdTomato osteoblasts (Figure 2B) or tdTomato-EO cells (Figure 2H).
Interestingly, even though scaffolds were originally seeded with a 1:1 admix of GFP-cancer
cells plus either MC3T3-E1-Tdtomato osteoblasts or tdTomato-EO cells, less proliferation
of MC3T3-El-tdTomato osteoblasts was apparent, as evidenced by less expression of
tdTomato: ~38% of the tumor (and ~62% of the tumor composed of GFP-breast cancer
cells; Figure 2B), when compared to tdTomato-EO cell engraftment of the tumor: ~55% of
the tumor (and ~45% of the tumor composed of GFP-breast cancer cells; Figure 2H) [175].
These results corroborate our prior findings that EO cells suppress metastatic breast cancer
cell growth [85]. Both tumors exhibited blood vessel formation (white arrows, Figure 2B,H).
Surprisingly however, we were unable to recapitulate breast cancer cell metastasis to the
bone, whereby no femurs showed evidence of MDA-MB-231GFP metastatic breast cancer
cells by fluorescence microscopy (Figure 2C-FI-L) [175]. This phenomenon had been
observed as part of the EMB model as per Andreeff and colleagues [30].

.. ..OB+231
.. .EO+231

Number of Days After Seeding in Culture

Figure 1. Co-cultures of osteoblasts and breast cancer cells attach and proliferate over time on polycaprolactone printed
scaffolds. (A) Printed polycaprolactone scaffolds were coated with Matrigel™ then seeded with a 1:1 admix of GFP-MDA-
MB-231 human breast cancer cells plus either (B-E) tdTomato MC3T3-E1 murine osteoblasts (OB) or (F-I) tdTomato murine
educated osteoblast (EO) cells. Seeded scaffolds were imaged for fluorescence over the course of 12 days for cell seeding,
growth, and spread on the scaffold. White arrows indicate edges of the criss-cross printed pattern of the scaffold. Scale bar

on fluorescent images = 50 um.

Whereas these model systems recapitulate select steps of the metastatic cascade
or closely model aspects of human disease, none sufficiently combine both a human-
ized /human bone microenvironment with appropriate stromal cells, architecture, and me-
chanical forces along with a system that demonstrates all steps of a human metastatic cas-
cade. Thus, three-dimensional bioprinted model systems address this gap in
the research.
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Figure 2. Printed polycaprolactone scaffolds seeded with osteoblasts plus breast cancer cells form tumors in-vivo. IVIS
image of a NOD/SCID/IL-2r gamma null (NSG) mouse 2 months post-implant with a printed polycaprolactone scaffold
coated with Matrigel™ then seeded with a 1:1 admix of GFP-MDA-MB-231 human breast cancer cells plus either (A)
tdTomato MC3T3-E1 murine osteoblasts or (G) tdTomato murine EO cells. (B,H) Fluorescent microscope images of tumors
from A and G ex-vivo; (B) 1:1 admix of GFP-MDA-MB-231 human breast cancer cells plus tdTomato MC3T3-E1 murine
osteoblasts; (H) 1:1 admix of GFP-MDA-MB-231 human breast cancer cells plus tdTomato murine EO cells. White arrows
indicate blood vessel formation in the tumors. Light microscopy images of (C,I) left and (D,]) right ex-vivo femurs of (C,D)
NSG mouse implanted with printed polycaprolactone scaffold seeded with 1:1 admix of GFP-MDA-MB-231 human breast
cancer cells plus tdTomato MC3T3-E1 murine osteoblasts, or (I,J) 1:1 admix of GFP-MDA-MB-231 human breast cancer cells
plus tdTomato murine EO cells. Fluorescent microscopy images of (E K) left and (F,L) right ex-vivo femurs of (E,F) NSG
mouse implanted with printed polycaprolactone scaffold seeded with 1:1 admix of GFP-MDA-MB-231 human breast cancer
cells plus tdTomato MC3T3-E1 murine osteoblasts, or (K,L) 1:1 admix of GFP-MDA-MB-231 human breast cancer cells plus
tdTomato murine EO cells. Scale bar =2 mm.

6. Bioprinting
6.1. Basis of Bioprinting

Bioprinting provides a novel additive manufacturing technique to fabricate prescribed
architectures formed through layer-by-layer construction of biological materials and living
cells [176]. Cells can be impregnated into the resultant extracellular matrices post-printing
using traditional cell seeding techniques or incorporated directly into the printing process
to produce precursor tissue constructs. Such constructs can then be directly implanted
in-vivo for regenerative medicine applications or cultured in-vitro to produce mature,
biomimetic tissues, holding promise for breast cancer applications [177].

Although bioprinting was initially established in the form of cytoscribing, a modified
inkjet printing technique allowing the deposition of biologic materials for cell adhesion
and growth into planar geometries that could be individually stacked and adhered [178],
the field quickly evolved to produce in-situ three-dimensional structures. Along with
developing inkjet techniques, the rise of rapid fabrication processes such as fused depo-
sition modelling (FDM)), stereolithography (SLA), and selective laser sintering (SLS) has
allowed for more complex three-dimensional shapes [179]. Most recently, the incorporation
of living cells into printable biological materials (i.e., bioinks) and modifications in the
printing process to maintain cell viability have led to advanced constructs with patterned
cellular and structural elements with bioactivity [179]. Thus, current bioprinting technolo-
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gies allow for an expansive array of promising applications including providing research
environments for the study of stem and cancer cell behavior [16,180-182], platforms for
drug screening, delivery, and production [183,184], and engineered tissues/organs for
transplantation [185].

The advantages of bioprinted constructs over traditional two-dimensional cell culture
are numerous. The complex, three-dimensional architectures allow for micron-scale preci-
sion of the structural environment housing cells, thereby directing their native functions in
a manner difficult to achieve with two-dimensional cell culture [186]. Macroscopic geome-
tries can be customized in size and shape identical to native tissues and organs based on
patient specific CT and/or MRI data. The biochemical properties of the substrate materials
and potential for conjugation with other biomolecules not only support tissue-specific cell
function, but can control vascularization, nerve integration, and maturation of engineered
tissue [186]. In addition, the recent availability of desktop bioprinting systems with easily
accessible hardware and software systems presents a practical option for a fast, low-cost 3D
bioactive construct production [187], further supporting the development of personalized
tissues for research and regenerative medicine [188].

6.2. Bioprinting Techniques

3D bioprinting offers the opportunity to manufacture an array of engineered tissues
with varying physical and biochemical properties to suit individual applications. Methods
for printing include inkjet, extrusion-based laser-induced printing, and projection stere-
olithography (Figure 3). Each method has unique benefits and limitations and the most
appropriate printing technique is dependent on the specific operational requirements of
the engineered tissue produced [189].

A) Extrusion Bioprinting B) Inkjet Bioprinting
Extruder Extruder
Bioink Bioink

C) Projection Stereolithography D) Laser-Induced Forward

Bioprinting Transfer Bioprinting
-
. Laser
Light source
Photocured Bioink Donor Layer
Bioink Layer

Photocurable Bioink .o

Bioink Droplets
Figure 3. 3D bioprinting techniques. (A) Extrusion bioprinting: nozzle-based continuous layer-
by-layer deposition of bioink using pneumatic pressure-, screw-, or pledged-based mechanisms.
(B) Inkjet bioprinting: nozzle-based layer-by-layer deposition of bioink droplets using thermal heat
or mechanical pulses to acoustic waves. (C) Projection stereolithography bioprinting: layer-by-layer
photoinduced curing of bioink using UV light. (D) Laser-induced forward transfer bioprinting:
laser-based depositing bioink droplets through energy transfer from the absorption donor layer to
the bioink layer.

Extrusion-based manufacturing (Figure 3A) is the most common method of bioprint-
ing, whereby the substrate cell +/— biomaterials are deposited through a thin nozzle
in a continuous flowing fashion onto the build plate through the application of force
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on the bioink reservoir. Various methods for force generation exist, resulting in a range
of extrusion-based bioprinter designs, including pneumatic-based (air pressure), piston-
driven (vertical force), and screw-driven (rotational force) dispensing techniques [190].
Scaffold constructs can be printed from a homogeneous cell-laden biomaterial ink directly,
with dual extrusion heads allowing for independent biomaterial deposition followed by
targeted cell placement within the structure, or as a cell-free scaffold with manual cell
seeding post-printing [190]. Thus, there is an expanded range of materials that can be used
as substrates (e.g., those requiring washing prior to cell seeding to enhance viability) and
more precise control over cell distribution with the resultant matrices. The resolution of
micro-extrusion bioprinting is in general from 100-500 um, though it can be as small as
50 um with the incorporation of microfluidics in the system [179,191]. The extrusion-based
method allows for fabrication of structures with bioinks of higher viscosities and cell
densities (e.g., greater than 1 x 10° cells/mL [190]), however, as a nozzle-based system it is
also associated with shear stress, potentially impacting cell viability [179].

Inkjet bioprinting (Figure 3B), the first method developed, involves dispensing bioink
through a thin nozzle in 1-100 uL volumes in a precise three-dimensional pattern [192].
Also known as the drop-on-demand method, the droplets are discharged by either an
internal vapor bubble generated by an external thermal heating element or an acoustic
wave generated by mechanical pulses of a piezoelectric element allowing for a resolution
of 50 um [177,179]. Printing using this technique is fast (up to 10,000 droplets/second) and
relatively low cost vs. other methods, but input substrate options and cell densities may
be limited secondary to nozzle clogging with more viscous bioinks [177,179]. Moreover,
the heat, acoustic pressure, and high shear rates generated can compromise cell viability,
although limiting exposure time may improve cell survival [179,187].

Projection stereolithography (SLA; Figure 3C) is another layer-by-layer fabrication
method for bioprinting which involves solidifying liquid biocompatible resins by pho-
topolymerization under irradiation [192,193]. This method is therefore limited to special-
ized, photocurable bioinks [177]. Although SLA produces mechanically robust constructs,
uncured bioink can seep into open spaces, making hollow structures (e.g., vessels) particu-
larly challenging to execute [193].

Laser-induced printing (Figure 3D) does not involve a nozzle, circumventing some
of the limitations of the previously described methods. Instead, a glass slide coated with
an ink solution and a laser absorption layer consisting of a metal or metal oxide is ablated
by a laser at distinct location (40-100 um resolution), generating a pressure that ejects ink
onto the substrate [189]. Also known as laser-induced forward transfer, it can print viscous
bioinks at very high resolution, although at very high costs and temperatures that may risk
heat-induced cell death [189].

In an effort to maintain the structural integrity of some complex 3D structures, support
material may be necessary to improve the printability of certain bioinks and attain more
accurate print results [194]. A suspension-based 3D bioprinting technique, known as
freeform reversible embedding of suspended hydrogels (FRESH), allows for the printing of
soft hydrogels in a support bath of a thermoreversible gel that can be subsequently melted
away, as depicted in Figure 4 [195]. The extrusion and embedding of the bioinks into
the gel in essence diminish gravitational effects, allowing for print geometries otherwise
unattainable with certain soft biomaterials, as they would ordinarily collapse in air [196].
FRESH-printed structures require some post-print processing, including washing away
the excess gelatin post-melting [196]. This noteworthy technique has led to improved
print resolution and reliability, and the potential to engineer versatile unsupported print
architectures and larger advanced tissue scaffolds [195].
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3D Bioprinting in Post-Print Heat
FRESH Suspension Release at 37°C

Hydrogel
Bioink

Gelatin Slurry,
Support Bath

Figure 4. Freeform reversible embedding of suspended hydrogels (FRESH) bioprinting technique.
Hydrogel bioink deposited via extrusion bioprinting into a thermoreversible gelatin slurry support
bath with a Bingham plastic rheology allows for structural suspension of bioprinted tissue scaffolds
to mitigate the force of gravity. An overnight post-print heat release in a 37 °C incubator melts the
gelatin, leaving the 3D structure behind.

6.3. Bioinks

Bioinks are substrates used to produce 3D printed constructs containing cells and/or
extracellular matrix components. The composition of the bioink plays a critical role in
maintaining cell viability during the printing process and providing the structural integrity
necessary to support function post-production [188]. For example, hydrogel-based cell-
laden bioinks can protect cells from potentially harmful desiccation and shear forces during
the printing [197]. In order to achieve the ideal balance between cell survival and the
desired construct structural parameters, careful consideration of not only cytocompatibility,
but biocompatibility, bioactivity, and local geometry must be considered to support cell
differentiation and growth [189]. Moreover, considerations of printability (e.g., viscosity)
along with final overall construct mechanical strength and degradation characteristics
(e.g., crosslinking) also require attention when determining the resultant construct physical
properties [189].

The three most common bioink options include cell-laden hydrogels, ECM-based
inks, and cell suspensions [189]. Cell-laden hydrogels closely mimic/recapitulate the
cellular microenvironment by incorporating bioactive compounds and growth factors and
permitting the diffusion of nutrients [198]. Natural hydrogels, such as collagen, fibrin,
gelatin, and hyaluronic acid are inherently bioactive and simulate the native structure of
the ECM, whereas synthetic hydrogels, such as pluronic (poloxamer) and polyethylene
glycol (PEG), are mechanically tunable and can support the delivery of added bioactive
cues [189,199]. While such hydrogels allow for highly reproducible structures, their limited
mechanical strength can be an issue, often augmented by FRESH techniques during and
crosslinking after printing the polymers [199].

Single-component hydrogels prepared as bioinks may not adequately provide the
composition and function of native ECM in 3D models, as they lack the complex envi-
ronment that allows for cell engraftment, migration, signaling, and function [200,201].
Decellularized ECM (dECM) offers organ-specific biochemical cues from native ECM to
improve cell proliferation and survival [200]. The use of dECM in bioinks can be enhanced
by the addition of chemical and biological crosslinking agents to strengthen the scaffold
mechanically and improve bioactivity [200]. Maintaining the viscoelastic materials of the
tissue is vital to generating a sufficient model of the native tissue. Collagen is a common
bioink and major ECM protein as it is easily crosslinked using methods, such as tempera-
ture and pH, however, its gelation time and unstable mechanical properties are barriers
for use in 3D bioprinting [202]. dECM hydrogels are a promising method for constructing
functional tissues and organs with multicellular compositions.

The incorporation of specific bioactive additives allows for manipulation of the me-
chanical and physiological properties of printed constructs [189]. Hydroxyapatite (HA)
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and bone morphogenetic protein 2 (BMP-2), two common bioink additives, are known
for promoting osteoinductivity and osteoconductivity, and can also confer structural and
mechanical properties to bioprinted bone constructs [179]. BMP-2 has been shown to
induce mesenchymal stem cells toward osteogenic differentiation [203], and when loaded
into hydrogel-based 3D printed constructs, demonstrated sustained release and improved
osteogenic differentiation and bone formation effects in-vitro and in-vivo [204].

HA has been shown to regulate the behavior of cells, specifically osteoblast adhesion
on nanocrystalline hydroxyapatite (nHA) nanoparticles [205], and to improve normal bone
formation, through the stimulation of cell proliferation and osteogenic differentiation [206].
The incorporation of nHA with gelatin methacrylate (GeIMA) into bioprinted bone matri-
ces in a study by Xuan Zhou and colleagues showed osteoblast and mesenchymal stem
cell (MSC) proliferation and improved overall compressive stress of the resultant matrix
constructs [207]. Hyperelastic bone (HB), a recently commercialized extrudable bioink
made up of hydroxyapatite and PCL or poly(lactic-co-glycolic acid) offers a promising
material for bioprinted bone applications [208]. In addition to its local effect on cell func-
tion, printed HB constructs can be successfully stretched, cut, and sutured to a soft tissue
(such as tendon), making it a promising candidate for applications in tissue replacement
surgeries [208]. Synthetic scaffolds constructed from this porous substrate have been used
to study bone regeneration in-vivo [209]. Fluffy—poly(lactic-co-glycolic acid) and hyper-
elastic bone scaffolds were compared against a negative control and positive control of
autologous calvarial bone for the treatment of calvarial defects in rats. The hyperelastic
bone was shown to be effective for bone regeneration and for inducing bone formation
in-vivo in the defects. Hyperelastic bone has also been implanted in non-human primates
to model biocompatibility and fusion rates, and successfully demonstrated vascularization
and no significant immune response [210,211].

6.4. Applications of Bioprinting in Cancer
6.4.1. 3D Printed In-Vitro Models

Three-dimensional bioprinting presents an opportunity to develop functioning tissue
beyond just structural scaffolds by incorporating cells into the printable bioinks [179].
Current applications of bioprinting include three-dimensional extracellular matrix compo-
nents, organ structures, regenerative tissue grafts, and disease models [198]. FRESH 3D
bioprinting can help to optimize the fabricated microenvironments, by controlling print
resolution, improving cell viability, and supporting delicate architectures necessary for
certain in-vitro cancer research models. For example, Lewicki et al. used the technique to
optimize human neuroblastoma cell-laden hydrogels of low viscosity [212]. Applications
of dECM-based bioinks hold particular promise in studying ECM components of the tumor
microenvironment (TME) and tumor—ECM interplay [213]. Quickly polymerizable dECM
bioinks allow for tunable stiffness in applications such as 3D bioprinted kidney cancer
constructs in which 3D bioprinted dECM microtumor models were achieved with refined
control over both the multicellular populations and dECM bioink deposition [213]. Notably,
bioprinted matrices constructed from various substrates with or without FRESH methods
can provide viable in-vitro models for understanding cell behaviors and interactions in
cancer. For example, extrusion-based printing of bioinks composed of HelLa cells and
gelatin/alginate/fibrinogen hydrogels allowed for the development of a 3D cervical tumor
model [214]. Compared with cells in planar 2D cultures, HeLa cells in the 3D environment
showed more behavioral similarity to native cancer cells, including higher cell proliferation,
matrix metalloproteinase (MMP) protein expression, and chemoresistance [215].

Increasing numbers of bioprinted models are being developed as higher fidelity
systems to study key aspects of cancer development and progression in a variety of tis-
sues/organs. Tang et al. used bioprinting techniques to develop a complex in-vitro 3D
glioblastoma model to allow for exploration of the role of immune components within
the tissue microenvironment [216]. The glioblastoma stem cells, resident CNS cells, and
macrophage precursors better resembled the invasive cell types of patient tumor tissue
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in the bioprinted models as opposed to sphere cultures [216]. Hakobyan et al. used laser-
assisted bioprinting to generate 3D pancreatic cell spheroid arrays to replicate the ini-
tial stages of pancreatic ductal adenocarcinoma (PDAC) as a high-throughput, repro-
ducible model for the study of pancreatic cancer progression and potential therapeutic
approaches [217]. Novel model systems are emerging using 3D bioprinting techniques to
study other neurological tumors, as well as liver, breast, and skin cancers, that allow for the
in-vitro study of susceptibility and resistance to chemotherapeutics for predictable human
response [218].

6.4.2. Bioprinted Models for Breast Cancer Metastasis

Bioprinting offers a biomimetic in-vitro three-dimensional cancer culture system capa-
ble of modeling cell colonization, tumor growth, and response to therapies. The accuracy of
the architecture, vascularization, and composition of the tumor microenvironments demon-
strated by bioprinted models reinforces the progress in this domain beyond conventional
tissue-engineered constructs. However, cell viability presents a great challenge in the bio-
printing process, as the high-throughput processing can directly impact cell proliferation.
Recent advances in the use of bioprinting to model cancer microenvironments include
tumor fabrication [51,52], allowing for successful modeling of cancer cell interactions.

One of the most crucial elements of an in-vitro cancer model is the scaffold, which
emulates the extracellular matrix of the cancer microenvironment. Bioprinted matrices
allow for the fabrication of those scaffolds, permitting continued study of the metastasis of
breast cancer in bone. In-vitro models provide limitless opportunity for the study of cancer
cell interactions and therapeutic advances. Current applications of bioprinting in the study
of breast cancer metastasis in bone include bioprinted bone matrices to investigate cancer
cell interactions, cell migration, and drug resistance.

Cell-laden bone matrix scaffolds to study the interaction of breast cancer cells with
osteoblasts or mesenchymal stromal cells were developed by Zhou and colleagues [37]. The
bone matrices were printed with a stereolithography bioprinter, using a bioink consisting
of GeIMA hydrogel and nanohydroxyapatite (nHA) (incorporated to simulate native
bone tissue), and a printable bioink with a cell suspension consisting of osteoblasts or
mesenchymal stromal cells. Breast cancer cells were seeded on the surface of the stromal
cell-laden matrices and co-cultured with osteoblasts or mesenchymal stromal cells for
5 days. In the co-culture environment, breast cancer cells showed enhanced proliferation
but drastically inhibited the osteoblast/mesenchymal stromal cell growth. These data
suggest that nHA facilitates interactions between the bone stromal cells and breast cancer
cells [37].

Exploring the crosstalk between different cell types, Zhu et al. conducted a study
observing the interaction between human fetal osteoblasts (hFOBs) and metastatic breast
cancer cells on a 3D bioprinted artificial bone matrix, as depicted in Figure 5 [219]. The
matrix also contained the calcium phosphate nHA as it is associated with metastatic breast
cancer progression to bone [219]. Human breast cancer cells co-cultured with hFOB cells on
the matrix impacted the morphology and proliferation rate of both cell types, in addition
to enhanced IL-8 secretion, a pro-inflammatory chemokine that contributes to angiogenesis
and tumorigenesis. Notably, the presence of metastatic breast cancer cells induced height-
ened osteoblastic IL-8 expression. Furthermore, the addition of the nHA to the bone matrix
increased the overall proliferation rate of breast cancer cells in a concentration-dependent
manner [219]. Beyond examining cellular morphology, proliferation, and cytokine expres-
sion, indirect and 3D bioprinted constructs may also be used to assay alterations in cellular
crosstalk, including osteoblast differentiation and cellular protein expression, as well as
cellular engraftment into the 3D bone matrix (Figure 5). Overall, these data suggest that the
composition of the 3D bioprinted matrix is crucial to fully recapitulating cellular in-vivo
behavior of metastatic cancer cells in the bone tumor microenvironment.
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Figure 5. 3D bioprinted bone tissue constructs to study crosstalk between osteoblasts and breast
cancer cells. Indirect transwell co-culture and 3D co-culture of breast cancer cells and osteoblasts on an
artificial nanohydroxyapatite (nHA) bone matrix fabricated by stereolithography-based 3D printing.
These model systems permit the study of cellular crosstalk between osteoblasts and breast cancer
cells as it relates to cellular morphology, proliferation, osteoblast differentiation, expression of soluble
factors, alterations in cellular protein expression, and cellular engraftment into the bone matrix.

7. Conclusions and Future Exploration

Although 3D bioprinting allows for the precise control of scaffold architecture, these
techniques present many challenges in ensuring ideal cell function. Moving forward,
physical and biophysical properties of 3D bioprinted scaffolds, including scaffold—matrix
stiffness, “tunability” of the scaffold composition, which may include the addition of
growth factors and metabolic products native to an endogenous extracellular matrix to
facilitate cell growth, porosity of the scaffold to ensure successful cellular attachment
and proliferation, alterations in scaffold size, and alterations in scaffold geometry (e.g.,
honeycomb vs. grid, etc.), as well as other mechanical properties, should be assessed to
optimize these factors for successful cellular engraftment and growth [220-225]. Further-
more, optimization of a stable scaffold capable of in-vivo implantation with resistance
to degradation over time may be critical to the development of long-term viable cellular
systems and matrix vascularization.

Interestingly, it has been found that certain scaffold geometries are superior to others
with respect to cellular engraftment and viability over time. In particular, Foresti et al.
developed a well-defined scaffold with complex architecture that was vascularized and
capable of long-term cellular viability [226]. The authors additionally investigated the
biological responses of cells seeded on several different scaffolds of complex geometries
and determined certain geometries were superior to others for cellular engraftment and
proliferation as well as the ability of the scaffold to retain its shape—in some cases for up
to 23 months while in culture [226]. Wang et al. additionally investigated how modulating
the parameters of a gelatin/alginate hydrogel scaffold, including using various geometries,
pore volumes, volume porosity, and surface areas, affected the cell viability, distribution,
morphology, proliferation, and expression of cell-specific markers of C3A liver cells [223].
The authors determined that the geometry of PO250+ (fine checkerboard), with a pore size
of 250 um, was optimal towards eliciting strong cell proliferation and viability, as well
as causing the expression of the liver-specific nRNA CYP3A4 and protein albumin [223].
With specific reference to the cellular behavior of cancer cells, Hanumantharao et al. carried
out an interesting study examining how different topographical features and mechani-
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cal properties of PCL scaffolds influenced human ER+ and triple negative breast cancer
cells [227]. The authors found that human MCF-7 ER+ breast cancer cells proliferated
well on a variety of different scaffold topographies, where the MCF-7 cells had a higher
rate of proliferation on scaffolds with low Young’s modulus and stiffness. On the other
hand, human MDA-MB-231 triple negative breast cancer cells preferred scaffolds that had
a high matrix stiffness [227]. These results suggest that cancer cells respond to changes
in scaffold stiffness, mechanical properties, and topography, which should be considered
when developing a 3D bioprinted scaffold to model the tumor microenvironment.

Importantly, scaffold “tunability” may be extremely useful when investigating tumor—
stromal cell crosstalk and the biophysical properties of the extracellular matrix. Recently,
3D bioprinted scaffolds have been developed that are capable of the controlled release of
growth factors that affect angiogenesis and osteogenesis in the bone microenvironment.
Specifically, Freeman et al. developed 3D bioprinted constructs to deliver VEGF and
BMP-2 with distinct spatiotemporal release profiles to enhance the regeneration of large
bone defects [228]. Importantly, the properties of the 3D bioprinted constructs were
“tunable” in that (1) the release of VEGF and BMP-2 could be slowed or accelerated, and
(2) the distribution of release of VEGF and BMP-2 could be localized or eluted in a spatial
gradient [228]. In a similar fashion, Sun et al. developed a 3D bioprinted scaffold loaded
with connective tissue growth factor and transforming growth factor beta 3, then seeded
with mesenchymal stromal cells and implanted into mice to facilitate the regeneration
of an intervertebral disc [229]. Importantly, the authors showed that the reconstructed
intervertebral disc exhibited properties similar to a native disc bone, with corresponding
histological and immunological phenotypes [229]. Given that 3D bioprinted scaffolds may
be loaded with specific growth factors at different concentrations, these models represent
a unique and novel way to study interactions between the tumor and stromal cells in
different environmental conditions that recapitulate different stages of disease.

Furthermore, 3D bioprinted scaffolds may also be valuable for their ability to both
elute drugs into the niche in a sustained manner over time and manipulate the expression
of specific factors in the microenvironment. For example, Wu et al. developed a novel
biocompatible scaffold for endothelial cell repair in cardiovascular disease [224]. The team
loaded dimethyloxalylglycine (DMOG) into biocompatible ink with a final concentration
of 30% (w/w). Over time, in culture with aortic endothelial cells, the scaffold exhibited
sustained release of DMOG into the media, which induced the expression of HIF-1 alpha by
the aortic endothelial cells. HIF-1 alpha then elicited the transcriptional activation of VEGF,
a HIF-1 alpha target gene, suggesting that implantable 3D bioprinted scaffolds loaded with
drugs can aid in the repair of endothelial cells in cardiovascular disease [224]. Using the
same principle and taking it a step further, the same idea can be applied to manipulating
the tumor microenvironment to elicit the expression of certain tumor suppressor molecules,
promote an antitumor immune response, or deliver localized therapeutic treatment. The
ability to tailor and customize both the environmental response as well as drug loaded into
the printed scaffold would be of great benefit to more efficiently target specific cells in the
tumor niche over time.

The use of bioprinted constructs introduces a significant high-throughput, low-cost
advance in future cancer research that provides a novel perspective for cancer cell growth
determinants and potential therapeutics. The incorporation of growth factors and biophysi-
cal properties of the ECM could allow researchers to better understand the 3D breast cancer
microenvironment through these native-like tumor platforms.

As research progresses towards optimization of the matrix geometry, and more phys-
iologically accurate ECM, researchers come closer to achieving in-vivo conditions for
evaluating breast cancer cell behavior and tumor growth. Achieving a matrix that exhibits
native characteristics of tumor-stromal cell crosstalk in-vivo will lead to opportunities to
study interactions between breast cancer cells and bone stromal cells, metastatic progres-
sion, and response to drug therapy. Drug screening and therapeutic cancer drug response
testing on 3D bioprinted bone matrices could also reduce the time to screen candidate
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therapeutics when compared to in-vivo systems and reduce the number of animal models
used in testing, thus providing a viable alternative to traditional animal models.
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Simple Summary: For the research and development of drug discovery, it is of prime importance to
construct the three-dimensional (3D) tissue models in vitro. To this end, the enhancement design of
cell function and activity by making use of biomaterials is essential. In this review, 3D culture systems
of cancer cells combined with several biomaterials for anticancer drug screening are introduced.

Abstract: Anticancer drug screening is one of the most important research and development processes
to develop new drugs for cancer treatment. However, there is a problem resulting in gaps between the
in vitro drug screening and preclinical or clinical study. This is mainly because the condition of cancer
cell culture is quite different from that in vivo. As a trial to mimic the in vivo cancer environment, there
has been some research on a three-dimensional (3D) culture system by making use of biomaterials.
The 3D culture technologies enable us to give cancer cells an in vitro environment close to the
in vivo condition. Cancer cells modified to replicate the in vivo cancer environment will promote the
biological research or drug discovery of cancers. This review introduces the in vitro research of 3D
cell culture systems with biomaterials in addition to a brief summary of the cancer environment.

Keywords: biomaterials; tissue engineering; 3D cell culture; cancer cells

1. Introduction

The basic concept of regenerative medicine is to achieve the regeneration and repairing of damaged
or injured tissues by utilizing the natural healing potential of the body itself. Regenerative medicine
consists of regenerative therapy and regenerative research. Regenerative therapy is to treat patients
through the in vivo enhancement of cell activity. Regenerative research is positioned as the scientific
support for the regeneration therapy of the next generation. Drug discovery is defined as regenerative
research. The therapeutic efficacy, metabolism or toxicology of drugs are efficiently evaluated by
taking advantage of activated cells. To enhance the cell activity, two methodologies have been recently
noted. One is to utilize three-dimensional (3D) cell culture technologies. Cells are usually cultured
in a two-dimensional (2D) system, with a plate or dish. However, the functions of cells cultured in
the 2D system are lower than those of body cells because cells tend to interact with each other for
the enhancement of their own activities in the body [1-4]. Due to the difference in the cell condition,
the drug effect evaluated by the in vitro drug screening is not always the same as that in preclinical or
clinical study, which leads to the failure of drug research and development [5,6] (Figure 1).
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Figure 1. Research and development process of drug development. The difference in the environment
condition between in vitro and in vivo leads to that in drug effects, which often causes a failure in
drug development.

The comparison of cancer cell culture between 2D and 3D systems is shown in Table 1. There are
merits or demerits between the two culture systems. Although the systems have been used
depending on the purpose, the 3D culture is superior in terms of drug discovery which well
reflects the in vivo cancer environment. The other methodology to enhance cell functions is the
active utilization of biomaterials. Cell culture is often performed on the dish or plate which is mainly
composed of polystyrene. This condition of an artificial environment is quite different from the in vivo
body environment of cancer cells, and consequently, the drug effect or cytotoxicity evaluation is
technologically limited. Biomaterials which consist of extracellular matrix (ECM) components are
effective in enhancing the cell activity or functions. The interaction with biomaterials will enable cells
to enhance their proliferation, differentiation, and biological functions, leading to the realization of
cancer cell-environment interaction.

Table 1. Comparison of cancer cells culture between 2D and 3D systems.

Culture System

Points Compared

2D 3D

Cost Low High

Cell proliferation High Low

Cell differentiation Low High

Reproducibility Good Poor
In vivo imitation Limited Versatile

Cell—cell interaction Low High

Cell morphology change Low High
Diverse polarity Loss Diverse

ECM synthesis Low High

Drug sensitivity High (in contrast to in vivo) Low (Same as in vivo)

Anticancer drug screening is often performed by using the 2D culture system of cancer cells.
As mentioned above, to mimic the cancer environment in the body, the combination of 3D cell culture
technology and biomaterials is important. In addition to the technological methods, the interaction
of cancer cells with stromal cells should be considered [7], because the cancer environment is
composed of several stromal cells, such as cancer-associated fibroblasts (CAF) [8,9], tumor-associated
macrophages (TAM) [10,11], mesenchymal stem cells (MSC) [12,13] or endothelial cells [14,15]. It has
been demonstrated that cancer cells interact with stromal cells, leading to the promotion of cancer
diseases [16] (Figure 2). Moreover, several humoral factors secreted from cells are also important
to construct the cancer environment [17-19]. Therefore, to mimic the cancer environment or cancer
diseases in vitro, a coculture system of cancer cells with stromal cells is essential.

Nowadays, to replicate the cancer environment and diseases in vitro, several studies have been
reported on 3D cancer models combined with biomaterials. In this review, first, the important stromal
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cells and their characterization are briefly described. Second, we introduce 3D cancer models by
making use of several biomaterials.

Cancer cells

Epithelial cells

.- Epithelial

Basement
membrane
Stromal

EC

Invasion

A i

e
Metastasis

Figure 2. Cancer cells interact with various stromal cells of cancer-associated fibroblasts (CAF),
tumor-associated macrophages (TAM), mesenchymal stem cells (MSC), and endothelial cells (EC),
leading to the pathological maintenance and promotion of cancer characteristics.

2. Stromal Cells in Cancer Environment

There are four types of stromal cells which are composed of the cancer environment. The biological
functions of stromal cells and the humoral factors secreted are briefly explained. Table 2 summarizes
some key cytokines in the cancer environment.

Table 2. Cytokines secreted in cancer environment and the biological function.

Cytokines Functions

Transforming growth factor-B (TGE-3) Support of cancer cells proliferation
Promotion of endothelial-mesenchymal transition (EMT) and the consequent
invasion or metastasis
Recruitment of fibroblasts
Differentiation of fibroblasts or MSC into CAF
Promotion of tumorigenicity
Promotion of angiogenesis

Tumor necrosis factor-« (TNE-o) Disruption of epithelial barrier
Promotion of inflammatory cell infiltration
Stimulation of TGF-p-induced EMT
Induction of vascular endothelial growth factors (VEGF) secretion

Vascular endothelial growth factor (VEGF) ~ Promotion of angiogenesis
ECM remodeling
Promotion of inflammatory cytokine secretion
Formation of tumor endothelial cells

Stromal derived factor-1 (SDF-1) Promotion of angiogenesis by recruiting endothelial cell precursors
Recruitment of MSC
Promotion of cancer cells proliferation

Matrix metroproteinase (MMP) ECM degradation and the consequent angiogenesis, invasion, and metastasis
Promotion of tumorigenicity

Interuekin-6 (IL-6) Stimulation of TGF-B-induced EMT

Promotion of cancer cell proliferation
Promotion of angiogenesis
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2.1. Cancer-Associated Fibroblasts

Cancer-associated fibroblasts (CAF) are major stromal cells. CAF of a large-spindle shape are
perpetually activated and never undergo apoptosis [8]. Although the origin of CAF is not completely
clear, normal fibroblasts [20-22], mesenchymal stem cells (MSC) [23,24], or endothelial cells [25,26] are
potential sources of CAF. As CAF markers, alpha-smooth muscle actin (x-SMA), fibroblast activation
protein (FAP), and fibroblast specific protein-1 are well known [27]. In particular, approximately 90%
of cancer cell types show the expression of FAP [28]. The interaction between cancer cells and CAF
plays a key role in cancer diseases. An experimental trial to indicate the importance of CAF has
been reported by Weinberg et al. Human CAF and breast cancer cells are injected to nude mice. It is
demonstrated that cancer cells with CAF effectively proliferate compared with CAF-free cancer cells or
cancer cells cocultured with normal fibroblasts groups. This proliferation enhancement was induced
by stromal cell-derived factor-1 (SDF-1) secreted [29]. This study clearly indicates the importance of
CAF existence for cancer cell activity. CAF not only promote cancer proliferation but also increase the
invasion of cancer cells via the cancer-CAF interaction. The interaction also promotes the secretion
of various matrix-degrading proteinases. Among them, matrix-metalloproteinase (MMP) has a key
role in the cancer invasion or metastasis. MMP can degrade type IV collagen and laminin, which
are major components of basement membrane [30-32]. In addition to SDF-1 and MMDP, transforming
growth factor-p1 (TGF-B1) [33,34] and interleukin (IL)-6 [35] are also important factors for the
cancer-CAF interaction.

2.2. Tumor-Associated Macrophages

Macrophages are usually polarized to M1 or M2 phenotypes responding to the environment.
M1 macrophages (proinflammatory) have a capacity of inflammation induction, chronic inflammation,
and pathogen defense [36,37]. On the other hand, M2 macrophages (anti-inflammatory) are involved
in noninflammatory response, wound healing, and tissue regeneration [37-39]. TAM are generally
recognized as M2-type macrophages [40,41]. Due to the M2-type phenotype, CD163 and CD204 are
well known as the TAM markers [42,43]. The stimulation of macrophages by lipopolysaccharide (LPS)
and adenosines can induce TAM in vitro [44]. TAM play an important role in cancer progression.
Grivennikov et al. indicate that IL-23 and IL-17 secreted from TAM promote the cancer proliferation [45].
Tumor-necrosis factor-oc (TNF-«), vascular endothelial growth factor (VEGF), and TGF-f1 secreted
from TAM can promote the cancer metastasis [46]. Taken together, TAM are recognized as important
cells for cancer diseases. This promising TAM-targeted therapy has been investigated [47,48].

2.3. Cancer-Associated Fibroblasts and Tumor-Associated Macrophages for Different Cancer Types

CAF and TAM are major components of stromal cells in the cancer environment. However,
their biological contribution and influence on cancer cells generally depend on the cancer regions.
For example, in brain, liver, or kidney cancer, contribution of TAM is larger than that of CAF, while the
effect of CAF on the lung or pancreatic cancer is high compared with that of TAM. This is mainly
because of the existence ratio [49]. Therefore, the CAF/TAM contribution ratio should be considered to
understand the characteristics of various cancer cell types.

2.4. Mesenchymal Stem Cells

Mesenchymal stem cells (MSC) have been noted in the field of tissue regeneration because
MSC have a capacity of differentiation into bone, cartilage, or fat cells [50-52]. Therefore, MSC
transplantation would be effective in regenerative medicine [53]. However, the differentiation capacity
of MSC is unfavorable for cancer patients. For example, TGF-31 secreted from several cells in the cancer
environment can differentiate MSC into CAF [54]. Chowdhury et al. also report that exosomes secreted
from cancer cells promote the differentiation MSC into CAF [55]. In addition to the differentiation into
CAF, MSC also allow TAM to migrate into the cancer environment via C-C chemokine receptor type 2
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(CCR2) [56]. Moreover, IL-6 and angiopoietin-1 secreted from primary human MSC can promote the
angiogenesis [57]. Recently, it has been reported that MSC can polarize into a proinflammatory MSC-1
and an immunosuppressive MSC-2 phenotype. MSC-2 can enhance the cancer proliferation, spread,
and promotion, while MSC-1 suppress the cancer proliferation [13,58,59]. The understanding of MSC
roles at cancer sites would provide an important aspect for further cancer research and therapies.

2.5. Endothelial Cells

It is important for cancer cells to induce angiogenesis in terms of nutrient and oxygen supply,
the elimination of waste products, invasion, and metastasis. However, since a vascularization suddenly
advances at the cancer sites under a nonphysiological condition, it is well recognized that the blood
vessels in the cancer environment are fragile and the wall is highly permeable. Enhanced permeation
and retention effect (EPR effect) is a concept to symbolize this condition of cancer blood vessels [60].
Based on the EPR effect concept, a positive targeting of micelles containing anticancer drug to cancer
has been reported [61,62]. Thus, there are some structural and functional differences between the
cancer and normal blood vessels. To study cancer characteristics or therapeutic efficacy, the blood
vessel properties and the cancer—endothelial cell interaction are important to consider. Some research
has been reported to demonstrate that tumor endothelial cells (TEC) differ from normal endothelial
cells in properties, such as the cell proliferation, the gene expression, the response to growth factors,
or migration [63,64]. High metastatic tumor-derived TEC (HM-TEC) and low metastatic tumor-derived
TEC (LM-TEC) can be isolated from mice. It is demonstrated that the secretion levels of VEGF, MMP-2,
MMP-9, and SDF-1 from HM-TEC are higher than from that of LM-TEC [60,65]. It is reported that
coculture with endothelial cells facilitates the in vitro culture of cancer cells [66].

3. 3D Culture System of Cancer Cells with Biomaterials

Biomaterials classify into natural biomaterials derived from animals or plants and synthetic
biomaterials artificially prepared. Natural biomaterials are composed of polysaccharide (amylose,
cellulose, alginate, chitosan, or hyaluronic acid), peptide (collagen or gelatin), nucleic acid,
or polyhydroxyalkanoates. Since the degradative enzyme and metabolic system have already existed
in the body, most natural biomaterials can enzymatically be degraded. Because the components
constitute the cancer environment as the ECM and contribute to cancer diseases, natural biomaterials
are often used to design the 3D culture system of cancer cells. Although natural biomaterials are of
high biocompatible, there are some limitations of immunogenicity or homogeneity to use. To avoid the
issues, synthetic biomaterials are used. Synthetic biomaterials are mainly degraded nonenzymatically
based on simple hydrolysis. There are some merits of synthetic biomaterials, such as the characteristics
control, the high stiffness, and the clarity of properties.

In this chapter, several 3D culture systems of cancer cells combined with biomaterials are
introduced. To date, two types of biomaterials have been applied to the 3D culture system of cancer
cells. One s the culture system of cancer cells with the biomaterials of a spherical shape. When incubated
with microspheric hydrogels of biomaterial, cancer cells naturally form a cell aggregate of a tissue-like
3D structure, which mimics the cancer environment. The disadvantages of this system are the difficulty
of cells separation from the cell-hydrogel aggregates, and consequently, the result is often of low
repeatability. The other is the culture system of cancer cells with the biomaterials of nonspherical type,
such as sponge shapes or nonwoven fabrics. In this system, cells effectively proliferate and migrate on
the scaffold. This is suitable for immunohistochemical analysis. Table 3 summarizes the 3D culture
systems of cancer cells combined with various types of biomaterials.
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Table 3. 3D culture system of cancer cells combined with biomaterials.

Types of Cancer Cells Cultured with Biomaterial Scaffolds of

Spherical or Other Shapes

Stromal Cells Cocultured

Biomaterials Characteristics soherical ® Other (Sponges Shapes or with Cancer Cells
pherica Nonwoven Fabrics) ©)

Chitosan Derived from crustacean shells Breast cancer [67] MSC [73]
Linear cationic polymer Liver cancer [68]
Formation of polyelectrolyte Glioblastoma [69-72]
complexes with anionic Lung cancer [73,74]
polymers Prostate cancer [75-77]

Alginate Derived from seaweed Breast cancer [78,79] Liver cancer [68] Fibroblasts [78,85]
Water-soluble Liver cancer [80,81] Breast cancer [84,85] MSC [81]
Crosslinked by ions Head and neck squamous  Glioblastoma [71,72]
Easy cell encapsulation cell carcinoma [82] Prostate cancer [75,76]
Nonadhesive nature to cells Leukemia [83] Oral squamous cell carcinoma [84]
Easy stiffness control Lung cancer [84]
Thermally stable Gastric cancer [84]
High water-holding capacity

Collagen A major component of ECM Breast cancer [86] Breast cancer [85,87-91] CAF [89,93]
Low inflammation Prostate cancer [92] Macrophages [94,95]
High cell adhesion Pancreatic cancer [93] Fibroblasts [85,93-95]
Biodegradability Lung cancer [93-95]
Affinity for integrin receptor

Gelatin Denatured material of collagen  Breast cancer [66,96-99] CAF [96-102]
Water-soluble Lung cancer [96,100,101] TAM [96]
Crosslinked by chemical or Liver cancer [96] Fibroblasts [66,97,102]
thermal methods Pancreatic cancer [102] Endothelial cells [66]
Biodegradability
High water-holding capacity
Affinity for integrin receptor

Hyaluronic acid A major component of ECM Glioblastoma [69,70,103] MSC [73]

Water-soluble

Affinity for CD44 receptor
High water-holding capacity
High molecular weight affects
the biological functions.

Lung cancer [73,74,104]

Gastric cancer [103,104]

Prostate cancer [103,105]
Osteosarcoma [103]

Liver cancer [103]

Breast cancer [103]

Glioblastoma [106]

Endometrial adenocarcinoma [105]

Endometrial stromal
sarcoma [105]

Matrigel

Alternative material of
basement membrane

Derived from mouse tumors
Layer used for Boyden chamber
Suitable for invasion assay

Breast cancer [79,86]

Breast cancer [107-113]
Fibrosarcoma [109,114]
Melanoma [109]

Fibroblasts [108,113]
Treg lymphocyte [111]
NK cells [111]

MSC [112]

Endothelial cells [113]

Poly (lactic-co-

Porosity morphology

Ovarian cancer [115]

Breast cancer [117,118]

glycolic acid) Biodegradability Breast cancer [116] Prostate cancer [118]
Hydrophobic property Melanoma [118]
Ovarian cancer [118]
Lung cancer [118]
Liver cancer [119]
Polyethylene glycol Chemical modification Breast cancer [120-122] Breast cancer [91,118,124] Fibroblasts [123]

Water-holding capacity

Lung cancer [123]
Prostate cancer [122]
Colon cancer [122]

Lung cancer [118]
Melanoma [118]
Ovarian cancer [118]
Prostate cancer [118,125]
Fibrosarcoma [126]
Glioblastoma [106]

Endothelial cells [123]

@ 3D cell constructs are readily formed; ®) cells well proliferate and migrate on the scaffold.

3.1. Chitosan

Chitosan of poly (1, 4 D-glucosamine), a partially deacetylated derivative of chitin, is a natural
cationic linear polysaccharide [127]. Chitin is known as primary structural polymers in arthropod
exoskeletons. The antigenic response of chitosan is rather low among organonitrogen compounds,
and the stiffness is also enough for the cell scaffold. Therefore, chitosan is used as a blood
anticoagulant [128], a wound healing accelerator [129], and a surgical suture [130] and also for
cardiac [131], neural [132], bone [133], or vein endothelial [134] tissue engineering. Chitosan is also an
effective biomaterial for 3D culture of cancer cells because glycosaminoglycan (GAG), closely to the
structure of chitosan, is one major component of ECM in the cancer environment [135]. A chitosan
scaffold is reported for the 3D culture system of cancer cells. When human breast MCF-7 cancer cells
were cultured on the chitosan scaffold, the cell attachment and proliferation were superior to the

regular culture of plastic dish [67].
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3.2. Alginate

Alginate, purified from seaweed, is a naturally-occurring anionic polysaccharide composed of
a-L-guluronic acid and 3-p-mannuronic acid [136]. As a pharmaceutical application, sodium alginate
has already been used for the treatment of peptic ulcer [137]. One of the alginate merits is the quick
gelation or cell encapsulation by ionic crosslinking using divalent metal ions of calcium or ferric
ions [138,139]. Second, alginate is thermally stable [140]. The molecular structure of alginate is similar
to that of polysaccharide in vivo [141]. Therefore, for the 3D culture system of cancer cells, there are
many studies on the encapsulation of cancer cells by using alginate gels. Liu et al. prepare alginate gels
to encapsulate head and neck squamous carcinoma cells. In addition, three types of gels with different
stiffness are prepared by changing the alginate concentration. It is found that the tumorigenicity,
the metastatic ability, and the drug resistance increased at the moderate stiffness [82]. The system is also
applied to not only neck squamous cell carcinoma but also the hepatocellular carcinoma reaction [80].
In addition, it is reported that IL-8, inflammatory cytokines, secreted from cancer cells cultured within
alginate gels under the hypoxia, was high compared with in 2D culture system [84]. Alginate is widely
used as a material of cell encapsulation or scaffold for the 3D culture system of cancer cells.

3.3. Collagen

Collagen is the main protein of most tissues and contributes to the physical support of tissues [142].
Therefore, collagen is widely used as a material for nerve [143-145], bone [146-148], cartilage [149-152],
tendon [153], ligament [154,155], or skin [156,157] tissue engineering. Chen et al. report that the
expression of proangiogenic growth factors and the transcript of MMP of human breast MCF-7 cancer
cells cultured on collagen sponges increased [158]. For the 3D cancer cell culture, collagen is often
used to evaluate the invasion ability of breast cancer cells. This may be mainly because it has been
reported that breast cancer cells prefer to migrate into collagen I [86]. When high-invasive breast
MDA-MB-231 cancer cells were cultured on a collagen scaffold, the migration ability increased via the
epithelial-mesenchymal transition (EMT) [88]. For the bone metastasis models, Bersini et al. prepared
collagen hydrogels containing osteoblasts cells on a microfluidic device. Human breast MDA-MB-231
cancer cells were invaded into the collagen hydrogels embedding osteoblasts cells effectively via the
CXCL5/CXCR2 system compared with the collagen hydrogel without cells [90]. It is demonstrated that
the migration ability of breast cancer cells was induced by the degree of collagen fiber alignment or the
fibril bending stiffness of the collagen matrix [87].

3.4. Hyaluronic Acid

Mucopolysaccharide, namely GAG, repeating units of amino acid and uronic acid, is a major ECM
component in connective, epithelial, and neural tissues. Hyaluronic acid (HA) is a GAG family and is
composed of D-glucuronic acid and D-N-acetylglucosamine [159,160]. The advantageous characteristic
of HA is recognized by the CD44 surface receptor [161]. The interaction between HA and cells via the
CD44 receptor affects the cell functions [162]. For cancer, the HA-CD44 interaction leads to the cancer
invasion [163], MMP-2 secretion [164], RhoGTPase activation or c-Src phosphorylation [165], and the
expression of TGF-B1 and basic fibroblast growth factor (b-FGF) [166]. Moreover, HA affects the
stemness maintenance of cancer cells, leading to tumorigenesis, EMT, or drug resistance because CD44
is a major surface marker for stem cells [167,168]. It has been demonstrated that the higher expression
of HA in the cancer environment increased the cancer progression, leading to the poor mortality
rate [169]. In addition, the molecular weight of HA is also one of the most important factors for cell
response. Rayahin et al. report that the molecular weight of HA affects the macrophage phenotypes.
At a low molecular weight (5 kDa), the secretion of TNF-a and nitrite production increased. HA of
high molecular weight (3 MDa) enhanced the alginase activity which is the characteristic of M2-type
macrophages [170]. Therefore, when HA is selected for a 3D cell culture system, the molecular weight
of HA should be sufficiently considered because macrophage phenotypes affect the characterization of

133



Cancers 2020, 12, 2754

cancer cells. David et al. report a 3D culture system of cancer cells by use of HA hydrogels crosslinked
with adipic dihydrazide to evaluate the invasion ability of several cancer cell lines [103]. It is found by
the same groups that the drug resistance enhanced on the same culture systems compared with that in
the 2D culture [104].

3.5. Matrigel

Basement membrane (BM), a thin layer of ECM, is between the epithelial and stromal
sites [171] (Figure 2). BM has a major role in tissue integrity, specificity, and separation [172].
The components of BM are collagen type IV, laminin, heparan sulfate proteoglycan, various growth
factors, cytokines, and chemokines [173]. Although BM is an essential material for biological research,
human BM of physiological integrity cannot be obtained. As an alternative, matrigel, an extract of
Engelbreth-Holm-Swarm tumor derived from wild mice, is used in vitro and in vivo [173]. The major
component of matrigel is laminin-111, and gelation is formed at 37 °C [174].

Kramer et al. report on the investigation method of human HT1080 fibrosarcoma cells by use of
matrigel [114]. After that, matrigel is often used for cancer invasion assay [109,110]. Matrigel enables
the evaluation of not only the cancer invasion ability but also morphology. High-invasive MDA-MB-231
breast cancer cells cultured on matrigel grew, forming a star-like appearance (invasive characterization),
while near-sphere cell aggregates were formed when low-invasive breast MCF-7 cancer cells were
cultured [107]. Nowadays, the Boyden chamber has been developed to widely investigate cancer
invasion as a reliable method [175-177]. The two chambers are separated via matrigel-coated porous
filter. Cancer cells are plated in the upper chamber, while the medium with or without invasion
modulators are in the feeder chamber. When the high-invasion cancer cells are plated, the filter is
degraded, leading to the migration of cancer cells and their localization on the feeder surface of filter.
Cancer cells migrated are easily counted by the trypan blue stain or fluorescence intensity. The merit
of this assay is not to take a long time (1224 h) to evaluate [171]. The Boyden chamber is a powerful
tool to evaluate the cancer invasion ability or perform a drug screening.

3.6. Poly (Lactic-Co-Glycolic Acid)

Poly (lactic-co-glycolic acid) (PLGA) of biodegradable lactic acid (LA) and glycolic acid (GA)
copolymers are widely used for biomedical applications [178]. As an example, leuprolide-loaded
PLGA microparticles are used for the treatment of breast or prostate cancer. The microparticles realize
an extended release of leuprorelin, which enables once every few months [179]. The basic properties of
PLGA are usually given by molecular weight and the LA/GA ratio. For example, PLGA7520 indicates a
copolymer of 20,000 molecular weight, and 75 wt % PLA and 25 wt % PGA. Both the molecular weight
and LA/GA ratio determine the crystallinity or glass transition temperature [180], which enables the
control of the size, porosity, or stiffness of PLGA particles or scaffolds easily [178,181-184].

Due to the easiness of the functional control, PLGA particles or scaffolds are also used for the 3D
culture system of cancer cells. Sahoo et al. prepare PLGA scaffolds for the human breast MCF-7 cancer
cell line by a solvent evaporation method. Since the PLGA scaffolds are hydrophobic, the difficulty
of wetting and swelling in the culture medium is often a problem. The incorporation of poly (vinyl
alcohol) (PVA) into the scaffolds enhanced the hydrophilic nature, leading to improved cell adherence
and proliferation [116]. Besides breast cancer cells, several PLGA sponges have been prepared for
a cell line of human liver Hep3B cancer by changing the LA/GA ratio. The sponges were prepared
by a supercritical CO, gas-foaming method. The growth, mitochondrial activity, DNA amounts,
hepatic function, and invasion ability of Hep3B cells on the sponges became maximum at the ratio of
85/15 [119]. In addition, PLGA porous microparticles have been prepared for ovarian HO-8910 cancer
cell growth [115].
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3.7. Polyethylene Glycol

Polyethylene glycol (PEG) is widely used for chemical modification in the field of drug delivery
system or biomaterials [185]. PEG-based hydrogels are studied for the 3D cell culture system to
investigate the migration of human fibrosarcoma HT-1080 cell line [126] or to mimic the prostate cancer
environment [125]. PEG scaffolds in a layer-by-layer fashion with tunable stiffness are reported to
evaluate the cell mortality [124]. In addition, Yang et al. report that the mouse breast 4T1 cancer cells
are encapsulated in inert PEG hydrogels. The PEG hydrogels enabled cancer cells to form tumorspheres
and maintain the cancer stemness [120].

4. 3D Culture System of Cancer Cells with Combination of Several Biomaterials

Considering unique properties and functions of each biomaterial, different biomaterials are often
combined to use for 3D culture system of cancer cells. In this chapter, the 3D culture systems of cancer
cells with combined biomaterials are introduced.

4.1. Chitosan—Alginate

Chitosan forms insoluble ionic complexes with alginate to improve the mechanical strength or
replicate cancer environment [186-188]. Chitosan and alginate (CA) hybrid materials are used to create
a 3D material with an interconnected and porous structure. The CA materials have a mechanical strength
and shape maintenance significantly improved as compared with chitosan only. This is due to the
electrostatic interaction between the amine groups of chitosan and the carboxyl groups of alginate [189].
When human liver HepG2 cancer cells were cultured on the CA scaffolds, both the malignancy and
drug resistance increased [68]. The CA scaffolds can be applied not only for hepatocellular carcinoma
cells, but also for human glioblastoma U-87 MG and U-118 MG cell lines. The expression levels of
genes involved in EMT or cancer stem cells were rapidly promoted [71,72].

4.2. Chitosan—Hyaluronic Acid

The mixed hydrogel of chitosan and hyaluronic acid (CH) is often used as a nonadhesive material
for spheroids formation. The CH has an ability to maintain the stemness of MSC spheroids through the
Rho/Rock activation. A short time of spheroid formation and the enlargement of spheroid size were
achieved compared with the conventional culture system [190]. When the 3D spheroids of human
nonsmall cell lung cancer cells were prepared on the CH membrane, the expression level of EMT
marker, the stemness, or the drug resistance increased compared with those of cells in the 2D culture
system [74]. In addition, upon culturing on the CH scaffolds, the expression of stem cell marker and
drug resistance of 3D human glioblastoma cancer stem cells was enhanced [70]. A porous CH scaffold
promoted the formation of cancer spheroids and their stemness [69].

4.3. Matrigel-Collagen or Alginate

Nguyen-Ngoc et al. formulate matrigel hydrogels embedding human breast cancer cell aggregates.
Cancer cells are individually dissociated from aggregates to promote their invasion nature because
matrigel gives cancer cells a suitable environment. Moreover, the addition of collagen type I into
the matrigel increased further cancer invasion [86]. It is reported that the mixed alginate matrigel
hydrogel (a mixing ratio of 50:50) enabled human breast cancer cells incorporated to replicate the
cancer invasion [79].

4.4. Polyethylene Glycol-Other Biomaterials

For the formation of cancer cell scaffolds, PEG is often conjugated with various biomaterials of
collagen [91], HA [106], PLGA [118], fibrin [123], and fibrinogen [121,122,185]. PEG/collagen hydrogels
of interpenetrating network are prepared to investigate the functions of human breast cancer cells,
such as their proliferation, viability, or migration [91]. PEG/HA hydrogels with different stiffness
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are prepared by changing the PEG concentration to investigate the behavior of brain cancer cells
embedded into the hydrogels [106]. Lipke groups have intensively studied the function of cancer
cells cultured with PEG/fibrinogen materials [121,122]. Fibrinogen is one of the ECM components and
has an important role in the polymerization or deposition of collagen [191]. Breast cancers [121] and
colon or prostate cancer cells [122] are embedded in the 3D PEG/fibrinogen hydrogel to experimentally
confirm the possibility of a long-time culture. Girard et al. culture several cancer cells on the 3D
nanofibers of PLGA-PLA-PEG. Tight irregular aggregates were formed similarly to those of cancers
in vivo, and the EMT was induced [118].

5. 3D Coculture System of Cancer and Stromal Cells Combined with Biomaterials

5.1. Alginate

Coculture of cancer cells and stromal cells with alginate has been investigated. Alginate hydrogels
encapsulating human breast MCF-7 cancer cell aggregates were cocultured with human fibroblasts.
The oestrogen receptor and the membrane E-cadherin expression increased, the polarity was lost, and the
cell migration and angiogenesis increased, in contrast to the monoculture of MCF-7 cells [78]. These
phenotypic alterations are important at the advanced stage of cancer. Liu et al. embed hepatocellular
carcinoma in the algiante hydrogels, and then, the hydrogels are cocultured with MSC. In this culture
system, efficient induction of EMT and the metastasis of cancer cells via TGF-{3 were observed [81].

5.2. Collagen

Nikkhah groups prepare a 3D microengineered cancer model composed of breast cancer cells
and CAF embedded into collagen hydrogels. This culture system enabled cancer cells and CAF to
achieve their interaction in vitro, which leads to better evaluation of invasion level of cancer cells,
MMP secretion, and drug resistance [89]. 3D lung or pancreatic cancer cell aggregates embedded in
collagen hydrogels are cocultured with CAF. Cancer cells were attached to CAF and quickly migrated
on the CAF protrusions, while CAF-free cancer cells hardly invaded into the matrix [93].

5.3. Gelatin

Collagen of one ECM components is often used in the research field of 3D cell culture. However,
collagen is water-insoluble and has biological activities, such as blood coagulation and a specific
affinity for humoral factors. Considered as a material to design the cell culture system, the inherent
properties are sometimes not suitable. Gelatin, a denatured form of collagen, is a cell friendly (high
cell adhesion and low inflammation induction) material and is water-soluble [192,193]. In addition,
it is technologically easy to prepare gelatin with various physicochemical properties by changing the
preparation process from collagen [194,195]. Hydrogel formulations of water-insoluble gelatin can be
freely prepared by the physical or chemical crosslinking methods, while the degradation profile can
be modified as well [194,196]. The gelatin material is used for a coculture system of cancer cells and
stromal cells. Netti groups have extensively investigated cancer microtissues by use of gelatin porous
microbeads (GPM). Gelatin scaffolds with interconnected pores of about 20 pm diameter are designed
for a 3D culture system, and the microtissues of cancer are formulated [197]. 3D CAF microtissues
with GPM showed the higher deposition of collagen, fibronectin, and hyaluronic acid than that of
GPM-free 3D CAF. GPM are effective materials to replicate the 3D cancer-stroma condition in vitro [97].
Moreover, human MCEFE-7 breast cancer and CAF microtissues with GPM are prepared to mimic the
cancer microenvironment. The diffusion coefficient of anticancer drugs and the drug action for the
3D MCEF-7-CAF microtissues with GPM were higher than those for the GPM-free 3D MCF-7-CAFE.
In addition, there was a good correlation of the expression of some cancer biomarkers related to cell
junctions between the 3D MCF-7-CAF microtissues combined with GPM and in vivo cancer site [98].
The combination of endothelial cells with the culture system is reported [66].
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5.4. Hyaluronic Acid

As a coculture system of cancer cells and stromal cells with HA, a multilayer system of high-invasive
prostate C4-2B cancer cells, or endometrial Ishikawa cancer cells and stromal cells with HA hydrogels
is reported. This culture system enables the evaluation of the cytotoxicity of compounds used clinically
for both prostate and endometrial cancer cells in vitro. In addition, it is technically possible to anticipate
and identify drugs that fail in clinical trials [105]. Han et al. prepare multicellular spheroids of human
cell lung carcinoma cell line A549 and human MSC isolated from adipose tissue on CH coating plates.
It is found that the gene expression levels of tumorigenicity markers in cancer cells associated with
cancer stemness, EMT property, and cell mobility were up-regulated in the MSC-tumor multicellular
spheroids [73].

5.5. Matrigel

There are several reports on matrigel-assisted coculture systems with stromal cells, such as
fibroblasts [108], regulatory T lymphocyte (Trgg lymphocyte) or natural killer cells (NK cells) [111],
and MSC [112]. Augustine et al. culture both Trgg lymphocytes and NK cells with luminal phenotype
MCF-7 and basal phenotype MDA-MB-231 to study the immune reaction of breast cancer progression.
Cancer morphology, the expression of biomarkers, and CC-chemokine 4 (CCL4) secretion were
influenced by the phenotype of breast cancer cells and their immune stimulation [111]. MSC are
cocultured with estrogen receptor-positive breast cancer cells embedded in matrigel. Cancer cells
rapidly proliferated compared with the MSC-free cells [112].

5.6. Collagen—Alginate

Mixed hydrogels of collagen and alginate are investigated to form the multicellular spheroids of
human breast cancer cells and fibroblasts. The hydrogel system developed in this study enables the
control of the stiffness without altering the major gel components, since the concentration of alginate
and collagen in the hydrogel remains constant. The change in the degree of calcium crosslinking does
not affect the cell adhesion on the collagen network [85]. Alginate has been extensively used as a
material whose stiffness can be readily regulated.

An increase in ECM stiffness is involved in the cancer progression [198]. In addition, there have
been reports on the relationship between the stiffness and drug resistance [199,200]. Based on these
findings, it is important to design the 3D culture system of cancer cells by making use of biomaterials
of which the stiffness can be changed. It has been recently reported that the stiffness of biomaterials
affects the characteristics of cancer cells, such as drug resistance [80,201-203]. It is promising for the
3D coculture of cancer and stromal cells to use biomaterials of the right material for the right place.

6. 3D Coculture System of Cancer and Stromal Cells Combined with Biomaterials of Drug
Delivery System

The drug delivery system (DDS) is defined as a technology and methodology to enhance
the biological activities of drugs or reduce the adverse effects by appropriately combining with
biomaterials. To date, the DDS has been mainly used for in vivo cancer therapy through drug
delivery [62,204,205]. However, the technology and methodology are also applicable for drug screening
because cancer—environmental normal cell interaction is biologically supported by humoral factors
secreted from the cells [8,12,13,16,19,27,33]. The combination of humoral factors in the DDS will enable
the enhancement of the interaction between cancer and stromal cells which physiologically takes place
in the body.

Gelatin hydrogel microspheres (GM) for regenerative medicine have been explored. GM can
incorporate various growth factors, such as b-FGF [206-209], TGF-1 [100,210,211], insulin-like growth
factor-1[212,213], or SDF-1 [214] for controlled release. Growth factors and gelatin molecules effectively
interact by physicochemical interaction (e.g., ionic or hydrogen interaction) [194]. Due to the interaction,
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the mechanism of gelatin matrix-degradation-driven drug release is achievable. This is different from
the conventional release system where the drug is usually released from release matrices by the drug
diffusion. In addition, GM are in vivo and in vitro enzymatically degraded with time, and finally
disappear. The characteristic behavior of GM disappearance is essential as a material for drug
release used for tissue regeneration. To repair the damaged tissues, cells should migrate, proliferate,
and differentiate. If drug release materials remain for a long time period after drug release is completed,
the material remaining will cause the physical impairment of tissue regeneration. The speed of tissue
regeneration should be synchronized to that of material degradation. Taken together, the growth factor
release as the result of GM degradation with time is effective in realizing tissue regeneration based
on the cell activity enhancement for natural healing potential [101,193,215-219]. In addition, a water
phase of GM matrices is a pathway to permeate oxygen or nutrients [220]. This permeability is very
important considering the 3D cell culture because cells in cell aggregates easily die because of the lack
of oxygen or nutrients [221-223]. As a trial to break through the issue and culture 3D cell aggregates
for a long time period, GM incorporation into the aggregates has been attempted [224-226]. Moreover,
to enhance the cell activity, drugs to activate the cell function can be impregnated into GM for sustained
release. Incorporation of GM containing drugs in cell aggregates is useful to give cells cultured in the
3D system a better condition. It is reported that CAF aggregates incorporating GM containing TGF-f31
(3D CAF-GM-TGF-f31) showed an activated function of CAF. When the activated CAF aggregates and
cancer cells were cocultured via a model basement membrane, the invasion rate of cancer cells through
the membrane was significantly higher than that of 2D cultured CAF (Figure 3) [100]. The findings
indicate that the combination of 3D cell culture and DDS technology is promising to enhance the activity
of cancer cells in the 3D culture system. TAM aggregates incorporating GM containing adenosines
(3D TAM-GM-adenosines) were formulated to activate and maintain TAM functions. It is found that
a 3D cancer cell coculture system of combined 3D CAF-GM-TGEF-f1 and 3D TAM-GM-adenosines
enabled the effective evaluation of the in vitro invasion of various cancer cells [96].

CAF cultured 3D CAF aggregates
by 2D system incorporating GM

CAF-GM-TGF-f1

==l

Figure 3. Illustration of cancer invasion based on a combination of 3D cell culture and drug delivery
system technology.

The body tissue fundamentally consists of cells and the surrounding environment. The environment
generally is made of ECM and nutrients for cells. In the case that the two factors of cell environment
were not biologically sufficient, the functions of cells would rapidly decrease. The gelatin hydrogel
microspheres (GM) function not only as the cell scaffold, but also as the release carrier of TGF-1 and
adenosines of nutrients for CAF and TAM.
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7. Future Prospective and Conclusion

Biomaterials can assist the 3D culture system of cancer cells through the biological induction
of ECM components. Several studies have reported on 3D culture systems by taking advantage of
biomaterials. For further development of the 3D culture system of cancer cells, several biomaterials
should be combined considering their unique properties and functions. In addition, substantial and
close interaction between tissue engineering and the biological research of cancer cells or cancer
environment would bring about further development of the 3D cell culture system for anticancer drug
screening. In future, patient-derived cancer cells or stromal cells should be combined with biomaterials
selected to allow the culture system to approach a more realistic cancer environment. The 3D culture
system with biomaterials is a promising tool for cancer research and anticancer drug screening.
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Simple Summary: Epithelial Ovarian Cancer is considered to be a ‘silent killer” and a challenge
for gynaecological health across the world due to its asymptotic nature in the early stages, its
late-stage diagnosis, high recurrence rate and resistance to currently available treatment methods
(chemotherapy). These disheartening figures highlight the need for extensive in vitro studies to better
understand this disease. A number of in vitro 3D models are currently available to aid in the study of
ovarian cancer and its response to therapeutic methods. In this work, we report, for the first time, a
comprehensive comparative study of three widely used 3D in vitro models for ovarian cancer, along
with chemotherapy assessment of primary and metastatic cells. Our study highlights the importance
of selecting an appropriate 3D in vitro platform, which is based on multiple factors including the
origin of cells used, experimental time period and experimental design, even for one specific disease.

Abstract: Epithelial Ovarian Cancer (EOC) is a silent, deadly and aggressive gynaecological disease
with a relatively low survival rate. This has been attributed, to some extent, to EOC’s high recurrence
rate and resistance to currently available platinum-based chemotherapeutic treatment methods.
Multiple groups have studied and reported the effect of chemotherapeutic agents on various EOC 3D
in vitro models. However, there are very few studies wherein a direct comparative study has been
carried out between the different in vitro 3D models of EOC and the effect of chemotherapy within
them. Herein, we report, for the first time, a direct comprehensive systematic comparative study
of three different 3D in vitro platforms, namely (i) spheroids, (ii) synthetic PeptiGels/hydrogels of
various chemical configurations and (iii) polymeric scaffolds with coatings of various extracellular
matrices (ECMs) on the cell growth and response to the chemotherapeutic (Cisplatin) for ovary-
derived (A2780) and metastatic (SK-OV-3) EOC cell lines. We report that all three 3D models are
able to support the growth of EOC, but for different time periods (varying from 7 days to 4 weeks).
We have also reported that chemoresistance to Cisplatin, in vitro, observed especially for metastatic
EOC cells, is platform-dependent, in terms of both the structural and biochemical composition of the
model/platform. Our study highlights the importance of selecting an appropriate 3D platform for
in vitro tumour model development. We have demonstrated that the selection of the best platform
for producing in vitro tumour models depends on the cancer/cell type, the experimental time period
and the application for which the model is intended.

Keywords: epithelial ovarian cancer; tissue engineering; 3D in vitro model; chemotherapy; Cisplatin;
spheroids; hydrogels; polymeric scaffolds; A2780; SK-OV-3
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1. Introduction

Epithelial Ovarian Cancer (EOC) is the seventh most common cancer amongst women
across the world and the third most common gynaecological cancer, ranked after cervical
and uterine [1]. Even with extensive advancements in the field of cancer diagnosis and
treatment, the 5-year survival rate of ovarian cancer is only around 30% [2] and it is the
most common cause of gynaecological cancer-related deaths worldwide [3,4]. The relatively
high mortality rate of ovarian cancer is attributed to its asymptotic nature, delayed onset
and recognition of symptoms, lack of proper screening, high recurrence rate along with
resistance to available chemotherapeutic methods of treatment [5,6]. The current gold
standard for EOC treatment involves ‘debulking’ via reductive surgery in combination
with the use of platinum-based chemotherapy involving chemotherapeutic agents such as
Cisplatin and Carboplatin [7-9]. However, it has been observed that over 80% of patients
have a relapse post chemotherapy, along with the development of a platinum-resistant
aggressive form of EOC, all of which can be attributed, to a large extent, to EOC’s complex
tumour microenvironment (TME) [10-13]. The latter is a cocktail of different cellular,
structural, biochemical (extracellular matrix (ECM) protein composition), biophysical and
biomechanical features, all of which interact in complex and sometimes unknown ways
with the tumour, leading to its progression, resistance to treatment and metastasis. Overall,
these disheartening data suggest that there is an unmet need for ex vivo models of EOC
in order to better understand the disease, EOC’s complex TME and its unique mode of
metastasis, as well as to predict patient-specific, personalised drug responses.

Similar to other cancers, traditionally, EOC studies including treatment screening are
carried out either in (i) 2D in vitro systems such as T-Flasks and petri dishes [14-18] or
(ii) in vivo, in animal models such as mice, rats and hens [19-21]. Firstly, 2D tumour models
are easy to use, reproducible and are generally responsive to most therapeutic methods [22-24].
However, they are unable to capture key properties of the in vivo TME, including cell—cell inter-
actions, cell-ECM interactions, structure, stiffness, spatial orientation and various environmental
gradients [25,26] that are typically formed in a 3D tumour during growth and progression.
In vivo animal models are currently considered to be the gold standard for therapeutic assess-
ment, as they are more realistic in terms of capturing the in vivo organ complexity in comparison
to 2D systems [27-30]. However, these models are expensive, difficult to reproduce and time-
consuming. Additionally, there is evidence suggesting that they undergo genetic changes that
differ from the evolutionary course of human diseases, raising further concern regarding their
validity as models for personalised treatment [31-34].

Thus, 3D in vitro models are slowly emerging to tide over these issues associated with
2D as well as animal models. To date, 3D models used for ovarian cancer in vitro research
include (i) cell spheroids, (ii) hydrogels and (iii) natural or synthetic biomaterial-based
polymeric scaffolds. Spheroids are the most commonly used 3D in vitro models for ovarian
cancer [24,35-42]. The earliest known spheroid model of EOC was reported in 1995 by
Griffon et al. [43], wherein they developed cellular aggregates/spheroids from patient
samples and exposed them to photon radiation (0-8 Gy), followed by analysis after 7 days
post-treatment. They reported that the effect of radiation on the spheroids was dependent
on the spheroids’ size and proposed that spheroids are able to mimic the patient-specific
radio-response to a large extent [43]. Since then, many groups have reported the feasibility
of using EOC spheroids developed via different methods of fabrication, as suitable 3D
models for obtaining an understanding of EOC and for predicting therapeutic outcomes
in vitro [35-38,40,41,44-49]. In general, these therapeutic assessment studies report observ-
ing higher chemoresistance in spheroid models in comparison to 2D monolayer models for
different established cell lines as well as patient samples. For example, recently, Gunay et al.
(2020), in their comparative study between OVCAR-3 and OVCAR-8 cell lines, reported
that different cell lines have different responses to Taxol and Cisplatin [44]. Similarly,
Raghavan et al. (2017) reported that different patient samples responded differently to the
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chemotherapeutic treatment in spheroid-based 3D models, highlighting the feasibility of
using the model for the personalised screening of therapy [35]. An extensive comparison
of 3D spheroid models using 16 different commercially available EOC cell lines was carried
out by Heredia-Soto et al. (2018). Similarly to other groups, they reported that 3D models
for the different cell lines showed higher resistance to Cisplatin treatment in comparison
to 2D monolayer models [38]. The study also reported that, for most cell lines, there was
increased expression of master EMT regulators in 3D models in comparison to 2D, showing
the advantage of 3D models in capturing the biochemical 3D features of the EOC TME.

Although simple cell-based spheroids are proven to be feasible models for therapeu-
tic assessment and very promising tools especially for fast drug screening, they come
with certain inherent constraints, including limited culture time; the formation of unre-
alistically high gradients of nutrients and oxygen, which can lead to the formation of
extreme/extended necrotic cores at the spheroid centre; a lack of robust ECM mimicry and
a lack of spatial architecture and structural orientation [26,32,50,51]. However, 3D models
based on hydrogels and polymeric scaffolds can solve some of the issues associated with
simple cell-based spheroid models. More specifically, they can sustain a longer culture
period (several weeks), they enable better diffusion of biochemical reagents and they allow
for the presence of specific ECM proteins, spatial orientation and a relatively defined and
tuneable architecture [50,51]. Several groups have developed and used both natural and
synthetic material-based hydrogels as 3D models of EOC for the purpose of therapeutic
assessment [52-62]. For example, Yang and Zhao (2011) carried out a comparative study
between a collagen I hydrogel and a RADA16-1 peptide hydrogel with different cell lines
(A2780, A2780/DDP and SK-OV-3) using three different chemotherapeutic agents (5-FU,
Paclitaxel and curcumin). They reported that synthetic hydrogels with RADA16-I peptide
were able to maintain all three cell lines in culture and, similarly to spheroids, hydrogel-
based 3D models of EOC showed approximately 2- to 5-fold higher chemoresistance in
comparison to 2D monoculture [53]. Liu et al. (2018) reported the growth of patient-
derived platinum-sensitive and platinum-resistant cell lines within a collagen I hydrogel,
for 7 days, wherein they observed the overexpression of mesenchymal markers (N-cadherin,
vimentin and fibronectin) and transcriptional factors (snail and slug) along with higher
chemoresistance in comparison to 2D monolayer systems [61]. Chen et al. (2014) used
a commercially available Basement Membrane Extract (BME) hydrogel to compare the
characteristics of a CD44"* /CD117" double-positive EOC cancer stem cell (CSC) population
between 3D (the hydrogel) and a 2D culture system [59]. They attributed the increased
chemoresistance of the CSC population in the 3D hydrogel to the increased expression of
ABCG2, ABCB1, MMP-2 and MMP-9 as compared to 2D. The longest study for EOC using
hydrogels as 3D models was conducted by Loessner et al. (2010), wherein EOC cell lines
OV-MZ-6 and SK-OV-3 were cultured in PEG hydrogels biofunctionalised with RGD, GIn
and MMP-sensitive sites for 14 days, followed by treatment using Paclitaxel and 7-day
post-treatment analysis [58].

Currently, there are very few reported studies wherein polymeric scaffolds have been
used for the development of ovarian cancer 3D models [63—-66]. However, to the best of our
knowledge, there are currently no reported studies wherein polymeric scaffold-based 3D
models of EOC have been used for therapeutic assessment. Girard et al. (2013) developed a
nanofibrous polymeric scaffold composed of PLGA and mPEG-PLA polymers (3P scaffold),
via electrospinning, to culture BG-1 ovarian cancer cell lines for up to 5 days, wherein
the EOC cells were shown to be growing as cell aggregates [63]. Ul-Islam et al. (2019)
developed a 3D model of EOC using A-2780 ovarian cancer cell lines and a chitosan and
bacterial cellulose-based polymeric scaffold and maintained it for 7 days [65].

In addition to these static monocellular models of EOC (containing cancer cells only),
efforts have also been made to study the effect of shear stress and fluid flow, as well
as the presence of other stromal cells, e.g., mesothelial cells and adipocytes, in EOC
3D models [62,66-73].
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Despite extensive advancement in the field of EOC in vitro 3D models, there are very
few publications available for a direct comparative study between the various types of
in vitro 3D models, i.e., simple cell spheroids vs. hydrogels vs. polymeric scaffolds, and
most of them compare either different types of hydrogels or spheroid models prepared
via different fabrication methods [52,74]. For example, Zheng et al. (2014), carried out
a comparative study between hydrogels from collagen I, Matrigel, alginate and agarose
using SK-OV-3 cell lines, injected in vivo in a nude mice model for a period of 4 weeks [52].
They reported that tumour formation by SK-OV-3 cells was best supported by collagen,
followed by Matrigel, alginate, control (cell suspension only) and agarose in vivo, along
with increased MMP activity and upregulated expression of laminin, fibronectin, HIF-1a
and VEGEF-A in collagen I hydrogels. They concluded that the bioactive and biomimetic
hydrogels were superior to ‘inert’ (i.e., lacking in native ligands that allow mammalian
cells to attach) hydrogels at promoting tumour regeneration/growth. A comparative study
between different fabrication methods for spheroid formation (polydimethylsiloxane-based
microfluidic chips, ultra-low-attachment plates and hanging drop method) and their effect
on drug sensitivity for carboplatin was carried out by Patra et al. (2020), wherein they
highlighted the challenges of choosing appropriate preclinical models for drug testing [74].

In this current study, we have taken a step further to systematically compare the
chemotherapeutic (Cisplatin) response (cell viability and apoptosis analysis) between
spheroid, hydrogel and polymeric scaffold-based 3D in vitro models of epithelial ovarian
cancer. For such a comparative study, we have used two different cell lines, namely
(i) A2780, which is derived from the ovary (primary tumour), and (ii) SK-OV-3, which is
derived from the ascites fluid (metastatic site), to identify the impact of cell origin on the
growth and drug response in various 3D systems.

2. Materials and Methods
2.1. Cell Culture

Human Epithelial Ovarian Cancer (EOC) cell lines A2780 (Merck, Gillingham, UK)
and SK-OV-3 (HTB 77, ATCC, Teddington, UK) were cultured in RPMI-1640 (Thermo Fisher
Scientific, Loughborough, UK) and McCoy’s 5a (Thermo Fisher Scientific, Loughborough,
UK) media, respectively, supplemented with 10% Foetal Bovine Serum (FBS, Thermo Fisher
Scientific, Loughborough, UK), 2 mM glutamine (Merck, Gillingham, UK) and 1% antibiotic—
antimycotic (Thermo Fisher Scientific, Loughborough, UK) in a humidified incubator at
37 °C and 5% CO,. Both cell lines were passaged regularly upon reaching 75-80%
confluency with Typle E (Thermo Fisher Scientific, Loughborough, UK) till the required
cell densities were obtained. The two cell lines were selected to reflect two different stages
of ovarian cancer. A 2780 cell line was derived from the ovarian tumour of an untreated
patient while SK-OV-3 was derived from the ascites fluid post-metastasis.

2.2. 3D Cell Culture and Chemotherapeutic Treatment on Polymeric Scaffolds

Polyurethane (PU) polymeric scaffolds were prepared via the Thermal-Induced Phase
Separation (TIPS) method, sterilised and coated (surface modified with physisorption)
with the ECM proteins fibronectin and collagen I, as previously described [75-77]. Both
proteins are important elements of the EOC TME [78,79]. The scaffolds were highly porous
(85% porosity) and they were microporous, with interconnected pores with an average
pore diameter of 100-150 um. A2780 and SK-OV-3 cell lines were seeded in the scaffolds
(5 x 5 x 5 mm?) at a seeding density of 0.5 x 10° cells/scaffold and cultured for 28 days.
Post 28 days (4 weeks) of culture, the chemotherapeutic agent Cisplatin (Merck, Gillingham,
UK) was added to the culture at a concentration of 50 uM for 1 feeding cycle (48 h) and
removed thereafter. The concentration of Cisplatin was selected based on published ICs
data for A2780 and SK-OV-3 in 3D spheroids [38]. The scaffolds were then characterised
24 h post-treatment with sectioning, staining, microscopy and image analysis.
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2.3. 3D Cell Culture and Chemotherapeutic Treatment on Synthetic Hydrogels

Synthetic PeptiGels (Manchester BIOGEL, Manchester, UK) were also used for our
study with A2780 and SK-OV-3 cells. An initial fast screening was carried out between 4
different hydrogels of different stiffness and charge: o1 (5 kPa, neutral charge), «2 (10 kPa,
medium charge), a3 (5 kPa, low charge) and «4 (1 kPa, high charge) [60,80]. Based on this
preliminary screening (data not shown), the o4 PeptiGel was selected for further long-term
studies as it led to optimal cell proliferation and longer hydrogel chemical stability. In order
to incorporate ECM mimicry, o4 hydrogel conjugated with RGD (cell binding sequence
found in fibronectin) and GFOGER (integrin binding site withing collagen I) were also
used. The incorporation of these ECM protein conjugates enabled a more biomimetic
synthetic system and also allowed us to compare the hydrogels with our protein-coated
PU scaffolds (see Section 2.4 below). PeptiGels were used as per manufacturer’s instruc-
tions. Briefly, both A2780 and SK-OV-3 cells were encapsulated via physical mixing of
100 pL of cell suspension into 1 mL of hydrogel, providing a final cell concentration of
0.5 x 10° cells/mL. Thereafter, cells were mixed to ensure a homogeneous solution.
Aliquots of 200 uL of hydrogels with cells were pipetted into 24-well cell culture inserts
with 1 mL of cell culture media added to each well and 200 pL on top of each gel within the
inserts. Thereafter, the cell culture plates were incubated at 37 °C and 5%CO;. Cell culture
medium was changed every 20 min for the first hour to calibrate the hydrogel to neutral pH
and every 2 days thereafter and cultured for a period of 3 weeks. Post 3 weeks of culture,
the chemotherapeutic agent Cisplatin (Merck, Gillingham, UK) was added to the culture
at a concentration of 50 uM for 1 feeding cycle (48 h) and removed thereafter. Hydrogels
were then assessed 24 h post-treatment via staining, microscopy and image analysis (see
following sections).

2.4. 3D Cell Culture and Chemotherapeutic Treatment on Cellular Spheroids

Spheroids of A2780 and SK-OV-3 cell lines were fabricated using specialised 96-well
round-bottom plates, provided by faCellitate (Manheim, Germany). More specifically, to
fabricate the spheroids, 200 1L of cell suspension containing 25,000 cells was seeded in
each well and cultured for 1 week with media change every 2 days. Post 1 week of culture,
chemotherapeutic agent Cisplatin (Merck, Gillingham, UK) was added to the culture at a
concentration of 50 uM for 1 feeding cycle (48 h) and removed thereafter. Spheroids were
then assessed 24 h post-treatment via staining, microscopy and image analysis (Cytation 5,
BioTek, Agilent Technologies, Stockport, UK).

2.5. Spatial Evaluation of Live and Dead Cells via Imaging

To visualise the spatial distribution of live and dead cells pre- and post-treatment,
model-specific methods were used. More specifically, PU scaffolds were collected at
appropriate time points, snap-frozen in liquid nitrogen for 15 min and then preserved
at —80 °C for further analysis, as previously described [75-77]. This method has been
widely used in the field of tissue engineering for sample preservation without harming
the cells [81-83]. Prior to analysis, scaffolds were sectioned and washed twice with PBS.
For live/dead cell analysis, a Live/Dead Viability / Cytotoxicity Kit was used (Molecular
Probes, Thermo Scientific, Loughborough, UK). Scaffold sections were stained with 2 uM of
Calcein-AM (4 mM stock) and 4 puM of ethidium homodimer (2 mM stock) and were then
incubated at 37 °C for 1 h. The solution was then removed, and the samples were washed
twice in PBS, followed by imaging using a Nikon Ti-Eclipse inverted confocal microscope
(Nikon Instruments, Surbiton, UK).

PeptiGels and spheroids were stained and imaged live at appropriate time points.
Unlike the PU polymeric scaffolds, snap-freezing the spheroids and the hydrogels was
not feasible as this process would have destroyed their native structure. Hydrogels and
spheroids were stained with 2 uM of calcein-AM (4 mM stock) and 4 uM of ethidium
homodimer (2 mM stock) and were incubated at 37 °C for 2 h for proper penetration of the
dyes. The solution was then removed, and the samples were washed twice in PBS followed
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by imaging. PeptiGels were imaged whole using a Nikon Ti-Eclipse inverted confocal
microscope (Nikon Instruments, Surbiton, UK). Spheroids were imaged using Cytation 5
Cell Imaging Reader (BioTek, Agilent Technologies, Stockport, UK).

2.6. Spatial Evaluation of Apoptotic Cells (Caspase 3/7 Activity) via Imaging

The caspase 3/7 activity was visualised and quantified in situ to assess the induction
of cellular apoptosis after different treatments. As described in Section 2.5, model-specific
methods were used to stain and image the different 3D models. Post processing the different
3D models similarly to Section 2.5, samples were incubated in culture medium containing
(i) the Cell Event Caspase-3/7 green detection reagent (Fisher Scientific, Loughborough,
UK) and (ii) DAPI, 1:200 (Fisher Scientific, Loughborough, UK) for 1 h (PU scaffolds) and
2 h (PeptiGels and spheroids) at 37 °C. The presence of caspase 3/7 positive cells (green)
was immediately evaluated with a Nikon Ti-Eclipse inverted confocal microscope (Nikon
Instruments, Surbiton, UK) for PU scaffolds and PeptiGels. Spheroids were imaged using
Cytation 5 Cell Imaging Reader (Biotek, Agilent Technologies, Stockport, UK).

2.7. Advanced Microscopy Imaging

Immunofluorescent samples of PU scaffolds and PeptiGels (prepared as described in
Sections 2.5 and 2.6 above) were imaged on a Nikon Ti-Eclipse inverted confocal microscope
(Nikon Instruments, Surbiton, UK) and processed with the NIS-Elements software, using
405, 488 and 561 nm lasers for DAPI (blue), green fluorescence (calcein and caspase 3/7) and
ethidium homodimer (red) staining, respectively. Confocal images were captured using a
10x objective and a 5-10 pm Z-stack distance. The same acquisition conditions were used
for the positive controls. Cytation 5 Cell imaging Reader (BioTek, Agilent Technologies,
Stockport, UK) was used with similar lasers and 10x magnification with Z-stacking and
montage creation to image the spheroid models, using 405, 488 and 561 nm lasers for
DAPI (blue), green fluorescence (calcein and caspase 3/7) and ethidium homodimer (red)
staining, respectively. Imaging was carried out using 10x objective along with Z-stack and
the Montage feature of the instrument in order to image the complete spheroid construct.

Multiple samples as well as multiple areas and multiple sections per sample were
imaged for all models under study to ensure reproducibility. Representative images are
presented in this manuscript.

2.8. Image Analysis and Quantification

Image-based quantification was carried out in a model-specific manner. Within
PU scaffolds and PeptiGels, for the quantitative evaluation of (i) live (green) and dead
(red) populations, as well as (ii) caspase-positive/apoptotic (green) and non-apoptotic
(blue) populations of each image, the percentage of green vs. red (live/dead) or green
vs. blue (caspase-positive/caspase-negative) areas of each image was calculated using
Image ]® software (Wayne Rasband, NIH, Bethesda, MD, USA). The particle analyser macro
(Image I Wayne Rasband, NIH, Bethesda, MD, USA) was used in each individual chan-
nel (green or read for live/dead and green or blue for caspase 3/7-DAPI, respectively).
Multiple samples (1 > 3) were imaged and analysed for statistical relevance.

In the spheroid model, the average mean grey values for calcein (Live-Dead) and
caspase 3/7 (apoptotic) were calculated using the particle measure macro in Image J®
software (Wayne Rasband, NIH, Bethesda, MD, USA). Multiple samples (1 > 3) were
imaged and analysed for statistical relevance.

2.9. Statistical Analysis

Statistical analysis was performed for at least 3 independent experiments with at least
3 replicates per time point (# > 3, n > 3). Analysis of variance (one-way ANOVA) followed
by the Bonferroni’s multiple comparison test or T-Test (depending on sample) using the
GraphPad Prism® software (version 8.00 for Windows) were carried out depending on sam-
ples, in order to find statistically significant differences between data (p < 0.05). Untreated
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samples were considered as controls in all cases. The error bars in the graphs represent the
standard error of mean.

3. Results

3.1. Assessment of the Impact of the Chemotherapeutic Cisplatin on EOC Cells in a 3D
Spheroid Model

As mentioned before, spheroids are the first in vitro 3D culture system established in
tissue engineering and they have been extensively used for the therapeutic assessment of
EOC [35,43,44]. In this study, Cisplatin, a widely used chemotherapeutic agent for EOC [35,44],
was introduced to the culture medium for both A2780 and SK-OV-3 EOC spheroids on day 7
of culture [40,44] at a concentration of 50 uM for 48 h [38] (Section 2.4). Thereafter, Cisplatin-
containing medium was replaced with fresh medium and the spheroids were maintained for
24 h, followed by post-treatment analysis of viability and apoptosis. More specifically, spheroid
staining, imaging and image processing were carried out as described in Sections 2.5-2.8, for
spatial assessment and the quantification of the impact of Cisplatin on the cell viability and cell
apoptosis for A2780 and SK-OV-3 spheroids (Figures 1 and 2). A2780 spheroids were larger in
size (2194 £ 130 um) in comparison to SK-OV-3 spheroids (1305 £ 203 um). Post treatment
with Cisplatin, aggregate loosing was observed for both cell lines, with a resulting increase in
spheroid mean diameter (A2780 = 2477 + 168 pm; SK-OV-3 = 2093 & 37 um).
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Figure 1. Effect of the chemotherapeutic Cisplatin on the viability EOC spheroids 24 h post-treatment
(A-D): Representative images for live-dead (green-red) staining for untreated (control) and Cisplatin-
treated A2780 and SK-OV-3 spheroids. (E) Image analysis-based quantification of live (green) image
areas for A2780-treated and untreated spheroids. (F) Image analysis-based quantification of live
(green) image areas for SK-OV-3-treated and untreated spheroids. Scale bar = 200 um. Quantitative
data represent mean + SEM for multiple images (>3) and multiple spheroids (>3). ** p < 0.01.

Figure 1A-D show representative images for live-dead staining for A2780 and SK-OV-3
spheroids, for both Cisplatin-treated and untreated (control) spheroids. Figure 1E,F show the
equivalent quantification of the percentage of live areas from image-based analysis.

As can be seen in Figure 1, 24 h post Cisplatin treatment, A2780 spheroids show
a statistically significant decrease in cell viability as compared to untreated spheroids
(Figure 1A,B,E). In contrast, no significant cell death was observed for SK-OV-3 cell lines
24 h post-treatment. This suggests that 50 uM of Cisplatin had an immediate and extremely
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damaging effect on A2780 spheroids, while its effect on SK-OV-3 viability in spheroids was
much less, indicating some degree of resistance to Cisplatin.
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Figure 2. Effect of the chemotherapeutic Cisplatin on the apoptosis of EOC spheroids 24 h post-
treatment (A-D): Representative images for caspase 3/7 (apoptosis)-DAPI (green-blue) staining for
untreated (control) and Cisplatin-treated A2780 and SK-OV-3 spheroids. (E) Image analysis-based
quantification of apoptotic (green) image areas for A2780-treated and untreated spheroids. (F) Image
analysis-based quantification of apoptotic (green) image areas for SK-OV-3-treated and untreated
spheroids. Scale bar = 200 um. Quantitative data represent mean = SEM for multiple images (>3)
and multiple spheroids (>3). *** p < 0.001.

In terms of apoptosis induction, we noticed a high amount of caspase 3/7 positive
(apoptotic) cells present even in the untreated spheroids for both the cell lines, with A2780
control spheroids having a significantly higher apoptotic cell number in comparison to
the Cisplatin-treated samples (Figure 2A,B,E). For SK-OV-3, both treated and untreated
spheroids showed a high amount of apoptotic cells (Figure 2C,D,F). This suggests that both
EOC cell lines had started undergoing programmed cell death post 10 days of culture in
a spheroid-based culture, most likely due to diffusional and spatial limitations that are
inherent to this 3D culture method.

3.2. Assessment of the Impact of the Chemotherapeutic Cisplatin on EOC Cells in a Synthetic
Peptide Hydrogel 3D Model

As mentioned in Section 2.3, peptide-based synthetic hydrogels were used for long-
term culture (3 weeks) and Cisplatin chemotherapeutic assessment of A2780 and SK-OV-3
ovarian cancer cell lines. At the first stage, a preliminary screening was carried out to
compare between hydrogels and different stiffness and charge combinations, and o4
PeptiGel was selected for long-term study as it was the hydrogel supporting the best
viability and hydrogel stability for the timeframe of our experiments, i.e., 3 weeks (see
also Section 2.3). As described in Section 2.3, in order to incorporate ECM mimicry, which
has a crucial effect on cancer development and treatment response [84-86], ECM matrix-
conjugated 4 PeptiGels were also tested. More specifically, RGD- and GFOGER-conjugated
hydrogels were tested, mimicking fibronectin and collagen, respectively. Cisplatin was
introduced to the culture medium for both A2780 and SK-OV-3 hydrogels at 3 weeks [58]
of culture and at a concentration of 50 uM for 48 h [38] (Section 2.3). Thereafter, Cisplatin-
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containing medium was replaced with fresh medium and the hydrogels were maintained
in culture for 24 h followed by post-treatment analysis.

Figures 3—6 show image-based spatial assessment and quantification of the impact of
Cisplatin on cell viability and apoptosis induction for A2780 and SK-OV-3 hydrogels of all
three configurations. More specifically, Figures 3A and 4A show representative images of
live—dead staining for A2780- and SK-OV-3-treated and untreated PeptiGels, respectively,
while Figures 3B and 4B show the equivalent quantification (% live areas) from image-based
analysis. As observed in Figures 3 and 4, both A 2780 and SK-OV-3 cells were able to attach
and proliferate for all three PeptiGel configurations, i.e., a4, a4 + RGD, o4 + GFOGER.
However, post Cisplatin treatment, we observed differences in cell viability between the
two cell lines. More specifically, a significant loss of cell viability was observed in all three
hydrogel configurations for A2780 cells 24 h post-treatment (Figure 3). In contrast, for
SK-OV-3, only cells in the a4 hydrogel (without ECM inspired conjugated motifs) showed
a significant decrease in cell viability, while SK-OV-3 cells cultured within the biomimetic
hydrogels (4 + RGD and o4 + GFOGER) did not show any significant decrease in cell
viability in Cisplatin-treated PeptiGels as compared to untreated controls (Figure 4).

Analysis of the apoptotic marker caspase 3/7, for both cell lines, in the hydrogels
shows a similar trend (Figures 5 and 6). More specifically, for both A2780 and SK-OV-3 cells,
an increase in the number of apoptotic cells post Cisplatin treatment was observed in all
three hydrogel configurations, but SK-OV-3 had overall less apoptotic cells/less induction of
apoptosis in comparison to A2780 for all three hydrogel configurations (Figures 5B and 6B).
Taken together, these data suggest that the metastatic cell line SK-OV-3 shows some degree
of resistance to Cisplatin treatment in synthetic PeptiGels and that the chemoresistance is
substantially increased in the presence of an ECM-inspired peptide conjugation within the
hydrogels (Figure 6). In contrast, no such peptide-related Cisplatin resistance is observed
for A2780 cells in the PeptiGels (Figure 5).
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Figure 3. Effect of the chemotherapeutic Cisplatin on the viability of A2780 EOC cells grown in
different synthetic PeptiGels, 24 h post-treatment (A): Representative images for live-dead (green—
red) staining for both treated and untreated (control) A2780 PeptiGels. (B) Image analysis-based
quantification of live (green) image areas for A2780 cells grown in the peptides. Scale bar = 200 pm.
Quantitative data represent mean + SEM for multiple images (>3) and multiple hydrogels (>3).
=+ p <0.001, **** p < 0.0001.
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Figure 4. Effect of the chemotherapeutic Cisplatin on the viability of SK-OV-3 EOC cells grown in
different PeptiGels, 24 h post-treatment (A): Representative images for live-dead (green-red) staining
for both treated and untreated (control) SK-OV-3 PeptiGels. (B) Image analysis-based quantification
of live (green) image areas for SK-OV-3 cells grown in the PeptiGels. Scale bar = 200 um. Quantitative
data represent mean 4+ SEM for multiple images (>3) and multiple hydrogels (>3). * p < 0.05,
**p <0.01,***p <0.001.
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3.3. Assessment of the Impact of the Chemotherapeutic Cisplatin on EOC Cells in an ECM
Protein-Coated PU Polymeric Scaffold 3D Model

As previously mentioned, fibronectin- and collagen I-coated polymeric (PU) scaffolds
were used for the development and maintenance of long-term (4 weeks) 3D in vitro models
of EOC (using A2780 and SK-OV-3 cells). Cisplatin was introduced to the culture medium
for both A2780 and SK-OV-3 cell lines 4 weeks into culture at a concentration of 50 uM
for 48 h (Section 2.1). Thereafter, similarly to the spheroid (Section 3.1) and PeptiGel
(Section 3.2) 3D models, Cisplatin-containing medium was replaced with fresh medium
and the polymeric scaffolds were maintained in culture for 24 h, followed by post-treatment
analysis of both Cisplatin-treated and untreated A2780 and SK-OV-3 scaffolds of various
ECM coatings.

A

ALPHA 4 ALPHA 4 +RGD ALPHA 4 +GFOGER

200 pm

CONTROL

TREATED

‘ ‘ 200'um

B
8 60 *
w 2 — mm A 2780 Control
Ow® = A 2780 Treatment
()
o) > 40
© +
b
5 8
O © 20
= O
(7))
o m©
o |l 1

a4 o4 +RGD o4+ GFOGER

Figure 5. Effect of the chemotherapeutic Cisplatin on the apoptosis of A2780 EOC cells grown in different
PeptiGels, 24 h post-treatment (A): Representative images for caspase 3/7 (apoptosis)-DAPI (green-blue)
staining for both treated and untreated (control) A2780 PeptiGels. (B) Image analysis-based quantification
of apoptotic (green) image areas for A2780 cells grown in the PeptiGels. Scale bar = 200 um. Quantitative
data represent mean + SEM for multiple images (>3) and multiple hydrogels (>3). * p < 0.05.
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Figure 6. Effect of the chemotherapeutic Cisplatin on the apoptosis of SK-OV-3 EOC cells grown in
different PeptiGels, 24 h post-treatment (A): Representative images for caspase 3/7 (apoptosis)-DAPI
(green-blue) staining for both treated and untreated (control) SK-OV-3 PeptiGels. (B) Image analysis-
based quantification of apoptotic (green) image areas for SK-OV-3 cells grown in the PeptiGels.
Scale bar = 200 um. Quantitative data represent mean + SEM for multiple images (>3) and multiple
hydrogels (>3). * p < 0.05.

Figures 7-10 show image-based spatial assessment and quantification of the impact of
Cisplatin on the cell viability and apoptosis induction for A2780 and SK-OV-3 cells within
fibronectin- and collagen I-coated PU scaffolds. More specifically, Figures 7A and 8A show
representative images of live-dead analysis/staining for A2780 and SK-OV-3 scaffolds,
respectively. Figures 7B,C and 8B,C show the equivalent quantification of the % of live cell
population from image-based analysis on collagen I- and fibronectin-coated scaffolds for
A2780 and SK-OV-3, respectively. As observed, PU-based scaffolds were able to maintain
a long-term (4 weeks) viable culture for both A2780 and SK-OV-3 cells. Post application
of Cisplatin, i.e., 24 h post-treatment, a significant decrease in cell viability was observed
for both cell lines, irrespective of the coating (fibronectin or collagen I) of the PU scaffolds
(Figures 7B,C and 8B,C).
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Figure 7. Effect of the chemotherapeutic Cisplatin on the viability of A2780 EOC cells grown in PU
scaffolds of various protein coatings, 24 h post-treatment (A): Representative images for live-dead
(green-red) staining in collagen I- and fibronectin-coated treated and untreated (control) A2780
polymeric scaffolds. (B) Image analysis-based quantification of live (green) image areas for A2780
cells grown in collagen I and fibronectin coated polymeric scaffolds. Scale bar = 200 pm. Quantitative
data represent mean 4= SEM for multiple images (>3) and multiple scaffolds (>3). **** p < 0.0001.

Further to cell viability, the induction of cellular apoptosis post Cisplatin treatment
in the PU scaffolds was also assessed via caspase 3/7 staining. Figures 9 and 10 show
representative images and image-based quantification of apoptosis for Cisplatin-treated
and untreated (control) scaffolds for both A2780 and SK-OV-3 cells and both scaffold
coatings, i.e., collagen I and fibronectin coating. It was observed that both cell lines
showed an increase in the number of apoptotic cells within the scaffolds post Cisplatin
treatment. Furthermore, both A2780 and SK-OV-3 showed significantly higher cellular
apoptosis in fibronectin-coated scaffolds post-Cisplatin treatment (Figures 9C and 10C). No
significant chemoresistance was observed for either of the cell lines within the PU scaffolds,
irrespective of the ECM scaffold coating.
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Figure 8. Effect of the chemotherapeutic Cisplatin on the viability of SK-OV-3 EOC cells grown in PU
scaffolds of various protein coatings, 24 h post-treatment (A): Representative images for live-dead (green—
red) staining in collagen I- and fibronectin-coated treated and untreated (control) SK-OV-3 polymeric
scaffolds. (B) Image analysis-based quantification of live (green) image areas for SK-OV-3 cells grown in
collagen I and fibronectin coated polymeric scaffolds. Scale bar = 200 pm. Quantitative data represent
mean + SEM for multiple images (>3) and multiple scaffolds (>3). ** p < 0.01, *** p < 0.0001.
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Figure 9. Effect of the chemotherapeutic Cisplatin on the apoptosis A2780 cells grown in PU scaffolds of
various protein coatings, 24 h post-treatment (A): Representative images for caspase 3/7 (apoptosis)-DAPI
(green-blue) staining in collagen I- and fibronectin-coated treated and untreated (control) A2780 polymeric
scaffolds (B) Image analysis-based quantification of apoptotic (green) image areas for A2780 cells grown in
collagen I and fibronectin coated polymeric scaffolds. Scale bar = 200 um. Quantitative data represent
mean £ SEM for multiple images (>3) and multiple scaffolds (>3). * p < 0.05.
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Figure 10. Effect of the chemotherapeutic Cisplatin on the apoptosis of SK-OV-3 cells grown in PU
scaffolds of various protein coatings, 24 h post-treatment (A): Representative images for caspase 3/7
(apoptosis)-DAPI (green-blue) staining in collagen I- and fibronectin-coated treated and untreated
(control) SK-OV-3 polymeric scaffolds. (B) Image analysis-based quantification of apoptotic (green)
image areas for SK-OV-3 cells grown in collagen I and fibronectin coated polymeric scaffolds. Scale
bar = 200 um. Quantitative data represent mean + SEM for multiple images (>3) and multiple
scaffolds (>3). * p < 0.05.

4. Discussion

In this work, we have carried out a systematic comparative study to assess the
effect of the type of 3D in vitro model/platform on the response of primary and epithe-
lial ovarian cancer cells to the application of chemotherapy (Cisplatin). The 3D models
used for this study were (i) simple cell spheroids, (ii) synthetic hydrogels/PeptiGels and
(iii) polymeric scaffolds. Two different cell lines were used to assess the effect of the “site of
cell line origin’, i.e., A2780, which is derived from the ovary (primary site), and SK-OV-3,
which is derived from the ascites fluid (metastatic site). Due to the inherent structural
differences between the three 3D models, they can be maintained in culture for different
time periods. For example, the average time for which spheroids have been maintained
in culture is between 6 and 12 days for EOC [35,43,44], while, for hydrogels, it is between
5 and 21 days [53,56,58,61]. There are currently very few studies involving polymeric
scaffolds (PLGA-mPEG-PLA, bacterial cellulose-chitosan) and EOC and the average cul-
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ture duration in these publications was 5-8 days only [63,65,66]. Based on these data,
in our systematic study/comparison of different EOC 3D models, we selected different
time points for the application of the chemotherapeutic agent Cisplatin. More specifically,
Cisplatin was added to spheroids 7 days into culture, while, for hydrogels, it was added
21 days into the culture. Although not with EOC, our group has previously demonstrated
that polymeric polyurethane (PU)-based scaffolds are able to support the long-term culture
(4-5 weeks) of other cancer cells, including pancreatic cancer and melanoma, along with
successful therapeutic assessment [75-77,87,88]. Hence, for the PU scaffold-based EOC
model, Cisplatin was introduced at the end of 28 days in culture. Currently, there are very
few studies where a comparative evaluation of different 3D in vitro models has been carried
out for EOC, and they are restricted to comparing either different fabrication methods of
the same 3D model, e.g., hanging drop or ultra-low plate for spheroids [74], or different
materials such as collagen and alginate for the synthesis of hydrogels [52]. To the best of our
knowledge, there are currently no reported studies that compare completely different types
of 3D in vitro models for EOC and, with our current study, we are addressing this gap.

4.1. Spheroid EOC Model

As described in Section 2.2 (Methods and Materials), A2780 and SK-OV-3 spheroids
were prepared using specialised round-bottom plates and maintained in culture for 7 days,
followed by 48 h of Cisplatin (50 M) treatment and analysis, i.e., viability and apoptosis
(live-dead, caspase 3/7) 24 h post-treatment. For both cell lines, we observed morpho-
logical differences between untreated controls and Cisplatin-treated spheroids, with the
Cisplatin-treated aggregates being less compact than the control spheroids (Figures 1 and 2).
This is similar to observations made by Gunay et al. (2020), wherein they reported that
the addition of Cisplatin at a concentration of 100 uM disrupted the morphology of EOC
spheroids for OVCAR- 3 and OVCAR-8 cell lines [3]. Through live-dead and caspase
3/7 staining, along with image-based quantification (Figures 1 and 2), we observed a
cell line-dependent response to the application of Cisplatin within our spheroids. More
specifically, A2780 cells that originated from the ovary showed higher cell death 24 h
post-chemotherapy in comparison to SK-OV-3 cells, which are ascites-derived (metastatic)
(Figure 1). This suggested that SK-OV-3 were more resistant to Cisplatin in comparison
to A2780 within our spheroid system. Such a cell line-dependent response for EOC to
chemotherapeutic agents including Cisplatin has also been reported by other groups, in-
cluding Raghavan et al. (2015) and Heredia-Soto et al. (2018) [38,40]. We also observed a
certain degree of diffusion limitation within our spheroid models for calcein—-ethidium ho-
modimer as well as DAPI-caspase, especially for the compact untreated (control) spheroids
(Figures 1A,C and 2A,QC). It is well documented that diffusion limitation for nutrients,
oxygen and even therapeutic agents is observed in spheroids with diameters higher than
200 pum [89-92]. Loessner et al. (2010) hypothesise that the phenomenon of cell spheroids
displaying elevated chemoresistance to chemotherapeutic agents can be attributed to a num-
ber of mechanisms, including decreased penetration of the drugs, increased pro-survival
signalling and /or upregulation of genes conferring drug resistance [58]. Although not for
EOC, spheroid cultures’ ability to display chemoresistance has also been attributed to the
decreased penetration of chemotherapeutic reagents for other cancers (breast, lung and
prostrate) by Stock et al. (2016) [92]. Finally, we also observed a high degree of cellular
apoptosis for our control spheroids at day 10 of culture (Figure 2A,C), suggesting that the
EOC cells within the spheroids had started undergoing programmed cell death, most likely
due to a lack of structural integrity and increased diffusional limitations of nutrients and
oxygen. This suggests that spheroid models are not suited for long-term culture and that
they are more suitable models for rapid therapeutic assessment.

4.2. Hydrogel-Based EOC Models

PeptiGels, commercially available synthetic peptide-based materials (Manchester
BIOGEL, Manchester, UK) were used to develop our EOC hydrogel models (Section 2.3,
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Methods and Materials). More specifically, x4 PeptiGel with a stiffness of 1 kPa was used,
along with its RGD- and GFOGER-conjugated versions, to compare between a purely

synthetic hydrogel and its ECM biomimetic versions, i.e., with RGD mimicking fibronectin

and GFOGER mimicking collagen. A2780 and SK-OV-3 EOC cells were grown in all three

hydrogel configurations for 21 days, followed by a 48 h Cisplatin (50 uM) treatment and

a 24 h post-treatment analysis, i.e., viability, apoptosis (live-dead, caspase 3/7). Both cell

lines were able to attach and proliferate and were viable in all three hydrogel configurations

for the entire duration of the experiment (Figures 3 and 4). Both cell lines showed a

fairly uniform spread and growth within the hydrogels and no aggregates were observed.
However, on application of Cisplatin, cellular aggregation within the matrix was observed,
which was more pronounced for the A2780 cell line. Similarly to the spheroid model, we

again observed a cell line-dependent response to Cisplatin within the hydrogels. More

specifically, A2780 showed a significant decrease in cell viability irrespective of the gel type

(Figure 3) and a corresponding increase in cellular apoptosis (Figure 5) post-treatment. In

contrast, SK-OV-3 showed a significant decrease in cell viability on application of Cisplatin

only within the pure x4 synthetic hydrogel. In the presence of RGD and GFOGER motifs,
there was very little change in cell viability on Cisplatin application (Figure 4), although

an increase in apoptotic cell numbers was observed post-treatment (Figure 6). These

data suggest that SK-OV-3 cells show some degree of chemoresistance to Cisplatin within

the biomimetic PeptiGels and highlights the importance of ECM proteins in therapeutic

resistance for EOC. Although not directly highlighted, as with spheroid models, such

cell line-dependent responses to various chemotherapeutic agents for EOC in hydrogel

systems have also been reported by other groups in the form of differing ICsy [53,61].
For example, Liu et al. (2018) reported that the patient-derived OV-NC cell line had

an ICsp of 92 £ 3.1 umol/L in a collagen I gel for carboplatin, while, for the OV-206

patient-derived cell line, it was 154 + 5.9 for the same drug [61]. They promote two

key hypotheses: (i) the chemoresistance observed within the hydrogels can be attributed

to the limited delivery of drugs into the core of the tumour model and increased cell

survival and (ii) the presence of the collagen matrix can limit the effect of chemotherapy by

activating specific signalling pathways, contributing towards chemoresistance via epithelial-
mesenchymal transition (EMT) [61]. These hypotheses justify our observations within the

PeptiGels and highlight the role of ECM proteins in chemoresistance for EOC. The role of

the RGD motif in conferring chemoresistance to EOC has also been reported by Bondong

et al. (2012) in their analysis of an ovarian cancer patient tumour and ascites fluid. They

reported that the overexpression of the L1 cell adhesion molecule (L1CAM) is linked to poor

prognosis in patients. Specifically, LICAM, present in the ascites fluid, contains an RGD

motif and is linked to the development of chemoresistance of EOC amongst patients [93].
Their observation is in line with our data where we see increased chemoresistance for the

ascites-derived cell line SK-OV-3 (metastatic) within RGD-conjugated PeptiGels (Figure 4).
Similarly, the role of collagen in the chemoresistance of EOC has also been reported by

some other researchers [84,94]. For example, Januchowski et al. (2016) reported the

overexpression of a number of different types of collagen (COL1A1, COL5A2, COL1A2,
COL15A1, COL3Al, etc.) in chemotherapy-resistant versions of different EOC cell lines.
including A2780 and SK-OV-3 [84]. They attribute this to cell adhesion-mediated drug

resistance (CAM-DR) and suggest that the interaction of ECM components, including

collagen, with the cancer cells results in chemoresistance. These interactions can even

change the apoptosis sensitivity and increase the drug resistance of cancer cells [85,86].
Our observation of chemoresistance for SK-OV-3 (Figures 4 and 6) in RGD- and collagen I

(GFOGER)-conjugated PeptiGels could also be due to the CAM-DR phenomenon, although

further studies are needed to validate this.

4.3. Polymeric Scaffold-Based EOC Models

We have previously developed a highly porous and biocompatible PU scaffold via
the TIPS method and have shown that a number of different cell types can be cultured
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long-term within these scaffolds [75-77,87]. Based on the timeframe of cell culture in the
polymeric scaffolds reported in our previous publications, EOC cell lines in this study were
grown within the polymeric scaffolds for 28 days, followed by 48 h of Cisplatin (50 1M)
treatment and a 24 h post-treatment analysis, i.e., for viability and apoptosis. Collagen
I- and fibronectin-coated scaffolds were used in line with our previous observations on
the importance of ECM mimicry within these scaffolds for both healthy and diseased
(cancerous) cells [76,77]. The choice of collagen I and fibronectin also allowed us to compare
between the ECM protein-coated scaffolds and the peptide-conjugated PeptiGels to some
extent. As observed in Figures 7 and 8, both A2780 and SK-OV-3 cell lines were able to
grow for 28 days within our polymeric scaffolds, irrespective of the coating protein. On
application of Cisplatin, both cell lines showed a significant drop in cell viability within
the scaffolds, irrespective of the ECM protein present (Figures 7 and 8). Similarly, the
number of apoptotic cells also increased post-treatment within the scaffolds for both cell
lines (Figures 9 and 10). For A2780, the cell response to Cisplatin within the PU scaffolds
was similar to that observed within our spheroids and hydrogel models (Figures 1-3 and
Figure 5) However, our results with SK-OV-3 in the scaffolds contradict our observations
within the spheroid and hydrogel models, wherein the SK-OV-3 cell line showed some
degree of Cisplatin resistance, which was particularly pronounced in the presence of ECM
protein mimicry (RGD, GFOGER) within the hydrogel models (Figures 3 and 4). To the
best of our knowledge, there is currently no available literature for the chemotherapeutic
assessment of ovarian cancer within polymeric scaffolds to enable us to compare our data.
It is possible that the relatively large pore size (100-150 um) and highly interconnected
pores of the PU scaffolds allowed for the extensive diffusion of Cisplatin, which affected
A2780 and SK-OV-3's response to chemotherapy. This is a feasible theory since diffusion
limitation of therapeutic agents within spheroids and hydrogels has been considered
to be one of the reasons for the chemoresistance of EOC cells observed within these
systems [58,61]. Another reason for this difference in SK-OV-3's response to Cisplatin
can be the difference in stiffness between the models. The elastic modulus for our PU
scaffolds is around 28 + 3 kPa [77,95], while the elastic modulus of «4 hydrogel is only
1 kPa. SK-OV-3's preferential chemoresistance on softer matrices has been reported by
other groups too [96,97]. For example, Fan et al. (2021) cultured SK-OV-3 cell lines on glass
sheets coated with hydrogel substrates of varying stiffness (0.5-25 kPa). They observed that
SK-OV-3 showed higher chemoresistance to Cisplatin and Paclitaxel on softer substrates
and linked it to the overexpression of ABC transporters ABCB1 and ABCB4 on the soft
substrates, which are genes linked to the development of multidrug resistance [96]. McGrail
et al. (2014) carried out a comparative study between SK-OV-3 (highly metastatic) and
OVCAR-3 (less metastatic) cell lines on Polyacrylamide substrates coated with equal
densities of collagen I with two different stiffness types, i.e., 2.83 kPa mimicking adipocytes
and 34.88 kPa mimicking osteoblasts [97]. They reported that the SK-OV-3 cell line was
more mechanosensitive than OVCAR-3, resulting in a display of higher malignancy, a
mesenchymal phenotype and higher resistance to Carboplatin on a softer substrate [97].
The findings of these studies are in line with our observation of chemoresistance by the
SK-OV-3 cell line on the softer spheroid and hydrogel models as compared to the stiffer PU
polymeric scaffold model.

Overall, in this work, we have conducted a novel, systematic comparative study of the
response of EOC to a chemotherapeutic (Cisplatin) in three different in vitro 3D models:
(i) spheroids, (ii) synthetic PeptiGels/hydrogels and (iii) polymeric scaffolds with various
ECM coatings. Two different cell lines (A2780 and SK-OV-3) were used to understand the
impact of the ‘site of origin’ of the cells, as well as to assess platform versatility. We have
reported that all three platforms were able to support EOC in vitro 3D models with both
cell lines, albeit for different culture time points. Polymeric scaffolds and hydrogels were
maintained for 4 weeks and 3 weeks, respectively (Figures 3, 4, 7 and 8), highlighting that
they are suitable models for the long-term 3D culture of EOC cell lines. Spheroids were
able to survive for a shorter time period of around 7 days (Figure 1). On application of
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Cisplatin, A2780 cells (primary) showed a decrease in viable cell population across all three
platforms (Figures 1, 3 and 7). In comparison, SK-OV-3 cells (metastatic) showed decreased
cell viability on chemotherapeutic application only on the PU polymeric scaffold (Figure 8)
but showed resistance to Cisplatin when grown as spheroids (Figure 1) or within hydrogels,
with the latter being peptide conjugation-dependent (Figure 4). More specifically, SK-OV-
3's Cisplatin resistance within hydrogels was observed in the presence of conjugated ECM
protein motifs (RGD and GFOGER), highlighting the importance of ECM proteins in the
chemoresistance of metastatic EOC. Our data also show that the response to chemotherapy
is dependent on the cell site/location of origin of the cells. To date, most comparative
studies for different 3D models have usually used the same platform system and focused
on either different materials or on different fabrication methods of the models. To the best
of our knowledge, this is the first time that such a comparative study for three completely
different 3D in vitro models, across different culture time points and with different cell
lines, has been carried out.

5. Conclusions

The goal of the present study was to carry out, for the first time, a robust comparative
study of the growth and chemotherapy response of EOC in three widely different in vitro
3D models: (i) cell spheroids, (ii) synthetic PeptiGels/hydrogels and (iii) polymeric scaffolds
of various protein coatings. We have shown the feasibility of using all three models for the
culture of EOC cell lines A2780 and SK-OV-3, representing primary and metastatic disease,
respectively, and assessed the impact of chemotherapy (Cisplatin) on the cell viability and
apoptosis within these models. Our study highlights that the selection of a 3D in vitro
platform depends on (i) the planned experimental /assessment time period, (ii) the type
of cell to be studied, (iii) the site of cell origin in vivo and (iv) the question that needs to
be answered. For example, a rapid screening analysis may benefit from the use of simple
cell spheroid models; however, the need to study the effect of ECM proteins on cell growth
and chemotherapy response long-term will benefit from structured hydrogel or polymeric
scaffolds. Similarly, softer tumours or tumours originating from soft tissues such as the
ovary or the omentum may prefer less stiff 3D platforms such as spheroids or hydrogels
as compared to stiffer polymeric scaffolds. In conclusion, our study highlights that, as
with most tissue engineering applications, there is no ‘one-size-fits-all model’ [92] and
the selection of an appropriate model requires careful assessment of the available input
variables and the expected outputs.
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Simple Summary: The EGFR is a tyrosine kinase receptor that responds to different stresses such as
UV irradiation, hypoxia and drug treatment by internalizing into endosomal compartments. Receptor
trafficking and degradation due to tyrosine kinase inhibitors has been widely studied in two- dimen-
sional (2D) cell culture systems, but little is known about how cells respond to these types of drugs in
more physiologically relevant models such as three-dimensional (3D) cultures, whose nanostructured
properties allow cells to grow, proliferate, migrate and extend cellular processes in their 3D space. In
this study, we show that EGER sulffers degradation in response to erlotinib treatment in 3D-cultured
cancer cells but not in classic 2D culture systems, demonstrating that dimensionality strongly affects
cell drug response. This 3D model may pave the way for the development of more physiological
culture platforms to obtain mechanistic insights into how cells respond to chemotherapy.

Abstract: The epithelial growth factor receptor (EGFR) is a tyrosine kinase receptor that participates
in many biological processes such as cell proliferation. In addition, EGFR is overexpressed in many
epithelial cancers and therefore is a target for cancer therapy. Moreover, EGFR responds to lots of
stimuli by internalizing into endosomes from where it can be recycled to the membrane or further
sorted into lysosomes where it undergoes degradation. Two-dimensional cell cultures have been
classically used to study EGEFR trafficking mechanisms in cancer cells. However, it has been widely
demonstrated that in 2D cultures cells are exposed to a non-physiological environment as compared
to 3D cultures that provide the normal cellular conformation, matrix dimensionality and stiffness, as
well as molecular gradients. Therefore, the microenvironment of solid tumors is better recreated in 3D
culture models, and this is why they are becoming a more physiological alternative to study cancer
physiology. Here, we develop a new model of EGFR internalization and degradation upon erlotinib
treatment in pancreatic ductal adenocarcinoma (PDAC) cells cultured in a 3D self-assembling peptide
scaffold. In this work, we show that treatment with the tyrosine kinase inhibitor erlotinib promotes
EGEFR degradation in 3D cultures of PDAC cell lines but not in 2D cultures. We also show that this
receptor degradation does not occur in normal fibroblast cells, regardless of culture dimensionality.
In conclusion, we demonstrate not only that erlotinib has a distinct effect on tumor and normal cells
but also that pancreatic ductal adenocarcinoma cells respond differently to drug treatment when
cultured in a 3D microenvironment. This study highlights the importance of culture systems that can
more accurately mimic the in vivo tumor physiology.

Keywords: EGFR; trafficking; degradation; self-assembling peptides; 3D culture; pancreatic ductal
adenocarcinoma; PDAC; drug resistance

1. Introduction

The epithelial growth factor receptor (EGFR) is a tyrosine kinase receptor (TKR) that
participates in many biological processes such as cell proliferation, differentiation and
motility, under both physiological and pathological conditions. Overexpression and/or
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hyperactivation of the EGFR is a hallmark of many epithelial cancers such as breast,
lung, colon and pancreatic cancer, and therefore EGFR is a target for cancer treatment.
EGEFR inhibitors can be classified as small molecules tyrosine kinase inhibitors (such
as erlotinib, gefitinib and lapatinib) or monoclonal antibodies (such as cetuximab and
panitumumab) [1].

Autophosphorylation and activation of the EGFR is triggered by ligand binding,
which initiates signaling cascades at the plasma membrane. Complete activation of the
EGER as well as termination of its signaling depends on its internalization into endosomes
and intracellular trafficking [2]. EGFR can also be internalized due to different stresses such
as UV irradiation [3], hypoxia [4,5] and oxidative stress [6]. The internalization mechanism
of EGFR as well as whether the receptor is subsequently degraded in lysosomes or recycled
to the membrane will depend on the type of stimulus. For example, EGF binding induces
ubiquitin-dependent lysosomal degradation of the receptor and a partial recycling to the
membrane [7], while TGF« ligand induces endocytosis and a rapid recycling [7,8]. Other
stresses such as UV radiation, serum starvation or cisplatin treatment trigger internalization
and arrest in nondegradative endosomes [2]. Tyrosine kinase inhibitors (TKIs) have also
been described to promote EGFR trafficking in cancer cells. For example, gefitinib induces
EGEFR endocytosis and non-degradative endosomal arrest [9] as well as mitochondrial
translocation [10] in glioblastoma cell lines. However, EGFR internalization due to TKIs
exposure may be cell type-dependent, since other works report that gefitinib inhibits
endocytosis in non-small cell lung cancer cell lines [11]. In contrast, the monoclonal
antibody cetuximab has been shown to induce EGFR degradation [12], its sorting to the
endoplasmic reticulum and nucleus [13], and mitochondrial translocation of the truncated
form EGFRVIII [12].

Two-dimensional cell cultures have been used for many years to study not only
EGEFR trafficking mechanisms in normal and cancer cells but also as a model to study cell
physiology and pathophysiology in general. However, it has been widely demonstrated
that 2D cultures do not recreate the microenvironment in which normal cells exist, nor
the milieu of solid tumors. In such 2D conditions, cells are forced to adhere to a flat and
stiff substrate, which results in morphological changes that ultimately modify cellular
function [14]. Moreover, molecular gradients are not reproduced and cells along the 2D
surface are exposed to the same nutrient, oxygen and drug levels, while cells within a
tumor are exposed to a large gradient of concentration as molecules diffuse from blood
vessels [15]. It is also important to note that ECM composition and configuration are
strongly modified in 2D cultures, and consequently cells do not receive the proper signals
that a normal ECM configuration provides [14]. Three-dimensional (3D) cancer cell models
allow one to better mimic the tumor microenvironment and manipulate each component
in order to study its implications in tumor progression [16,17]. In this sense, extracellular
matrix analogs, also called scaffolds, have become very popular among researchers [18].
Biomaterial scaffolds permit not only cell—cell but also ECM—cell interactions and provide
the chemical, physical and mechanical cues needed for cells to form tissue structures
in vitro [14].

The selection of the type of scaffold is a key point when planning experiments, and
different factors such as the application of the 3D model, the tumor etiology and the
concrete step of tumor progression to be recreated should be considered. For example,
scaffolds that have a natural origin, such as collagen, are typically used to study cancer cell
migration and invasion [19-21]. On the other hand, polymeric scaffolds such as poly(vinyl
alcohol), poly(ethylene oxide terephthalate) (PEOT) and poly(butylene terephthalate) (PBT)
have been used to investigate the influence of the scaffold architecture on pancreatic cancer
cell growth and behavior, thus permitting one to create stage-specific pancreatic cancer
models [22]. Moreover, when working with 3D cell culture, it is important to interpret the
obtained results in the context of each experimental design. For example, culture of PDAC
cells in collagen matrices promotes epithelial-to-mesenchymal transition (EMT), while
culturing the same cells in basement membrane extract gels at a matched stiffness promotes
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mesenchymal-to-epithelial transition (MET) [23]. Furthermore, not only the composition
but also the stiffness of the matrix is an important parameter to adjust when culturing
cells in three dimensions. Increased matrix stiffness is a hallmark of many cancers such as
breast [24], colorectal [25] and pancreatic [26] cancers. PDAC is characterized by a dense
and fibrotic stroma due to the production of abundant amounts of ECM (mostly collagens)
by stromal pancreatic cells [27]. In consequence, PDAC tissue can be several folds stiffer
than its healthy counterpart [26,28], and different 3D models using synthetic [29] and
natural scaffolds [19] have been developed in order to study the effect of matrix stiffness
on PDAC cells.

In this report, we present a new 3D cell model of EGFR trafficking and degradation in
pancreatic ductal adenocarcinoma (PDAC), based on the synthetic self-assembling peptide
RAD16-1 as a biomaterial for cell culture. In a neutral pH, this peptide self-assembles into
a nanofiber network (around 10 nm diameter and 50-200 nm pore size) that allows for
the embedding of cells in a 3D environment [18]. The main advantage of self-assembling
peptide scaffolds (SAPS) over natural matrices is that they do not suffer degradation in vitro
and therefore allow for the maintenance of the same mechanical conditions (matrix stiffness)
during culture time. Moreover, it allows one to establish both soft and stiff 3D environments
by simply changing its final concentration. RAD16-I is a non-instructive matrix from the
point of view of receptor recognition/activation, and therefore this synthetic matrix holds
the cells in an inert 3D configuration until they produce ECM proteins and decorate their
own physiological environment. RAD16-I has been widely used as a cell culture platform
for different tissue engineering applications such as bone [30], cartilage [31], cardiac [32]
and hair [33] tissue engineering, and it has also been used to develop 3D models of
ovarian [34], breast [35] and pancreatic [36] cancers.

In this work, we describe for the first time that treatment with TKI erlotinib, together
with EGF, promotes EGFR degradation in 3D cultures of pancreatic ductal adenocarcinoma
(PDAC) cell lines but not in 2D cultures. Moreover, we show that EGFR degradation due
to erlotinib treatment does not occur in normal fibroblast cells. This new 3D cell model
may introduce new perspectives in the study of EGFR degradation and its implications in
cancer therapy, in an environment that more accurately reproduces the in vivo conditions
found in a tumor.

2. Materials and Methods
2.1. 2D Cell Culture

The human pancreatic ductal adenocarcinoma cell lines BxPC-3 (EP-CL-0042, Elab-
science, Houston, TX, USA) and PANC-1 (CRL-1469, ATCC, Manassas, VA, USA), and pri-
mary human normal dermal fibroblasts (hNDF) (C-12302, Promocell, Heidelberg, Germany),
were cultured at 10,000 cells/cm? for no more than 15 passages in DMEM (DMEM-HXA,
Capricorn, Ebsdorfergrund, Germany) or RPMI (RPMI-XA, Capricorn) in the case of BxPC-3,
supplemented with 10% Fetal Bovine Serum (FBS) (51810; Biowest, Nuaillé, France), L-
glutamine (X055, Biowest) and Penicillin/Streptomycin (P/S) (L0022, Biowest). Cultures
were maintained at 37 °C and 5% CO, in a humidified atmosphere.

2.2. 3D Cell Culture in the Self-Assembling Peptide Scaffold RAD16-1

The protocol for cell encapsulation into self-assembling peptide scaffolds has been
previously described in detail [37]. The peptide RAD16-I (commercially available at 1%
in water, PuraMatrix™, 354250, Corning, New York, NY, USA) was diluted to a final
concentration of 0.3% (v/v) in 10% (w/v) sucrose (S0389, Merck, St. Louis, MO, USA)
or maintained at 1% (stock) and sonicated for 30 min. Meanwhile, cells were harvested
by trypsinization and resuspended to 4-10° cells/mL in 10% (w/v) sucrose, which is an
isotonic and non-ionic medium that avoids peptide spontaneous assembly during the
encapsulation process. The cell suspension was then mixed with an equal volume of 0.3%
or 1% RADI16-1 peptide solution to obtain a mixture of 2:10° cells/mL and 0.15% (soft) or
0.5% (stiff) RAD16-L. Next, 40 uL of cell/peptide suspension (80,000 cells) was loaded into
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wells of a 48-well plate previously filled with 500 uL of culture medium, which induced
the peptide spontaneous self-assembly. The plate was left in the flow cabinet for 20 min
to let the peptide gel and then placed in the incubator for 1 h. Medium was changed
twice to favor the leaching of sucrose. 3D cultures were maintained in DMEM or RPMI
supplemented with 10% FBS, L-glutamine, P/S at 37 °C and 5% CO, in a humidified
atmosphere, and medium was changed three times per week. Cells were cultured for
6 days to ensure adaptation to the 3D environment before being incubated with drugs
and/or processed for protein extraction, MTT assay or immunofluorescence staining.

2.3. Drug Incubation

For 2D assays, cells were seeded at 10,000 cells/cm? in 48-well plates and drugs were
added on the following day. For 3D assays, cells were cultured for 6 days before adding
the drug. In both 2D and 3D conditions, cells were incubated with 50 uM erlotinib and
10 ng/mL EGEF for 16 h. To inhibit lysosome and proteasome degradation, cells were pre-
treated for 8 h before erlotinib treatment with 600 nM bafilomycin A1 (SML1661, Merck) or
10 uM MG-132 (M7449, Merck), respectively.

2.4. MTT Assay for Cell Viability and Proliferation

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (M5655, Merck)
was used to assess cell viability in 2D and 3D cultures. To determine erlotinib ICs, cells in
2D cultures were seeded at 10,000 cells/cm? and the drug was added the following day.
For 3D cultures, cells were cultured for 6 days before adding erlotinib. In both cases (2D
and 3D cultures), erlotinib ICsy was calculated at 72 h from drug addition using MTT assay.
For that, cell culture medium was aspirated and 200 uL (for 2D cultures) or 500 uL (for
3D cultures) of MTT reagent were added to a final concentration of 0.5 mg/mL in culture
medium. Samples were incubated for 2 h (2D cultures) or 3 h (3D cultures) at 37 °C and 5%
CO; in a humidified atmosphere. MTT solution was then removed and cells were lysed
with 200 uL of DMSO (D8418, Merck). Absorbance was read at 570 nm using a microplate
reader (BiotekEpochTM, Biotek, Winooski, VT, USA).

2.5. Immunofluorescence

Cells in 2D and 3D cultures were fixed with 3.7% formaldehyde for 15 min and
washed with 1x PBS. Cultures were blocked with 5% BSA /0.1% Triton X-100 in PBS for 1 h
(for 2D cultures) or 2 h (3D cultures) and incubated overnight at 4°C with the following
primary antibodies: anti-EGFR (700308, Invitrogen, Waltham, MA, USA) at 1:100, anti-
integrin 1 (ab24693, abcam, Cambridge, UK) at 1:500, anti-LAMP1 (14-1079-80; Invitrogen)
at 1:150 and anti-EEA1 (14-9114-80, Invitrogen) at 1:500 dilution in 1% BSA. Next, cells
were washed with 1% BSA and incubated for 2 h with secondary antibodies conjugated
with Alexa Fluor 488 (ab150105, abcam) and 647 (ab150079, abcam) at 1:500. Finally,
cells were counterstained with Phalloidin-TRITC and DAPI for cytoskeleton and nuclei
visualization. Pictures were acquired with Leica Thunder Imager widefield microscope
(Leica Microsystems, Wetzlar, Germany) coupled to a Leica DFC9000 GTC sCMOS camera,
using an APO 63 x objective. Images were processed and analyzed with Image] software
version 2017-05-30 (NIH, Bethesda, MD, USA) [38].

2.6. Image Analysis

For colocalization analysis, Manders’ coefficients were calculated. Manders’ coef-
ficients are an overlapping parameter that describe the proportion of channel A signal
coinciding with channel B over the total A intensity (M;) and the proportion of channel
B signal coinciding with channel A over the total B intensity (M) [39]. This coefficient
ranges from 0 (no overlapping) to 1 (total overlapping). Manders’ coefficients are very
sensitive to noise, and for this reason, background needs to be set to zero. Moreover, to
calculate Mander’s coefficients it is important to establish a threshold for segmentation.
The analysis was performed using Image] software [38]. Each channel was processed
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for background subtraction and filtered using Median and Gaussian Blur to reduce the
presence of noise. Images were then segmented by thresholding using the Default option,
and the resulting binary images were cleaned with the Erode and Open functions. Binary
images were then used as masks to sample the denoised images using the Image Calculator
function with the Min operator, creating a background-less image for each channel [40].
Finally, Manders’ colocalization coefficients were calculated using JACoP (Just Another
Colocalization Plugin) version 2.0 [41] by setting the threshold values to 1. Coefficients
were obtained from at least 5 images (1 > 5) containing 5-10 cells per colony in the case of
tumor cells or single cells in ANDF.

2.7. Western Blot

2D cultures and 3D constructs were lysed with RIPA buffer (R0278, Merck) containing
protease inhibitor cocktail (11836153001, Roche, Basel, Switzerland). Total protein content
was quantified with a BCA protein assay kit (39228, Serva, Heidelberg, Germany) and 5 or
10 pg of protein were loaded into 8% polyacrylamide gels and run by applying 225 V for
40 min. Afterwards, proteins were transferred to a PVDF membrane (IPVH07850, Merck)
by applying 40 V for 2 h. The membrane was then blocked for 1 h with 4% (w/v) nonfat
powdered milk in 0.2% PBS-Tween. Next, the membrane was incubated with primary
antibodies anti-EGFR (700308, Invitrogen) at 1:1000 and anti-GAPDH (649201, Biolegend,
San Diego, CA, USA) at 1:2000 for 1 h at room temperature. The membrane was then
washed and incubated with secondary antibodies anti rabbit-HRP (ab6721, abcam) and
anti mouse-HRP (ab6820, abcam), both at 1:1000 for 1 h at RT. Finally, the membrane was
revealed for HRP detection with a SuperSignal West Pico Chemiluminescent Substrate
(34080, Thermo Fisher Scientific, Waltham, MA, USA). Chemiluminescent images were
taken in the ImageQuantTM LAS 4000 mini (GE HealthCare, Chicago, IL, USA). Protein
bands were quantified using Image] software and expressed as a ratio between the protein
of interest and the loading control. Each blot was repeated three times (N = 3).

2.8. Statistics

Data are presented as mean =+ Standard Deviation. Conditions were tested in triplicate
(1 = 3) in three independent experiments (N = 3). Statistical differences were analyzed with
GraphPad Prism 6 (San Diego, CA, USA) by one-way or two-way ANOVA followed by
Tukey’s multiple comparisons test. Statistical differences were indicated as * for p < 0.05,
** for p < 0.01, *** for p < 0.001 and **** for p < 0.0001.

3. Results
3.1. Cell Culture in RAD16-I Scaffold

In the present work, the pancreatic cancer cell lines BxPC-3 and PANC-1 were used, as
well as primary human dermal fibroblasts (hNDF), as a control of healthy, non-tumor cells,
to study the effect of the tyrosine kinase inhibitor (TKI) erlotinib on EGFR internalization
and degradation in a three-dimensional (3D) environment. These two PDAC cell lines
were chosen for three main reasons. First, they represent a model of epithelial phenotype
(BXxPC-3) and an intermediate epithelial-mesenchymal phenotype (PANC-1) [23]. Second,
they present with differences regarding erlotinib sensitivity, with BxPC-3 being considered
an erlotinib-sensitive line and PANC-1 an insensitive one [42]. Third, they present with
different KRAS genetic signatures, an important gene involved in PDAC progression.
BxPC-3 cells have wild type KRAS, while PANC-1 cells present with a G12C mutation
that produces its constitutive activation. This is of vital importance since 95% of primary
pancreatic tumors show mutations in the KRAS gene [43]. For three-dimensional cell
culture, we used the self-assembling peptide scaffold RAD16-I, which has been previously
used for different cancer cell line cultures [34-36]. Moreover, cultures in RAD16-1 were
prepared at two different peptide concentrations: 0.15% and 0.5%, which correspond to
a stiffness of 120 Pa (namely, soft matrix) and 1500 Pa (namely, stiff matrix), respectively,
previously measured by rheometry [44]. Results show that both pancreatic cancer cell
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lines presented good viability regardless of matrix stiffness (Figure 1a). Moreover, growth
rate in 3D cultures decreased for both cell lines compared to 2D, partially recapitulating
the growth behavior of in vivo cancer cells (Table 1). Dermal fibroblasts did not show
proliferation in the soft RAD16-I matrix, as previously reported [36], but did proliferate in
the stiff matrix (Table 1). This behavior was previously shown for fibroblasts cultured in
3D collagen gels [45]. We also determined cell viability after 72 h incubation with the TKI
erlotinib. Under our culture conditions, we determined an ICs of 10 uM for the erlotinib-
sensitive cell line BxPC-3 and for normal fibroblasts, in both 2D and 3D cultures. For the
erlotinib-insensitive cell line PANC-1, we determined an ICsq of 45 uM for 2D cultures and
100 uM for 3D cultures, in both matrix stiffness conditions (Table 1, Figure S1). Therefore,
the 3D environment promoted these cells to be even more resistant to erlotinib treatment.

BxPC-3 hNDF
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Figure 1. Cell culture in RAD16-I scaffold. (a) Viability of BxPC-3, PANC-1 and hNDF cultured in 0.15% and 0.5% RAD16-I
scaffold measured by MTT assay at day 1 and day 7 of culture. Statistical differences are indicated as * for p < 0.05,
** for p < 0.01, *** for p < 0.001 and **** for p < 0.0001, two-way ANOVA, N =2, n = 3); (b) Z-projection pictures of BxPC-3,
PANC-1 and hNDEF cells at day 6 of culture stained with Phalloidin (pseudo-colored in yellow) and DAPI (blue). Scale bars
represent 20 um; (c¢) macroscopic view of hNDF and (d) PANC-1 3D constructs in 0.15% and 0.5% RAD16-I scaffolds at
different time points.
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Table 1. Doubling time (h) and erlotinib sensitivity in 2D and 3D cultures.

Condition BxPC-3 PANC-1 hNDF
2D 39 30 24.3
Doubling time (h) 0.15% RAD ND 63.6 No proliferation
0.5% RAD 95 62.3 65.3
. 2D 10 45 10
Erlotinib ICgy (1M) 3D 10 100 10

ND: not determined.

Regarding cell phenotype, the epithelial cell line BXPC-3 grew forming round or oval
clusters (Figure 1b, left), while PANC-1 cells formed more grape-like spheres (Figure 1b, middle).
We did not find a correlation between matrix stiffness and cell phenotype or colony size in
the tumor cells analyzed. Matrix stiffness had a great effect on dermal fibroblasts, which
formed a highly interconnected network in the soft matrix, contracting the hydrogel and notably
reducing its dimension in a few days (Figure 1c). In the stiff matrix, fibroblasts managed to
interconnect to each other as well (Figure 1b, right) but required more time in culture to do so
and contracted the matrix to a lesser extent (Figure 1c). This hydrogel-contraction behavior (also
called matrix condensation) is characteristic of primary mesenchymal cells cultured in this kind
of scaffold [33] but did not happen in tumor cells (Figure 1d).

3.2. EGFR Expression in 2D and RAD16-I 3D Cultures

We next analyzed the location and expression levels of the EGFR by immunofluores-
cence and western blot in both culture types. In 2D cultures of BxPC-3 cells, the EGFR
displayed a strong staining in the cell periphery, colocalizing with 31-integrin, as well as
a diffused cytoplasmatic staining (Figure 2a, top). In PANC-1 cells, the EGFR was found
mainly in the cell periphery, presenting a strong staining that overlapped with 31-integrin
(Figure 2a, middle). In fibroblasts instead, the EGFR showed a dotted staining all over the
cell (Figure 2a, bottom). Similar to 2D cultures, BxPC-3 and PANC-1 in 3D cultures showed
a peripheral staining of the EGFR, while hNDF displayed a dotted staining (Figure 2b).
Western blot analysis revealed that total EGFR was downregulated in 3D cultures com-
pared to 2D monolayer cultures in the three types of cells analyzed (Figure 2c), especially
in dermal fibroblasts. Moreover, matrix stiffness in 3D cultures also influenced EGFR
expression, being downregulated in stiff conditions compared to soft cultures in hNDF
cells but not in BxPC-3 and PANC-1, which presented similar EGFR levels regardless of the
stiffness (Figure 2d).

3.3. Effect of EGF and Erlotinib on the Location of the EGFR

We next analyzed the effect of EGF and acute erlotinib treatment on cells in 2D
and 3D cultures. For that, cells were incubated with 10 ng/mL EGF or 50 uM erlotinib
or a combination of both during 16 h. Under control conditions, EGFR in 2D-cultured
PANC-1 cells was found predominantly in the cell membrane, showing a strong peripheral
staining (Figure 3a,b) and colocalizing with B1l-integrin (Figure 3c). The presence of
EGF triggered ligand-induced endocytosis of the EGFR, as previously described [7], thus
being internalized from the cell periphery (Figure 3a, white arrows) into the cytoplasm
(Figure 3a, empty arrows), accumulating perinuclearly (Figure 3a,b). Treatment of cells
with erlotinib did not induce EGFR internalization, as demonstrated by its peripheral
staining (Figure 3a,b) and high colocalization degree with 1-integrin, similar to control
conditions (Figure 3c). However, when we incubated the cells with erlotinib in combination
with EGF, we detected both membrane and perinuclear EGER staining (Figure 3a,b).
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Figure 2. EGFR expression in 2D and 3D cultures. (a) EGFR (red) and p1-integrin (green) immunofluorescence counter-
stained with DAPI (grey) in BxPC-3, PANC-1 and hNDF cells cultured in 2D monolayer and (b) Z-projection of EGFR and
B1-integrin immunofluorescence in BxPC-3, PANC-1 and hNDF cells in 3D RAD16-I scaffold at 0.15% peptide concentration.
Scale bars represent 10 um; (c) Western blot bands of EGFR in 2D and 3D cultures; (d) quantification of EGFR in 3D cultures
represented as the ratio between soft and stiff cultures. GAPDH was used as loading control. One representative blot is
shown. Experiments were repeated three times (N = 3), and statistical differences are indicated as **** for p < 0.0001.
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Figure 3. Inmunofluorescence analysis of the EGFR in PANC-1 cells incubated with EGF, erlotinib or both in 2D cultures.
(a) EGFR (red) and p1-integrin (green) immunofluorescence counterstained with DAPI (grey) in the presence of EGF,
erlotinib or both in PANC-1 and close-up sections (gray pictures) of the cell periphery and the perinuclear area labeled
with white and empty arrows, respectively. Scale bars represent 10 um; (b) fluorescence intensity profiles corresponding
to the white line in pictures from (a). Different cell regions are indicated as P for cell periphery, N for nucleus and PN for
perinuclear area; (c) Manders’ colocalization coefficients. Statistical differences are indicated as * for p < 0.05, ** for p < 0.01
and **** for p < 0.0001.
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The location of EGFR in 2D cultures of BxPC-3 under control conditions was mainly
peripheral and was associated with 1-integrin staining, and diffused expression was
detected in the cytoplasm (Figure 4a). The presence of EGF induced a strong accumulation
of the receptor in the cytoplasm and the perinuclear area (Figure 4a,b). In the presence of
erlotinib, EGFR displayed a similar location as in the control (Figure 4a), but the fraction of
1-integrin colocalizing with EGFR increased compared to the control (Figure 4c). Finally,
when BxPC-3 cells were incubated with erlotinib in combination with EGF, we detected
strong perinuclear staining (Figure 4a,b) but also an increased colocalization degree with
the membrane marker 1-integrin compared to EGF-incubated cells (Figure 4c), similar
to what happened in PANC-1 cells. The cytoplasmatic staining of EGFR in BxPC-3 under
control conditions suggests that basal levels of EGFR trafficking may exist, which could be
for different reasons. First, even though EGFR mainly resides in the plasmatic membrane, it
constantly undergoes trafficking through the endocytic system [2]. Second, it is important
to note that in order to keep culture conditions between 2D and 3D as similar as possible,
cells were not serum-starved prior to the experiments. In 2D cultures, FBS proteins are
removed by simply changing the culture medium. However, protein release from RAD16-I
hydrogels can take more than 50 h [46,47], and therefore complete serum depletion is not
possible in the short term in our 3D culture system.
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Figure 4. Immunofluorescence analysis of the EGFR in BxPC-3 cells incubated with EGEF, erlotinib or both in 2D cultures.
(a) EGFR (red) and p1-integrin (green) immunofluorescence counterstained with DAPI (grey) in the presence of EGF,
erlotinib or both and close-up sections (gray pictures). Scale bars represent 10 um; (b) fluorescence intensity profiles
corresponding to the white line in pictures from (a). Different cell regions are indicated as: P for cell periphery, N for nucleus

and PN for perinuclear area; (c) Manders’ colocalization coefficients. Statistical differences are indicated as * for p < 0.05,
** for p < 0.01, *** for p < 0.001 and **** for p < 0.0001.

Finally, we analyzed the effect of EGF and erlotinib in 2D cultures of human normal
dermal fibroblasts (hNDF). In this case, cells under control conditions showed a punctate
staining of the EGFR distributed all over the cell and also some pericellular staining
(Figure 5). The presence of EGF alone or combined with erlotinib induced the accumulation
of the receptor mainly in the perinuclear area, probably in endosomal compartments, while
erlotinib alone promoted the accumulation of the receptor along all the cell surface and
pericellularly (Figure 5).
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Figure 5. Inmunofluorescence analysis of the EGFR in hNDF cells incubated with EGF, erlotinib or both in 2D cultures.

Scale bars represent 10 pm. Insets represent high magnification images of the region indicated by a white square.

Altogether, these results suggest that erlotinib partially prevents EGFR internalization
and trafficking to endosomal compartments upon EGF binding in 2D cultures, retaining
part of the receptor in the plasmatic membrane, as previously described [48].

In 3D cultures, both tumor cell lines displayed peripheral staining of the EGFR, as
happened in 2D cultures (Figure 6, top and middle). Under control conditions and in the
presence of erlotinib alone, EGFR staining was peripheral and well-defined, but when EGF
or EGF and erlotinib were added, EGFR signal in the membrane became more diffused
and both pericellular and cytoplasmatic punctate staining were detected, which showed
evidence of the internalization of the receptor (Figure 6, see arrows). In hNDF under control
conditions, the EGFR displayed a punctate staining all over the cell while accumulating
perinuclearly after EGF exposure (Figure 6, bottom, see arrows). In erlotinib-treated hNDEF,
the dotted EGFR expression found in the control was lost, becoming strongly concentrated
all over the cell. When combining EGF and erlotinib treatment, both phenotypes could
be detected.

3.4. Effect of EGF and Erlotinib on EGFR Degradation

It has been previously shown using 2D cultures that treatment of cells with monoclonal
antibodies targeting the EGFR such as cetuximab [12] and Sym004 [48,49] resulted in overall
decrease of EGFR levels due to protein degradation. In contrast, TKI treatment has not
been shown to induce significant EGFR degradation in different 2D-cultured cancer cell
lines [50-53]. Consistent with these studies we did not detect a relevant decrease in EGFR
levels after 16 h erlotinib treatment (neither alone nor in combination with EGF) in any of
the cells analyzed (Figure 7a,c, lanes 34, Figure S3a—c). On the other hand, EGF treatment
alone induced strong EGFR degradation in hNDF but not in tumor cells (Figure 7a,c, lane
2), which express much higher EGFR levels than hNDF. Therefore, it is likely that the
EGF dose used (10 ng/mL) is insufficient to promote EGFR degradation in these PDAC
cell lines. Remarkably, the presence of erlotinib in hNDF treated with EGF rescued EGFR
levels similar to those in untreated cells (Figure 7a,c, lane 4), reinforcing the hypothesis that
erlotinib prevents EGFR internalization in 2D-cultered cells.
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Figure 6. EGFR immunofluorescence in PANC-1, BxPC-3and hNDF cells incubated with EGF, erlotinib or both in 0.15%
RAD16-1 3D cultures. One representative Z plane is shown. Scale bars represent 20 pm. Insets represent high magnification
images of the region indicated by an asterisk (*).
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Figure 7. Western blot analysis of the EGFR in BxPC-3, PANC-1 and hNDF cells incubated with EGF or erlotinib or both in
2D cultures and soft and stiff 3D cultures. (a) Western blot bands of EGFR in 2D cultures; (b) Western blot bands of EGFR in
0.15% and 0.5% RAD16-1 3D cultures; (c) densitometry of bands shown in (a) for 2D cultures; (d) densitometry of bands
shown in (b) for 3D cultures. GAPDH was used as an internal control. One representative blot is shown. Experiments were
repeated three times (N = 3), and statistical differences are indicated as * for p < 0.05, ** for p < 0.01, *** for p < 0.001 and
**** for p < 0.0001.

Similar to 2D cultures, EGF did not induce significant EGFR degradation in 3D-
cultured tumor cells. On the contrary, EGF induced a dramatic EGFR degradation in 3D
cultures of fibroblasts regardless of matrix stiffness (Figure 7b,d, lanes 14, Figure S3a—c).
Interestingly, and contrary to what was found in 2D cultures, erlotinib promoted EGFR
degradation when combined with EGF, but not alone, in PANC-1 and BxPC-3 cells cultured
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in 3D scaffolds under both stiffness conditions (Figure 7b,d, lanes 5-8). Moreover, the
extent of EGFR degradation was erlotinib dose-dependent (Figures S2 and S3d).

Contrary to tumor cells, the presence of erlotinib in EGF-incubated fibroblasts in 3D
not only induced the degradation of the receptor but prevented it (Figure 7b,d, lanes 5-8),
as happened in 2D cultures. In conclusion, erlotinib treatment (combined with EGF) had a
contrary effect depending on cell type and dimensionality, promoting EGFR degradation
in PDAC cell lines cultured in 3D but preventing it in normal fibroblasts in both 2D and
3D cultures.

To confirm that the decrease of EGFR levels in 3D cultures of PANC-1 and BxPC-3
cells treated with EGF and erlotinib was actually due to protein degradation, we inhibited
proteasomal and lysosomal degradation by pre-incubating the cells with MG-132 (protea-
some inhibitor) and bafilomycin A1 (lysosome inhibitor). It has been extensively reported
that EGF-induced degradation occurs via lysosomes [7], and therefore we questioned
whether EGFR downregulation in erlotinib-treated cells (Figure 7b,d) was also due to
lysosomal degradation.

Results show that lysosome inhibition in cells treated with erlotinib and EGF led
to a notable increase in EGFR levels due to protein accumulation (Figure 8a,b, lane 8,
Figure S3e,f). Bafilomycin A1 inhibits fusion between endosomes and lysosomes, which
causes the accumulation of cargo unable to suffer degradation [54,55]. Moreover, MG-132
also led to EGFR accumulation upon EGF and erlotinib treatment, but to a lesser extent
than bafilomycin Al (Figure 8a,b, lane 7). Proteasomal inhibition has been reported to
deplete the free ubiquitin pool within the cell, thus interfering with protein degradation [56].
Moreover, combinatorial treatment with both inhibitors (MG-132 and bafilomycin A1) also
led to protein accumulation in PANC-1 but not in BxPC-3 cells, which presented with
reduced EGEFR levels compared to its respective control (Figure 8a,b, lanes 5 and 9). This
could be explained by the fact that proteasome disruption leads to endoplasmic reticulum
stress to which the cell responds by attenuating protein translation, thereby inhibiting
global protein synthesis [57]. Altogether, these results confirm that EGFR degradation due
to erlotinib and EGF treatment in our 3D cancer cell culture system occurs via lysosomes.

(@A e 1 23 456738 s (b)
EGF - + + + + o+ o+ o+ +
Erlotinib . T S S S PANC-1 (3D) BXPC-3 (3D)
MG-132 = - 4+ - o+ - 4+ = o+ 5 . .
Bafils in A1 - = = 4+ 4+ = = 4 4+ 4 —t =
F
g3
A T™ 0 |eerr 5 .
g B o A .
g g |
1
p—— — - - GAPDH m
o L
EGF — + + + + + + + + + o+ +
o - - J— EGFR Erlotinib - - - - — + o+ o+ o+ + o+ o+
E MG-132 = - + — + — + — + MG-132 = = + — + — + — +
& BafilomycinA1l — — — + + — — + + BafilomycinAl — — — + + — — + +

Fp— — GAPDH

Em Control @B EGF E= EGF+Erlotinib

Figure 8. Western blot analysis of the EGFR in PANC-1 and BxPC-3 cells incubated with EGF and erlotinib in the presence
of the proteasome (MG-132) and lysosomes (Bafilomycin A1) inhibitors in 0.15% RAD16-I 3D cultures. (a) Western blot
bands of EGFR; (b) densitometry of bands shown in (a). GAPDH was used as an internal control. One representative
blot is shown. Experiments were repeated three times (N = 3), and statistical differences are indicated as * for p < 0.05,
** for pv<0.01, *** for p < 0.001 and **** for p < 0.0001.

3.5. EGFR Trafficking to Early Endosomes and Lysosomes in 2D and 3D Cultures

It is well established that after stimulation with EGF, the EGFR is activated, internal-
ized and sorted into endosomal compartments. Once in EEA1-positive early endosomes,
a small fraction of the receptor is recycled to the plasmatic membrane, while most of it is
sorted into late endosomes and subsequently degraded in lysosomes [7]. In 2D cultures, we
found a low EGER fraction colocalizing with EEA1-positive early endosomes in PANC-1
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(Figure 9a,d) and BxPC-3 tumor cells (Figure 9b,d). After EGF exposure, the fraction of
EGEFR colocalizing with EEA1 increased for both tumor cell lines (Figure 9d). Moreover,
and in concordance with the hypothesis that erlotinib partially prevents EGFR internaliza-
tion (Figures 3-5), erlotinib-treated cells presented with the lowest colocalization values
between EGFR and EEA1. Additionally, we found that in hNDF (Figure 9c) the EGFR
fraction colocalizing with EEA1 was extremely low for all the conditions tested (Figure 9d),
but on the contrary, Manders’ coefficients obtained for the proportion of EEAl-positive
early endosomes containing EGFR signal were almost 1 (Figure 9¢), meaning that almost all
EEA1-positive endosomes were carrying EGFR (see Section 2.6). These differences between
both Manders’ coefficients in hNDF exist because these are very large cells expressing
EGER all over the cellular milieu, while early endosomes are located mainly perinuclearly.
Therefore, the EGFR signal coinciding with EEA1 signal over the total EGFR intensity
(EGER vs. EEA1) is much lower than the EEA1 signal coinciding with EGFR signal over
the total EEA1 intensity (EEA1 vs. EGFR). Moreover, even colocalization between EEA1
and EGFR (Figure 9e) was similar between the control and the EGF-incubated cells, it sig-
nificantly decreased in the presence of erlotinib alone, indicating a basal EGFR trafficking
that was prevented by the presence of erlotinib.
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Figure 9. Colocalization analysis of the EGFR and EEAL1 (early endosomes) in cells incubated with EGF, erlotinib or both in
2D cultures. EGER (red) and EEA1 (green) immunofluorescence counterstained with DAPI (grey) in (a) PANC-1; (b) BxPC-3
and (c) hNDF cells. Scale bars represent 10 um; (d) Manders’ colocalization coefficients showing the proportion of EGFR
overlapping with EEA1; (e) Manders’ colocalization coefficients showing the proportion of EEA1 overlapping with EGFR.
Statistical differences are indicated as * for p < 0.05, ** for p < 0.01, *** for p < 0.001 and **** for p < 0.0001.

We next analyzed colocalization between EGFR and LAMP1 (lysosomal-associated
membrane protein 1), a well-known lysosomal marker. Lysosome distribution was mainly
perinuclear in BxPC-1 and hNDF cells under all conditions tested (Figure 10b,c). However,
in PANC-1 cells, lysosomes were distributed all over the cytoplasm in control conditions as
well as when incubated with erlotinib but accumulated perinuclearly after EGF treatment
(Figure 10a). LAMP1 staining showed significantly higher colocalization coefficients be-
tween lysosomes and the EGFR in cells treated with EGF compared to control in all the
cell types analyzed (Figure 10d,e). Moreover, the presence of erlotinib alone produced
significant differences only in BxPC-3 cells, in which Manders’ coefficients (LAMP1 vs.
EGFR) (Figure 10e) increased compared to the control.
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Figure 10. Colocalization analysis of the EGFR and LAMP1 (lysosomes) in cells incubated with EGEF, erlotinib or both
in 2D cultures. EGFR (red) and LAMP1 (green) immunofluorescence counterstained with DAPI (grey) in (a) PANC-1;
(b) BXPC-3 and (c) hNDF cells. Scale bars represent 10 um. Gray pictures show close-up sections of each marker; (d) Manders’
colocalization coefficients showing the proportion of EGFR overlapping with LAMP1; (e) Manders’ colocalization coefficients
showing the proportion of LAMP1 overlapping with EGFR. Statistical differences are indicated as * for p < 0.05, ** for p < 0.01,
*** for p < 0.001 and **** for p < 0.0001.

Finally, we analyzed EGER sorting into early endosomes and lysosomes in 3D cultures.
In BxPC-3 tumor cells, we detected EGFR trafficking to EEA1-positive early endosomes in
all conditions tested, but colocalization was much more evident in cells treated with EGF
or EGF and erlotinib (Figure 11a, see arrows), in which EGFR was undergoing endocytosis.
A similar pattern was found in hNDF (Figure 11b, see arrows). Regarding EGFR sorting
into lysosomes, we found that in PANC-1 (Figure 12a) and BxPC-3 cells (Figure 12b),
colocalization between EGFR and LAMP1 was mostly detected in cells treated with EGF
or EGF and erlotinib. Even though we detected certain colocalization between EGFR and
LAMP1-positive lysosomes in 3D-cultured tumor cells incubated with EGF, degradation
under these conditions was undetectable at a western blot level (Figure 7), suggesting that
the presence of erlotinib exacerbated this degradation in EGF-treated cells.
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Figure 11. Immunofluorescence of EGFR and EEA1 in (a) BxPC-3 cells and (b) hNDF incubated with EGF, erlotinib or both
in 0.15% RAD16-1 3D cultures. One representative Z plane is shown. Scale bars represent 10 pum. White arrows show EGFR
colocalizing with early endosomes.
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Figure 12. Immunofluorescence of EGFR and LAMP1 in (a) PANC-1 and (b) BxPC-3 cells incubated with EGEF, erlotinib or
both in 0.15% RAD16-1 3D cultures. One representative Z plane is shown. Scale bars represent 10 um. White arrows show

EGFR colocalizing with lysosomes.

4. Discussion

The EGFR is the unique TKR reported to respond to multiple stimuli by internalizing
into endosomal compartments. Moreover, different stressors induce different trafficking
pathways that can end in endosomal accumulation and recycling to the membrane or
degradation. Two-dimensional cell cultures are generally used to study EGFR trafficking
mechanisms because they are economically affordable and easier to handle as well as to an-
alyze than 3D cultures. However, it is widely accepted that 2D cultures do not recreate the
microenvironment of in vivo tissue cells nor can they predict therapy outcome as precisely
as 3D cultures do. Growing cells in a 3D environment reveals a more realistic drug response,
being that 3D-cultured cells are more resistant to chemotherapy when compared to the
same cells grown in 2D monolayer [34,58,59]. Different mechanisms have been attributed
to this enhanced drug resistance, but the most straightforward explanation is that the
microenvironment provided by the 3D system protects the cells from drug penetration [60].
Besides, most drugs have rapidly dividing cells as a target, and 3D cultures have been
described to decrease the proliferation rate of cancer cells compared to 2D cultures [36].
Moreover, quiescent cells that exist in the inner part of the 3D culture remain protected from
drug effect [61]. In addition, some pancreatic cancer cell lines have shown an increased
expression of diverse drug resistance genes in 3D culture compared to 2D culture [62].
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For example, PDAC cells in 3D collagen hydrogels but not in 2D cultures present with
gemcitabine resistance through the upregulation of the membrane type-I matrix metallopro-
tease (MT1-MMP) [63]. Therefore, 3D-cultured cells can recapitulate mechanisms of drug
resistance found in tumors, thus offering the opportunity to analyze these mechanisms and
test multidrug therapies in vitro in order to reduce animal experimentation.

In this paper, we report a new model for EGER internalization and degradation due to
tyrosine-kinase inhibitor treatment in a 3D cell culture of pancreatic ductal adenocarcinoma
cells. Using the synthetic self-assembling peptide RAD16-I as a platform for 3D culture,
we found that erlotinib treatment combined with EGF but not alone promoted EGFR
degradation in 3D but not 2D cultures of both PDAC cell lines (Figure 7). These results
suggest that in 3D culture, EGF is necessary to promote EGFR endocytosis in PDAC cell
lines, and that upon internalization, erlotinib promotes its lysosomal degradation (Figure 8).
Interestingly, this behavior was not detected in normal fibroblasts, in which erlotinib
prevented EGF-induced EGFR internalization and degradation in both 2D and 3D cultures
(Figures 5-7). In this sense, results can be controversial since previous in vitro studies
demonstrate that TKI inhibitors such as erlotinib and gefitinib induce EGFR internalization
and accumulation in non-degradative endosomes in different cell types [9], while others
describe that the same TKI suppresses ligand-stimulated endocytosis [11]. Another work
in which the authors develop an in vivo tumor model of human oral squamous carcinoma
using xenografts reports that gefitinib treatment inhibits EGFR endocytosis [64], suggesting
that receptor kinase activity is required for receptor internalization [65]. We indeed detected
this kinase activity-dependence to internalize the receptor in fibroblasts (Figure 5) and in
tumor cells, but to a lesser extent (Figures 3 and 4). One explanation could be that PDAC
cell lines are more resistant to erlotinib and therefore the dose used could be not enough
to inhibit the kinase activity of the receptor. However, we used an acute dose of 50 uM,
corresponding to the ICs of the erlotinib-resistant cell line PANC-1; this should be enough
to inhibit the EGFR in the erlotinib-sensitive BxPC-3 cell line and in hNDF, which both
presented an ICsy of 10 uM.

It is well established that receptor recycling to the plasmatic membrane after endocy-
tosis leads to continuous signaling. By contrast, degradation in lysosomes is associated
with signaling attenuation, and therefore endocytic downregulation could be associated
with TKIs sensitization. For example, it has been reported that mutant-EGFR forms are
internalized via clathrin-mediated endocytosis and sorted into endosomal compartments,
where they continue signaling [66]. Instead, clathrin inhibition in mutant-EGFR-expressing
cells induces micropinocytosis-dependent EGFR internalization followed by degradation
in lysosomes, which results in signal extinction and apoptosis, and thus overcoming resis-
tance to TKI [66]. Another recent study reports that TKI treatment induces intracellular
accumulation of mutated-EGFR. The authors found a positive correlation between EGFR
accumulation and clinical benefit in patients presenting with tumors harboring these EGFR
mutations, suggesting that blocked EGFR-membrane recycling contributes to TKI sensitiv-
ity and a positive therapy outcome [67]. Our results demonstrate not only that erlotinib has
a different effect on tumor and normal cells but also that PDAC cells respond differently
to erlotinib treatment when cultured in a 3D microenvironment. In fact, PANC-1 cells
increased their erlotinib resistance from 45 to 100 uM when cultured in 2D vs. 3D (Table 1),
even though under these 3D conditions the EGFR was undergoing degradation. On the
other hand, BXxPC-3 cells did not show increased erlotinib resistance when cultured in 3D
but also showed EGFR degradation. Therefore, under our experimental conditions, EGFR
degradation did not sensitize the cells to erlotinib treatment. Given that this EGFR degra-
dation was only detected in 3D cultures, it is possible that in this 3D environment PDAC
cells acquire additional resistance mechanisms that allow them to survive independently
of the EGFR signaling pathway.

Importantly, EGFR degradation in 3D cultures due to TKI was only detected in the
presence of EGF, suggesting that ligand binding is necessary for endocytosis and that once
the receptor is internalized, erlotinib treatment promotes its degradation. EGF can reach
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very high concentrations in different body fluids such as bile, urine and milk [68,69], and a
normal epithelium avoids these fluids to reach EGF receptors, which are expressed basolat-
erally. However, as a result of a premalignant neoplasia, in which the tight junctions of the
epithelium become leaky, high concentrations of EGF can reach and activate EGFRs [70].
Moreover, since EGFR ligands have been found in several tumors [71-73] it is likely that
our 3D model could closely mimic the tumor in vivo scenario during erlotinib therapy.

5. Conclusions

We have developed a 3D cancer cell culture system to study EGFR trafficking and
degradation due to TKI treatment. This study highlights not only that erlotinib has a distinct
effect on tumor and normal cells but also that pancreatic ductal adenocarcinoma cells
respond differently to erlotinib treatment when cultured in a 3D microenvironment. To our
knowledge, this is the first time where EGFR trafficking is explored in a three-dimensional
environment, and it is our hope that this report may encourage other researchers to
introduce 3D cell culture systems in the study of receptor trafficking. Moreover, future
research might be focused in studying the effect that ECM components present in PDAC,
such as collagens and hyaluronic acid, could have on EGFR trafficking.
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Simple Summary: Immunotherapies are emerging as promising strategies to cure cancer and extend
patients” survival. Efforts should be focused, however, on the development of preclinical tools better
able to predict the therapeutic benefits in individual patients. In this context, the availability of reliable
preclinical models capable of recapitulating the tumor milieu while overcoming the limitations of
traditional systems is mandatory. Here, we review the tumor immune responses, escape mechanisms,
and the most recent 3D biomaterial-based cancer in vitro models useful for investigating the effects
of the different immunotherapeutic approaches. The main challenges and possible future trends are
also discussed.

Abstract: In recent years, immunotherapy has emerged as a promising novel therapeutic strategy
for cancer treatment. In a relevant percentage of patients, however, clinical benefits are lower
than expected, pushing researchers to deeply analyze the immune responses against tumors and
find more reliable and efficient tools to predict the individual response to therapy. Novel tissue
engineering strategies can be adopted to realize in vitro fully humanized matrix-based models, as
a compromise between standard two-dimensional (2D) cell cultures and animal tests, which are
costly and hardly usable in personalized medicine. In this review, we describe the main mechanisms
allowing cancer cells to escape the immune surveillance, which may play a significant role in the
failure of immunotherapies. In particular, we discuss the role of the tumor microenvironment (TME)
in the establishment of a milieu that greatly favors cancer malignant progression and impact on
the interactions with immune cells. Then, we present an overview of the recent in vitro engineered
preclinical three-dimensional (3D) models that have been adopted to resemble the interplays between
cancer and immune cells and for testing current therapies and immunotherapeutic approaches.
Specifically, we focus on 3D hydrogel-based tools based on different types of polymers, discussing
the suitability of each of them in reproducing the TME key features based on their intrinsic or tunable
characteristics. Finally, we introduce the possibility to combine the 3D models with technological
fluid dynamics platforms, reproducing the dynamic complex interactions between tumor cells and
immune effectors migrated in situ via the systemic circulation, pointing out the challenges that still
have to be overcome for setting more predictive preclinical assays.

Keywords: 3D cancer models; immunotherapies; biomaterials; tumor escape mechanisms

1. Introduction

During the last decade, immunotherapy has emerged as a promising alternative to
traditional anticancer treatments [1-4]. Harnessing the immune system represents a potent
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approach providing a patient-specific and durable strategy. The benefit and efficacy of
immunotherapies, unleashing immune cell activity through antibodies specific for tumor
antigens (TAs) or blocking immune checkpoint axes (ICB), have been documented in several
clinical trials. However, in a significant portion of patients, resistance to immunothera-
peutic procedures exists, whose causes are yet to be clarified. Indeed, immunotherapies,
established according to results obtained from current preclinical models, resulted in only
20-40% of durable clinical responses [5]. In light of these considerations, there is an urgency
to validate new platforms suitable to better set up anticancer treatments and predict their
efficacy in individual patients. To this aim, it is imperative to develop highly predictive
screening tools capable of resembling the complex structure of the human tumor microenvi-
ronment (TME), holding a heterogeneous population of cells and extracellular components,
all involved in dynamic crosstalk. Then, ideally, such platforms might consider both the 3D
contexture of the tissue and the complex interplay between different cell types.

Several cancer-related phenomena, such as metastasis, cell motility, and uncontrolled
proliferation, are modulated by the surrounding extracellular matrix (ECM) [6]. Indeed,
the ECM provides both mechanical support and biochemical signals, directly affecting cell
activity in both physiological and pathological conditions [7]. In a solid tumor scenario,
cancer cells are capable of shaping the ECM niche by changing its properties toward a
pro-malignant phenotype [8]. Experimental evidence such as the histological analysis of
tumor specimens isolated from animal models or patients strongly supports the concept
that an altered ECM architecture and composition can play a pivotal role in the regulation
of tumor onset, progression, immune evasion, and sensitivity to immunotherapeutic ap-
proaches [9,10]. ECM components, including glycoproteins, glycosaminoglycans (GAG),
proteoglycans, soluble molecules, and fibrillar proteins, can directly interact with specific
receptors on the tumor cell surface, regulating several aspects of their biology. In this
context, particularly relevant is the CD44/hyaluronic acid (HA) axis [11], which is tar-
geted in different therapeutic approaches, or the CXCR4/SDF1 axis driving bone marrow
(BM) homing of tumor cells. ECM components can also contribute to the onset of an
immunosuppressive milieu since many molecules such as the serine protease plasmin,
matrix metalloprotease (MMP)-2 and MMP9, or thrombospondin-1 disrupt the latent form
of tumor growth factor (TGF)-B (LAP-TGF-f3) with the release of an active form of the
cytokine [12,13]. Upon activation, TGF-f exerts potent immunomodulatory functions
shaping the tumor immune landscape (see next paragraphs for more details). The ECM,
depending on the relative abundance of the various components, can form “molecular
sieves” able to regulate the migration of tumor cells and immune cells inside the ECM.
In this context, it is relevant to stress that in tumor specimens from patients, components
of the immune system such as natural killer (NK) cells are mainly observed in the tumor
stroma rather than in tumor parenchyma [14,15], probably contributing to the low efficacy
of the NK-mediated immune surveillance of solid tumors. Low tumor infiltration is also
observed in the context of adoptive cell therapy based on the infusion of T cells, in vitro
engineered to expressed TA-specific chimeric receptors (CAR-T) [16]. These effectors were
shown to lose the expression of the enzyme heparanase (HPSE), which degrades heparan
sulfate proteoglycans, the main components of the ECM [16]. Importantly, when CAR-
T cells were also transduced with HPSE, they showed enhanced tumor infiltration and
improved overall survival in xenograft tumor models. It is relevant to point out that the
architecture of the extracellular fibers such as collagen also greatly influences the tumor
biology and response to therapies [17]. In particular, it has been recently shown that the
interaction of discoidin domain receptor 1 (DDR1), a collagen receptor expressed by tumor
cells, promotes collagen fiber alignment, contributing to immune exclusion [18]. Ablation
of DDRI1 in tumors promotes the intra-tumoral infiltration of T cells. The described col-
lagen remodeling requires the DDRI1 extracellular (DDR1-ECD), but not the intracellular,
kinase domain to be effective. Importantly, fibrillar components also impact the status of
tumor cells in terms of quiescence or proliferation. In this context, “very dormant” cancer
cells contribute to the establishment of type III collagen-enriched ECM niches that deeply
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sustain tumor dormancy. Histopathological analysis showed that tumor specimens from
patients with lymph node-negative head and neck squamous cell carcinoma were enriched
in type III collagen levels as compared to tumors from patients with tumor-infiltrated
lymph nodes [19].

Besides the ECM components, tumor-infiltrating cells are key determinants of malig-
nant advancement. Different cell types including regulatory T cells (Treg), cancer-associated
fibroblasts (CAFs), tumor-associated macrophages (TAMs), mesenchymal stem cells, and
endothelial cells can all contribute to tumor growth and escape from the host immune
surveillance [20-22]. Therefore, to closely mimic in vitro the complex cancer dynamic
environment, it is crucial to consider the tumor-stroma-immune cell interplays.

To date, most of the data available on the communication between the human im-
mune system and cancer cells rely on 2D standard monolayers [23]. These flat systems are
standardized, high-throughput, and cost-effective [24]. However, they are over-simplified
tools that cannot replicate the complexity of the in vivo scenario, mainly due to the bi-
dimensionality resulting in the lack of proper cell-to-cell and cell-to-ECM reciprocal inter-
actions [23,25,26]. Moreover, although animal testing remains a gold standard in cancer
research, it cannot faithfully reproduce the human TME [27]. In addition, animal models
are costly, time-consuming, and hardly applicable on the road to large-scale personalized
therapeutic approaches [28,29].

To solve these constraints, various 3D in vitro culture models have been realized to
carry out preclinical experimental investigations under more physiological conditions.
Initially, 3D multicellular tumor spheroids were proposed to imitate the human tumor
native spatial arrangement, cellular reciprocal interplays, and diffusion gradients [30].
Such models revealed a closer resemblance to what occurs in vivo (cancer cell phenotype,
proliferation rate, and drug resistance) when compared to 2D monolayers [31] and have
allowed conducting systematic investigations in a reproducible manner that cannot be
achieved with conventional models [32]. However, 3D in vitro culture models still have
certain limitations, mainly due to the lack of an ECM favoring physical disintegration
during their manipulation. Moreover, they do not allow obtaining information regarding
cell interactions with the surrounding microenvironment. As a result, 3D scaffold-based
cancer models have been more recently integrated with ECM components to better mimic
pathophysiological features of native tumor tissues.

Merging the aforementioned considerations, here, we firstly describe the major tumor
escape mechanisms and the therapeutic approaches potentiating the antitumor immune
responses. Then, we review recent studies aimed at investigating tumor and immune
system interactions and testing immunotherapeutic anticancer treatments by adopting 3D
biomaterial-based cancer models. In particular, we focus on polymeric matrices used in the
form of hydrogels. We present a schematic overview of the most important natural and
synthetic biomaterials that have been adopted in this field, highlighting both benefits and
limitations, and discussing how they can be optimized to fulfill some pivotal function of
the tumor ECM.

Finally, we illustrate recent emerging microfluidic technologies that couple 3D hydrogel-
based models with fluidical stimuli, thus mimicking the dynamic stimuli experienced by
cells in vivo and affecting their physio-pathological behavior as well as their interplay
with the immune system. Overall, these models could help to identify novel mechanisms
making tumors resistant to immunotherapy, and to optimize innovative and personalized
immunotherapeutic approaches, accelerating the clinical translation.

2. Mechanisms Allowing Cancer Immune Evasion, a Lesson from 2D Cultures and
Animal Models

Several efforts have been made in recent years to modify the human TME to overcome
the limitations related to the species-specific gaps existing in animal models. However,
modeling the TME, from an immune point of view, is still challenging due to the highly com-
plex relationships between cancer cells and immune cells. A plethora of immune cells can
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interact with tumor cells and the TME, and, depending on the nature of these interactions,
immune effectors can acquire either a tumor-suppressive or tumor-promoting function. In
addition, immune cells do not act alone but interact with each other, orchestrating tumor
immune responses [33,34].

A huge amount of data indicates that a functional cancer immunosurveillance process
exists. However, the relationship between cancer and immune cells is a complex dynamic
process involving three phases, namely, Elimination, Equilibrium, and Escape, the so-called
“3E’s of cancer immune-editing”. The Elimination phase is characterized by the successful
activation of the immune system, leading to cancer cell recognition and death. In the
Equilibrium phase, cancer cells adapt to the hostile environment established by the antitu-
mor immune cells, enabling their survival and cohabitation. In the Escape phase, cancer
cells, edited by the immune system, evade its aggression through mechanisms including
the expression/upregulation of membrane-bound inhibitory axes, and the production of
immunosuppressive soluble molecules [35]. The major tumor escape strategies are briefly
described in the following paragraphs and illustrated in Figure 1.
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Figure 1. Main mechanisms allowing cancer immune evasion and therapeutic strategies.

2.1. Membrane-Bound Inhibitory Axes and Therapeutic Approaches
2.1.1. HLA-I-Related Axes and Inhibitory Immune Checkpoints

Relevant membrane-bound inhibitory axes, negatively impacting the antitumor ac-
tivity of innate and adaptive cytotoxic cells, are those involving HLA class I (HLA-I)
molecules on target cells, and specific inhibitory receptors on effector cells, such as killer
Ig-like receptors (KIRs), NKG2A, and LIR-1 [36]. These interactions have physiological
functions: for example, licensing NK cells to acquire a suitable cytolytic potential [37,38] or
tuning the activity of triggering receptors such as NKp46, NKp30, and NKp44 (collectively
termed natural cytotoxicity receptors, NCRs), mainly expressed by NK cells, NKG2D,
and DNAM-1, also characterizing a significant population of T cells [36,39]. HLA-Iigh
autologous healthy cells are generally protected from the NK cell-mediated aggression
since the strength of the inhibitory signals prevails over that of the activating signals; the
activating signals overcome the inhibitory signals in pathological conditions including
tumors, where cell transformation leads to partial or complete HLA-I expression, together
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with the upregulation or de novo expression of ligands for activating receptors [36,39,40].
In some instances, however, tumors can preserve high levels of protective HLA-I, as occurs
in hematological malignancies [41], or upregulate HLA-I as an adaptive mechanism to the
IFN-y and TNF-« mediators released by cytotoxic cells during tumor aggression [35,42].

To potentiate the cytotoxic antitumor responses, different strategies breaking the
inhibitory receptor/HLA-I axes have been planned including those blocking KIRs [43]
or NKG2A [44] with specific antibodies or hemopoietic stem cell (HSC) transplant with
selected allogenic donors, generally the patient’s parents (haploidentical HSC, haplo-HSC)
who can have NK cell populations with a KIR repertoire unable to recognize HLA-I
alleles on the donors’ (KIR-KIR Ligand-mismatched NK cells). A further advance in the
transplant setting is represented by TCR 3 /CD19-depleted haplo-HSC transplant, where
cells infused in the recipient contain CD34+ HSC cells and mature immune cells including
8 T cells and NK cells, which provide early and effective antitumor and antiviral activities
acting before the immune cell reconstitution from CD34+ cells [45].

The antitumor activity of cytotoxic cells can also be negatively regulated by several
non-HLA-I-specific co-inhibitory receptors such as PD-1, LAG-3, and TIM-3, expressed
by T and NK cells, interacting with ligands on tumor cells [46-48]. As with HLA-I, their
ligands, PD-Ls (-L1 and -L2), HLA-II, and galectin-9, can be upregulated /induced by INF-y
released during the immune responses. Interestingly, an opposite regulation by INF-y has
been observed for PVR (poliovirus receptor, CD155) [23], a ligand shared by the inhibitory
checkpoints TIGIT and CD96, and the activating DNAM-1 receptor.

The PD-1/PD-Ls and CTLA /CD28 axes, whose discovery was awarded with the 2018
Nobel Prize for Medicine and Physiology, represent the prototypic immune checkpoints
firstly targeted in cancer patients. In particular, the blockade of the PD-1/PD-Ls axis has
revolutionized the treatment of many metastatic advanced tumors either as monother-
apy or in combination with other therapeutic strategies. Several clinical trials combine
PD-1/PD-Ls blockade with the infusion of antibodies specific for Tas, which unleash cy-
totoxicity and IFN-y release by NK and T cells, promote phagocytosis, and complement
activation. The use of antibodies as bullets reaching the right target, sparing normal cells,
represents a strategy commonly used in tumors characterized by a high expression of the
selected antigen that, conversely, shows a limited /low expression in normal tissues. These
antibodies are often engineered to be more effective, for example, by mutating their Fc
portion to reduce their binding with inhibitory or low-affinity FcyRs, or conjugating them
with toxic drugs [49]. Recently, to further improve the cytotoxicity of NK cells, a strategy
has been developed based on multifunctional engagers simultaneously targeting Tas and
CD16 (FcyRIITA) and NKp46 activating receptors in NK cells [50].

Additional tools to efficiently and specifically target both hematological malignancies
and solid tumors are represented by T cells engineered with chimeric antigen receptors
(CARSs) specific for Tas, which have been optimized in recent years with the construction
of more effective third-generation CARs, which also express an inducible suicide gene to
induce, in case of adverse side effects, the rapid in vivo depletion of CAR-T. CARs deliver
a cell activation signal that, in most instances, is strong enough to overcome the inhibitory
axes. Recently, there has been an increasing interest in the generation of CAR-engineered
NK cells, effectors that appear to be superior in terms of safety and that naturally express
different receptors against tumor-associated molecules [51,52].

2.1.2. Novel Inhibitory Immune Checkpoints: B7-H3 and CD47

One of the most promising recently discovered tumor targets is B7-H3 (CD276) [53-55],
highly expressed by several tumors and upregulated by IFN-y [23]. Importantly, B7-H3 also
shows a higher expression on the tumor-associated vasculature compared to normal vessels,
whereas it is not expressed at significant levels on most normal tissues. B7-H3 represents an
additional ligand of the growing list of immune checkpoint axes, physiologic mechanisms
controlling the duration and the resolution of the immune responses [53,56-58]. Unfor-
tunately, these inhibitory axes are “adopted” by tumors to escape immune surveillance.
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B7-H3 acts on two sides, inhibiting the T and NK cell-mediated antitumor activity by
reacting with a still unknown receptor, and favoring tumor progression by promoting
migration, invasiveness, and drug resistance [52,59,60]. For these reasons, B7-H3 represents
a consolidated negative prognostic marker in several adult and pediatric tumors including
neuroblastoma (NB) [61]. In particular, in primary NB, high B7-H3 surface expression also
correlates with poor survival in patients with localized disease, indicating that the analysis
of its expression could improve patients’ risk stratification [60,61].

Different therapeutic strategies targeting B7-H3 have been explored in preclinical
studies with promising results [49,62—-66]. Phase I clinical trials based on the infusion of
humanized anti-B7-H3 monoclonal antibodies (mAbs) have been completed in adult and
pediatric tumors including NB (NCT02982941), with results supporting the design of phase
IT and III clinical trials.

Whereas all the previously described molecules mainly impair lymphocyte-mediated
immune surveillance, CD47 and its ligands, thrombospondin-1 and signal regulatory
protein « (SIRPx), represent an inhibitory axis limiting phagocyte activity. Different from
B7-H3, which can be considered a tumor-associated antigen, CD47 is overexpressed by
many types of tumors but is also widely expressed in normal cells. The interaction of
CD47 with SIRP« gives macrophages a “don’t eat me” signal, inhibiting phagocytosis and
allowing tumor cells to evade immune surveillance. The CD47/SIRP« axis is emerging
as a key immune checkpoint in different cancers including hematological malignancies.
This drives the development of immunotherapeutic strategies aimed to disrupt this brake.
Importantly, however, due to the broad expression of CD47 on healthy cells, deep preclinical
and clinical studies proving the safety of this therapeutic approach are required.

2.2. Soluble Mediators and Therapeutic Approaches
2.2.1. TGF-f and IL-10

Several soluble mediators are establishing an immunosuppressive milieu within the
TME. Cytokines, growth factors, and metabolites, eventually packed into extracellular
vesicles such as exosomes, play a central role in the intricate networking between cancer
and immune cells, as well as between the different immune cell subsets.

Suppressive cytokines are either produced by tumor cells or immune cells having
an immunosuppressive/pro-tumoral activity such as regulatory T cells (Tregs), myeloid-
derived suppressor cells (MDSCs), and type 2 polarized tumor-associated neutrophils
(N2, TANs) or macrophages (M2, TAMs). TAMs heavily contribute to tumor progres-
sion, exerting a suppressive and opposite role as compared to their proinflammatory M1
counterpart [67]. Among the cytokines involved in the generation of a suppressive mi-
croenvironment, TGF-$ and IL-10 are known to play a central role. TGF-f has a direct
pro-tumor effect on cancer cells and promotes the exhaustion of immune responses in
different types of cancer [68]. In particular, TGF-f suppresses NK cells through multiple
mechanisms. These include the direct inhibition of the mTOR pathway, impairing NK cell
activation and function [69,70], the downregulation of the expression of different activating
receptors including NKp30, NKG2D [71], DNAM-1, and CD16 [72,73], and the modulation
of ligands on target cells [74,75]. TGF-{3 also modifies the chemokine receptor repertoire
of NK cells, likely impacting their recruitment at the tumor site [76,77], and promotes
the generation of NK cells with a low cytotoxic ILC1-like phenotype [78]. Interestingly,
unlike other typical immunostimulatory cytokines such as IL2, IL-12, and IL-15, IL-18
potentiates rather than suppresses some of the TGF-f3-mediated modulatory effects [79].
Besides the classical soluble form, recent findings show that the antitumor function of NK
cells can also be suppressed via the contact with membrane-bound TGF-f3 expressed on
metastasis-associated macrophages or Tregs [80,81].

Regarding the regulatory properties of TGF-B on T cells, the cytokine has been demon-
strated to inhibit the differentiation of T cells toward the antitumor Th1 phenotype, inhibit
their proliferation through IL-2 downregulation, and impair the cytotoxic effect of CD8+
T cells through the repression of granzyme B and IFN-y. Moreover, TGF-f is involved
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in the upregulation of FoxP3 in CD4+ naive T cells, inducing their differentiation toward
Tregs [82-85], and, accordingly, TGF-{3 blockade results in Treg depletion in different can-
cers [86,87]. Importantly, TGF-f has also been correlated with resistance to the immune
checkpoint blockade, as demonstrated by Hugo et al. through transcriptomic analysis on
metastatic melanoma specimens [88]. Thus, TGF-f3 blockade can also be considered as a
strategy to enhance the efficacy of therapies including the inhibition of immune check-
points [89,90] and the adoptive transfer of CAR-engineered T cells [91,92]. An attractive
approach is the combined targeting of immune checkpoint molecules and TGF-f3 within
the same moiety, which has been demonstrated to be more effective in vivo than the single
targeting [93]. Along this line, in a recent paper, Chen et al. engineered CAR-T cells
secreting a bispecific trap protein binding PD-1 and TGF-f3, demonstrating a significant
improvement in effector T cell engagement, persistence, and expansion, preserving CAR-T
cells from exhaustion, and leading to high antitumor efficacy and long-term remission in
animal models [94].

IL-10 is a cytokine, mainly produced by Tregs, B cells, dendritic cells (DCs), and
macrophages, suppressing the function of antigen-presenting cells (APCs) and CD4+ T
cells [95]. The immunosuppressive role of IL-10 has been attributed to the downregula-
tion of IFN-y, the impairment of DC maturation, and the downregulation of HLA-I, on
cancer cells, and HLA-II and costimulatory molecules (CD80 and CD86), on APCs [96-98].
Moreover, Ma et al. recently demonstrated that the over-production of IL-10 converts
lymphoma-associated Th1 cells into FoxP3-negative/PD-1-overexpressing T regulatory
type 1 cells, generating an immune escape signature [99]. IL-10 can also induce a pro-tumor
phenotype in macrophages during the early phases of tumor formation, as demonstrated
by Michielon et al. in 3D organotypic melanoma cultures [100]. Similar to TGE-3, IL-10
expression could be considered as a predictive biomarker of response to the blockade of
immune checkpoints, especially when considering the IFN-y/IL-10 ratio.

2.2.2. PGE2 and Metabolites

Specific classes of prostaglandins (PGs), molecules involved in inflammatory processes,
have been associated with cancer development and progression. Namely, PGE2 contributes
to the immunosuppressive tumor milieu. For example, produced by melanoma-associated
fibroblasts, PGE2 negatively regulates the expression of NKp44 and NKp30 activating
receptors in NK cells [101]. In breast cancer, it has been found to be associated with reduced
CD80 expression on macrophages, thus hindering the antitumor immune response, and the
administration of ibuprofen in vivo led to tumor shrinkage, active recruitment of T cells,
and the reduction in immature monocytes [102,103]. Recently, the COX2/PGE2 pathway
has been associated with M2 polarization of macrophages in hepatocellular carcinoma
patients, and M2 macrophages were found to inhibit the production of IFN-y and granzyme
B from CD8+ T cells both in vitro and in vivo [104]. Therefore, the administration of PGE2-
inhibiting drugs might help in the re-education of the TME. Studies performed on syngeneic
mouse models revealed that the combinatory administration of a PGE2 receptor antagonist
and PD1 blockade had a synergistic effect, leading to a massive reorganization of the tumor
immune environment [105].

Studies in skin squamous cell carcinoma reported that PGE2 is associated with in-
creased tumor cell migration and invasion, correlating with the staging [106]. This correla-
tion has also been reported in gliomas, where PGE2 seems to be involved in the promotion of
the tryptophan-2,3-dioxygenase pathway, known to mediate tolerogenic signaling through
multiple mechanisms [107,108].

The accumulation of kynurenine due to tryptophan catabolism leads to its binding to
AhR, further exerting an immunosuppressive pressure. The AhR nuclear translocation re-
sults in the upregulation of FoxP3 and IL-10 in T cells, driving the acquisition of a regulatory
phenotype, reducing the immunogenic capacity of DCs [109-112], and upregulating PD-1
expression on effector T cells [113]. Importantly, the inhibitory effect of kynurenine has also
been well documented in human NK cells [114]. In particular, I-kynurenine hampers the
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cytokine-mediated strengthening of the NK-cell-mediated killing, limiting the upregulation
of NKp46 and NKG2D receptors. As a consequence, NK cells conditioned by I-kynurenine
display a reduced ability to kill target cells mainly recognized via these receptors. Given
all these observations, it is not surprising that different therapeutic approaches targeting
the Trp-Kyn-AhR pathway are currently in preclinical development or clinical trials, in
combination with standard therapies [115].

Another important metabolite exerting an immunosuppressive effect is adenosine,
which can be generated within the TME due to the over-secretion by tumor cells of ATP
and its catabolism by specific ectoenzymes. Intracellular ATP, produced by glycolytic or
oxidative metabolism, can be released in the extracellular space through passive efflux
or active secretion [116]. A “passive” release, due to a high intracellular concentration,
can be associated with cytotoxicity, meaning that ATP represents a cell damage marker.
The active secretion occurs through exocytosis or membrane transporters such as the
ABC (ATP-binding cassette) proteins and is triggered by events such as hypoxia [117].
Importantly, hypoxia also induces the overexpression of CD39 and CD73 ectoenzymes,
promoting the conversion of ATP to AMP and AMP to adenosine, respectively, as well as
the downregulation of adenosine kinase, limiting the conversion of adenosine in its final
metabolites and leading to the accumulation of adenosine in the extracellular space [118].
The ectonucleotidases can be expressed by tumor cells and different subsets of innate or
adaptive immune cells [116,119,120]. Moreover, it has been reported that tumor cells and
tumor-derived exosomes can carry CD39 and CD73 on their membranes, thus promoting
ATP conversion and adenosine accumulation in the TME [120,121].

Adenosine also promotes the conversion of macrophages toward the immunosup-
pressive M2 phenotype, and the release of MMPs by tumor-associated neutrophils, thus
favoring the invasive and metastatic process [122-125]. In Tregs, the activation of A2A
receptors induces the proliferation, activation, and overexpression of the CTLA-4 and PD-1
immune checkpoints [126].

Finally, another molecule that is significantly involved in the generation of a pro-tumor
setting is the vascular endothelial growth factor (VEGF), highly secreted by tumor cells and
by pro-tumoral TAMs [127-130].

3. Three-Dimensional Culture Models: Moving from Spheroids to Next-Generation
3D Tools

Despite the significant information described in the previous sections and obtained by
using 2D cultures and animal models, few tumor escape mechanisms have been addressed
in 3D platforms, pointing out the need to move quickly towards these more reliable 3D
culture systems.

These systems represent next-generation 3D tools that are slowly replacing spheroid-
based strategies widely employed thus far to investigate tumor-immune system inter-
actions in vitro and that still represent one of the gold standard 3D models to assess
tumor-immune cell interactions. In particular, these tools have allowed us to gain insights
into T and NK cell-related infiltration, cytotoxicity, and soluble factor release [131-138].
Moreover, spheroids have allowed deepening the understanding of the effects of the TME
on macrophages’ polarization and functions [139-141].

Despite these encouraging outcomes, the absence of an ECM limited the reliability
of such spheroid-based systems and hampered the evaluation of the effects of chemical—
physical properties of the surrounding microenvironment on cell activity [142,143]. There-
fore, many researchers and material scientists are moving towards scaffold-based 3D
platforms, which can also be integrated with different components of the TME. In the
following sections, we will recapitulate the state of the art of 3D hydrogel-based in vitro
models that have been adopted to study tumor and immune system interactions as well
as novel immunotherapeutic approaches (summarized in Table 1), describing the differ-
ent types of biomaterials that have been employed (schematically reported in Figure 2a).
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Then, we will introduce recent emerging immune-on-chips that are paving the way for the

assessment of more predictive 3D models.
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Figure 2. Overview of the current 3D in vitro cancer models (a) Classification of the most used
polymeric biomaterials for 3D models and their schematic representation. (b) Evolution of 3D in vitro

models for investigating cancer immunotherapies.

3.1. Natural Biomaterial Tools for 3D Tumor Modeling In Vitro

Biomaterials of natural origin are the most employed materials in several biomedical

applications, due to their high biocompatibility, bioactivity, mechanical and biochemical

properties similar to those of the ECM in vivo, and the presence of chemical cues promoting
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cell attachment and proliferation, reciprocal communication, and tumorigenesis, thus being
a gold standard in cancer research [144,145]. They can be assigned to two main categories:
(i) protein polymers, and (ii) polysaccharide polymers.

3.1.1. Protein-Based Polymers

Among biomaterials for 3D tumor modeling in vitro, the most adopted is Matrigel,
which is an extract of the basement membrane matrix of Engelbreth Holm Swarm mouse
sarcoma. This commercially available ECM, which generates a hydrogel at 24-37 °C, has a
very similar content to the in vivo counterpart as it comprises various ECM macromolecules
such as collagen IV, fibronectin, laminin, and proteoglycans, as well as different growth
factors, chemokines, cytokines, and proteases [146,147]. Due to these constituents, Matrigel
represents a biologically active platform able to promote the adhesion, migration, and
differentiation of different cell types in vitro. Therefore, being easily available and versatile,
and applicable with a wide variety of cellular phenotypes, it represents a standard support
matrix for cell culture in several biomedical applications. In particular, it has been largely
employed in 3D tumor modeling for the investigation of cancer progression, angiogenesis,
metastasis, and drug efficacy [146]. Tumor cells are extremely proliferative in Matrigel-
assisted cultures, differently from normal cells, showing an in vivo-like invasive profile. It
has also been proved that 3D Matrigel matrices allow cells to express fundamental features
related to their intrinsic malignancy [143]. For example, in the case of breast cancer, it is
possible to discern poorly or highly aggressive cells when they are encapsulated within this
hydrogel by examining their morphology. They usually organize into small aggregates (i.e.,
acini-like structures, luminal phenotype) or display an elongated shape with pronounced
extensions (basal phenotype). Malignant cells are also capable of migrating through
Matrigel matrices by enzymatic degradation, which is commonly studied through the
Boyden chamber assay [143].

It is widely recognized that the cancer invasive profile also correlates with the ability of
tumor cells to evade the immune surveillance as well as driving different types of immune
cells to participate in cancer progression through cell-cell contacts and release of soluble
factors [148,149]. For example, Ramirez et al. demonstrated that malignant cancer cells
are capable of inducing macrophages to change the gene expression profile. Indeed, in a
3D Matrigel-based system, the interplay between the human macrophage U937 cell line
and breast tumor cells caused, in U937, a significant upregulation of MMP1 and MMP9,
both involved in tumor invasion via ECM degradation. Moreover, an upregulation of
the inflammatory COX2 gene inducing the pro-tumoral factor PGE2 was observed. Such
increments were significantly higher in the co-cultures of U937 with MDA-MB-231 cells,
a highly aggressive triple-negative breast cancer cell line, than with MCF7, which has
characteristics of a differentiated mammary epithelium [150]. The same group, in a later
work, showed that primary breast cancer cells constitutively secrete high levels of CCL5,
CCL2, and G-CSF, specifically involved in the attraction of circulating immune cells at
the tumor site, while a remarkable increase in IL-1§, IL-8, MMP-1, MMP-2, and MMP-10
production was revealed when cancer cells were co-cultured with monocytes [151].

Taken together, these data support the idea that tumor aggressiveness is related to its
capability to shape the inflammatory microenvironment by recruiting immune cell popu-
lations at the tumor site and instructing them to fulfill pro-tumoral functions. Therefore,
it is evident that the interactions occurring within the TME between different cell types,
including stromal cells, play a fundamental role in promoting disease progression [152,153].

Hence, tissues explanted during surgical resections or biopsies have been embedded
in Matrigel to investigate immune cell populations infiltrating the tumors [154,155]. For
instance, in slices derived from tissues of patients with colorectal and lung cancer, a great
presence of myeloid-derived suppressor cells (MDSCs) (CD206+/CD33+/HLA-DR—) and
CD4-/CD8-T cells, as well as a reduced number of NK cells and monocytes, has been
observed [156]. Moreover, innovative organotypic cultures have been adopted by co-
culturing organoids established from patient-derived cancer cells (due to their capability of
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retaining key pathophysiological and structural features of the original tumor in vitro [157]),
with patient-matched stromal (e.g., CAFs) and immune components (e.g., T cells) [158].
These systems represent a valuable tool for studying the complex tumor-stroma-immune
system communications in a highly reliable context, paving the way for the assessment
of novel personalized immunotherapeutic strategies. To this end, more recently, Dijkstra
et al. co-cultured autologous colorectal or non-small lung cancer tumor organoids with
peripheral blood lymphocytes, with the intention of increasing the number of tumor-specific
CD8+ T cells to be infused in patients [154]. Furthermore, other groups focused on testing
novel engineered immune cell-mediated strategies. Among them, «f3T cells modified
to express a tumor-specific Yo TCR (TEGs) were used in primary myeloma cells grown
within a 3D BM niche model [159]. Moreover, the CAR-NK-92 cell line was proposed as
an effector against patient-derived colorectal cancer organoids by targeting the epidermal
growth factor receptor variant III (EGFRVIII) [160], overexpressed in a wide variety of
epithelial tumors [161]. Moreover, researchers are adopting such patient-derived preclinical
platforms to evaluate different strategies targeting immune checkpoint axes, alone or in
combination. In this latter context, an association of an anti-PD-L1 mAb (atezolizumab)
with MEK inhibitors (selumetinib) led to a higher MHC-I expression on non-small lung
cancer organoids, together with increased secretion of IFN-y, IL-6, IL-13, and TNF-o by
immune cells [162].

However, despite all the encouraging results derived from in vitro and in vivo pre-
clinical models, many patients do not respond to some promising therapies, even due
to the great variety of mechanisms involved in cancer immune evasion that are still not
completely understood. Furthermore, although Matrigel establishes a favorable TME [163],
it is affected by several drawbacks that considerably limit its use. Firstly, because of its
structural weakness, it is mainly adopted as a monolayer or a thin gel conformation, princi-
pally for short-term invasion assays [143]. Then, the applicability of Matrigel is severely
hampered because of its variability in composition and structure, due to its natural origin
(e.g., tumor sizes from which is extracted, prepared, etc.) [147]. Differences in mechan-
ical and biochemical properties between the various batches and within a single batch
negatively impact the experimental reproducibility [147,164]. These constraints, along
with the fact that Matrigel is difficult to manipulate physically and biochemically, make
comparisons between and within laboratories remarkably challenging [164,165]. More-
over, being an animal-derived ECM, the presence of xenogenic contaminants may hamper
the use of Matrigel-based cell cultures as in vitro preclinical tool for screening effective
immunotherapies. For instance, lactate dehydrogenase elevating virus (LDHV), a mouse
virus capable of infecting macrophage cells, possibly influencing both the immune system
and tumor behavior, was detected in multiple batches of Matrigel [166].

All these considerations should be kept in mind when interpreting results based
on Matrigel-assisted cell cultures, to distinguish biological effects caused by controlled
experimental conditions or variables from the hydrogel itself [164].

Collagen is another biomaterial belonging to this category that is largely employed as
an ECM-supporting matrix for 3D models, as it contains fundamental cellular adhesion
domains (i.e., arginine-glycine-aspartate (RGD) peptide) that favor cell growth in vitro.
It is commonly deposited by different cancer types during malignant progression, thus
being an important component of the TME. In particular, matrices made of collagen type I
promote, in vitro, uncontrolled cancer cell growth, the establishment of hypoxic regions,
and angiogenesis, thus being particularly suitable to resemble key environmental properties
of tumors [167,168]. Considering this, several studies have been conducted to reproduce
the complexity of the TME by including, in 3D collagen constructs, cancer cells with
components of the tumor stroma as well as immune cells in close contact with each other.
Cell-to-cell contact is notably critical when evaluating the anticancer activity of cytotoxic
lymphocytes, which requires direct interactions with tumors to efficiently kill malignant
cells [169]. Moreover, as discussed before, an immune-mediated pro-tumoral action is
frequently observed within the TME, particularly due to the presence of TAMs supporting
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cancer progression and resistance to chemotherapies. For example, macrophages co-
cultured with breast cancer cells in a more in vivo-like environment led to a significant
increase in oxygen consumption as well as in the secretion of epidermal growth factor
(EGF) and IL-10, suggesting a synergistic crosstalk between different types of cells and
indicating a tumor-promoting activity of immune cells colonizing tumors such as M2-
polarized macrophages [170]. It was demonstrated that macrophages’ polarization towards
an M2 phenotype is reached spontaneously in organotypic co-cultures including cancer
cells and fibroblasts after three weeks, with a consequent reinforced proteolytic activity of
the tumor cells through the increase in MMP2 and MMP9 production. Moreover, the same
authors showed that organotypic co-cultures allow handling either M1 or M2 polarization
via stimulation with IFN-y and LPS or IL-4, respectively [171]. This can help to deeply
elucidate the role of macrophages in the TME, where they can contemporarily show a tumor-
promoting effect or exert an antitumor activity by attacking and eliminating cancer cells,
depending on their polarized status [172]. Therefore, the importance of developing more
reliable in vitro systems taking into account the complex reciprocal interactions occurring
in vivo between malignant and non-malignant cells is evident. Recently, some platforms
prepared the groundwork for the investigation of novel agents (e.g., immunotherapeutic
antibodies) aimed at targeting the key cellular components of the TME (e.g., CAFs or TAMs)
in a clinically relevant context [173].

Overall, collagen has been widely employed as an EMC-mimicking matrix in the
field of cancer research, also due to its easy manipulation and low costs, making this
biopolymer easily accessible to the scientific community [174]. Despite its intrinsic poor
mechanical properties, it can be easily tuned by changing the concentration or adding
synthetic crosslinking agents to finely tune its structure and stiffness based on the specific
application [167,168,175]. However, because of its animal origin, as with Matrigel, it is
affected by risks associated with biological materials, such as the batch-to-batch variability,
that limit the reproducibility of the results [174].

3.1.2. Polysaccharide-Based Polymers

Polysaccharide-based biopolymers have been largely adopted as ECM-supporting
matrices for in vitro cell culture since they are characterized by low immunogenicity as
well as elevated biocompatibility [165]. Several biomaterials belonging to this group have
been used to support cancer cells” interactions with the immune system, especially focusing
on those mechanisms occurring within the TME that promote tumor growth and metasta-
sis [176]. Among these polymers, alginate is one of the most employed. Alginate, derived
from brown seaweeds, presents a molecular structure comparable to that of polysaccharides
found in vivo [177]. It is particularly suitable for the formation of cell-laden microspheres,
allowing for obtaining a high number of replicates due to its easy manipulation, fast
gelation, thermal stability, and low cost [165,167,177,178].

In our recent publication, we selected alginate for developing a 3D model of NB. Both
MYCN- and non-MYCN-amplified cell lines showed cellular proliferation, drug sensitivity,
and immunophenotypic plasticity closer to those occurring in vivo, with respect to 2D
models. Intriguingly, we observed molecular characteristics more similar to immunophe-
notypic variances occurring in vivo and not fully comprehended in traditional 2D culture
conditions, such as the IFN-y-induced negative regulation of PVR (CD155) expression
on tumor cells after 7 days of 3D culture [23]. Moreover, it was possible to appreciate an
IFN-y-dependent upregulation of the immune checkpoint ligand B7-H3, a molecule deeply
discussed above [179].

Alginate microencapsulation has also been used to explore the onset of either a proin-
flammatory or an immunosuppressive TME, especially focusing on the dynamic interac-
tions occurring between the main cellular components that support the tumor malignant
behavior [180]. In a 3D co-culture of non-small cell lung carcinoma cells with CAFs and
monocytes, an accumulation of soluble factors (IL-4, IL-10, IL-13, CXCL1) was observed,
promoting immune cell infiltration of the tumor and M2-like macrophage polarization.
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This polarization was characterized by the expression of the CD68, CD163, and CD206
markers and the production of the CCL22 and CCL24 chemokines [181].

Chitosan is a linear polysaccharide derived from the partial deacetylation of chitin,
which is abundantly available from different biological sources, being, for example, the
main structural polymer of crustacean exoskeletons [177]. Due to its poor solubility in
common solvents, the process of extraction of chitin is quite laborious, thus limiting its
utilization. In general, chitosan offers a higher mechanical strength, and the possibility to
be easily chemically modified, and to interact with other biomolecules due to the presence
of reactive functional groups. Furthermore, it simply forms soft gels and crosslinks with
other polymers [182,183]. Besides these characteristics, chitosan represents an effective
alternative candidate for 3D cultures of cancer cells due to a structure similar to that of
GAGs, one of the main constituents of the tumor ECM [177,184]. The chitosan and alginate
(CA) combination has also been largely adopted to realize porous scaffolds that exhibit
better mechanical strength and shape maintenance when compared to chitosan alone,
because of the electrostatic contact between chitosan’s amine groups and alginate’s carboxyl
groups [177,184]. Three-dimensional CA scaffolds provide a cost-effective feasible model
to evaluate in vitro the interplays between tumors and the immune system in a clinically
relevant context [185]. For example, these platforms can mimic the breast cancer TME.
In this context, the inactivation of CAFs, which have been demonstrated to induce T cell
suppression in breast tumor stroma [186], or combined gene therapies aimed at enhancing
T cell infiltration and activation in the tumor milieu [187] may represent novel strategies
for improving the efficacy of the current adoptive T cell therapies against breast cancer.

However, there are also different drawbacks associated with these types of bioma-
terials. For example, chitosan is characterized by poor mechanical properties [178], and
alginate by a variable degradation rate. Moreover, the latter does not possess integrin-
binding sites, thus often requiring chemical modification or conjugation with other bioactive
polymers [167]. Indeed, extensive literature has been reported on the covalent function-
alization of alginate with the RGDpeptide to favor cellular adhesion, proliferation, and
migration [167,168,188,189].

In conclusion, natural polymers are highly suitable to recapitulate in vitro the main
features of the native ECM. Nevertheless, they suffer from important limitations. Besides
the aforementioned significant batch-to-batch variability (e.g., various mechanical and
biochemical features, peptide or protein concentrations) and xenogeneic contaminations
associated with polymers derived from an animal source, it is generally difficult to control
scaffold degradation rates, possibly influencing cellular activity in unknown ways [144].
Moreover, natural polymers can be realized in a limited range of mechanical stiffness,
porosity, or biochemical cues [145].

Therefore, the focus is shifting toward synthetic polymers that may mimic the biomimetic
qualities of natural ones while providing more repeatability and control over the materials’
physical and chemical properties.

3.2. Synthetic Biomaterial-Based 3D Tools

Synthetic polymer-based scaffolds represent a valid alternative to naturally derived
ones. First, being free of xenogeneic and possible contaminants, they enable high repro-
ducibility by reducing inter-batch variations, thus resulting in a greater consistency of
the results. Moreover, they can be more easily manipulated to finely tune mechanical
and chemical properties as well as degradation rates for specific cell culture applica-
tions [144,164,178,190]. Indeed, even though synthetic biomaterials are biologically inert,
allowing, but not promoting, cellular activity, cell adhesion ligands and other bioactive
molecules can be precisely introduced via covalent attachment, adsorption, or electro-
static interactions depending on the desirable environmental cues that need to be inves-
tigated [145,178,190,191]. Therefore, emerging studies have demonstrated the possibility
to adopt these polymers for investigating the interactions between cancer cells and the
immune system within the TME in vitro. For instance, 3D polystyrene-based scaffolds have
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been used to mimic T cell infiltration in non-small lung cancer and to explore the subset of
inflammation proteins related to the co-cultivation of tumor cells with lymphocytes [192],
while polycaprolactone (PCL) has been exploited for examining the capability of DCs to
engulf dying colon cancer cells through the same mechanisms observed in the human
body [193].

One of the most common synthetic polymers is polyethylene glycol (PEG), which has
been largely used in the tissue engineering field both in vitro and in vivo, showing to be
highly suitable as a model for ECM-cancer interaction studies [145]. It is biocompatible and
fully hydrated, thus closely reproducing the soft tissues’ characteristics, and particularly
suitable for cell encapsulation due to the liquid-to-solid transition to form hydrogels
encapsulating cells [184]. Even though it is biologically inert, it can be easily functionalized
with protease-sensitive peptides to render the surrounding ECM enzymatically degradable
by cells. Numerous studies have explored the inclusion, via crosslinking reactions, of
different peptides sensitive to MMP-mediated cleavage, in order to evaluate cell migration
and invasion [194,195]. The presence of MMP-cleavable sites in PEG hydrogels has also
been shown to promote cell proliferation and differentiation [196-199]. Moreover, cellular
adhesion and/or other molecules of interest (VEGF, TGF-f1, etc.) can been integrated
through various non-toxic polymerization techniques [164,184,200]. Interestingly, in a
recent study, the migration and function of NK-92 cells within a 3D RGD-functionalized
PEG hydrogel containing either non-small lung cancer metastatic (H1299) or non-metastatic
(A549) cell lines were investigated. The metastatic tumor model displayed a greater loss
of stress ligands (ULBP1, MICA), downregulation of chemokine expression (MCP-1), and
higher production of inhibitory soluble molecules (i.e., TGF-f, IL-6), as compared with a
non-metastatic tumor model, more resembling the in vivo scenario. The NK cell migration
toward cancer cells and their co-localization depended on the immunomodulatory profile
of tumors, and NK-92 cells decreased the production of RANTES and MIP-1 «/f3 when
incubated with H1299 cells. The study highlights the benefits of 3D cancer models that allow
us to examine the effects of signals on NK cell migration. In addition to the release of soluble
substances, immune cell infiltration might be influenced by the physical features of tumors.
Nevertheless, the impact of matrix stiffness on NK cell migration is unknown, and more
research is needed to fully understand the NK cell mechanotransduction pathways [201].

Despite recent promising outcomes, PEG and other synthetic biomaterials are still
poorly adopted in cancer research. Despite the fact the raw materials for making PEG hy-
drogels are about half the price of Matrigel, the necessity for one or more synthetic peptides
to provide the essential biochemical cues to drive cellular behavior can be prohibitively
expensive for large-scale manufacturing. Furthermore, extensive adjustments to obtain
the desired combination of physical and biochemical properties driving cellular behavior
can be time-consuming, costly, and challenging [164], whereas degradation products are
often non-biocompatible [202]. Finally, when compared to in vivo tumors, cells cultivated
in completely synthetic platforms can proliferate without some tumor-like gene expression
patterns, revealing inconsistent tumorigenicity and metastatic potential, or resistance to
anticancer treatments. As one might expect, such difficulties have an impact on the creation
of reliable tumor-mimicking 3D in vitro models [167].

To overcome these disadvantages and achieve more in vivo-like conditions, synthetic
materials can be properly mixed with naturally generated biopolymers [202], in order to
better address the physiological crosstalk between immune and cancer cells.
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Table 1. Summary of 3D in vitro models based on different types of polymeric matrices to study
cancer-immune interactions and immunotherapies.

3D Biomaterial Cell Types Main Objectives Ref
To compare tumor biomarkers’
Breast cancer cells, NK and Treg cells expression angl immune infiltration [149]
between luminal and basal tumor
phenotypes
Breast cancer cells, promonocytic To study tumor/immune cells’
[150,151]
cells/monocytes crosstalk
Colorectal and non-small lung cancer . . o
. . To obtain patient-specific
spheroids, peripheral blood tumor-reactive T cells [154]
lymphocytes (PBLs)
To maintain primary cells in culture
. Colorectal or lung cancer tissues and study tumor-infiltrating immune [156]
Matrigel cell populations
Pancreatic canc;];](:;ganmds, CAFs, To analyze multiple cells” crosstalk [158]
Endothelial progenitor cells,
multipotent mesenchymal stromal To study engineered (to express a [159]
cells, defined ydTCR) T cells” activity
CD138+ myeloma cells
Colorectal cancer organoids To study CAR-NK cells” activity [160]
Non-small lung cancer cells, To establish an effective combined
peripheral blood mononuclear cells therapy based on MEK inhibitors and [162]
(PBMCs) anti-PD-L1
. . To monitor cancer invasive behavior
Pancreatic tumor spheroids, T cells and T cell cytotoxicity [169]
To investigate macrophages’
Breast cancer spheroids, macrophages  polarization, localization, and function [170]
in the tumor mass
TME-mediated regulation of
Collagen Squamous carcinoma cells, macrophage polarization, both [171]
fibroblasts, macrophages spontaneous and induced by
exogenous factors
Lung adenocarcinoma cells, . ,
fibroblasts, macrophages To analyze multiple cells’ crosstalk [172]
B lymphoma cells, fibroblasts, . To reProduce the lymphoma .
microenvironment to test therapeutic [173]
macrophages
Abs
Agarose Hepatocellular carcinoma cells, M2 To investigate the impact of ) [176]
macrophages macrophages on cancer progression
MYCN- and non-MYCN-amplified To analyze tumor immunophenotype (23]
NB cells related to NK cell receptors
Aleinat Breast cancer cells, fibroblasts, and
gmate macrophages To analyze multiple cells’ crosstalk [180,181]

Non-small cell lung carcinoma cells,
CAFs and monocytes
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Table 1. Cont.

3D Biomaterial Cell Types Main Objectives Ref
Prostate cancer cells, PBLs To study tumor/immune cells [185]
crosstalk
Alginate/ Mammary carcinoma cells, CAFs, T To evaluate the impac.t of CAFson T [186]
. cells cell function
Chitosan
To explore how tumor CCL21 and
Mammary carcinoma cells, T cells IFN-y expression affects T cell [187]
recruitment and activation
Polystyrene Non-small lung cancer cells, T cells To study tumor/immune cells [192]
crosstalk
PCL Colon cancer cells, DCs To study tumor/immune cells [193]
crosstalk
PEG Non-small lung cancer cells, NK-92 To study NK cells . infiltration and [201]
function
PEG/Chitosan Mammary carcinoma cells, T cells To study the influence of TME on drug [202]

efficacy and immune resistance

4. Micro-Physiological Systems for Investigating Immune Cell-Tumor
Dynamic Interactions

Cancer immunotherapy has shown many signs of progress in recent years, thanks
to novel strategies aimed at enhancing the efficacy of immunomodulating agents and
their patient-specific approaches. Furthermore, alternative in vitro platforms are in con-
tinuous development for overcoming some limitations of traditional preclinical models.
As we discussed above, 3D tissue models allow us to better investigate tumor pathways
in a tissue-like architecture than in simplistic cell culture monolayers, by introducing
physiological barriers that mediate immune system—cancer cell crosstalk. However, the
three-dimensionality itself cannot properly reproduce the complexity of the human tissues
and organs, where dynamic stimuli (e.g., blood and lymphatic flow mechanical forces)
shape the immune cell infiltration and their dynamic interactions with cancer cells. In this
context, recent advancements in the realization of immunological tissues-on-chips have
increased the relevance of in vitro models, leading to better knowledge of immune cell
recruitment, selection, invasion, and activation within the tumor milieu [34,203].

Microfluidics is a rapidly growing technology using narrow channels, ranging in
height/width from tens to hundreds of micrometers, to study cell migration by handling
small fluid volumes, thus reducing the amounts of reagents and biological materials. Over-
all, microfluidic assays outperform other in vitro models in terms of physiological relevance
because they allow local monitoring of the cellular, physical, and biochemical cues, making
them a good compromise between in vivo and other types of in vitro systems [204,205].
They may also permit real-time imaging with fine control on the interplays between dif-
ferent cellular populations growing within the interconnected channels. This enables the
investigation of spatiotemporal dynamics similar to those found in the TME, as well as the
effects of environmental characteristics on cell behavior such as changes in pH and oxygen
levels (i.e., acidification and tumor hypoxia) and cytokine/chemokine gradients [206].
Several studies focused on cancer and immune cell interactions as well as on cell-mediated
immunotherapies used microfluidic devices coupled with 3D hydrogel-based models. The
most recent and relevant publications are reported and summarized in Table 2.
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Table 2.

Recent immune-on-chips for studying immunotherapeutic strategies against 3D

cancer models.

Microfluidic Device

Key Immune

Cell/Checkpoint 3D Biomaterial Cell Types Method Main Outcomes Ref
Axis
Tumor aggregates in a central gel .
Collagen cglu ﬁaen(gipeég)ce lTlgllng region with tumor-specific Teell . S:gg:teafcftefnve [207,208]
8 Pos) receptors added in the adjacent & - !
cells channels cytotoxicity
T cells
Gelatin Human epithelial ovarian ~ Cancer cells in a central gel-filled ~ Enhanced cancer cell
Methacrylate cancer cell line (SKOV3);  region flanked with two channels killing within a [209]
Y CAR-T cells where CAR-T cells reside hypoxic TME
Breast cancer cell line 3D matrix containing cancer Chemotactic
(MCF?7); NK-92 cell line; spheroids and NK-92 cells, migration and [210]
endothelial cells provided with two lateral penetration;
(HUVECs) endothelialized channels cytotoxicity
NK cells Collagen Injection molded plastic array
Cervical cancer cell line culture (CACI-IMPACT) 3D ECM remarkably
(Hela cells); NK-92 cell patterning gel regions including reduces NK cell [211]
line cancer cells; NK cells deposited migration
over hydrogel structures
Human hepatocellular Immune and cancer cells Immunto ;L;Palirefsswe
" | hepatocefu embedded in the central part of potentia’ of
cell line (HepG2); X s o . . monocytes via [212]
monocytes: TCR-T cells the microfluidic device, while T PDL,/PDL-1
ytes; cells added in the channel . .
signaling
Lune adenocarcinoma Tumor aggregates and TAMs Tumor cell migration,
& included in 3D hydrogel, in epithelial-
cell line (A549); TAMs; [213]
HUVE C; ! co-culture with an endothelial mesenchymal
monolayer in an adjacent channel transition
M2-like macrophage
Mouse glioblastoma cell Hydrogel cancer and immune polarization,
lines (GL261 and CT2A);  cells crossed by two inner vessels angiogenesis [214]
macrophages; HUVECs lined with HUVECs promoted via TGF-f1
and IL-10
Mouse macrophage cell
line (Raw 164.7); human . Il/Inactrophnagis "
Monocytes/ metastatic breast cancer I d 1L pro .O ¢ ia Ci ce
Y Collagen cell line (MDA-MB-231); mune and cancer ceis igranon by
Macrophages rostate cancer cell line co-embedded in a central gel upregulating MMP [215]
P . region expression of tumor
(PC3); melanoma cell line and secreting TNF-o
(MDA-MB-4359); - TGI§_ 81
monocytes
Human metastatic breast di 1 Tumor cgll
cancer cell line Cancer and immune cells extravasation
(MDA-MB-231); embedded in 3D hydrogel within promoted via [216]
monocytes ’ an endothelial channel monocyte-derived
Y MMP9
Human metastatic breast
cancer cell line Two separated adjacent hydrogel =~ Monocyte conversion
(MDA-MB-231); channels containing cancer cells to TAMs, promoted [217]
monocytic cell line and monocytes or TAMs cancer cell invasion
(U937); TAMs
a de:c??ac::iircl)cmiuccélallline Cancer and immune cells cultured Macrophage [218]
in separated gel channels migration

(CRL-1469); macrophages
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Table 2. Cont.

Microfluidic Device

Key Immune

Cell/Checkpoint 3D Biomaterial Cell Types Method Main Outcomes Ref
Axis
Ovarian tumor spheroids Neutrophil
Collagen Ovarian cancer cell line embedded within hydrogel extravasatioll?l tumor [219]
(OVCAR-3); neutrophils ~ matrix with microfluidic channels cell mi ra;ion
carrying immune cells &
Melanoma cancer cell line  Cancer, immune, and endothelial Increased tgmqr cell
Neutrophils Fibrin (A375-MA2), neutrophils; cells co-embedded in a central exItEag zzisatlondm an [220]
HUVECs hydrogel compartment -8-dependent
manner
Cancer and immune cells cultured
in a 3D chamber connected Crosstalk between
DC Coll Colorectal cancer cell line through microchannels to the dendriti
s ollagen N . endritic and cancer [221]
(SW620); DCs immune compartments cells
containing IFN-«-conditioned
DCs
Murine- and
patient-derived Organotypic tumor spheroids Effective response to
PD1/PDL-1 Collagen melanoma cells; containing autologous immune PD-1 blockade [222]
tumor-infiltrating cells embedded in a hydrogel treatment
lymphocytes
Trastuzumab
. Central endothelial channel with antibody targeting
Breast cancer cell line two adjacent gel compartments the HER2 receptor
ADCC Collagen (BT474); CAFs; PBMCs; . < & P p [223]
HUVECs including cancer cells, CAFs, and promotes long
PBMCs cancer-immune
interactions

Despite the benefits discussed above, some technical and biological limitations still
affect these platforms. First, most of them are fabricated with polydimethylsiloxane (PDMS)
that may cause toxicity due to the progressive release of non-crosslinked oligomers, and the
retention of small hydrophobic molecules through adsorption, making some biochemical
analyses difficult [204,206,208,212,213,215,220]. Furthermore, although the recovery of
cells from the separate compartments of microfluidic devices is feasible, the low number
of recovered cells makes it difficult to perform functional and phenotypic analysis [204].
For this reason, most data are derived from imaging analysis. Furthermore, in the case
of immune cells loaded in microfluidic tools, monitoring the functional and phenotypic
changes occurring over time without interrupting and altering the microfluidic flux is
not feasible.

Moreover, the clinically relevant size of the tissue models hosted and cultured in such
microfluidic devices still represents a challenge. Extended research in properly resembling
the ECM complexity within these devices for the establishment of a tumor niche and the
co-culture of different immune cell types (MDSCs, Th1 cells, Bregs, eosinophils, etc.) should
be carried out [34,204].

Interestingly, at this time, the majority of these microfluidic devices are adopted for
co-culturing tumor—immune cells in different compartments, physically separated by a
polymeric gel, for evaluating the real-time cell migration under virtual static conditions,
similar to the Boyden chamber-based assays [204,206,208,212,213,215,220]. However, these
conditions do not properly recapitulate the circulatory flow in the human body, limiting the
experience of blood flow-associated forces (e.g., shear stress) that influence the survival, es-
cape, and activation of immune cells during their journey in the vascular network [142,224].
Along this line, the authors of this review are currently involved in the study of the NK-
mediated cytotoxicity against NB cell-laden hydrogels [23] within the novel fluidic device
MIVO® (Multi in Vitro Organ System), which is schematically represented in Figure 2b,
capable of both mimicking the blood flow circulation in a highly reliable context [225-227],
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and culturing clinically relevant sized cancer tissues, as previously reported in recent
works [226,227].

5. Conclusions and Future Directions

The recent assessment of innovative immunotherapies against cancer led to the urgent
need for an increasing number of predictive preclinical models capable of reproducing
the key features of the TME and properly testing the efficacy of immunomodulating
agents. Up to now, the gold standard still relies on in vitro cell culture monolayers and
animal testing, which, over the years, enabled us to take important steps forwards to
the knowledge of tumor immunology. However, it is increasingly evident that novel
platforms should be realized for overcoming the limitations that affect the traditional
settings, which unfortunately often result in ruinous discrepancies between the benefits
observed in preclinical and clinical studies.

In the present review, we have provided an overview of 3D in vitro models based
on different types of biomaterials more commonly used to study tumor—immune cell
interactions, and standard and innovative immunotherapeutic strategies. As discussed, the
composition of the TME can play a pivotal role in malignant progression due to the evasion
of the immune surveillance. Depending on their own characteristics, which may be more or
less suitable for some specific applications, both natural and synthetic polymeric matrices
are currently adopted to reproduce the key features of the tumor-surrounding ECM.

In general, typical ECM organic components, such as GAGs, proteoglycans, and
glycoproteins interact with cancer, stromal, and immune cells and highly impact the
hydration and stiffness of the ECM. Thus, to provide cells with such biological signals,
bioactive polymers such as Matrigel or chitosan can be selected, while inert polymers such
as alginate or PEG need to be functionalized to become biologically active. Other ECM
elements, such fibrillary components, greatly impact tumor progression, also representing
physical barriers both for tumor and immune cells. Thus, a polymer enriched in fiber
elements may represent a good tool to investigate cancer cell invasiveness and metastasis
as well as the mechanisms regulating immune cell recruitment in the tumor mass. It
should be taken into consideration that the ECM can be shaped by the action of radio- and
chemotherapy. In this context, in a recent study focused on lung cancer, chemotherapy-
induced remodeling of the ECM occurred with the pivotal intervention of host T cells which,
stimulated by paclitaxel, increased their release of lysyl oxidase, favoring the formation of
tumor metastases [228].

It is important to highlight that the ECM composition and stiffness greatly vary among
different types of tumors. This should be considered when setting an appropriate 3D model.
Indeed, some solid tumors are characterized by a more rigid ECM, thus requiring hydrogels
with high stiffness. In this case, an optimal choice may be represented by synthetic polymers
that allow finely tuning their composition to reach a proper stiffness. Conversely, other
materials such as collagen or chitosan form hydrogels characterized by poor mechanical
properties. On the other hand, other malignancies arising, for example, in soft tissues may
be modeled with low-stiffness and highly hydrated polymers such as alginate. Therefore,
the choice of the most appropriate biomaterial-based model strictly depends on the type of
tumor to be addressed and on the experimental aims.

Despite encouraging results, we are still far from the possibility to explore cancer
immunotherapeutic approaches in a system that closely resembles the complexity and
dynamic of the human body. Microfluidic tools represent a challenging approach in
this sense, by introducing dynamical cues and the possibility to culture cells in a highly
controllable environment that may help to elucidate the mechanisms exploited by immune
cells to infiltrate tumors.

Some of the mentioned issues such as the experimental limits of microfluidic devices
can be overcome by designing new fluidical platforms that can be adapted to the standard
laboratories’ tools commonly used for in vitro cell culture. Along this line, recent emerg-
ing technologies have inserted, in the fluidic devices, commercially available trans-wells
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that can be easily removed from the dynamic circuit and analyzed with conventional
techniques. Other strategies take advantages of integrated biosensors able to measure
some metabolic parameters and soluble factors, over time, without the interruption of the
dynamic culture [229,230].

Nevertheless, such platforms may also remain too simplistic, due to the lack of a
realistic vasculature where immune cells can flow and transmigrate through the endothelial
wall, reaching the tumor. Moreover, it is important to highlight that most of the studies
have based their works on the use of long-term cultured cell lines, known to be remark-
ably different from primary tumors or immune cells. Future implementations should
focus on the use of patient-derived tumors and immune cells with stromal components,
eventually in multi-organ on-chip platforms, where the contribution of different organs to
immunotherapies can be considered (Figure 2b).

The new in vitro 3D preclinical approaches may lead to personalized medicine pre-
dicting response to immunotherapies with greater patient benefits.
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Simple Summary: Pancreatic cancer challenges global health with non-specific symptoms, devas-
tatingly low survival rates, and high treatment resistance profiles. Tissue engineering is advancing
to facilitate animal free tissue biomimicry, allowing the replication of tumour tissue specific hall-
marks of pancreatic cancer that challenge modern treatments. Here, we report the development and
characterisation of a low oxygen (hypoxic) 3D polyurethane scaffold system for long-term analysis
of radiation responses. This finely tuned platform more accurately recapitulates bio-physical, bio-
chemical, and structural-bio-mechanical in vivo tissue niches as well as tumour hypoxia. The latter
is a treatment-limiting feature for radiotherapy, allowing the system to streamline the transition of
clinical testing from bench to bedside.

Abstract: Tissue engineering is evolving to mimic intricate ecosystems of tumour microenvironments
(TME) to more readily map realistic in vivo niches of cancerous tissues. Such advanced cancer tissue
models enable more accurate preclinical assessment of treatment strategies. Pancreatic cancer is a
dangerous disease with high treatment resistance that is directly associated with a highly complex
TME. More specifically, the pancreatic cancer TME includes (i) complex structure and complex
extracellular matrix (ECM) protein composition; (ii) diverse cell populations (e.g., stellate cells),
cancer associated fibroblasts, endothelial cells, which interact with the cancer cells and promote
resistance to treatment and metastasis; (iii) accumulation of high amounts of (ECM), which leads
to the creation of a fibrotic/desmoplastic reaction around the tumour; and (iv) heterogeneous
environmental gradients such as hypoxia, which result from vessel collapse and stiffness increase in
the fibrotic/desmoplastic area of the TME. These unique hallmarks are not effectively recapitulated
in traditional preclinical research despite radiotherapeutic resistance being largely connected to them.
Herein, we investigate, for the first time, the impact of in vitro hypoxia (5% O,) on the radiotherapy
treatment response of pancreatic cancer cells (PANC-1) in a novel polymer (polyurethane) based
highly macroporous scaffold that was surface modified with proteins (fibronectin) for ECM mimicry.
More specifically, PANC-1 cells were seeded in fibronectin coated macroporous scaffolds and were
cultured for four weeks in in vitro normoxia (21% O,), followed by a two day exposure to either
in vitro hypoxia (5% O,) or maintenance in in vitro normoxia. Thereafter, in situ post-radiation
monitoring (one day, three days, seven days post-irradiation) of the 3D cell cultures took place
via quantification of (i) live/dead and apoptotic profiles and (ii) ECM (collagen-I) and HIF-1a
secretion by the cancer cells. Our results showed increased post-radiation viability, reduced apoptosis,
and increased collagen-I and HIF-1a secretion in in vitro hypoxia compared to normoxic cultures,
revealing hypoxia-induced radioprotection. Overall, this study employed a low cost, animal free
model enabling (i) the possibility of long-term in vitro hypoxic 3D cell culture for pancreatic cancer,
and (ii) in vitro hypoxia associated PDAC radio-protection development. Our novel platform for
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radiation treatment screening can be used for long-term in vitro post-treatment observations as well
as for fractionated radiotherapy treatment.

Keywords: pancreatic cancer; tissue engineering; tumour microenvironment (TME); treatment
resistance; radiotherapy; radiation; radioprotection; hypoxia; polyurethane scaffolds; 3D cell culture;
extracellular matrix (ECM); HIF-1a; PANC-1

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a cancer of the duct cells of the pancreas.
Most commonly found in the head of the pancreas, this disease is the most common form
of pancreatic cancer (96% of pancreatic cancers present as PDAC) as opposed to more
rare pancreatic cancers (e.g., neoendocrine tumours) [1,2]. PDAC challenges global health
with devastatingly low 5-year survival rates (10%) compared to other cancers (e.g., breast
cancer (90%), prostate cancer (89%), and melanoma of the skin (93%)) [1,2]. Increasing
incidence rates, non-specific symptoms, and late diagnosis of this disease elucidate high
mortality rates [1-3]. At diagnosis, a small fraction of patients (20%) are eligible for cura-
tive surgery due to late detection and high metastatic occurrence [1]. Chemotherapeutics
such as Gemcitabine, Capecitabine, and FOLFIRINOX are suggested for consideration
for first line, adjuvant, or for metastatic PDAC treatment [3]. Radiotherapy for PDAC is
suggested for consideration as an adjuvant therapy. However, this option has national
variations in treatment recommendations due to limited data [2] and controversial Euro-
pean clinical trials [4,5]. A pooled analysis of 955 PDAC patients treated with adjuvant
chemo-radiotherapy showed improved overall survival of patients compared to chemother-
apy alone [6]. Thus, the role of radiotherapy for pancreatic cancer is largely debated and
thought to be still evolving [2,4-8].

Pancreatic cancer is notoriously resistant to current chemotherapy and radiotherapy
treatments due to an extremely complex tumour microenvironment [9-12]. The PDAC
tumour microenvironment (TME) is a distinct in vivo milieu of cellular, biochemical, and
biomechanical features that encompass distinct fingerprints that promote tumour cell
survival, migration, and resistance to treatments [9,13-17]. These unique hallmarks in-
clude (i) complex structure and complex extracellular matrix (ECM) protein composition;
(ii) diverse cell populations (e.g., stellate cells, cancer associated fibroblasts, endothelial
cells, immune cells) that interact with the cancer cells and promote resistance to treatment
and metastasis; (iii) accumulation of high amounts of ECM, which leads to the creation of a
fibrotic/desmoplastic reaction around the tumour; and (iv) heterogeneous environmental
gradients such as hypoxia, which result from vessel collapse and stiffness increase in
the fibrotic/desmoplastic area of the TME. More specifically, chaotic cancer cell growth
activates pancreatic stellate cell secretion of extracellular matrix (ECM) proteins, known
as the desmoplastic reaction [9,14,15,18]. This large increase in ECM protein deposit (i.e.,
collagen, fibronectin, and laminin) and tumour stiffness, along with very high cancer cell
growth, influences pro-survival characteristics and causes intra-tumoral blood vessel dis-
ruption and collapse, consequently impairing (chemotherapeutic) drug delivery (resulting
in chemo-resistance) and causing heterogeneous expanses of low oxygen gradients (hy-
poxia) [9,13-18]. Tumour hypoxia influences instrumental changes to the TME micromilieu
promoting cancer growth, metastasis, invasion, and resistance to radiotherapy, [17,19-22].
More specifically, over 50 years of research describes the reduced effectiveness of radiation
(up to a factor of 2.5-3) in the absence of oxygen, as explained by the oxygenation fixation
hypothesis (OFH) [17,22]. Attempts to target the hypoxic hallmark are emerging [23,24]
with limited clinical progress. Unrealistic pre-clinical models that fail to recapitulate
treatment-limiting hallmarks such as hypoxia are impeding treatment success [25]. Thus,
the need to understand and recapitulate in vitro this complicated ecosystem of diverse
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cellular and non-cellular components that create the unique PDAC TME niche is a matter
of clinical relevance for the optimisation of treatments such as radiotherapy for PDAC.

Preclinical treatment screening has traditionally utilised (a) 2D in vitro systems and
(b) animal models. 2D cell culture systems are a fast cost-effective gold standard for therapy
testing in vitro, however, this method does not incorporate realistic TME hallmarks such
as microarchitecture, stiffness, spatial orientation, cell-cell and cell-extracellular matrix
protein interactions, and environmental gradients of the TME that are associated with
radiation response (i.e., hypoxia) [25-31]. In the literature, the exposure of 2D cell culture
systems (tissue culture flasks or micro-plates) to hypoxia in gas controlled chambers has
been utilised to identify hypoxia-associated genes [32], to evaluate hypoxic sensitisers [33],
investigate damage repair pathways, and improve understanding of cell adaptions to
hypoxia [34,35]. Typically 72 h of hypoxic exposure in 2D are described as chronic hypoxic
conditions, a timeframe that is not in-line with heterogeneous oxygen expanses in vivo [34].
Animal models support more realistic microarchitecture, stiffness and cell-TME crosstalk
compared to 2D cell culture systems [25,27,28,36]. These models are the most widely
used for drug and radiotherapy pre-clinical testing, and can be utilised to study (i) the
influence of hypoxia on metastatic disease progression [37]; (ii) hypoxia activated pro-
drugs [38]; and (iii) radio-sensitisers [39]. However, animal models are expensive, complex,
not always reproducible, challenging to use, and they also raise ethical concerns. Moreover,
discrepancies in physiology, size and genetics limit the reproducibility of the studies and
can result in translational errors in the clinic [25,27,28,36,40].

As a result, there is growing interest in the development and use of 3D cancer in vitro
models for the replacement of 2D in vitro models and reduction in the use of animal mod-
els, the latter of which is an important objective in terms of the 3R framework (replace,
reduction, and refinement of animals) [41,42]. 3D models for pre-clinical treatment testing
are emerging to more realistically recapitulate TMEs, and more specifically TME hallmarks
that are associated with treatment resistance. TME mimicry encourages the cells to employ
behavioural and physiological characteristics that more similarly emulate realistic in vivo
properties to allow for a more streamlined transition of clinical treatment testing from labo-
ratory bench to patient bedside [25,27,28,43,44]. 3D PDAC models have emerged to mimic
in vivo niches, these include (i) spheroids [45,46]; (ii) hydrogels [47]; and (iii) polymeric
scaffolds [26-28,43]. With respect to radiotherapy in 3D PDAC in vitro models, spheroids
and polymeric scaffolds as tools specifically for radiotherapy screening have started to
emerge [25] and are required to test new modalities [48].

Spheroid models are simple cell clusters/aggregates in suspension, they have featured
in research articles reporting radiation response studies and investigating radiosensitiser
potential for pancreatic cancer. For example, Al-Ramadan et al. (2018) utilised spheroids to
identify radiation dose (0-6 Gy) dependent sensitivity in the pancreatic neuroendocrine
cell line BON-1 seven days post treatment via apoptosis induction [49]. Moreover, Al-Assar
et al. (2014) reported that the co-culture of the pancreatic cancer cells (PANC-1) and stellate
cells (PSC) enhanced radio-resistance (06 Gy) in sphere models (eight days) similar to their
xenograft models (60 days) [50]. Furthermore, Hehlgans et al. (2009) identified Caveolin-1
and TAE226 as potential radiosensitisers (in radiotherapy doses of 0-6 Gy) for the pancreatic
cancer cell line MiaPacCa?2 in a spheroid system [51,52]. Moreover, PDAC spheroids are
emerging as platforms to test new modalities such as proton therapy and boron neutron
capture therapy [53,54]. Overall, spheroid models can be considered an advanced platform
supporting more realistic 3D cellular interactions compared to traditional 2D cell cultures
for radiation response studies, however, these models lack robust porosity, ECM controlled
composition, and mechanical stability [25,27,28,36]. As a result, long-term radiation studies
can be challenging.

Polymeric scaffolds have featured in very few research articles reporting radiation
response studies for PDAC. These scaffolds are made of biocompatible polymers and have
controlled stiffness and internal architecture (porosity or fibrous internal organisation). We
have previously reported the long-term culture (35 days) of PDAC cells lines (PANC-1,
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AsPC-1, BxPC-3) in highly macroporous polyurethane (PU) polymeric scaffolds. In our
previous work, we surface modified our scaffolds with fibronectin. Fibronectin is one of the
most abundant proteins present in the ECM of the pancreatic cancer tumour microenviron-
ment [55]. Therefore, the scaffolds were surface modified with fibronectin to enhance ECM
mimicry and improve cell—cell and cell-matrix interactions. Indeed fibronectin modified
scaffolds have demonstrated dense spatial cellular masses, collagen-I production from the
cancer cells, and environmental (hypoxic) gradients that followed an in vivo-like trends. In
contrast, cells in non-coated scaffolds did not have a physiological behaviour [27]. Further-
more, we have performed chemotherapy (with 10 um, 50 um, 100 pm GEM), radiotherapy
(with 0 Gy, 2 Gy, 6 Gy, 8 Gy), and chemoradiotherapy (with 10 um GEM and radiotherapy
of 6 Gy) screening on those fibronectin modified polyurethane (PU) scaffolds [28]. More
specifically, we have reported dose dependent chemotherapy and radiotherapy viability
drop and apoptosis induction after short-term (one day) and long-term (17 days) PANC-1
cell culture, with chemoradiotherapy being more efficient than single radiation doses.
Similar trends were seen at both short- and long-term, with 17 days being the longest
reported in vitro post-treatment timeframe [28]. This is the first long-term scaffold based
platform employing radiation treatment screening for pancreatic cancer [28].

To the best of our knowledge, the combination of hypoxic exposure and radiation
modalities have not been tested in 3D scaffold models for PDAC. Therefore, the aim of this
work was to investigate, for the first time, the effect of hypoxia on the response of pancreatic
cancer cells to radiotherapy, in our previously developed highly porous, fibronectin coated
3D polyurethane scaffold. Overall, we report (i) a novel long-term in vitro hypoxic 3D
cell culture system for pancreatic cancer; and (ii) the development of in vitro hypoxia
associated PDAC radio-protection. Our novel platform for radiation treatment screening
can be used for long-term in vitro post-treatment observations as well as for fractionated
radiotherapy treatment; the latter being standard practice in the clinic.

2. Materials and Methods
2.1. Scaffold Fabrication and Surface Modification

Polymeric scaffolds were fabricated via the thermally induced phase separation (TIPS)
method as reported previously [27,28,56] (Appendix A Figure Al). More specifically, 3 g of
polyurethane (PU) beads (Noveon, Oudergem, Belgium) was dissolved in 60 mL dioxane
(5% w/v) (99.8% anhydrous pure, Sigma-Aldrich, Merck, Gillingham, UK) for 48 h before
the solution was quenched at —80 °C for 3 h. The solvent was removed via freeze-drying
in a polyethylene glycol (PEG) bath at —15 °C under 0.01 mbar vacuum pressure for
72 h. Scaffolds were snap frozen in liquid nitrogen following immediate cutting into
5 x 5 x 5 mm? cubes. Thereafter, the scaffolds were sterilised via 70% ethanol submersion
(3 h) and UV ray exposure (1 h). The average pore size of the scaffold was 100-150 um, the
porosity was 85-90%, and the elastic modulus 20 + 2 kPa, with stiffness similar to ex vivo
high stiffness diseased PDAC tissue, as previously reported [27,28,56-59]. Thereafter, the
scaffolds were surface modified (adsorption) to enable coating with fibronectin (i.e., an
ECM protein extensively present in the PDAC TME for ECM biomimicry). As mentioned in
the introduction, we have previously reported physiological behaviour of PDAC cells in the
presence of fibronectin (dense cell aggregates, collagen-I secretion by the cancer cells, and
realistic environmental gradients) compared to sparser cell organisation and no collagen
production in uncoated scaffolds [27]. Briefly, for surface modification with fibronectin, the
scaffolds were centrifuged in phosphate buffered saline (PBS, Sigma-Aldrich, Merck, UK)
for 10 min at 2500 rpm, then centrifuged in fibronectin solution (25 pg mL~1) for 20 min at
2000 rpm, before finally being centrifuged in PBS for 10 min at 1500 rpm.

2.2. Cell Culture

The 3D cell culture (in the scaffolds) was accomplished as described previously [27].
More specifically, human pancreatic adenocarcinoma cells (PANC-1) (ATCC) were initially
expanded in 2D flasks, in Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose
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(Sigma-Aldrich, Merck, UK) supplemented with 10% foetal bovine serum (Fisher Scientific,
Loughborough, UK), 1% penicillin/streptomycin (Fisher Scientific, UK), and 2 mM L-
glutamine (Sigma-Aldrich, Merck UK) in 37 °C with 21% O, and 5% CO,. PANC-1 cells
were passaged when 80-90% confluency was reached, until the appropriate cell number
for the 3D experiments was obtained. Thereafter, 0.5 x 10° PANC-1 cells were seeded
per scaffold (re-suspended in 30 pL of cell culture media) and placed in 24-well plates.
Thereafter, the scaffolds were placed in an incubator for 1 h to ensure adherence. Therein,
1.5 mL of cell culture media was added to each well, this was replaced every two days
and each 24-well plate was replaced after one week to avoid cell egress from scaffolds
and cell confluency on the bottom of each well. Incubation of all scaffolds took place in a
humidified incubator at 37 °C with 21% O, and 5% CO; (in vitro normoxia) for 28 days
(four weeks). Thereafter, half of the scaffolds were moved to in vitro hypoxic conditions
at 37 °C with 5% O, and 5% CO; in a Ruskinn InvivO2 300 workstation (Baker Ruskinn,
Ltd., Bridgend, UK) for a two day pre-treatment exposure to low oxygen. Post treatment
analysis took place at one day, three days, and seven days post treatment in both (i) in vitro
normoxic (21% O) and (ii) in vitro hypoxic (5% O,) culture conditions.

2.3. Radiation Treatment

Radiation treatments were performed with a clinical 250 kVp X-ray irradiator, Xstrahl
300 (Xstrahl, Camberley, UK) at the Royal Surrey County Hospital NHS Foundation Trust
(Calibrated against a previously published code of practice [60]). More specifically, at four
weeks of culture of normoxic culture (21% O;) and after two day pre-treatment exposure to
either in vitro hypoxia (5% O,) or normoxia maintenance, the scaffolds were irradiated with
6 Gy based on previous results and protocols for radiotherapy treatment in normoxia [28].
A square field applicator of 15 x 15 cm was placed 3 cm above the plate surfaced, which
was placed on an epoxy resin water equivalent phantom (30 x 30 x 10 cm) in order to
ensure a uniform radiation field with known radiation back scattering conditions. Control
scaffolds were used to account for cellular stress during transportation from the University
of Surrey to the Royal Surrey County Hospital. Thereafter, hypoxic scaffolds were placed
back in 5% O,, normoxic scaffolds were placed back at 21% O,, and all scaffolds were
analysed at one day, three days, and seven days post-treatment.

2.4. Live/Dead Analysis via Confocal Imaging

The distribution of live and dead cells within scaffolds for all conditions under study
(treated and untreated for both normoxic and hypoxic scaffolds) was evaluated via the
Live/Dead Viability /Cytotoxicity Kit (Molecular Probes, Thermo Scientific, Loughborough,
UK). More specifically, scaffolds were snap frozen at time points of one day, three days,
and seven days post-treatment in liquid nitrogen for 20 min and preserved thereafter at
—80 °C as previously described [26-28,36]. Thereafter, the scaffolds were sectioned and
stained with 2 pm of Calcien-AM (4 mM stock) and 4 um of Ethidium Homodimer (2 mM
stock) and incubated at 37 °C for 1 h. Thereafter, the samples were washed twice with PBS
and visualised using a Nikon Ti-Eclipse inverted confocal microscope (Nikon Instruments,
Amstelveen, The Netherlands).

2.5. Caspase 3/7 Analysis via Confocal Imaging

The distribution of apoptotic cells within scaffolds for all conditions under study
was evaluated via Caspase 3/7 analysis. More specifically, scaffolds were snap frozen
at time of points one day, three days, and seven days post-treatment in liquid nitrogen
for 20 min and preserved thereafter at —80 °C. The scaffolds were sectioned and stained
with Cell Event Caspase 3/7 green detection reagent (Fisher Scientific, UK) and DAPI
(Fisher Scientific, UK) for 1 h at 37 °C. Thereafter, the samples were washed with PBS
and visualised using a Nikon Ti-Eclipse inverted confocal microscope (Nikon Instruments,
Amstelveen, The Netherlands).
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2.6. Immunofluorescence Assay

Immunofluorescence staining took place to characterise collagen-I (Abcam, Cam-
bridge, UK), and HIF-1a (Abcam, UK) spatial secretion in all conditions under study at
various time points. More specifically, scaffolds were snap frozen at one day, three days,
and seven days post-treatment in liquid nitrogen for 20 min and preserved thereafter at
—80 °C prior to immunofluorescence staining. Scaffolds were sectioned and fixed for 4 h in
4% w/v paraformaldehyde (Sigma-Aldrich, Merck, UK). Thereafter, scaffold sections were
permeabilised for 2 h with 0.1% Triton-X solution (Sigma-Aldrich, Merck, UK), followed
by blocking with 10% donkey serum (Abcam, UK) for 3 h. Primary antibody staining was
carried out overnight, followed by overnight secondary antibody staining including DAPI
(Fisher Scientific, UK). Primary (Mouse HIF-1a Abcam, UK) and secondary (Alexa Flour
647 donkey anti-mouse IgG (H+L)) antibodies for HIF-1a were diluted in 1% w/v bovine
serum albumin (Sigma-Aldrich, Merck, UK).

2.7. Confocal Laser Scanning Microscopy

Live/Dead, Caspase 3/7 analysis, and immunofluorescence (Sections 2.5-2.7) were im-
aged on a Nikon Ti-Eclipse inverted confocal microscope (Nikon Instruments, Amstelveen,
The Netherlands) and processed with the NIS-Elements software, using 405, 488, 555, 604,
647 lasers for DAPI (blue), Calcein AM and Caspase 3/7 (green), collagen-I (yellow) and
Ethidium Homodimer and HIF-1a (red) staining, respectively. Images were captured at
a 10x objective and 10 pm Z-stack distance. Multiple scaffolds, scaffold sections, and
scaffold areas were imaged for each condition under study to ensure reproducibility. The
images presented here are representative images from each condition.

2.8. Image Analysis

Image]® software (Wayne Rasband, NIH, Bethesda, MD, USA) was utilised to quantify
spatial characterisation of (i) Live/Dead; (ii) Caspase 3/7; (iii) collagen-I; (iv) HIF-1a; and
(v) DAPI positive areas vs. negative areas. Multiple scaffolds (1 = 3), scaffold sections
(n = 3), and scaffold areas (n = 2) were analysed per condition to ensure reproducibility of
results. The bars in each bar graph of the results represent averages of percentage areas of
each fluorescence channel.

2.9. Statistical Analysis and Data Analysis

Graph Pad Prism® (GraphPad Software, San Diego, CA, USA) was utilised to de-
termine statistical significance (p < 0.05). Analysis of variance (ANOVA), followed by
Tukey’s multiple comparison test were employed. Standard error of the mean was used to
determine error bars in the bar graphs. Where data were normalised with respect to the
control, the following equation was employed: % Caspase 3/7 area = ((treatment positive
area)/(control positive area)) x 100.

3. Results
3.1. Evaluation of the Effect of Radiation Treatment on PANC-1 Cells in 3D Scaffolds

Following four weeks of culturing pancreatic cancer cells in 21% O, in our highly
porous polymer fibronectin coated scaffolds (i.e., at a timeframe that we have previously
shown) allowed for the formation of PDAC physiological features such as dense spatial
cell aggregates, metabolic gradients, and secretion of collagen-I by the PDAC cells [24].
The 3D scaffolds were either maintained in 21% O, or were exposed to 5% O, for two days.
Thereafter, radiation treatment (6 Gy) took place followed by post-treatment monitoring
of (i) the spatial secretion of the hypoxic biomarker HIF-1a in the 3D scaffolds; (ii) the cell
viability and cell apoptosis in the 3D scaffolds; and (iii) the secretion of collagen-I by the
cancer cells in the 3D scaffolds.
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3.2. Post-Radiation Monitoring of the Hypoxic Biomarker HIF-1a in the 3D Scaffolds

The biomarker hypoxia-inducible factor, HIF-1a was monitored for one, three, and
seven days post-radiation in the 3D scaffolds, this hypoxic biomarker is hyper-expressed
in PDAC in comparison to healthy tissue of the pancreas [61]. As one of the major hypoxia
induced intracellular signalling pathways, the HIF-1a pathway is associated with pro-
survival, metastasis, and resistance to therapy [17]. Figure 1 summarises confocal images
of scaffold sections showing the HIF-1a spatial distribution along with a quantitative
assessment of the percentage of HIF-1a positive areas in multiple images taken from
multiple sections of multiple scaffolds. As can be seen in Figure 1, a significantly higher
HIF-1a secretion in the 3D scaffolds was observed at 5% O, for both treated and untreated
scaffolds compared to 21% O, for days 3 and 7 post-radiotherapy treatment, while no
differences were observed between different oxygen conditions one day post-treatment.

3.3. Post-Radiation Monitoring of Cell Viability and Apoptosis in the 3D Scaffolds

The cell viability and the cell apoptosis in the 3D scaffolds were monitored for one,
three, and seven days post-radiation with Live/Dead and Caspase 3/7 staining respectively.

Figures 2 and 3 summarise the confocal images of scaffold sections showing the spatial
distribution of Live/Dead and apoptotic cell areas, respectively, along with a quantitative
assessment of the Live/Dead and apoptotic areas in multiple images taken from multiple
sections of multiple scaffolds. Our results show a systematic trend of hypoxia-associated
radio-protection of PANC-1 cells in the 3D scaffolds. More specifically, a significantly lower
cell viability in the 3D scaffolds was seen at 21% O, post-radiation treatment compared to
5% O,, where no statistical difference was observed between the treated and untreated 3D
scaffolds at one, three, and seven days post-treatment (Figure 2). Similar results/trends
were observed for apoptosis. More specifically, significantly higher apoptosis responses of
the 3D scaffolds were observed at 21% O, compared to 5% O, at one, three, and seven days
post radiation treatment (Figure 3). It should be highlighted that the cell viability (Figure 2)
and cell apoptosis (Figure 3) trends in the 3D scaffolds were in line with the increase in the
HIF-1a hypoxic biomarker (Figure 1), which showed a hypoxia associated radioprotection
in the 3D scaffolds.
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Figure 1. HIF-1a expression following radiotherapy treatment (6 Gy) in 3D scaffolds for 21% O, and 5% O;: (A-C) Repre-
sentative images of scaffold sections for HIF-1a (red) staining, counterstained with DAPI (blue) at 1 day, 3 days, and 7 days
post radiation treatment. (D-F) Equivalent image analysis based quantification of the percentage of HIF-1a positive image
areas over total cell (blue) image areas (DAPI) for 1 day (D), 3 days (E), and 7 days (F) post radiation treatment. Multiple
scaffolds (3), scaffold sections (3), and images (2) were analysed, mean values are presented. (**** = p < 0.0001).
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Figure 2. Cell viability (Live/Dead staining) following radiotherapy treatment (6 Gy) in 3D scaffolds for 21% O, and 5%
O5: (A-C) Representative images of scaffold sections for Live (green)/Dead (red) staining, 1 day, 3 days, and 7 days post-
treatment and (D-F) equivalent image analysis based quantification of the percentage of Live (green) image areas for (A-C).
Multiple scaffolds (3), scaffold sections (3), and images (2) were analysed, mean values are presented. (**** = p < 0.0001).
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Figure 3. Apoptotic assay (Caspase 3/7) following radiotherapy treatment (6 Gy) in 3D scaffolds for 21% O, and 5% O,:
(A—C) Representative images of scaffold sections for Caspase 3/7 (green) and DAPI (blue) staining 1 day, 3 days, and 7 days
post-treatment. (D-F) Equivalent image analysis based quantification of the percentage of Caspase 3/7 (green) image areas
for (A-C) with respect to the control (untreated scaffolds). Multiple scaffolds (3), scaffold sections (3), and images (2) were
analysed, mean values are presented. (**** = p < 0.0001).

3.4. Post-Radiotherapy Monitoring of Collagen-1 Expression in the 3D Scaffolds

The expression of collagen-I (i.e., an ECM protein that is abundant in the PDAC
tumour microenvironment and secreted by both stroma and cancer cells [55,62,63]) was
monitored in the 3D scaffolds for all conditions under study. Figure 4 shows the immuno-
fluorescence images of scaffold sections along with image quantification of the percentage
of collagen-I positive areas for all conditions under study (Figure 4). Overall, we observed
(i) higher collagen-I deposition in 5% O, culture compared to 21% O, culture for both
the non-treated controls and the radiation treated samples at day 3 and 7, and (ii) the
radiation treatment led to a substantially lower collagen-I secretion in 21% O, compared
to the respective control (untreated sample in 21% O,), while there was less collagen-I
disruption in 5% O, compared to the respective control at day 3 and at day 7 post-radiation
treatment (Figure 4).
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Figure 4. Collagen-I expression in 3D scaffolds, following radiotherapy treatment (6 Gy) for 21% O, and 5% O,: (A—C) Rep-
resentative images of scaffold sections for Collagen-I staining (yellow) and DAPI (blue) staining. (D-F) Equivalent image
analysis based quantification of the percentage of collagen-I (yellow) areas for (A—C). Multiple scaffolds (3), scaffold sections
(3), and images (2) were analysed, mean values were used. (**** = p < 0.0001). (*** = p < 0.001).
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4. Discussion

In this work, we investigated, for the first time, the impact of in vitro hypoxia (5% O;)
on the radiation treatment response of pancreatic cancer cells (PANC-1) in our recently
developed polymer (polyurethane) based highly macro-porous 3D scaffold, which is
surface modified with proteins (fibronectin) for better ECM mimicry [27]. The scaffold
supports the long-term (37 days) culture of PDAC cells with cancer cell proliferation
distribution in the scaffold similar to the one reported for mouse models for this time-
frame, without requiring cell re-suspension, which would affect the established cell—cell,
cell-matrix interactions and metabolic gradients [27,64].

In the current work, PANC-1 cells were seeded in polymeric scaffolds and were
cultured for four weeks in in vitro normoxia (21% O,) followed by two days exposure to
either in vitro hypoxia (5% O;) or maintenance in in vitro normoxia. Thereafter, radiation
treatment followed by in situ post-radiation monitoring (Appendix A Figure A1) (one day,
three days, seven days post-treatment) of the 3D cell cultures took place via quantification
of (i) HIF-1a secretion by the cancer cells; (ii) live/dead and apoptotic profiles; and (iii)
ECM (collagen-I) secretion by the cancer cells. For radiation treatment, a dose of 6 Gy was
selected based on our previously published radiotherapy screening experiments in in vitro
normoxia (i.e., 6 Gy was the dose we have shown to cause a reduction in cell viability but
not total death in 21% O in our 3D scaffolds) [25]. In terms of the selection of the oxygen
profile to create an in vitro hypoxic environment, 5% O, was selected, in line with the
literature as most papers reported hypoxia studies at oxygen ranges from 0.1% to 10% [47].
We refer to 5% O, as in vitro hypoxia compared to 21% O,, which is in vitro normoxia and
the oxygen level for which the PANC-1 cells are established and authenticated.

We report a reduction in PANC-1 sensitivity to ionising radiation, associated with
in vitro hypoxia (i.e., increased cell viability (live cell profiles) (Figure 2)) and decreased
cell apoptosis (Caspase 3/7 profiles) (Figure 3) trends in the 3D scaffolds, in-line with
the increase in the HIF-1a hypoxic biomarker (Figure 1). This indicates HIF-1a (hypoxia
induced) associated radioprotection. Moreover, in line with increases in HIF-1a, we report
(i) higher collagen-I deposition in hypoxia and (ii) less collagen-I disruption post-irradiation
treatment in hypoxic cultures at three days and seven days post-treatment (Figure 4). To
the best of our knowledge, this research is the first study to demonstrate the feasibility
of using a complex biomaterial-based scaffold for radiation response studies of PDAC,
specifically addressing the hypoxia factor. Furthermore, most in vitro treatment screening
studies for PDAC have a maximum timeframe of one-week culture and generally have
a hypoxic exposure time of up to 72 h [28,65], while in this study, the total culture frame
was five weeks (i.e., four weeks prior to treatment followed by a week of post-treatment
monitoring (up to nine days exposure to hypoxia)).

As previously mentioned, there are a limited number of studies investigating the
treatment of radiation in 3D PDAC models. For example, Hehlgans et al. (2009) utilised
a spheroid 3D model for the pancreatic cancer cell line MiaPacCa2 treated with 0-6 Gy
of irradiation to identify Caveolin-1 and TAE226 as potential radiosensitisers using a two
day post treatment timeframe. Similar to our work, this model facilitates a post treatment
analysis, however, the 3D model is spatially and structurally different to our scaffold
(i.e., it is a spheroid), and the timeframe is different to our model, where we report a
more extended post-treatment timeframe of one day, three days, and seven days post
treatment [51,52]. Similar to our study, Al-Assar et al. (2014) reported radio-resistance in
their in vitro sphere model of pancreatic cancer, however, the radio-resistance reported
was associated with the co-culture of pancreatic stellate cells with pancreatic cancer cells
and the study did not evaluate the role of hypoxia. More specifically, sphere models of the
pancreatic cancer cell line PANC-1 and pancreatic stellate cell line PSC were cultured for a
total timeframe of eight days and treated with 0-6 Gy to identify co-culture enhancement of
radio-resistance [50]. Furthermore, similar to our work, Al-Ramadan et al. (2018) employed
a 7-day post treatment Caspase assay to pancreatic cancer spheroids (BON-1) (12 day total
culture) to identify radiation dose (0-6 Gy) (treatment at five days after seeding) [49].
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More recently, Gorte et al. (2020) investigated 3D PDAC spheroids and found that
proton (low-LET of 3.7 keV/um) irradiation stimulated higher efficacy to tumouroid
formation and greater phosphoproteome alterations compared to conventional photon
(200-kVp X-ray) irradiation in MiaPacCa-2, Capan-1, Panc-1, Patu8902, and COLO357
based spheroids [53]. Moreover, these 3D PDAC models were treated with 2, 4 or 6 Gy of
photons or protons 24 h after seeding, thereafter 7-13 days (cell dependent) of incubation
was given before post radiation analysis [53]. This total culture time differed to the 37-day
total scaffold culture time frame described here. Similar to Gorte et al. (2020), Yu et al.
(2021) investigated new modalities for PDAC, describing PANC-1 and BxPC-3 spheroids
co-cultured with fibroblasts for the investigation of boron neutron capture therapy (1.2 MW
for 28 min) [54]. This research reported lower survival rates and higher apoptosis rates in
3D spheroids compared to 2D cultures after thermal neutron irradiation treatment [54].

Gupta et al. (2019) were the first to investigate polymeric scaffolds as a treatment-
screening platform for chemo-radiotherapy [28]. The studies in 3D models for PDAC
radiation treatment described did not incorporate the treatment limiting hypoxic hallmark
of PDAC, in fact, studies reporting the combination of hypoxia and radiation for 3D
cancer models in general are very limited in the literature. For example, similar to our
observations, Indovina et al. (2006) reported an over-expression of HIF-1a associated with
inhibition of radiation (2 Gy, 5 Gy) effects for a shorter time period (48 h) for human
osteosarcoma spheroids [66]. Similarly to this, Simon et al. (2016) report a lung cancer
cell based Cells-in-Gels-in-Paper 3D model (in which polyvinyl chloride multilayer sheets
simulate a poorly vascularised tumour), identifying a HIF-1a over-expression and reduced
sensitivity to ionising radiation when the distance between cells and oxygenated medium
was increased, suggesting low oxygen association with radioprotection [67]. Despite the
very limited literature available on investigating the role of hypoxia in 3D PDAC and other
(in vitro) cancer models, hypoxia related radio-protection has been extensively reported in
clinic [68] as well as in both animal models [69-71] and 2D in vitro systems [69,70,72].

As previously mentioned, we also reported a correlation between increases in HIF-1a
levels in our 3D scaffolds and (i) higher collagen-I deposition in hypoxic cultures and
(ii) less collagen-I disruption post-radiation treatment in hypoxic cultures. Studies of
tumour hypoxia have revealed not only the impact of hypoxia of pancreatic cancer pro-
gression and invasion, but the stimulation of fibrosis and angiogenesis including collagen-I
expression [55,62,73-76]. As an abundant and important protein of ECM, the expression
of collagen-I is also reported to be linked to pancreatic cancer cell survival and progres-
sion [62,73,74]. Moreover, enhanced radio-resistance in pancreatic cancer cells has been
identified in cells grown in the presence of ECM proteins (fibronectin) in 2D [75].

Generally, HIF-1a overexpression and collagen-I deposition correlation similar to that
reported here, have mainly been described in 2D cell cultures, mouse models, and tissue
samples in other cancer cell types. For example, HIF-1a activity is reported to promote
ECM remodelling by inducing collagen-I expression in hypoxic fibroblast cultures [77].
Moreover, the study of liver fibrosis models revealed that HIF-1a deficient mouse models
have shown reduced collagen-I and a-SMA levels (liver fibrosis) [78], suggesting hypoxia
influence of collagen-I (ECM) secretion. Furthermore, collagen-I gene overexpression in
line with lactate dehydrogenase (which aids glycolysis in hypoxic conditions) has been
identified in radio-resistant cervical cancer tissue samples [79]. In recent years, there is
a growing understanding of the importance of the ECM as a key player in treatment
resistance and success, particularly in the complex pancreatic cancer TME (dense desmo-
plasia) [9,10,55,80,81]. Generally, the ability to map collagen-I deposition along with the
response to in vitro hypoxia and radiation treatment is therefore an important aspect for
the accuracy of a PDAC 3D model. Moreover, the biomimicry of cancerous tissues to
develop models that accommodate the hypoxic and collagen rich environment to emulate
physiological ecosystems is relevant for cancers that are renowned to be radio-resistant.

Overall, in this work, we describe a hypoxic PDAC 3D polymeric scaffold model
for radiation treatment screening. We report increased levels of HIF-1a and collagen-I
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deposition in line with reduced PANC-1 sensitivity to ionising radiation in in vitro hypoxia.
These cellular responses are characteristic of in vivo tumours. To the best of our knowledge,
our work is the first to report long-term hypoxic PDAC culture and radiation treatment in
biochemically and structurally complex 3D scaffolds. Generally, 3D hypoxic tissue research
has been employed to understand the hypoxic behaviour of cells including cell migration
and epithelial to mesenchymal transition [82-84]. However, there is a lack of 3D models in-
vesting the combination of hypoxia and radiotherapy treatment, despite the important role
that hypoxia plays in radiotherapy treatment resistance. Therefore, developing structurally
and biochemically complex models could accelerate our understanding of the link between
radiotherapy treatment and spatial tissue characteristics, accelerating better therapies from
bench to practice.

5. Conclusions

Overall, this work performed in vitro hypoxic radiation treatment screening on our
recently published scaffold based PDAC model [27,28]. PANC-1 in vitro normoxia (21%
0,) scaffolds were cultured for four weeks and then exposed to in vitro hypoxia (5% O,)
or maintained in normoxic conditions (2 days), followed by radiation treatment (6 Gy).
Thereafter, in situ post-radiotherapy monitoring (one day, three days, and seven days
post-treatment) of the 3D cell cultures via quantification of (i) HIF-1a secretion by the
cancer cells; (ii) Live/Dead and apoptotic profiles, and (iii) ECM (collagen-I) secretion by
the cancer cells took place. Our analysis revealed increased levels of HIF-1a (Figure 1) in
line with trends in increased cell viability (live cell profiles) (Figure 2) and decreases in cell
apoptosis (Caspase 3/7 profiles) (Figure 3), which indicates HIF-1a (hypoxia) associated
radioprotection. Moreover, we also report (in line with increases in HIF-1a) higher collagen-
I deposition in in vitro hypoxic cultures and also less collagen-I disruption in in vitro
hypoxic radiation treatment.

To the best of our knowledge, this is the first study to report an in vitro hypoxic
PDAC long-term structurally and biochemically complex polymer based scaffold culture
for radiation response studies and the first to correlate HIF-1a with increased collagen
deposition post-radiation in a 3D PDAC model under hypoxia. Our system holds potential
as an animal free alternative for predictive radiation research, providing more advanced
spatial features compared to simple in vitro 2D models. Future work will focus on the
investigation of the role of in vitro hypoxia on the PDAC cellular response to advanced
radiotherapy modalities such as proton therapy and image guided radiotherapy using
MR-Linacs in our complex multicellular scaffolds [36]. Furthermore, future research should
also be performed in 3D systems with exposure to lower partial pressures of oxygen for
even more physiologically relevant in vitro hypoxia.
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Figure Al. Experimental design. Including scaffold fabrication, surface modification, and cell seeding. Created with
BioRender.com.
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Simple Summary: For years, cancer has remained the second leading cause of death in U.S. and
Europe even though cancer mortality has decreased, as new advances in medical treatment have
made this decrease possible. Chemotherapy has remained the gold standard and “one-size-fits-all”
treatment for cancer, yet this approach has lacked precision and, at times, failed. Recent studies
attempt to mimic the spatial microenvironment of cancer tissue to better study chemotherapy agents
by combining patient-derived cells and three-dimensional (3D) scaffold, bioprinting, spheroid, and
hydrogel culturing. This commentary aims to collect and discuss recent findings concerning the
combined application of biomaterials with patient-derived cancer cells to better study and test
therapies in vitro, that will further personalize and facilitate the treatment of various cancers, and
also address the limitation and challenges in developing these 3D models.

Abstract: Although advances have been made in cancer therapy, cancer remains the second leading
cause of death in the U.S. and Europe, and thus efforts to continue to study and discover better
treatment methods are ongoing. Three-dimensional (3D) tumor models have shown advantages over
bi-dimensional (2D) cultures in evaluating the efficacy of chemotherapy. This commentary aims to
highlight the potential of combined application of biomaterials with patient-derived cancer cells as a
3D in vitro model for the study and treatment of cancer patients. Five studies were discussed which
demonstrate and provided early evidence to create 3D models with accurate microenvironments that
are comparable to in vivo tumors. To date, the use of patient-derived cells for a more personalized
approach to healthcare in combination with biomaterials to create a 3D tumor is still relatively new
and uncommon for application in clinics. Although highly promising, it is important to acknowledge
the current limitations and challenges of developing these innovative in vitro models, including the
need for biologists and laboratory technicians to become familiar with biomaterial scaffolds, and the
effort for bioengineers to create easy-to-handle scaffolds for routine assessment.

Keywords: personalized therapy; scaffold; tissue engineering; primary cancer cells; experimental
models; screening; 3Rs

1. Introduction

Although current trends show that overall cancer death rates have decreased for men,
women and children, cancer remains the second leading cause of mortality in the U.S.

Cancers 2022, 14, 2503. https:/ /doi.org/10.3390/ {c}ancers14102503 243

https:/ /www.mdpi.com/journal /cancers



Cancers 2022, 14, 2503

behind cardiovascular disease and is responsible for millions of deaths worldwide [1,2].
In 2020, 1,806,590 new cases and 606,520 cancer-related deaths have been estimated. The
prevalence rate for all cancers combined in the U.S. since 2018 is approximately 5% of
the population. Cancer incidence rates for all ages (per 100,000 people) between 2014
and 2018 were 450.5. Between 2015 and 2019, the average mortality rate for men and
women combined was 152.4 (per 100,000 men and women). Although there has been a
steep decline in the death rates for melanoma and lung cancers, which can be attributed
to advances in treatment such as immune checkpoint inhibitors, targeted drug therapy,
and a decrease in cancer risk factors, lung cancer mortality remains the leading cause of
cancer death among men and women [3]. Despite advances in novel, targeted interven-
tions and therapeutics, chemotherapeutic drugs remain the gold standard treatment and
employ a “one-size-fits-most” approach, which lack precision and result in significant
variations in patient response to therapy. Recent studies have attempted to mimic the
spatial microenvironment of cancer tissue to better study chemotherapy agents through
various techniques such as three-dimensional (3D) scaffold, bioprinting, spheroid and
hydrogel culturing 3D tumor models, which have been shown to have advantages over
bidimensional (2D) cultures in evaluating the efficacy of chemotherapeutics due to their
heterogeneity and simulating the tumor microenvironment [4]. Aside from evaluating the
efficacy and pharmacodynamics, 3D tissue models have been used to determine toxicity
and drug resistance to chemotherapeutic agents simultaneously across different cells [5].
Several research papers have been published in the last decade using cancer cell lines
to build up 3D in vitro tumor models, with the promise of delivering a useful tool for
personalized therapy to the patients. This commentary aims at collecting and discussing
the up-to-date findings concerning the use of biomaterials with patient-derived cancer cells
for a near application in the clinics.

2. 3D In Vitro Models for Therapy Screening: The Role of Patient-Derived Cancer Cells
and Biomaterials

While considerable progress has been made in 3D bioprinting, many obstacles remain
in creating tumor models that provide physiological relevance and reliable data for the
development of personalized treatment. The ability to replicate tumor microenvironments
and establish vasculature for appropriate oxygen and nutrient distribution to specific areas
within the 3D culture are challenges that need to be addressed [4,6,7]. Despite the advan-
tages and increased use and acceptance of 3D tumor models, they are still more expensive
and time intensive than their 2D counterparts [4]. Consequently, conventional 2D models
are still widely used by pharmaceutical companies for drug development even though
they do not accurately represent the tumor microenvironment which limits their use for
anticancer drug screening [6]. 2D cell cultures have demonstrated minimal drug resistance
compared to 3D cultures which has contributed to the high failure rates in drug discov-
ery [6]. The physiological features of tumor tissue including oxygen and nutrient delivery,
gene expression, and cell proliferation are better recapitulated in 3D tissue models [4].
Factors such as immune cells, inflammatory mediators, and vasculature add complexity
and significantly influence the tumor microenvironment. Thus, 3D tumor models based on
patient derived cancer tissue will more closely resemble the in vivo microenvironment and
have better predictive value when compared to traditional models [6].

Conventional preclinical cancer models have generally used tumor cell lines as their
source of cell derivation. Immortalized cell lines have been a preference for in vitro and
in vivo preclinical models because of their ease of acquisition, production, reproducibility,
and proliferation rates compared to primary cells [8,9]. Cell lines are commonly used
for in vivo xenograft models and for in vitro scaffolds or organoid/spheroid formation
models. Santoro et al. reported differences in signaling transduction pathway by applying
shear stress to 3D constructs made of Ewing sarcoma TC71 cells and electrospun scaffolds,
which highlighted the importance of recapitulating not only the compositional but also
the mechanical features of the tissue microenvironment in 3D bone cancer models [10].
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Silk scaffolded 786-O cell models developed by Abbott et al. showed increased lipid
drop development, a significant upregulation of genes that signal cytokines and immune
checkpoint inhibition therapy markers as well as downregulation of the genes CXCLS,
ACACA, FASN, and CD10 comparatively between 2D and 3D scaffolded 786-O cells [11].
Persson et al. reported distinct differences of proteins between 2D and 3D tumor model as
well as larger variations and more diversity between the secretome of all 3D cultures [12].
Additionally, they found correlation of the proteins secreted and clinical parameters of
the original breast cancer [12]. Sun et al. utilized purchased HepG2 cells to 3D print an
effective tumor model and compare it to a conventional 2D model using the same HepG2
cells. The 3D model showed significantly higher levels of mRNA related to liver function,
higher expression of liver-associated proteins, a differing gene expression profile, and large
differences in drug resistance [13].

Despite their upsides, immortalized cell lines have a handful of drawbacks that
significantly affect their overall effectiveness as tumor modeling agents. Their biggest
drawback occurs in their production; because cells derived from immortalized cell lines
must have uncontrolled tumor-like growth in ex vivo conditions, they may suffer from
altered genetic material, differing biological or tumorigenic properties compared to primary
cells. Pan et al. discovered proteomic differences of the hepatoma cell line Hepal-6
compared to primary hepatocytes [9]. Other tumor cell lines, like those of ovarian, breast,
and neck cancer, also showed higher rates of mutations in comparison to their primary cell
counterparts [14-16]. Because of the inevitable differences of cell lines to primary cells, in
addition to the inherent individuality of every tumor, using cell lines as a preclinical tumor
modeling tool may not be accurate. Alternatively, using patient derived cells as tumor
models may guarantee increased similarity in biological and tumorigenic properties.

Patient-derived cells for use in 3D models offer a unique and relatively new approach
to tumors. Unlike tumor cell lines that have garnered phenotypic and functional changes
throughout their use, patient-derived cell models allow for the retention of most biochemi-
cal and physiological features from the in vivo tissue [17-19]. Furthermore, various studies
have shown the possibility of using these patient-derived cells to determine drug combina-
tions and resistance and identify the most effective treatment [19,20]. Patient-derived cells
open the door to more targeted treatment, however, still carry some challenges due to the
limited availability of these cells and difficulty in proliferating them as a result of tumor cell
senescence [21,22]. The comparison of cell lines and patient-derived cells is summarized in
Table 1.

Advancements in tissue engineering have slowly allowed biomaterials to play a bigger
role in creating these 3D cancer models than using only cells (e.g., spheroids). Not only do
biomaterials allow for a more realistic 3D structure, but they offer more realistic cell-to-cell
interactions and microenvironments as opposed to 2D models [23-25]. Additionally, Rao
et al. demonstrated that biomaterials can be used to monitor tumor progression and metas-
tases [26]. Biomaterials can be natural materials, such as alginate, hyaluronic acid, gelatin,
which tend to be highly biocompatible and can be degraded enzymatically by the body;
however, they are often associated with immunogenicity or homogeneity [27]. Alginate is a
naturally occurring anionic polysaccharide that can easily gel by ionic crosslinking using
divalent metal ions, such as calcium. The ability to gel allows cancer cells to be encapsulated
in alginate microparticles or scaffolds. DelNero et al. utilized alginate-based 3D scaffolds
that can control oxygen concentration, resulting in homogeneous oxygen levels in the scaf-
fold which permitted them to better study tumor hypoxia and angiogenesis [28]. Chitosan
is a natural cationic polysaccharide, which is obtained from chitin, present in arthropod
exoskeletons and some mushrooms, after deacetylation. It can be used to produce films,
fibers or porous scaffolds and thus, is a very versatile biomaterial [29,30]. Dhiman et al.
employed chitosan scaffolds for the culture of breast cancer cell lines and determined that
chitosan polymer with high degree of deacetylation favored adsorption and cell growth [31].
Collagen is an important protein in tissues for physical support [32]. Duarte Campos et al.
applied collagen as bioprintable bioinks and demonstrated that, since the printed bioink
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was stable enough, cells seeded in the bioprinted models maintained their ability to prolif-
erate. They suggest that this biomaterial may be promising to be used with patient-derived
primary tumor cells for precision medicine therapy [33]. Gelatin is another natural polymer
that is widely used as a biomaterial. It is the denatured form of collagen, and unlike
collagen which has low water solubility, it is a water-soluble biomaterial. Nii et al. utilized
gelatin to fabricate microparticles as a 3D cell culture system combined with drug delivery,
as a cancer invasion model [27]. Hyaluronic acid is a key ECM component and thus, is a
suitable biomaterial for 3D cell culture. Engel et al. fabricated a multi-layered hyaluronic
acid hydrogel to coculture cancer and stromal cells and demonstrated that it can improve
drug screening predictability compared to 2D cultures [34].

Table 1. Comparison of cell lines vs. patient-derived cells.

Cell Lines

Patient-Derived Cells

Difficult to access, limited

Accessibility Easily accessible availability of cells /tissues
Cost Low cost to obtain and culture Increased cost to obtain
and culture
. . Proliferates rapidly More difficult to proliferate
Proliferation . .. due to tumor cell senescence,
and indefinitely

limited amount of pasages

Ease in culturing

Robust and easy to work with
and maintain

More fragile and difficult to
work with and maintain

Pure population of cells

Heterogenous population of

Reproducibility therefore reproducible data can  cells therefore data can differ
be obtained between cell populations
Ability to mimic TME and Lack of complexity to mimic Can better mimic the TME

clinical response

tumor environment and
clinical response

and clinical response

Ethical issues and

No ethical concerns and no need
for institutional review board

Need to obtain institutional
review board approval to

research compliance

approval to obtain and use obtain and use

Tumor microenvironment (TME).

Among synthetic polymers, aliphatic polyesters are another class of biomaterials
that is usually biodegraded through hydrolysis and their characteristics can be controlled
easily [27]. One of the synthetic polymer that is widely used for 3D biomaterial models is
poly(lactic-co-glycolic acid) (PLGA), whose degradation rate can be altered by controlling
the lactic and glycolic acid ratio, the polymer molecular weight, as well as its end caps.
Luo et al. demonstrated that PLGA electrospun scaffold incorporating hydroxyapatite
(HA), which is often used for bone regeneration, can better support cancer cells compared
to PLGA scaffold alone as the HA induce cell growth, DNA synthesis and cell division [35].
A biodegradable polymer widely used as a biomaterial is polycaprolactone (PCL), which
is also a polyester like PLGA and thus, degrades by hydrolysis. Chen et al. utilized PCL
to 3D print scaffolds and co-cultured colorectal cancer cells, cancer-associated fibroblasts
and tumor-associated endothelial cells on them to develop a 3D model of tumor tissue for
colorectal cancer [36].

Natural polymers, due to their water solubility, usually result in hydrogels, which are
common types of biomaterials for 3D cancer models due to their ease of encapsulating the
cells of interest. Synthetic polymers, which are usually more hydrophobic in nature are
thermoplastic and soluble in non-water solvents. Therefore, they often result in scaffolds
fabricated either a sponge or fiber form, obtained via emulsion, compression molding,
3D printing or electrospinning, among other methods. Such prefabricated structures can
offer microenvironments for 3D cancer models, in which geometrical features, porosity,
mechanical properties and roughness can be all tuned. Just like hydrogels, they provide
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the vital cell-cell and cell-ECM interactions that would mimic real tumors. Additionally,
these scaffolds account for controlled mechanical properties, thus can be stiffer and more
stable and can better withstand shear stress, as opposed to hydrogels [37].

3. Combined Application of Biomaterials and Patient-Derived Cancer Cells

Personalized healthcare is a much more effective form of treatment for very complex
diseases that have been, for the longest time, receiving broad and comparatively generic
treatments. Tumors and their complete environment in a body are incredibly complex
and individualized and the utilization of patient-derived cells with the combination of
biomaterials to create a 3D model may be a promising method to address this challenge. Cell
lines are most often used to create a 3D in vitro model, while patient derived cells are most
often used as patient derived xenographs (PDX) models in vivo models. Comparatively,
very few studies use both patient derived cells in tandem with biomaterials to create an
in vitro 3D models of tumors. The flow chart explaining the process to build those models
for personalized therapy is shown in Figure 1.

'S

Analysis (H&E) Tumor cell culture Tumor cell isolation

AN

- >

3D in vitro model
generation

3D model
validation

Immunohistochemical analysis for different tumor markers

et

3D model replication & therapy screening

Personalized therapy

Figure 1. Schematic depicting the combined application of patient’s larynx tumor-derived cells
(TCCR3) and polyvinyl alcohol (PVA) spongy scaffold to create 3D in vitro tumor models. Immuno-
histochemical analysis shows immunopositivity (in brown) for Integrin «5 (on the left) and Smad4
(on the right). All figures in the schematic are original unpublished material of the authors.
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There are many applications of biomaterials as 3D in vitro tumor models; however,
they are usually coupled with cell lines instead of patient-derived cells. For example,
Sun et al. utilized bioprinted scaffolds seeded with hepatocellular carcinoma HepG2 cell
line [13] and Abbot et al. utilized silk scaffold seeded with renal cell carcinoma 786-O
cell line [11]. Patient-derived tissues have also been utilized as 3D tumor models by
creating patient-derived scaffolds (PDS) that are obtained via decellularization of surgically
resected tumors and then used as a substrate for cell line culture [38]. Parkinson et al.
cultured colon cancer cell line HT29 in PDSs [38]. They demonstrated that the PDSs can
result in induced transcriptomic and proteomic responses that align with patient-specific
clinical disease information and thus, can be a potential tumor model for predicting the
effectiveness of cancer therapies. Pearson et al. recellularized PDSs with breast cancer
cell lines, MCF7 and MDA-MB-231 [12], whereas Gustafsson et al. used PDS to culture
breast cancer cell lines MCF7 and T47D [39], as in vitro 3D tumor models. Besides PDX and
PDS, fresh tumor samples, employed directly without separating the cells by enzymatic
or mechanical digestion from the tumor specimens, have also been applied as ex vivo
3D tumor models [40]. These 3D tumor models conserved the original tissue architecture
and cell heterogeneity better than other 3D models where the cells are removed from the
original tumor [41,42]; however, they cannot be used for longer cultures and passages (i.e.,
usually can be culture for a week) [40]. Therefore, such tumor explants although able to
mimic the TME very well, may not be as cost effective and easily accessible models.

To the best of our knowledge, there are only a few studies reporting the combination
of both patient-derived cells and biomaterials as 3D in vitro models, which are summarized
in Table 2. Below, we discuss each of these applications.

Table 2. 3D in vitro models that utilize patient-derived cells and biomaterials.

Cancer Type Type of Cells Biomaterial/Scaffold Main Outcome Ref.
PDAC cells demonstrated
various behaviors when exposed
(PVA/G) blend sponges; to different scaffold types.
Pancreatic ductal (PEOT/PBT) copolymer Sponge-like pores allowed for

adenocarcinoma

Cells obtained from PDAC

compression molded

cellular clustering resembling

[43]

(PDAC) pieces/explants scaffolds and electrospun the native cancer
fibers meshes. morphostructure. In PVA/G
sponges the active MMP-2
enzyme was the highest.
Printed ICC cells showed colony
forming capacity, high survival
rate, active proliferation,
Intrahepatic C . Gelatin-alginate- invasive and metastatic
. . ells obtained from a male Lo
cholangiocarcinoma tient diaenosed with ICC Matrigel™ phenotype and other [44]
(ICC) pa en hydrogel bioink characteristics of ICC cells, e.g.,
expression levels of tumor
markers and cancer stem
cell markers.
Cells obtained from 11
pedlat'rlcv tumor cases, The 3D scaffold silk base
consisting of three structure had a vital role in
medulloblastoma (MB) Bombyxmoricocoons silk supporting tumor spheroids
Pediatric brain tumors  patients, three ependymoma  porous scaffold infused SuPP & 1 b'li' ’1 [45]
(EPN) patients, one with liquid ECM gel ~ 8'V8 structural stability to gels,

glioblastoma (GBM) patient,
and four juvenile pilocytic
astrocytoma (Ast) patients.

and maintaining tumor stem
cells in 3D.
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Table 2. Cont.

Cancer Type Type of Cells Biomaterial/Scaffold Main Outcome Ref.
This model of PDAC was able to
Cells obtained from Co-assembly of PAs with sustain Patlent—spemﬁc
PDAC PDAC patient custom ECM transcriptional profiles and [46]
P components (PA-ECM) demonstrated high cancer stem
cell functionality.
The 3D model provided an
Acute myeloid Cells obtained from environment that could sustain
leukemia (AML) and malignant human malignant HA scaffold with CD34" cells from acute myeloid [47]
myeloproliferative hematopoietic stem and perfusion bioreactor leukemia (AML) and
neoplasms (MPN) progenitor cells (HSPCs) myeloproliferative neoplasm

patients for up to 3 weeks.

Abbreviated as follows: Poly(vinyl alcohol)/gelatin (PVA /G); poly(ethylene oxide terephthalate)/poly(butylene
terephthalate) (PEOT/PBT); extracellular matrix (ECM); peptide amphiphiles (PAs); Hydroxyapatite (HA).

3.1. Polymeric Scaffolds and Primary Pancreatic Ductal Adenocarcinoma Cells

In their study, Ricci et al. isolated a pancreatic ductal adenocarcinoma (PDAC) cells
from an explant of a patient, created different scaffold architectures, and used the scaffold
as well as the PDAC cells in conjunction to explore biomaterial-based 3D tumor mod-
els [43]. Three different polymeric scaffolds architectures were used in the creation of the
3D in vitro tumor models of the patient-derived PDAC [43]. The tumor samples were
obtained from surgical procedures and cleaned thoroughly before use. The study used
polyvinyl alcohol (PVA)/gelatin (G) at 80/20 (w/w)% and a poly(ethylene oxide terephtha-
late) /poly(butylene terephthalate) (PEOT/PBT) copolymer as their structure materials [43].
PDAC cells preferred to aggregate in sponge-like material rather than nanofiber structures
and preferred the PVA /G sponge compared to PEOT/PBT sponge and PEOT/PBT fiber
mesh [43]. Matrix metalloproteinases (MMPs) are enzymes that are important in protein
degradation and have been directly correlated with cancer development and invasion [48].
MMP-2 and MMP-9 in particularly, because of their relationship with the tumor suppressor
Smad4, which is downregulated in PDAC progression [49,50], are important factors to
study PDAC. As shown in section A2 in Figure 2, PDAC cells in PVA /G sponges had higher
levels of active MMP-2 production and protein synthesis [43]. Results in section A3-D3 of
Figure 2 demonstrate that MMP-9 expression was strongly positive in all three cell /scaffold
constructs. Nonetheless, PDAC cell MMP-2 and MMP-9 expression in the PEOT/PBT
copolymer structure is still reduced in the production of active MMP-9 [43].

In conclusion, this study showed the possibility of using various biomaterial scaffolds
with patient-derived cells to find a compatible pair that could work to model real pancreatic
tumors. Among them, spongy scaffolds, like those obtained via PVA/G emulsion and
freeze-drying, were the most suitable. They showed volume swelling ratio higher than
200% and were mechanically soft, with material stiffness increasing with G content >20%,
due to enhanced sites of G crosslinked by glutaraldehyde [51].

The comparative analyses demonstrated that PVA /G 70/30 and PVA /G 80/20 (w/w)%
were similar in terms of morphology, swelling behavior, water stability, physico-chemical
and viscoelastic mechanical properties, with an apparent compressive modulus of about
7 kPa at strain rates of 0.005 s~ [51]. In dry conditions, PVA /G 80/20 (w/w)% sponges
showed high volume porosity (i.e., 84.43%) and pore interconnectivity (97.44%), the latter
under pore-pore openings >51.2 um [52]. It is possible that this scaffold could mimic
the morphological and mechanical features of the pancreas, whose stiffness increased
from 7.72 to 10.97 kPa under shear wave velocity measurements, from normal to fibrotic
organs [53].
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Figure 2. Histological micrographs of (A—C) pancreatic ductal adenocarcinoma (PDAC) cell/scaffold
constructs, and (D) tumor tissue: (A) PVA/G spongy scaffold prepared via emulsion and freeze-
drying, (B) PEOT/PBT spongy scaffold prepared via compression molding and salt leaching, and
(C) PEOT/PBT fiber mesh prepared via electrospinning. (A1-D1) Hematoxylin and eosin staining,
and (A2-D2, A3-D3) immunohistochemistry for metalloproteinases (MMPs) MMP-2 and MMP-9.
Arrows indicate some organized clusters of cells with duct formation; “sc” indicates the scaffold
material. (E-G) Controls of immunohistochemical reactions. Scale bar is 50 um. (Reprinted from
Taylor & Francis, Ricci et al., Biomatter, 2014 (Ricci, 2014 [43]).

The easy procedure leading to the fabrication of such scaffolds and their usefulness
in pancreatic cancer in vitro modeling was described by Ricci et al. [54]. Among other
interesting characteristics, such as durability (i.e., non-biodegradability, thus suitability
even for long term cell cultures, since mechanical and pore properties remain consistent
over time), PVA/G sponges were fully processable via routine histology processing, which
made them interesting scaffolds for in-hospital research. In fact, it is possible to directly
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compare the generated 3D model with the patient’s tumor under histology; therefore, the
morphological features of the cells and the newly formed in vitro tumors can support
the suitability of the 3D model for a possible therapeutic screening. s [51,54]. This same
principle could be exploited to model other types of cancers throughout their various
phases and screen for drug susceptibility.

3.2. Bioprinting of Patient-Derived Intrahepatic Cholangiocarcinoma

In this study, Mao et al. used a bioprinting process to create a 3D model of intrahepatic
cholangiocarcinoma. Bioprinting offers uniqueness to creating 3D tumor models; while
other modeling procedures have random arrangements and densities of molecules, cells,
and biomaterials, bioprinting offers control over their density, arrangement, and structural
design [44]. This study also used patient-derived tumor specimens acquired through a
resection surgery on a single man diagnosed with intrahepatic cholangiocarcinoma and
a composite hydrogel system containing gelatin-alginate-Matrigel to print their tumor
model [44]. The 3D printed culture exhibited a more uniform distribution of cell clusters,
as well as a faster aggregation process, in comparison to the sandwich culture [44]. Tumor
markers CA19-9 and CEA, cancer stem cell markers CD133 and EpCAM, relative gene
expression, liver function markers, as well as pathological markers of ICC cells were
significantly higher in the 3D tumor model microenvironment [44]. Additionally, the MMP
and fibrosis makers of the 3D model were significantly higher and showed much better drug
resistance than the sandwich model [44]. This drug resistance opens the possibility of using
these models as personalized therapy due to displaying stem-like properties. Overall, this
study demonstrated the possibility of retaining cell viability while bioprinting, the vital up-
regulation of tumorigenic phenotypes in 3D models when compared to 2D models, and the
potential of using these models to study drug resistance for a more personalized treatment.

3.3. Porous Scaffold Composed from Bombyxmoricocoons Silk Was Infused with Liquid ECM Gel
for Pediatric Brain Tumors

Porous scaffold composed from Bombyxmoricocoons silk was infused with liquid
ECM gel (Figure 3) and employed for a variety of pediatric brain tumors, namely, 11 pedi-
atric tumor cases, consisting of three medulloblastoma (MB), three ependymoma (EPN),
one glioblastoma (GBM), and four juvenile pilocytic astrocytoma (Ast) patients [45]. Tang-
Schomer et al. found that the 3D scaffold alone supported cell heterogeneity and had the
ability to form tumor type-dependent spheroids, which were not possible in 2D or gel-only
control cultures. They concluded that the 3D scaffold silk-based structure had a vital role
in supporting tumor spheroids, giving structural stability to gels, and maintaining tumor
stem cells in 3D.

3.4. Co-Assembly of Peptide Amphiphiles (PAs) with Custom ECM Components (PA-ECM) with
Pancreatic Ductal Adenocarcinoma (PDAC)

Osuna de la Pena et al. cocultured patient-derived cells obtained from PDAC with a
3D co-assembly of peptide amphiphiles (PAs) with custom ECM components (PA-ECM)
for ex vivo tissue modeling with increased adaptability [46]. This model of PDAC was able
to sustain patient-specific transcriptional profiles and demonstrated high cancer stem cell
functionality. These peptides provided a reductionist approach to bioengineering compli-
cated microenvironments by regulating nanoscale geometries and epitope presentation to
selectively signal cells.
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Figure 3. Schematics of the 3D modeling process: (A) Schematics of the 3D brain tissue engineering
process. (B) To adapt the process for brain tumor model, questions regarding media conditions, ECM
and timing for the change of culture conditions need to be addressed. Dissociated tumor cells are
seeded onto a donut-shaped 3D silk-based porous scaffold, from which tumor spheroid develops.
ECM gels are introduced to the scaffold filling the pores and the center-hole (CH) region, providing
a permissive environment for the migrating tumor cells and cell—cell interaction. (a) Tumore cell
seeding, (b) tumor spheroid formation, (c) introduce ECM, (d) tumor cell-ECM interaction. (Reprinted
from Elsevier, Tang-Schomer et al., Translational Oncology, 2022 [45]).

3.5. Patient-Derived Malignant Hematopoietic Stem Cells in HA Scaffold Developed with a Bioreactor
System for Acute Myeloid Leukemia and Myeloproliferative Neoplasms

Andrés Garcia-Garcia et al. demonstrated how cellular niches may be built in a 3D
hydroxyapatite scaffold and perfusion flow-based bioreactor system and used to maintain,
expand, and regulate the phenotypic and functional properties of patient-derived human
malignant hematopoietic stem and progenitor cells (HSPCs) ex vivo [47]. The fully human-
ized model was used to study human leukemogenesis in the presence of tailored niche
components (e.g., osteoblastic vs. stromal-vascular elements) and to assess chemotherapeu-
tic responsiveness. Human osteoblastic bone marrow niches were produced by culturing
mesenchymal stromal cells in the scaffolds under perfusion flow in a bioreactor system.
They demonstrated that the 3D model provided an environment that could sustain CD34*
cells from acute myeloid leukemia (AML) and myeloproliferative neoplasm (MPN) patients
for up to 3 weeks.

4. Conclusions

The use of patient-derived cells for a more personalized approach to healthcare and
biomaterials to create 3D tumor are relatively new and uncommon. Although highly
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promising due to their more accurate cellular environments that mimics that of the patient,
it is important to acknowledge the current limitations of these innovative in vitro models.
From having to mimic the molecular biology, physiology and genetic makeup of these
cancer cells and ultimately reproduce the heterogenous nature of cancer cells, these models
face multiple obstacles. A key challenge is developing a way to create a network of
vasculatures in tumors. Without these capillary networks, the 3D tumor growth would be
difficult and possibly impossible to occur. Nonetheless, studies have shown that if these
bioprinted models are able to account for cellular and molecular factors, it is possible to
transform stem cells into endothelial cells, thus promoting angiogenesis [55,56]. Moreover,
recreating these complex microenvironments has deemed difficult as various studies have
shown a multitude of cancers interacting with surrounding stromal cells and environmental
factors to further their growth. This sets up a challenge as it is not as simple as combining
these cells and factors with each other and expecting the same system to exist [57-59].
Cell viability has played a factor in the creation of these 3D models as the shear forces of
bioprinting often damages the cells ultimately deeming them unusable. Current technology
has made it possible for significant progress to occur; nonetheless, it is still very limited due
to the expensive and time-consuming process to create these personalized and accurate 3D
tumor microenvironments.

As technology and knowledge about how these cancers rapidly progresses, current
conventional cancer models still carry several limitations. In future studies, it will be vital
to minimize the cost and focus on the development and fabrication of less time-consuming
models, while accounting the importance of every cellular and molecular factors when
using patient-derived cells and designing these 3D tumor constructs. Furthermore, keeping
cell viability and replicating the complex environment of tumors, such as vascular network
and surrounding stromal cell to cell interactions, are areas of research that ongoing and
future studies are and should focus on. A recent study by Contessi Negrini et al. has
suggested the use of human mesenchymal stromal cells to pregenerate bone ECM on a 3D
printed polyurethane scaffold, to be used, after cell lysis, as a bioactive and biomimetic
environment for osteosarcoma cell growth [60], which demonstrates the possibility of
integrating a synthetic biomaterial with biomolecules produced by patient-derived healthy
cells to replicate the some complexity of the TME. Overall, the incredible effectiveness
of biomaterial-based scaffolding and 3D printing has shown remarkable promise, hence,
allowing a more personalized healthcare approach; however, much work is needed to
continue to progress in the development of these in vitro systems.
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Simple Summary: Colorectal cancer (CRC) is the second most common cancer worldwide. Despite
improvements in the clinical management of CRC, outcomes for those with metastatic disease remain
extremely poor. One reason for this is tumour heterogeneity, which refers to the observation that
each cell within complex tumour cell populations displays different genetic features and biolog-
ical behaviours. Such tumour heterogeneity is known to impact treatment efficacy and promote
tumour recurrence. Here, we present a multi-colour barcoding methodology that allows for dif-
ferent lineages of colorectal cancer cells to be identified and monitored, thus allowing for tumour
heterogeneity to be quantified in real-time. We show that discrete cell lineages can be quantified
by both fluorescence microscopy and flow cytometry. Using this approach, we show that the cell
culture models that are traditionally used in cancer research display limited heterogeneity, whereas
patient-derived organoids—which are generated from fresh tumour resections—more faithfully
represent the heterogeneity observed in cancer patients.

Abstract: Geno- and phenotypic heterogeneity amongst cancer cell subpopulations are established
drivers of treatment resistance and tumour recurrence. However, due to the technical difficulty
associated with studying such intra-tumoural heterogeneity, this phenomenon is seldom interrogated
in conventional cell culture models. Here, we employ a fluorescent lineage technique termed “optical
barcoding” (OBC) to perform simultaneous longitudinal tracking of spatio-temporal fate in 64
patient-derived colorectal cancer subclones. To do so, patient-derived cancer cell lines and organoids
were labelled with discrete combinations of reporter constructs, stably integrated into the genome
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and thus passed on from the founder cell to all its clonal descendants. This strategy enables the
longitudinal monitoring of individual cell lineages based upon their unique optical barcodes. By
designing a novel panel of six fluorescent proteins, the maximum theoretical subpopulation resolution
of 64 discriminable subpopulations was achieved, greatly improving throughput compared with
previous studies. We demonstrate that all subpopulations can be purified from complex clonal
mixtures via flow cytometry, permitting the downstream isolation and analysis of any lineages of
interest. Moreover, we outline an optimized imaging protocol that can be used to image optical
barcodes in real-time, allowing for clonal dynamics to be resolved in live cells. In contrast with the
limited intra-tumour heterogeneity observed in conventional 2D cell lines, the OBC technique was
successfully used to quantify dynamic clonal expansions and contractions in 3D patient-derived
organoids, which were previously demonstrated to better recapitulate the heterogeneity of their
parental tumour material. In summary, we present OBC as a user-friendly, inexpensive, and high-
throughput technique for monitoring intra-tumoural heterogeneity in in vitro cell culture models.

Keywords: organoids; tumour heterogeneity; colorectal neoplasms; clonal evolution; longitudinal
imaging; neoplasm recurrence; metastasis; cell lineage; self-renewal; cell culture techniques

1. Introduction

Cancer is a highly heterogeneous disease whereby individual tumours and tumour cell
subpopulations can display significant differences in their genetic, histopathologic, metabolic
and immunologic profiles [1,2]. This inter- and intra-tumour heterogeneity is observed
between tumours arising from different tissue or cell types, across patients with the same
subtype of tumour, between primary and metastatic tumours within the same patient, and
amongst individual cells from a single tumour. Indeed, tumours with a higher degree of clonal
diversity have been shown to exhibit an enhanced capacity for metastatic progression [3-7]
and treatment resistance [8,9], thereby conferring worse overall survival. This is notably the
case in colorectal cancer (CRC) [10], the study model of the present work.

Lineage tracing is an approach used to assess intra-tumoural heterogeneity, and such
clonal tracking can be adapted for both in vitro and in vivo settings. This suite of tech-
nologies (reviewed in [11]), in which the integration of a unique fluorescent or genetic
barcode into individual cells enables their identification amongst heterogeneous cell pools,
are powerful tools for addressing biologically relevant questions regarding clonal interac-
tions, developmental trajectories, and the regulation of tissue homeostasis [12-14]. Lineage
tracing is highly versatile and can be applied to virtually all cell types provided that three
fundamental requirements are met: the lineage tracer should be passed on from founder
cells to all clonal descendants, should be retained over time, and should not be transferable
to unrelated or neighbouring cells. The major benefit of this approach is that it does not
require prior definition of cellular markers of interest, allowing researchers to simultane-
ously evaluate various subpopulations without phenotypic bias. It was successfully used to
monitor heterogeneity during the growth of CRC xenografts following transplantation in
immunocompromised mice [15].

Previous genetic barcoding studies have revealed the enormous scope of intra-tumour
heterogeneity, with reports of up to 1700 clones with distinct phenotypes and growth
rates within a single tumour [16]. However, assessments of clonal contributions using
this approach rely entirely upon the quantification of sequence reads, and the fidelity
between barcode abundance and the resulting read counts has recently been questioned [17].
Furthermore, all sequencing methods face certain drawbacks, including errors associated
with the amplification of small starting materials, challenging rates of false hits and a
requirement for complex bioinformatics analysis. Most importantly, genomic data alone is
unable to report on the functional importance of the cells interrogated, as endpoint assays
preclude the continued monitoring of cells in culture. This caveat is particularly important
when studying cellular interactions at the subpopulation level, as it limits the ability of
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researchers to determine whether the features which support the outgrowth of dominant
clones are pre-existing or acquired de novo in response to selective pressures. For this
reason, methods allowing for the longitudinal examination of clonal interactions in live
tumour cell populations are desirable.

As compared with genetic barcoding, fluorescent barcoding approaches use multi-
ple fluorescent proteins (FPs) to generate stable fluorescent signatures in recipient cells
which can be visualized in real-time. Perhaps the most renowned example is the in vivo
mapping of neuronal networks using transgenic Cre/lox Brainbow mice, in which site-
specific recombination results in the stochastic expression of two, three or four fluorescent
proteins [18,19]. Brainbow has been adapted for use in other model organisms, including
drosophila melanogaster [20,21] and zebrafish [22,23], and it is possible to use the very
similar Clonal Labelling of Neural Progenies (CLoNe) tool in all vertebrate species [24].
Moreover, to enable investigation into non-neural systems, the Brainbow 2.1 cassette was
modulated to produce the R26R-Confetti construct, which has been used for in vivo lineage
tracing in various cell types, including glomerular [25], corneal [26] and Lgr5+ intestinal
stem cells [27]. However, as the probes used in each of these methods exist on a continuum
of fluorescence intensities, it is difficult to reproducibly purify these subpopulations using
FACS, and thus, such approaches are primarily qualitative in nature and preclude the
downstream analysis of any subpopulations of interest. There is, therefore, an unmet need
for novel techniques that allow for both the in situ monitoring of individually tagged
subpopulations as well as their isolation from complex polyclonal mixtures.

A novel approach to study heterogeneity is through optical barcoding (OBC), achieved
by the simultaneous introduction of multiple reporter constructs per cell that each encode
a different fluorescent protein (FP). The combinatorial expression of these FPs allows for
multiple cell lineages to be traced based on their unique fluorescent signatures. Given the
stable integration of these constructs into the genome of the target cell, these fluorescent
signatures are passed on from the founder cell to all its clonal descendants, thus enabling
the longitudinal monitoring of discrete subpopulations (hereby referred to as a “cluster”)
over time. Importantly, as the number of FPs employed for barcoding is user-defined, and
the throughput of this technique can be upscaled depending on the application of interest.

Early iterations of the OBC technique were based upon the additive red-green-blue
(RGB) additive colour principle, in which the combinatorial expression of red, green and
blue fluorescent proteins (mCherry, Venus and Cerulean, respectively) in heterogeneous
cell populations can theoretically produce cellular clones with fluorescence signatures
corresponding to all hues of the visible colour spectrum [28]. RGB marking has been
implemented to monitor the clonality of liver regeneration following transplantation of
RGB-barcoded primary hepatocytes [29], as well as to study the heterogeneous sensitivity
of CRC cells to stress signals [30]. However, like the aforementioned techniques, these
studies define individual subpopulations based on the fluorescent intensities of each vector
and therefore make FACS-based quantitation difficult.

Recently, the OBC technique has been expanded from three to six fluorescent vec-
tors [31], greatly expanding the number of subpopulations that can be unambiguously
identified and traced within a single experiment. The major benefit of upscaling the num-
ber of fluorescent constructs used within an OBC panel is that the subpopulations can
be defined in a binary manner (i.e., “blue” or “not blue”), thus circumventing the issues
created by fluctuating fluorescent intensities.

Using this binary approach, recent studies have been able to trace clonal heterogeneity
in breast cancer [32] and malignant glioma [31]. However, until now, optical barcoding has
been limited to the quantitation of up to 41 subpopulations, using flow cytometry (FC) only.
Imaging was used on smaller numbers of subclones (up to 31), limiting the spatial analysis of
large sub-clonal interactions. In this study, we report a novel panel of FPs that allows for all
theoretical subpopulations to be unambiguously discriminated by flow cytometry, thereby
enhancing the resolution of the OBC technique. This panel is used in patient-derived colorectal
cancer (CRC) cells grown in 2D as well as organoids grown in 3D. We also demonstrate for
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the first time that this optimized FP panel can expand the OBC approach to allow for live-cell
imaging studies, thus permitting real-time monitoring of cellular responses in situ. Finally,
by combining these approaches, we demonstrate that OBC can be used to trace and quantify
dynamic clonal interactions in 3D patient-derived CRC organoids.

2. Results
2.1. Validation of OBC Conditions in Patient-Derived CRC Cells

OBC is achieved via the simultaneous transduction of wild-type cells with several fluo-
rescent constructs, thus generating a multi-coloured cell pool. As fluorescent signatures are
passed on from the parental cells to all their clonal descendants, individual cellular subpop-
ulations are identifiable based on their distinct fluorescent signature (Figure 1A,B). In our
study, the OBC panel is composed of six different FPs (EBFP, blue; tSapphire, green; Cerulean,
cyan; Venus, yellow; mOrange, orange; dKatushka, red) with unique excitation and emission
spectra (Figure 1C). Thus, using a binomial coefficient, the concurrent expression of up to
six of these colours should theoretically generate 64 clusters discriminable by their unique
fluorescent signatures (Figure 1D). The proportion of each cluster is defined by the transduc-
tion efficiency for each of the six colours. At a transduction efficiency of 50% per colour, 64
subpopulations of equal size (each representing 1.56% of the total) should be generated. We
observed that actual values deviate from this prediction, depending on the actual TE values
obtained experimentally. In this study, the submaximal transduction efficiency of 40-70%
was accepted, as this facilitates optimal colour diversity. Lower percentages result in a large
proportion of indistinguishable, non-barcoded cells, whilst higher percentages increase the
proportion of five and six vector positive cells, decreasing cluster diversity.

It is well established that various cellular events such as cell division can modulate FP
intensity in vitro. Although fluctuations in fluorescence can be exploited for quantitative
imaging of both RNA biogenesis and protein-protein interactions [33], this property would
be a hindrance in the context of lineage tracing as it may cause cells to “shift” from one
lineage assignment to another based on their functional state. Thus, rather than enumerate
fluorescent intensity for each probe, the OBC method quantifies the expression of each
of the six FPs is annotated in a binary manner (i.e., “blue” or “not blue”) which, when
combined, generates a fluorescent barcode that is less sensitive to transient changes in
fluorescent signal. This feature ensures that clusters can be unambiguously identified
and purified via FC, facilitating the cross-comparison of specific clusters throughout the
course of a single experiment as well as across independent experiments. When expression
levels are scored in this manner, fluorescent signatures can be described using a barcode
nomenclature where solid and empty bars denote positivity and negativity for each FP,
respectively (Figure 1E).

2.2. OBC Does Not Alter Biological Properties of Wildtype Cells

Although lentiviral transduction is a common tool employed in biomedical research,
there is a small possibility that the introduced constructs may lead to insertional mutage-
nesis, resulting in genetic dysregulation at the site of viral integration. Such insertional
mutagenesis can influence the composition of polyclonal populations, promoting the out-
growth of certain clones whilst suppressing others [34,35]. Although the LeGO vectors
employed in this study are rendered self-inactivating (SIN) via a deletion in the 3’ LTR,
which is known to lower the likelihood of insertional mutagenesis events, multiplexing six
simultaneous transductions may conceivably result in off-target effects. Thus, to validate
that the optically barcoded cells are representative of the parental cell lines from which they
were derived, we tested the impact of optical barcoding on the proliferation, self-renewal
properties and drug sensitivity of labelled CRC cell lines.

Three patient-derived CRC cell lines [36,37] were optically barcoded and their bio-
logical properties compared with that of their parental cell lines. The CPP14 and CPP35
lines were derived in our laboratory from treatment-naive primary CRCs, whereas the
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CPP19 was generated from the liver metastasis of a patient treated with neo-adjuvant
chemotherapy.
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Figure 1. Optical barcoding as a tool to monitor intra-tumoural heterogeneity. (A) Optical barcoding
is facilitated by the simultaneous transduction of heterogeneous cell populations with six different
FPs, generating a multicolour pool of cells with unique fluorescent signatures. (B) Representative
image of an optically barcoded cell line. (C) The six FPs employed in the optical barcoding panel are
EBFP (B, blue), tSapphire (S, green), Cerulean (C, cyan), Venus (V, yellow), mOrange (O, Orange) and
dKatushka (K, red). Curves show emission spectra only. (D) Using a binomial coefficient, 64 distinct
barcodes will be generated when cells are transduced with 6 constructs and allowed to express 0
to 6 colours simultaneously (1 six-colour combination, 6 five-colour combinations, 15 four-colour
combinations, etc.). (E) Expression levels for each FP are scored in a binary manner, generating a
‘barcode’ nomenclature that summarizes the fluorescent signature of each cluster. Solid bars denote
FP-positivity, whereas blank bars indicate FP-negativity.

Proliferation assays conducted over a 96 h period confirmed that there was no sig-
nificant difference in growth kinetics nor doubling time between the parental (WT) and
optically barcoded (L6) cells (Figure 2A; Table S1). Similarly, as a defining property of
stem-like cancer cells is an increased capacity for self-renewal, we used Extreme Limiting
Dilution Analysis (ELDA) [38] to infer the stem cell frequency (SCF) of the wild-type cell
lines and their optically barcoded variants. This sphere-forming assay is designed for the
enrichment of tumour-initiating cells and follows a single-hit hypothesis which postu-
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lates that only single cells endowed with self-renewal capacity should be able to generate
spheres. In all three cell lines, there was no significant difference in SCF observed between
WT and L6 pairings (Figure 2B). Lastly, to evaluate whether the OBC approach modulates
therapeutic response, we compared the dose-response profiles of our overall WT and L6 cell
populations after exposure to two targeted inhibitors of the MAPK pathway, cobimetinib
and selumetinib. As the 95% confidence intervals for LogIC50 values were overlapping for
all WT /L6 pairings, with LogIC50 fold changes ranging between 0.94 and 1.34, indicating
that OBC did not significantly modify sensitivity to these compounds (Figure 2C; Table S2).
Opverall, these results indicated that the transduction of CRC cell lines with LeGO vectors
didn’t affect their proliferation, self-renewal capacity and sensitivity to targeted inhibitors.
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Figure 2. Optical barcoding does not perturb the biological properties of wild-type cells. Three
patient-derived cell lines (CPP14, blue; CPP19, green; and CPP35, red) were optically barcoded
(denoted by “L6” variants). (A) Proliferation was assessed via a resazurin metabolic assay performed
at 24 h intervals for a period of 96 h (1 = 4 independent experiments, mean 4 SD). Doubling time
(hours) £ 95% CI for the WT and L6 pairs were calculated by fitting an exponential growth equation
(ns = non-significant, see Table S1). (B) ELDA performed to determine the SCF of the WT vs L6 cell
pairs (n = 4 independent experiments, mean + SD). The presence or absence of colonospheres was
assessed 10 days after seeding at densities of 1000, 1000, 10 or 1 cells per well and is reported as the
mean SCF =+ SD (P = ns, Student’s t-test). (C) WT and L6 cells were treated with escalating doses of
the MEK inhibitors cobimetinib and Selumetinib for 72 h, at which point cell viability was assessed
via resazurin assay. Data is normalized to the vehicle control for each compound and reported as
mean % viability = SD (1 > 4). LogIC50 & 95% CI values were calculated by interpolating sigmoidal
dose-response curves (see Table 52). WT, wild-type; ELDA, Extreme limiting dilution analysis; SCF,
stem cell frequency.
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2.3. A Novel FP Panel Allows for Enhanced OBC Resolution and Precise Barcode Quantification
Using Flow Cytometry

Next, we confirmed that our OBC panel performed robustly when analyzed by flow
cytometry. Compensation matrices derived from this new panel demonstrates that all
possible combinations of the six LeGO FPs can be clearly separated using FC (Figure 3A),
including spectrally adjacent FPs (such as tSapphire/Cerulean). We next confirmed that
the spectral barcodes assigned to different cell subpopulations were stable over time.
Subpopulations with specific barcodes were sorted via FC, serially passaged in culture, and
their fluorescence profiles were analyzed after every second passage. Over the course of
one month and eight passages, no changes were observed in the barcode profiles of the
barcoded population (Figure 3B).

We next asked whether a novel gating strategy that would allow for the purification
of all 64 theoretical barcoded subpopulations could be designed. This would signifi-
cantly increase the resolution of the OBC technique, which was previously restricted to
the analysis of only 41 subpopulations. To this end, a hierarchical gating strategy was
established (Figure 3C); here, the cells of interest are sequentially passed through a combi-
nation of univariate (i.e., Cerulean+ vs Cerulean-) and bivariate (i.e., EBFP+/mOrange-,
EBFP+/mOrange+, EBFP-/mOrange+, EBFP-/mOrange-) gates encompassing each of
the 6 FPs utilized in the OBC panel. As the near-infrared (near-IR) region of the visible
spectrum is unoccupied, assessments of cell viability and/or other antibody applications
can be performed upstream of this 6-colour deconvolution.

To test the fidelity of this gating strategy, heterogeneous mixtures of cells were puri-
fied into 64 uni-barcoded populations. Reanalysis of the sorted cells confirmed that the
sorted populations maintained the expected fluorescence profile with no spectral leakage
(Figure 3D), validating the precision of the gating and compensation settings.

2.4. Spectral Imaging with Linear Unmixing Allows for Real-Time Tracing of Optically Barcoded
Subpopulations

Although flow cytometry analysis is a powerful tool for the enumeration and purifi-
cation of optically barcoded cells, it does mandate that the cells of interest be detached
from cultureware or excised from recipient mice prior to analysis. As the in situ analysis
of barcoded subpopulations would allow for additional morphological and spatial infor-
mation to be acquired, we next asked whether live-cell imaging could be used for barcode
quantification.
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Figure 3. An optimized OBC panel allows for robust cluster separation via flow cytometry. (A)
Bivariate compensation matrix demonstrates that all combinations of the six OBC constructs can
be clearly distinguished using flow cytometry. (B) Barcoded subpopulations were isolated from
the CPP35-L6 cell line and maintained in culture. Fluorescence signatures were analyzed by flow
cytometry at each passage. Representative plots demonstrate the fluorescence stability of a single
barcoded subpopulation for a duration of 8 passages (~4 weeks in culture). (C) A hierarchical
gating strategy that combines sequential uni- and bivariate gates allow for each of the 64 barcoded
subpopulations to be isolated via flow cytometry. Viability markers or antibodies are compatible with
this strategy, provided they are conjugated to near-IR FPs. (D) Representative plots demonstrating
that single barcoded populations can be purified from heterogeneous mixtures. Reanalysis of the
sorted population confirms the accuracy of the gating strategy. IR, infra-red.

264



Cancers 2022, 14, 581

To image optical barcodes in live cells, cells expressing known fluorescence barcodes
were purified by FACS and subsequently imaged using spectral imaging with linear un-
mixing (SILU) protocol (Figure 4A; see Methods for further details). Irrespective of the
number of FPs present in the barcoded population (zero through six out of six), the fluores-
cence profiles obtained by SILU analysis were consistent with the ground-truth profiles
obtained by flow cytometry (Figure 4B). Additionally, proof-of-concept staining with an
AlexaFluor 647-conjugated antibody against E-cadherin revealed that the far-red region of
the visible spectrum was compatible with spectral deconvolution using SILU (Figure 4C).
Like the near-IR marker used for FC analysis, the addition of this 7th far-red probe allows
for additional antibody-based studies to be multiplexed with the OBC panel, with the
added benefit of being able to determine the cellular localization of the target of interest.

2.5. Applying OBC to Monitor Clonal Outgrowth in Heterogenous Tumour Cell Populations

Phylogenetic lineage-tracing studies have demonstrated that, over time, tumour cell
populations may evolve in a manner that either supports the concomitant growth of mul-
tiple minor clones or promotes the emergence of a single, dominant clone [39]. Thus,
having validated the technical aspects of the OBC system, we sought to determine whether
OBC could be used to monitor differential growth kinetics at the subpopulation level.
Preliminary analyses using conventional adherent CRC cell lines revealed limited shift in
clonal composition over time (Figure S1), consistent with previous reports that the clonal
diversity of cell lines grown as 2D culture models declines with increased passaging [40].
Subsequently, we elected to profile cluster dynamics in primary CRC cells grown as 3D
structures termed patient-derived organoids (PDOs). By embedding patient-derived cells
in a Matrigel matrix supplemented with physiologically relevant growth factors, PDOs
adopt a 3D morphology that faithfully recapitulates the architecture of the parental tis-
sue. The provision of ECM components like collagen and laminin not only supports 3D
growth of these organoids but additionally mimics the physiological barriers which in-
fluence compound delivery and immune cell infiltration in in vivo lesions. Molecular
and functional studies of large organoid biobanks have confirmed that organoids retain
patient-specific mutation profiles and mimic clinical responses to a variety of anti-cancer
compounds [41,42].

We utilized a panel of PDOs obtained from the liver metastases of three Stage IV CRC
patients, recently developed and characterized in our group [43], including one treatment-
naive sample, P275_LT, and two neoadjuvant FOLFOX-treated samples, yP315_LT and
yP295_LT. Each PDO was optically barcoded (P275_LT-L6, yP315_LT-L6 and yP295_LT-L6;
Figure 5A) and subjected to serial flow cytometric analysis to enumerate cluster distribution
after every second passage (approximately 2-3 week intervals, depending on the growth
rate of each PDO).

265



Cancers 2022, 14, 581

A
Lambda scan Linearly unmixed
(A axis) spectral image

B

FC Sorted tSapphire Cerulean mOrange dKatushka

Population:
c E-Cadherin (Alexa647) Optical Barcodes Merge

B

Figure 4. Spectral imaging with linear unmixing allows for real-time identification of optically
barcoded subpopulations. (A) Schematic of the SILU analysis pipeline used to image optical barcodes
in live cells. (B) Subpopulations with barcodes indicated at left were sorted, and their fluorescence
signatures were corroborated via SILU. (C) CPP35-L6 cells were stained for E-cadherin to demonstrate
the compatibility of far-red fluorochromes with the OBC panel, enabling seven-colour applications.

In merged panel, OBC channels have been converted to greyscale. SILU, spectral imaging with linear
unmixing.
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Figure 5. Optical barcoding of patient-derived organoids allows for the real-time estimation of
subpopulation growth kinetics. (A) Representative brightfield (left) and fluorescence (right) images
of optically barcoded CRC PDOs. (B-D) Bar-charts illustrating cluster frequencies following serial
flow cytometric analysis of three optically barcoded PDO lines derived from primary colorectal liver
metastasis samples. (B) yP295_LT-L6 (C) yP315_LT-L6 and (D) P275_LT-Lé6. Each of the 64 colours
represents a single optically barcoded subpopulation, analyzed at baseline (P#0) and after 2 (P# +2)
and 4 (P# +4) passages (~4 weeks total duration).

The BSVK+ population (orange) was the most dominant subpopulation in the yP295_LT-
L6 sample (Figure 5B), steadily expanding from 35.6% of the total population to at P#0 to
56.8% by P#+4. Similarly, the SC+ population (salmon) steadily increased throughout the
analysis period, expanding ~3.5-fold from 3.6% at P#0 to 12.5% by P#+4. Collectively, these
results suggest that serial passaging of the yP295_LT-L6 line leads to profound contraction
of most subpopulations in favour of the steady outgrowth of the major clusters.

For yP315_LT-L6 (Figure 5C), whilst the BSVK+ cluster (orange) was dominant at
P#0 (12.2% of total cells), it had contracted to 3.8% by P#+4. Of note, this contraction
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was accompanied by the outgrowth of the other major subpopulation in this line, BSCO
(purple), from 15.3% at P#0 to 33.7% at P#+4, suggestive of clonal competition between
these 2 subpopulations.

Conversely, P275_LT-L6 (Figure 5D) demonstrated a comparative lack of inter-clonal
competition. Few dominant clusters were observed, with the largest subpopulation at any
time point, V+ (seafoam green), comprising only 11.2% of the total cell population at P#0
(later contracting to = 4.2% by P# +4). Moreover, only 3 subpopulations (V+, seafoam green;
BSVOK, grey; and the all-negative, teal) had populations above 5% of the total cell number
at 2 out of 3 timepoints.

Collectively, these results demonstrate that the OBC technique can be used to monitor
the growth kinetics of individual cellular lineages as well as the complex interplay between
these subpopulations in real-time.

3. Discussion

The isolation and cloning of green fluorescent protein (GFP) from Aequorea victoria
revolutionized biomedical research, and since then, the repertoire of FPs with unique
absorption and emission spectra has greatly expanded [44]. Multiplexing of these FPs has
spawned several colour-based fluorescent barcoding technologies, such as OBC, which
allow for cellular lineage tracing in real-time. Here, individual cells and all their clonal
descendants within the barcoded population express a unique fluorescent signature, facili-
tating the spatio-temporal monitoring of unique subpopulations and assessment of their
divergent behaviours. A major benefit of the OBC approach is the unbiased nature of
cluster labelling, which does not require prior knowledge of specific markers of interest.
Additionally, as compared with other endpoint analyses such as genetic barcoding, the abil-
ity to monitor fluorescent barcodes in real-time allows for longitudinal, live-cell analyses to
be conducted, as well as enabling the prospective identification and isolation of different
clusters of interest for subsequent studies.

In this study, we present a novel panel of FPs which, using a purpose-built multi-
plexed FC gating strategy as well as a novel SILU image analysis pipeline, enabled the
unambiguous identification and purification of all 64 possible OBC subpopulations. This
greatly improves the resolution of OBC as first proposed by Mohme and colleagues [31],
where only 41 subpopulations were discriminable via FC, and simultaneously allows for the
spatial distribution of the various subpopulations to be visualized. Indeed, amenability to
FC analysis is a significant bottleneck that frequently reduces the throughput of fluorescent
reporter technologies. For example, a novel transgenic mouse model has recently been
introduced whereby stochastic recombination of a Cre-reporter construct can generate
cells with over 100 unique multicolour signatures [45]. Although this, in theory, greatly
extends the colour repertoire reported in previous techniques such as the Brainbow [18]
and Confetti [46] mice, due to technical limitations associated with FC analysis, the quan-
tification was restricted to a maximum of 15 colours per animal. Similarly, Maetzig and
colleagues [47] recently described a method of multiplexed fluorescent barcoding that
can generate up to 26 different colours; however, only 12 of these were traced in vivo.
Although the SILU-based analyzes may need to be revised for ex vivo or intravital colour
deconvolution, the FC pipeline presented herein is suitable for the analysis of optically
barcoded cells cultured in vitro as well as dissociated primary tumour material recovered
from animal models. Thus, it is expected that the novel OBC panel presented in this work
may facilitate higher-throughput lineage tracing studies both in vitro and in vivo.

Optically barcoding a panel of PDOs derived from colorectal liver metastases allowed
for distinct subpopulation interaction dynamics to be observed. For two of the three
PDOs profiled, yP295_LT-L6 and yP315_LT-L6, serial passaging led to the emergence of
a small number of dominant subpopulations. This is consistent with previous studies
investigating the clonal composition of metastases. Studies using genetic barcoding in PDX
models of triple-negative breast cancer (TNBC) demonstrated that a small proportion of
subclones present in the primary tumour were the major contributors of metastases [48,49].
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Interestingly, these results were not mimicked in the 2D setting, where limited dynamic
clonal interactions were observed.

The OBC technique presented herein could also extend beyond monitoring growth
kinetics at steady state. For example, as the presence of drug-resistant cells is known to
undermine treatment efficacy [50-52], future studies could determine whether the OBC
technique could be implemented to identify, monitor, and characterize drug-resistant
subpopulations with temporal and spatial resolution. In this respect, it is noteworthy
that P275_LT-L6, the only chemo-naive sample included in this study, showed a relatively
stable clonal distribution pattern, whereas yP295_LT-L6 and yP315_LT-L6, which were
both previously exposed to neoadjuvant chemotherapy, demonstrated profound clonal
expansion and contraction upon serial passaging.

4. Methods
4.1. Cell Lines and Tissue Culture

The CPP14, CPP19 and CPP35 patient-derived colorectal cancer cells (CPPs) were
prepared from fresh colorectal cancer biopsies under Human ethics agreement #2011-
A01141-100 40 (Nimes University Hospital, France), as described in [36,37]. Cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza, #12-614F) supple-
mented with 10% fetal bovine serum (FBS) (Bovogen Biologicals), Glutamax (2 mM; Life
Technologies, #35050-061) and penicillin-streptomycin (10.00 U/mL; Life Technologies,
#15140-122) at 37 °C in a humidified atmosphere with 5% CO,.

4.2. Patient-Derived Organoid Culture

Colorectal liver metastases were collected from patients undergoing treatment at Peter
MacCallum Cancer Centre and St Vincent’s Hospital, Melbourne, Australia. This study
was approved by the Peter MacCallum Cancer Centre Human Research Ethics Committee
(HREC/15/PMCC/112, project #15/169), and written consent was obtained from each
patient according to National Health and Medical Research Council guidelines.

Tumour samples of approximately 0.25-1 cm® were collected directly from the operat-
ing theatre and used for the establishment of PDOs, which were maintained in Advanced
DMEM/F12 (#2634010, Thermo Fisher Scientific) supplemented with Glutamax (2 mM;
Life Technologies, #35050-061), penicillin-streptomycin (10.00 U/mL; Life Technologies,
#15140-122), recombinant human EGF (50 ng/mL, Miltenti Biotec, #130-097-749), Leu [15]
human Gastrin I (1 ug/mL, Merck, # G9145), N-acetyl cysteine (1 mM, Merck, #A9165),
B27 (2X; Life Technologies, #17504044), A83-01 (ALK inhibitor; 500 nM, Merck, #SML0788),
SB202190 (p38/MAPK inhibitor; 10 nM, Miltenyi Biotec, #130-106-275) and YP-27632
(ROCK inhibitor; 10 uM, Abcam, #120129) and at 37 °C in a humidified atmosphere with
5% CO;.

Organoids were cultivated in 24-well plates and typically passaged every 5-7 days
at a split ratio of 1:2-1:4. Media was aspirated, and each well was washed with ice-cold
PBS. Growth-factor reduced Matrigel matrix (Corning, #356231) was detached from the
cultureware by scratching with the tip of a p1000 pipette and contents of each well were
transferred to a falcon tube containing 10 mL of ice-cold PBS. Following centrifugation
at 1200 rpm for 5 min, pelleted organoids were dissociated by mechanical trituration
such that large aggregates were broken into small (<100 um) fragments. Fragments were
resuspended in the appropriate amount of Matrigel (as determined by split ratio) and
plated by adding 40 uL of cell suspension per well. When single-cell suspensions were
required for flow, pelleted organoids were resuspended in 1 mL of pre-warmed TrypLE
Express and incubated for up to 1 h at 37 °C in a temperature-controlled orbital shaker. To
correct for variation in protein concentration between Matrigel batches, all Matrigel was
pre-diluted to a concentration of 8.7 mg/mL in ice-cold basal DMEM/-F12. Matrigel domes
were incubated at 37 °C and allowed to solidify for 30-60 min. Following incubation, 500
uL of complete organoid media was added to each well.
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4.3. Production of Viruses Used for Optical Barcoding

To generate viral particles for optical barcoding, HEK-293T packaging cells were
transiently transfected using CaCl,. Packaging cells were seeded in complete DMEM
in 10 cm dishes at 80% confluency and incubated overnight. Four hours prior to trans-
fection, complete media was refreshed. A transfection cocktail composed of packaging
vectors (pMDLg/pRRE [10 mg; Addgene #12251], pRSV-Rev [5 mg; Addgene #12253]
and pMD2.G/VSVg [2 mg; Addgene #12259]) and target DNA (10 mg per LeGO vector;
Table 1) was combined with CaCl, (2 M). Whilst air was bubbled through the solution,
the DNA-CaCl, mix was then added to an equal volume of 2 xHEPES buffered saline
(HEPES 0.05 M, NaCl 0.28 M, Na,HPO, 1.5 mM [pH 7]). The solution was allowed to
incubate for 20 min at RT, mixed well, then added gently to packaging cells and incubated
overnight at 37 °C and 5% CO,. The following day, DMEM media was refreshed, and for
the next 48 h, lentivirus-containing supernatants were harvested once daily. The harvested
media was passed through a 0.4 mm filter to exclude cells and cellular debris. Viral titers
were determined via titration of the 6 supernatants (one per vector) on each target cell line,
analyzed 5 days later by flow cytometry on a FACSAria Fusion (Becton Dickinson) with a
custom optical configuration (described in Section 2.5).

Table 1. Constructs used for optical barcoding.

Fluorescent . Plasmid ID e s -

Protein Plasmid Name (Addgene #) Excitation (nm) Emission (nm)

EBFP LeGO-EBFP2 85213 360—400 410480

tSapphire LeGO-52 85211 360400 500-550

Cerulean LeGO-Cer2 27338 410430 460-500

Venus LeGO-V2 27340 490-510 500-550

mOrange LeGO- 85211 520-550 560-630

mOrange?2
LeGO-
dKatushka dKatushka2 85214 600-630 640-680

4.4. Optical Barcoding of Primary Cell Lines and Organoids

Six third-generation HIV-1-derived self-inactivating lentiviral gene ontology (LeGO)
vectors (Table 1) were used for stable transduction of target cells as described previously [51].
Briefly, target cell lines (CPP14, CPP19, CPP35) were plated in 1 mL complete DMEM in
a 24-well plate at a density of 50,000 cells per well. The following day, various amounts
(as determined by the viral titres) of all 6 LeGO viruses were combined with 1 mg/mL
polybrene, and the resulting mixture was added dropwise to the target cells. After overnight
incubation at 37 °C and 5% CO,, complete DMEM media was refreshed. To optically
barcode patient-derived organoids, the above procedure was performed; however, ULA
plates were used to prevent cell adherence, and, the morning after transduction, organoids
were harvested and replated in Matrigel domes (as described in Section 4.2). For both
cell lines and organoids, the transduction efficiencies for each fluorescent protein were
analyzed 2 passages later by flow cytometry on a FACSAria Fusion (Becton Dickinson)
with raw cytometry data processed using Flow]o software (v 10.4, Tree Star Incorporated).
Samples were accepted for further experimentation if the 6 fluorescent proteins were each
expressed by a submaximal proportion of the barcoded cells (40-70%).

4.5. Resazurin Reduction Assay

Resazurin sodium salt working solution (Sigma-Aldrich, #R7017-1G) was prepared by
resuspension in PBS (pH 7.4) to a final concentration of 0.15 mg/mL. Working solutions
were filter sterilized and stored at 4 °C in light-protected tubes. Adherent cells were
harvested using trypsin and resuspended at a concentration of 50,000 cells/mL. Cells
were seeded into clear 96-well plates at a density of 5000 cells per well (100 uL of cell
suspension) and allowed to adhere for 24 h. For proliferation assays, 20 pL of resazurin
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working solution was added to a set of quintuplicate wells every 24 h for a duration of
96 h. After incubation at 37 °C for 2 h, the resazurin reduction outcome measure was
obtained by subtracting background readings from the absorbance measurement at 560
nM using the EnSpire multimode plate reader (Perkin Elmer, #6055400). For cytotoxicity
assays, cells were treated, in triplicate, with the MEK inhibitors cobimetinib (Selleckchem,
#58041) or selumetinib (Selleckchem, #51008) at various concentrations. After 72 h, 20 uL of
resazurin working solution was added to each well and allowed to incubate at 37 °C for 2h
prior to absorbance measurement. Concentration-response curves were generated using
non-linear regression analysis to determine drug potency (logICs). Pooled graphs were
generated from the means of data, normalized to the vehicle controls, from each individual
experiment.

4.6. Extreme Limiting Dilution Analysis (ELDA)

ELDA was used to evaluate the self-renewal capacity of individual tumour cell lines
as described previously. Briefly, adherent cells were harvested using Accumax Cell Dissoci-
ating Solution (Innovative Cell Technologies) for 15 min at 37 °C and mechanically pipetted
until a single-cell suspension was obtained. Cells were plated in 96-well ultra-low attach-
ment (ULA) plates (Corning Life Sciences, #CL53474) in 100 uL Advanced DMEM/F-12
(Gibco, #12634010) supplemented with Glutamax (2 mM, Life Technologies, #35050-061)
D-glucose (10% (v/v); Sigma-Aldrich, #G7021), N-2 Supplement (1% (v/v); Thermo Fisher
Scientific, #17502048), human recombinant insulin (0.2% (v/v); Sigma-Aldrich, #10908),
human recombinant EGF (0.02% (v/v); Miltenyi Biotec, #130-097-749) and human recombi-
nant FGF (0.01% (v/v); Miltenyi Biotec, #130-093-841) at cell densities of 1000, 100, 10 and 1
cell(s) per well, reflecting the dynamic range of the sphere-forming frequency of adherent
cell lines. Twelve replicates for each dilution were obtained for each of the four treatment
groups. 50 uL Media was replenished after 7 days in culture to prevent wells from drying
out.

After 11 days in culture, sphere formation was evaluated by scoring each well for the
presence (+) or absence (—) of a sphere(s) in a binary manner. The fraction of responding
cells obtained at each density was then analyzed using the ELDA Webtool made available by
the Bioinformatics Division of the Walter and Eliza Hall Institute of Medical Research (http:
/ /bioinf.wehi.edu.au/software/elda/, accessed on 18 January 2022) to derive the stem
cell frequency (SCF) with corresponding 95% confidence intervals (Cls) for all treatments
groups tested. For individual experiments, pairwise differences in SCFs across treatment
groups were assessed using a x? test. For collated data, statistical analysis was performed
using one-way, unpaired ANOVA followed by the Bonferroni correction for multiple
comparisons.

4.7. Flow Cytometry

For analysis of optically barcoded cells, a custom optical configuration was designed
(Table 2). To ensure accurate spectral deconvolution of optically barcoded cells, single-
colour positive control cells were used for instrument compensation for each independent
experiment. When viability staining was required, cells were incubated with LIVE/DEAD™
Fixable Near-IR Dead Cell Stain (Thermo Fisher Scientific, #1.34975) for 20 min on ice,
protected from light.

Table 2. Optical configuration of BD FACSAria Fusion used for flow cytometric analysis 1.

Fluorochrome Laser Line Long-Pass Filter ~Band-Pass Filter Detector
EBFP 405 nm N/A 430/25 C
tSapphire 405 nm 505 510/21 A
Cerulean 405 nm 450 485/22 B
Venus 488 nm 525 543/23 A
mOrange 561 nm 570 582/15 B
dKatushka 561 nm 750 780/60 A
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For all flow cytometry analysis and cell sorting, single-cell suspensions were re-
suspended in FACS Buffer (2% FBS, 0.2% EDTA in PBS) and passed through a 35 pm
nylon mesh cell strainer to exclude large aggregates. All cytometry was performed on a
FACSAria™ Fusion cytometer (Becton Dickinson). Raw cytometry data were analyzed
using Flow]o software (Tree Star Incorporated, v 10.4)

4.8. Spectral Imaging with Linear Unmixing

Imaging of optically barcoded cells was performed using the Olympus FluoView™
FV3000 (Tokyo, Japan) confocal microscope using a 20 air objective (numerical aperture
of 1.2). To generate reference spectra for each FP, the confocal lambda-scanning mode
(xyA) was used to acquire emitted light in 10 nm bandwidths (2 nm step size) of the
visible spectrum from CPP35 cells transduced with a single fluorescent construct. These
spectral traces were recorded using the 3 laser excitations wavelengths, which correspond
to those used for flow cytometric analyzes (405 nm, 488 nm and 561 nm) to harmonize the 2
techniques. Spectral deconvolution and image processing was performed using the normal
unmixing function with background correction.

4.9. Statistical Analyses

All statistical analyses were performed using GraphPad Prism software (GraphPad,
v8.2.1). Data are expressed as mean =+ standard deviation (SD), pooled from a minimum of
3 independent experiments. The minimum threshold for rejecting the null hypothesis was
p < 0.05. For results where statistics are shown, Student’s t-test was used (unless otherwise
indicated) and significance is denoted as: * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

5. Conclusions

Collectively, this study demonstrates that the user-friendly and high-throughput
technique of OBC can be used as a tool for monitoring intra-tumoural heterogeneity in 2D
and 3D cell culture models. We extend previous works by combining both FC and live-cell
SILU-based analyses, allowing for quantitative readouts of subpopulation distributions to
be complemented with spatial and temporal resolution. We envision that this optimized
OBC panel will be useful not only in studying intra-tumoural heterogeneity but for lineage
tracing experiments in other biological contexts.
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barcoded cell lines.
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Simple Summary: The aim of this systematic review is to provide an overview of the state of the art
on in vitro models for ovarian cancer studies, with focus on patient derived studies, which provides
a personalised approach to treatment of patients with ovarian cancer.

Abstract: There is an unmet biomedical need for ex vivo tumour models that would predict drug
responses and in turn help determine treatment regimens and potentially predict resistance before
clinical studies. Research has shown that three dimensional models of ovarian cancer (OvCa) are more
realistic than two dimensional in vitro systems as they are able to capture patient in vivo conditions
in more accurate manner. The vast majority of studies aiming to recapitulate the ovarian tumour
morphology, behaviors, and study chemotherapy responses have been using ovarian cancer cell
lines. However, despite the advantages of utilising cancer cell lines to set up a platform, they are
not as informative as systems applying patient derived cells, as cell lines are not able to recapitulate
differences between each individual patient characteristics. In this review we discussed the most
recent advances in the creation of 3D ovarian cancer models that have used patient derived material,
the challenges to overcome and future applications.

Keywords: scaffolds; 3D; three-dimensional; model; ovarian; cancer; patient-derived; personalised

1. Introduction

Worldwide there were nearly 300,000 cases of OvCa diagnosed in 2018 with the 5-year
survival between 30-50% despite the advances in diagnostics and treatment. In the UK
alone, there were 7300 new cases reported in 2017 with 4200 deaths in 2018, and the
numbers continue to steadily increase [1]. The most common type of ovarian malignancy is
epithelial ovarian cancer (EOC) most of which is represented by the serous subtype [2].

The current standard for treatment of EOC is cytoreductive surgery combined with
platinum-based chemotherapy [3]. In patients diagnosed with EOC where upfront surgery
is medically contraindicated (e.g., comorbidities or poor performance status), or where
complete cytoreduction cannot be achieved, neoadjuvant chemotherapy prior to interval
debulking surgery, and adjuvant chemotherapy is an alternative therapeutic option [4].
However approximately 80% of patients will relapse following first-line chemotherapy [3].
Moreover, despite treatment, most patients appear to develop a recurrent disease which is
platinum resistant, partially due to the complex and heterogeneous tumour microenviron-
ment. Many chemotherapy agents then fail to have sustained efficacy in clinical practice,
As a result, there is an unmet biomedical need for ex vivo tumour models that would
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predict drug responses and in turn help determine treatment regimens and possibly predict
resistance before clinical studies [5].

There have been attempts to create patient-derived OvCa models since the first report
by Griffon et al., in 1995 [6]. In the last decades, a number of studies [7—41] have been
conducted aiming to create in vitro tumour models, which could be a platform for OvCa
research and drug testing for specific patients prior to treatment, thereby moving towards
a more personalised/individualised treatment. For the latter to be achieved efficiently,
accurate in vitro models with high predicting capability are required. Such models should
simulate ex vivo the OvCa evolution and response to treatment maintaining each patient’s
phenotypic and genetic characteristics. The aim of this systematic review is to provide an
overview of the state of the art on in vitro models for OvCa studies, with focus on patient
derived studies.

1.1. Ovarian Cancer Tumour Characteristics

In order to create a model of OvCa that would represent the in vivo environment
and reflect the processes happening in the body it is important to understand the general
morphology and physiology of OvCa tumours and the way it spreads.

It is well established that ovarian tumours consist of mixture of epithelial, stromal,
immune, and endothelial cells which form the complex tumour microenvironment [42-45].
In their recent review Horst et al., have discussed in detail the impact and the role of
heterogenous cellular components on the extracellular matrix [46]. And as outlined by
Lengyel et al., this heterogeneity of cell types likely impacts tumour histology, growth
potential and ability to evade chemotherapy [42]. Hence it is important to acknowledge
this when creating the ovarian tumour ex vivo model.

The primary microenvironment for the ovarian carcinoma cell is the mesothelium [43,47].
An intact mesothelial cell layer can very efficiently inhibit the invasion of OvCa cells,
suggesting that mesothelial cells can delay OvCa attachment and invasion [48]. There is
also a pool of evidence suggesting that adipocytes play a crucial role in creating tumour
microenvironment and promoting metastasis [49,50].

Fibronectin as well as integrins play an important role in spheroid growth and the
abundant presence of several isoforms of fibronectin in malignant ascites suggests the
importance of the microenvironment in OvCa metastasis [43]. Furuya outlines the impor-
tance of extracellular matrix, stroma and omental adipose tissue in the development of the
OvCa [51]. Other sources highlight the role of fibroblasts in the OvCa growth, adhesion
and invasiveness [52].

The unique anatomical location of the ovary renders OvCa cells the ability to easily
metastasise in comparison to other cancers. Once the cancer cells have detached as single
cells or clusters from the primary tumour, it is thought that they metastasise through
a passive mechanism, carried by the physiological movement of peritoneal fluid to the
peritoneum and omentum.

It is not entirely clear whether single cells detach and then aggregate to form spheroids,
or if the cells detach as cell clumps that stay together while floating in ascites [43]. The other
major mechanism of metastasis of the OvCa is via haematological route, which requires
intra- and extravasation of the cancer cells [53].

It is also necessary to consider when creating a tumour model that in order for the
tumour to grow over a certain size (>1-2 mm) a process of neovascularisation has to
occur [54]. However the role of angiogenesis in OvCa development remains unclear and
as mentioned by Duncan et al. [55] there are contradictory studies with regards to the
influence of microvessel density in OvCa prognosis [56-58]. Worzfeld et al., also outline the
possible role of extracellular microvesicles in invasion and metastasis and their contribution
to the drug-resistance in the patients with OvCa [47]. From the therapeutic perspective,
it has been demonstrated that poly(ADP-ribose) polymerase (PARP) inhibition decreases
angiogenesis whereas, hypoxic state and vascular endothelial growth factor receptor 3
(VEGFR3) inhibitors induce down-regulation of BRCA1/2 and RAD51, which potentiate
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PARP inhibitors sensitivity. However, hypoxia is also associated with hypoxia inducible
factor 1 alpha (HIF1x) up-regulation, and therefore resistance to angiogenesis inhibitors.
Though, PARP1 is involved in HIF1« stabilization and consequently, inhibition of PARP
may prevent HIF1a accumulation that leads to targeted hypoxic-induced apoptosis [59].

It seems evident from the up-to-date scientific reports that there are certain conditions
to be met for an ideal OvCa tumour model to be achieved, and these key requirements are
summarised in Table 1 below.

Table 1. Key characteristics of an ideal model of ovarian tumour.

Key Element/Characteristic of

Ovarian Tumour Model In Vivo Function/Repercussion

Complex microenvironment

(cellular and architectural) [42—45]

Mesothelial cells [43,47]
Fibronectin/Integrins [43]
Fibroblasts [52]
Adipocytes [49-51]

Extracellular matrix and stroma [51]

Extracellular microvesicles [47]

Angiogenesis (PARP/VEGFR3)/Neovascularisation [54,55,59]

Ability to self-organise in 3D structures [43]

Reflects tumour histology

Tumour growth

Resistance to chemotherapeutic agents
Attachment and invasion of cancer cells
Spheroidal structure growth

Tumour growth, adhesion and invasiveness
Tumour growth and metastasis promotion
Tumour growth, adhesion

Invasion and methastasis

Drug-resistance

Ability to grow over a certain size
Invasion and metastasis

Drug-resistance

Invasion and metastasis

Drug-resistance

® & &6 0 0 0 0 0 0 06 0 0 o o o

1.2. Current Models

Animal models, three-dimensional (3D) models and two-dimensional (2D) cell culture
are currently the most widely used methods for creating various tissue models including
tumour tissues. 2D cell cultures (in T-flasks or microplates) have dominated the in vitro
landscape for the last decade [60,61]. Researchers have widely used the monolayer cell
model due to its easy accessibility, relative ease of use and low cost. However, this model
has several limitations. Carvalho et al., stressed the inability of 2D models to recapitulate the
complex nature of tumours and the influence of the surrounding tumour microenvironment
(TME) [60]. Moreover as the monolayer model has a different morphology from the in vivo
model considering the lack of interactions with surrounding cells and surrounding matrix,
molecular differences and inability to mimic the complex TME, it would not be the primary
choice for researchers to use as a drug-testing platform as this non-physiological screening
approach often results in poor predictive power for drug efficacy in patients [48,61,62]. In
fact, many studies have shown that 2D models have different cellular responses to the
environment [63] and drug response patterns as compared to 3D systems and to in vivo
studies [64-73]. Pinto et al., note in their recent review that generally most of published
work around tumour cancer models is done exclusively utilising cancer cells without any
other cell types, which can not closely represent the processes occurring in the complex
tumour microenvironment [74].

In order to replicate genuine tumour morphology and microenvironment animal
models and 3D models have been created. Currently, animal models are considered to be
gold standard in pre-clinical studies. They are more realistic than 2D in vitro systems as
they are able to capture patient in vivo conditions in a more accurate manner. Currently,
both small and large animal models are available for OvCa. They are mostly murine models
(mouse and rat), but also include hens and SCID pigs [26,72,73,75-79]. Although animal
studies are informative, high cost, complexity of reproduction and length of development
time as well as several deficiencies, that make extrapolation to human tumour biology
problematic [48], makes them less attractive for researchers [61]. As a result of limitations
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of 2D and the animal studies it has encouraged development of three-dimensional models
of tumours, including OvCa [60].

Three-dimensional models offer the potential for ex vivo research of cell to cell interac-
tions thus making the study of the nature of tumours easier, especially where extracellular
matrix cover and stromal cells are added [58,60,62,63,80-90]. They also can allow the
real-life oxygen, nutrient and temperature distribution and more realistic drug resistance
studies [61,63,91]. Additionally, it is also feasible to culture patient samples directly in 3D
models allowing for a much more realistic assessment of various therapeutic methods and
leading to a personalised medicine-based approach towards cancer treatment [15].

3D models of OvCa have become highly interesting for investigation as according
to recent oncogenesis theories the progression of OvCa involves detachment of cancer
cells from the in situ carcinoma into cell aggregates/spheroids, and further attachment
to mesothelial-lined surfaces. [92] For instance, Bapat et al., were one of the first who
were able to isolate spheroid aggregates from malignant ascites of a patient [93]. Thus,
a 3D model of OvCa cells could morphologically resemble multicellular aggregates in
cancerous ascites [22]. It has also been shown that spheroid aggregates of malignant ascites
compared to 2D models are more resistant to chemotherapy treatments, including cisplatin
and taxol [94,95]. This has made the 3D model of OvCa highly useful for research.

Most OvCa in vitro remodelling approaches in 3D involve, like in other dis-
eases [63,65,06,68,96-99], (i) spheroids, (ii) hydrogel type scaffolds, (iii) synthetic highly
porous polymer-based scaffolds and synthetic matrices (Figure 1).

3D Culture Models

Spehroid Models
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Figure 1. A graphical schematic of key techniques used for three-dimensional cell culture (created on
BioRender.com (accessed on 14 March 2022)).

1.3. Spheroid Models for Ovarian Cancer

Spheroid systems are one of the oldest and most widely used 3D cell culture set up
in the field of tumour model development, drug discovery, therapeutic assessments etc.
They are cell aggregates/clusters, which are formed as a result of cell-cell adhesion without
attachment to culture vessel surfaces. In vitro 3D approaches have been established till date
for spheroid formation like, forced floating method, hanging drop method, encapsulation-
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based method, 3D bioprinting and agitation method to name a few [61,100-102]. The close
cell-cell interactions in spheroid systems assist in production of various ECM (extra cellular
matrix) proteins by the cells, allowing them to form their own niche/microenvironment.

Similar to other cancer models, spheroids are also one of the most widely used system
for in vitro models of OvCa and its metastasis. Ishiguro et al., have done a comprehensive
overview of the representative methods for spheroid cultures of cancer cells, which include
organotypic multicellular spheroids, multicellular tumour spheroids, tumour-derived
organoids and tumour-derived spheroids [69]. For example, low cell number spheroids (as
few as 10 cells) were created, and significant chemoresistance compared to 2D model was
demonstrated by Raghavan et al. [64] Zietarska et al., were able to form spheroids up to
500 pm in size at 4 day of culture, generated from EOC cell line in hanging droplets, which
allowed the researchers to have a better understanding of the cancer biology as compared
to the 2D model of OvCa [21]. According to Grun et al., spheroids grown using Rotary cell
Culture Systems could grow for longer periods and reach significantly higher volumes [24].
Increased chemotherapy resistance in 3D compared to 2D culture was also exhibited by
Lee et al. [73] and Moraya et al. [103].

However even with extensive research of OvCa using spheroid models, they have
certain inherent disadvantages. Due to their spatial characteristics, high diffusion gradient
in terms of nutrients and oxygen is formed within them. This in turn results in the formation
of necrotic cores at the center and decreasing cellular proliferation over time like it has been
shown for other types of cancer models [61,104,105]. Spheroid systems are also difficult
to maintain over long time periods (weeks or months) without re-suspending the cells
to form fresh cellular aggregates. Depending on the method it is also difficult to control
spheroid size and shape of the spheroids [106]. These disadvantages cannot be neglected
as they can lead to differences in experimental results obtained. For instance, Lal-Nag et al.,
showed on modified HEY A8 cell line that spheroid size is an important consideration
when comparing chemotherapeutic responses because cell metabolism, proliferation and
survival vary within spheroids as they grow larger, and nutrient and oxygen gradients
become pronounced [5].

1.