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Abstract: Multicellular organisms are inherently three-dimensional. This leads to
complex intercellular interactions that cannot be reproduced in two-dimensional
cell culture. Instead, three-dimensional spheroids, ball-shaped cell aggregates,
arise as model systems. Spheroids provide an accurate in vitro representation of
the three-dimensional organization of cells in tissues, and compared to a real
tissue, they excel with well-defined experimental conditions, easy handling, and
suitability for high-quality imaging. Therefore, spheroids are an experimental
system that can be readily combined with mathematical modeling. This chapter
shows how image-based systems biology is implemented for multicellular spher-
oids to study three-dimensional cell-cell interactions. The chapter is intended for
experimentalists and theoreticians who plan to extend their research by linkage
with other disciplines. The relevant concepts for experimental approaches
and quantitative imaging are introduced and linked to mathematical models of
spheroids. This results in a list of potential systems biology workflows for typical
spheroid research areas in cell biology, cancer biology, and bioprinting. In all three
areas, there is a large gap between the details of the mathematical models and the
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available imaging data. The aim of this chapter is to encourage more interactions
of experimentalists and theoreticians to fill this gap in spheroid research.

Keywords: agent-based model; continuous model; microscopy; spheroid forma-
tion; spheroid fusion

INTRODUCTION

Biomedical research in areas like cancer, infection, and developmental biology
relies more and more on three-dimensional in vitro models including organoids,
tissue explants, embryoid bodies, and spheroids (1). A major question in these
research areas is how cellular interactions affect the overall behavior of the system.
In this regard, multicellular spheroids are the best-studied system. They are
three-dimensional, ball-shaped solid cellular aggregates that can be formed from
various cell types (2). Originally, they have been formed by cancer cells and imple-
mented as a model system for avascular tumors. Spheroids excel by well-defined
experimental conditions, easy handling, as well as the suitability for high-quality
imaging and generation of large sample sizes. Hence, they are an ideal model sys-
tem to address the three-dimensional cellular arrangement, the behavior of indi-
vidual cells within a tissue-like construct and the contribution of individual cells
to the growth of the whole aggregate. Image-based systems biology provides an
appropriate conceptual framework to tackle these questions (3). It combines
experimental approaches with quantitative imaging data and spatial mathematical
modeling (Figure 1). The collaboration of experimentalists and theoreticians
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Figure 1 Image-based systems biology in spheroid research. The question of the mechanisms
driving three-dimensional cell-cell interactions is tackled by a combination of experiments,
quantitative imaging, and mathematical modeling. The three approaches have to be tightly
linked.
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ideally starts with formulating a common research question. Subsequently, in pre-
liminary studies, the experimental, imaging, and mathematical methods are
developed, implemented, and matched. In the main study, all parts interact closely
to test the existing hypotheses and generate new ones. This approach requires
experts from three different fields and is therefore difficult to implement. In the
field of spheroid research, only a few studies have conducted the whole cycle. By
introducing the concepts for experimental setups, image, and data analysis as well
as mathematical modeling of spheroids and suggesting workflows of how to com-
bine them, this chapter aims at fostering more systems biology approaches in
spheroid research.

METHODS

For an image-based systems biology approach, methods from four different
categories have to be chosen: experimental approach, imaging, image analysis,
and mathematical modeling. The methods have to be inter-linkable and most
importantly appropriate for the research question. For example, the quantitative
evaluation of the images should provide results that are readily comparable to the
statistical readout from the mathematical model. Furthermore, these numbers
should provide new insight regarding the question of interest.

Experimental approaches

There are three typical approaches for experimental setups involving spheroids
(Table 1). The analysis of spheroid formation mainly focuses on how cells aggregate
in three spatial dimensions. This provides insights into cellular aggregation, rear-
rangement, and adhesion. Fully formed spheroids are typically used to evaluate
spheroid growth as well as the viability of the individual cells. Further questions
investigated with spheroids could include detailed analyses of the behavior of
individual cells like differentiation or potential rearrangement in the spheroid.
The fusion of two or more spheroids helps to address questions regarding rear-
rangement of individual cells or whole cell aggregates as well as cell sorting.

Imaging techniques

Investigating cellular properties within the three-dimensional spheroid con-
text requires the spatial information of each cell and the geometry of the
entire spheroid. Classical methods for imaging spheroids have relied on

TABLE 1 Experimental approaches
Research question Experimental approach
Aggregation, rearrangement, adhesion Spheroid formation

Spheroid growth, viability, rearrangement, adhesion, differentiation  Fully formed spheroid

Rearrangement, sorting Spheroid fusion
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physical sectioning (4). More recent approaches rely on light microscopy of the
intact spheroids. Each approach has its strengths and weaknesses. Hence, choos-
ing the best approach for spheroid imaging depends heavily on the scientific ques-
tion. Conventional light microscopy such as wide-field microscopy provides a
global but two-dimensional picture of spheroids. Due to the high imaging speed
and the possibility of imaging multi-well plates, it has widely been used for high-
content assays to characterize spheroid viability (5).

Confocal fluorescence microscopy enables imaging of spheroids at the
single-cell level in three spatial dimensions. Standard confocal microscopes
allow high-throughput imaging of multi-well plates, but the imaging speed is
reduced compared to wide-field microscopy. The penetration depth of confocal
microscopy is limited by the signal to background or the signal to noise ratio
(6), and only small spheroids can be imaged in toto. A further drawback of
confocal microscopy is the high risk of phototoxicity and photobleaching (7).
Hence, confocal microscopy is only useful for short time-lapse imaging of living
spheroids. Light sheet-based fluorescence microscopy (LSFM) allows the imag-
ing of large three-dimensional specimens over periods of several days (7, 8). It
provides high acquisition speed and good penetration depth. Photobleaching
and phototoxicity are minimized. High-quality imaging with LSFM requires an
optimal sample preparation, and standard multi-well plates cannot be used. To
achieve full penetration into huge spheroids, multiple views are recorded and
subsequently fused (9).

Imaging the sub-micron features of cells requires electron microscopes which
have a much higher resolution than light microscopes (10, 11). The physical
properties of electron microscopes (e.g., high vacuum) demand specific prepara-
tion and staining techniques to reveal the ultrastructure of cells and tissues.
Sample preparation has to be optimized such that the number of introduced
artifacts is minimal (12).

In summary, imaging techniques differ in the amount of detail they pro-
vide, which is typically correlated with the amount of effort for sample prepa-
ration and imaging (Table 2). Hence, with increasing complexity of the
imaging method, the number of samples that can be measured in a given time
decreases. Conducting a power analysis based on the expected variability in
the measurements provides information on the number of samples required
for a statistically sound analysis (13) and hence further restricts the choice of
microscope.

Image analysis

Modern microscopy techniques generate large amounts of data that need to be
processed and analyzed. The image analysis has to match the imaging technique
and also provide the resulting data in a format that can be readily used as an input
for mathematical modeling. Fiji/Image] and Icy are two main open-source image
analysis platforms that combine a range of standard image analysis tools and
advanced plugins in a user-friendly environment (14, 15). In addition, more spe-
cialized tools with varying degrees of user-friendliness exist. These are described
below in the sections on the specific workflows.
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TABLE 2 Imaging and modeling techniques

Imaging techniques

Imaging Exemplary
Research question technique Readout Experience reference
Aggregation, spheroid ~ Wide field 2D projected area  Multi-sample imaging: v* Q@4
growth Live imaging: v* (long-term)

No staining necessary: v’
Sample preparation: easy

Viability, differentiation 2D imaging of 2D single-cell data  Multi-sample imaging: v* (29, 30)
fluorescent or of single slice Live imaging; -
histological No staining necessary: -
section Sample preparation: standard
Aggregation, Confocal 3D 3D single-cell data  Multi-sample imaging: v* (22)
rearrangement, imaging Live imaging: v (short-term)
sorting, adhesion, No staining necessary: -
viability, and Sample preparation: advanced
differentiation
Aggregation, Light-sheet 3D 3D single-cell data Multi-sample imaging; - a7
rearrangement, imaging Live imaging: v* (long-term)
sorting, adhesion, No staining necessary: -
viability, and Sample preparation: advanced
differentiation
Adhesion Electron Subcellular Multi-sample imaging: - (10)
microscopy structures Live imaging: -

No staining necessary: -
Sample preparation: advanced

Modeling techniques

Modeling Exemplary
Research question technique Readout Experience reference
Spheroid growth Continuous Whole spheroid + Fastest (56)
measures - No single-cell information

including shape

Shape and neighbor Cellular Potts  Typically 2D + Allows for complex shapes (71)
changes during model single-cell data, - Computationally slow, cells
aggregation, cellular including shape restricted to grid
rearrangement,

and sorting;
viability, adhesion,

differentiation

Positional changes Centroid 3D single-cell + Flexible, convenient for 3D (62)
during aggregation, model data excluding - No shape information,
rearrangement, shape neighborhood has to be
and sorting; approximated

viability, adhesion,
differentiation
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Modeling techniques

The modeling techniques that have been used in spheroid research so far are
distinguished by the details they provide (Table 2). Continuous models regard the
spheroid as a whole, neglecting cellular details. The relevant parameters that
are typically modeled are shape and size of the whole spheroid over time. Agent-
based models, or individual cell-based models as they are sometimes referred to,
consider single cells and their respective properties. They are more difficult to
implement and require more computational power than continuous models.
Agent-based models can be divided into two categories: lattice-free (or off-lattice
models) and lattice-based models (16). A common variant of lattice-free models is
the centroid model (Figures 2—4). Each cell is assumed to be spherical and defined
by its position in space. The cells can have different attributes like radius and
protein expression levels. Cell division and cell death can be implemented but the
cell shape is neglected. Therefore, the cell neighborhood relations have to be
approximated by cell graphs (17).

In lattice-based models, the cells are restricted to a grid. In some variants, a cell
is represented by a single grid point on a lattice, and cell movement is imple-
mented as changing from the current grid point to an adjacent grid point. Other
lattice-based models depict cells as a cluster of grid points that share the same
identifier (Figures 3 and 4). Hence, these models also provide the shape of a cell
in addition to its position. A popular representative of this class of models is the
Cellular Potts Model.

Several of the modeling approaches have formed the basis for simulation
software. Lattice-free software packages like CellSys (18), lattice-based packages
such as CompuCell3D (19), and software packages that combine both lattice-
based and lattice-free methods, for example, Chaste (20) are promising tools for
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Figure 2 lllustration of the cell biology workflow. Experiments on spheroid formation are
combined with quantification of the projected area of the spheroid over time and an
agent-based centroid model. The results provide insight into aggregation and cellular
rearrangement in three spatial dimensions.
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Figure 3 lllustration of the cancer biology workflow. In cancer biology, spheroid growth
dynamics, and cell viability are of particular interest. The experiments involve mechanical or
chemical perturbations of fully formed spheroids. The quantitative imaging provides global
measurements of the spheroid like the radius over time or more detailed single-cell nuclei
measurements, depending on the microscopy method employed (see Table 2 for more details).
Modeling approaches include continuous models as well as the two types of agent-based
models: lattice-based models and centroid models (see Table 2 for more details).
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Figure 4 lllustration of the bioprinting workflow. The main spheroid-related question in
bioprinting is how cell sorting and cellular rearrangement result in efficient fusion of
multiple spheroids. Imaging of spheroid fusion provides the projected area over time. These
results have been linked to mathematical models ranging from a continuous approach to
agent-based models such as the Cellular Potts model and the centroid model.

implementing individual-based spheroid models. For a given biological question,
these packages can form the basis of a model, which then needs to be adapted and
extended depending on the required detail.
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FIRST WORKFLOW: CELL BIOLOGY

Adhesion-based intercellular interactions and cellular rearrangement play an
essential role during tissue development and maintenance. Even though both have
been extensively studied in two-dimensional cell cultures, there are still a number
of open questions regarding the mechanisms active in the three-dimensional con-
text of a tissue. A systems biology approach based on spheroid formation provides
the means to study adhesion and cellular rearrangement in a three-dimensional
context. Even though these processes certainly vary between cell types, adhesion
molecules, such as cadherins and integrins, as well as cytoskeletal components,
like actin and microtubules, play a central role. For the experiments, spheroid
formation of different cell types (21, 22) or the same cell type under different con-
ditions is monitored. Potential variations for the same cell type are the expression
of different binding proteins (23, 24) or the application of adhesion molecule func-
tional blocking antibodies (21). Studying spheroid formation of cells transfected
with wild type or mutant forms of N-cadherin revealed that different cadherin
binding sites are responsible for different cell adhesion mechanisms such as the
initial binding and the stabilization of an adherence junction. The integrity of
spheroids of breast cell lines with different metastatic potential relies on the dif-
ferential contribution of cadherins, actin, microtubules, and focal adhesion kinase
(FAK). In particular, E- or N-cadherin, actin, and microtubules drive the spontane-
ous aggregation and compaction of the spheroids (21, 22). Breast tumor cell lines
that require addition of reconstituted basement membrane (Matrigel) for spheroid
formation rely on integrin for correct aggregation (21). The activity of FAK corre-
lates with the metastatic potential of the breast cells (22).

Quantitative imaging data

Visualization of spheroid formation is typically achieved by time-lapse imaging
with a wide field or fluorescence microscope. The image acquisition is fast and
multi-sample imaging is readily available. This approach provides images of the
projected area of the spheroid over time. For the analysis of time-lapse transmis-
sion wide field images of spheroid formation, several approaches have been
implemented. Saias and colleagues have developed a high-throughput method to
monitor and quantify cell aggregation dynamics of colon cancer cells (25). It is
based on the segmentation of the projected area of a spheroid. Spheroid edges are
identified within the z-projection of the fluorescence image and within a single
plane of the transmission image by detecting discontinuities in brightness.
The detected spheroid boundary is used to track the spheroid over time.
An alternative approach is based on applying a filter with a large kernel to
time-lapse spheroid images with fluorescently labeled nuclei and a subsequent
binarization (22). This approach does not require a transmission image. If only a
transmission image is available, the machine-learning based software ilastik (26)
provides a user-friendly environment that is readily applicable (24). Based on
manually labeled ground truth data, the algorithm is able to distinguish the spher-
oid from the background at each time point. Application of ilastik does not require
machine-learning expertise. All three segmentation approaches result in time
series of the projected area during spheroid formation (Figure 2).
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Spatial mathematical modeling

For the modeling, spheroid formation has been represented as three-dimensional
cell aggregation (Figure 2) (22, 24). A centroid model has been used in which the
cells are assumed to be spheres with a given radius and are defined by their
position in space. Cells accumulate to form clusters. Cluster formation occurs
through cell-cell binding, cell-cluster binding, and cluster—cluster binding.
Separation of cells from clusters is also possible. All parameter values are obtained
from experimental measures, except for the density difference between cell and
medium, which determines the sinking behavior of the cells in the medium as
well as the binding and unbinding probabilities. These parameter values are
established by fitting the projected area obtained from the model to the experimental
data. Relating the resulting binding and unbinding probabilities to the different
experimental conditions (cell type, adhesion molecules present, perturbation
with antibodies) reveals the effect of the different perturbations on the cellular
binding capacities during spheroid formation.

SECOND WORKFLOW: CANCER BIOLOGY

The most common application of spheroids is in cancer research. Spheroids
formed of tumor cells provide a useful model for avascular tumors. Spheroids
with diameters above 400-500 pm or more than 30,000 cells establish a concen-
tric cell layering, in which an outer rim of proliferating cells and a layer of quies-
cent cells surround a necrotic core (17, 27). The applications of spheroids have
evolved from drug testing to studying fundamental questions underlying cancer
biology (28). The governing question is how different kinds of perturbations
affect tumor growth.

Of particular interest are treatments with radiation or drugs, or a combination
of the two (29). Different oxygen and glucose concentrations in the medium have
also provided effects on tumor spheroid growth dynamics (30). Equally impor-
tant, but not as straightforward, are studies of cellular responses to mechanical
perturbations. Since a tumor is subjected to pressure from the surrounding tissue,
this consequently confines the tumor, which is thought to affect the regulation of
tumor growth (31). Cells are able to sense mechanical forces either directly by
deformation or altered organization of intracellular compartments, such as the
cytoskeleton (32) or the cell nucleus (33, 34), or by mechanoreceptors, which
transduce the physical into biochemical or electrical signals (35).

Working with spheroids as a tumor model allows to investigate the influence
of forces, which mainly depend on the physical properties of the cells and the
extracellular matrix. Several studies have explored the role of mechanical stress on
spheroid morphology, cell proliferation, and apoptosis, predominantly in the con-
text of cancer research. Different methods exist to apply pressure on spheroids
and to quantify the degree of pressure, time, and the treatment with anti-cancer
drugs (36, 37).

One option to apply compressive stress on spheroids is an embedment in
hydrogel of varying stiffness. These are, for example, composed of protein, aga-
rose, polyacrylamide or polyethylene glycol (36, 38—41). Another option is



Fischer SC

incubating a spheroid inside a dialysis bag and applying osmotic pressure with
exteriorly added dextran. Long-term compressive stress leads to reduced or
inhibited cell proliferation and induction of apoptosis in colon and breast carci-
noma cells (37, 42, 43). Tube-like silicone device also provides a means to con-
fine spheroid growth. Spheroids generated from colorectal cancer cells, which
grow inside the device, adapt a rod-like shape. The number of mitotic cells
increases, but they exhibit spindle defects and enter mitotic arrest upon confine-
ment (44). Finally, physical confinement on growing spheroids has also been
applied by encapsulation in alginate shells. Spheroids generated from mouse
colon carcinoma cells show increased cell density and altered cellular organiza-
tion, and cell proliferation is restricted to the outer rim of the spheroid when
compressive stress is applied. An increased number of dead cells occurs in the
center of the spheroid (31).

Quantitative imaging data

Growth curves of fully formed spheroids are usually obtained by wide field time-
lapse imaging, followed by a segmentation of the projected spheroid area or
measuring the spheroid radius over time. These time series measurements are
complemented by measurements for each individual cell nucleus including its
position, size, and intensity of markers, for example, for cell viability. Images of
histological sections (29) or fluorescently stained sections from the spheroid
center (30) evaluated by standard nuclei segmentation methods provide this
information. To obtain the complete three-dimensional information of the cel-
lular distribution, small spheroids can be imaged in toto with a confocal micro-
scope (22). Larger samples require the combination of optical clearing methods
with light sheet microscopy (17, 45). For the three-dimensional segmentation of
nuclei images, intensity-based methods as well as shape-based methods have
been proposed (17, 46-50). From these measurements, cell density measure-
ments of the concentric layering can be extracted (17, 51).

Spatial mathematical modeling

The growth dynamics of fully formed spheroids under different conditions have
been a major focus of mathematical modeling since the early 70s (52). Over the
years, different strategies for spheroid modeling have emerged. Continuum mod-
els consider a spheroid as one entity, while agent-based models focus on single
cells and their interactions. They are either implemented as lattice-based models,
in which the positions of the cells are restricted by a lattice, or as lattice-free
approaches (Figure 3).

A lattice-based model that reproduces spheroid growth dynamics was intro-
duced by Radszuweit and colleagues (53). Recently, the model has been extended
for a detailed analysis of the behavior of individual cells in a tumor spheroid of
non-small cell lung cancer (NSCLC) cell line (30). Based on the images of two-
dimensional spheroid sections, the distributions of dividing cells, necrotic cells,
and the extracellular matrix along the radial direction into the spheroid have been
quantified for different glucose levels and spheroids of different ages. An iterative
refinement of the model to fit the experimental data has revealed a detailed
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picture of the effect of growth promoters, growth inhibitors, viability promoters,
and inhibitors on the growth dynamics of NSCLC spheroids.

Two different centroid models have been developed simultaneously to study
the spatio-temporal growth dynamics (54, 55). Drasdo and Hohme (54) have
shown that nutrient limitation has only a small effect on the expansion velocity.
It mainly affects the size of the necrotic core. The relation of this agent-based
model to a continuous model has been discussed (56). Schaller and Meyer-
Hermann (55) have fitted the growth curve of their model spheroids to experi-
mental growth curves to determine the ratios of oxygen and glucose uptake
rates. Subsequently, the model has been adapted and expanded to study the
effect of radiotherapy on tumor spheroids. The cells surviving the treatment
exhibit a synchronization of their cell cycle, resulting in time windows of
increased radiation sensitivity of the spheroid. Furthermore, reoxygenation
occurs with specific timings upon radiotherapy, creating windows of drug treat-
ment opportunities. Respecting the timings of both processes can increase
therapy effectiveness (57-59).

The role of mechanical stress in spheroid growth has mostly been studied
using continuum models. The models describe volumetric growth behavior of
confined, avascular tumor spheroids (60) or the reorganization of cell aggregates
following the release of a homogeneous compression (61). Loessner and col-
leagues have simulated the effect of both mechanical stimulus and different
culturing conditions on spheroid growth (36). They have considered different
matrix stiffness, culture timings, and drug treatments. Comparison of the model-
ing results with experimental data has shown a good agreement. The results on
cell proliferation in a mechanically perturbed spheroid and spheroid growth influ-
enced by external pressure mentioned above have been obtained by a systems
biology approach including agent-based models (42, 43, 62).

THIRD WORKFLOW: BIOPRINTING

Bioprinting is emerging as an alternative to scaffold-based tissue engineering. One
upcoming method is spheroid printing, which relies on pre-formed spheroids that
are used as building blocks for tissue generation. The spheroids are dispensed in
regular structures, and the engineered tissue emerges through spheroid fusion
and maturation. Arranging the spheroids in a circle and subsequent spheroid
fusion produces tissue rings (63) that have been proposed as building blocks for
vascular trees (63, 64). A similar approach has further led to the formation of
tubular structures (65, 66). To generate sheet-like structures of engineered adi-
pose tissue, which one day could be used to regenerate the subcutaneous layer of
the skin during reconstructive surgery, spheroids formed from adipose cells were
placed in a melt electrowritten scaffold (67). After culturing the constructs for
14 days, a continuous tissue layer arose.

The success of these applications, and spheroid printing in general, relies on
perfect spheroid fusion. One factor that influences the fusion is the pre-culture
time of the single spheroids (68). Increased pre-culture time of spheroids inversely
correlates with the fusion rate, suggesting the influence of cell-cell and cell-ECM
contact maturation on spheroid-based tissue fusion. Furthermore, the pre-culture
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time of spheroids influences cell-sorting processes that occur during tissue matu-
ration. However, it remains elusive, which further factors control the positioning
and collective migration and adhesion of spheroids to form intact and functional
tissues.

Quantitative imaging data

Imaging techniques that have been used in the context of spheroid fusion are
electron microscopy (67) as well as two-dimensional bright field and fluorescence
images (68). Quantitative analysis of these images with Image]J resulted in the
temporal evolution of the size of the microtissue, which is generated by the fusion
of the spheroids.

Spatial mathematical modeling

Mathematical modeling of tissue fusion started with the work on cell sorting by
Glazier and Graner (69) that was based on the differential adhesion hypothesis by
Steinberg (70). Implementing a Cellular Potts model, they determined the effect
of different adhesion strengths on the sorting of cells. Sego et al. (71) combined
such a Cellular Potts model with continuous diffusion modeling. This provides a
representation of the behavior of individual cells as well as global characteristics
of molecular-level phenomena. The model can reproduce cell sorting, spheroid
fusion, and hole closure dynamics. Combining the cell-level dynamics, in particu-
lar cell survival with oxygen diffusion through a spheroid, reveals a sensitivity of
the spheroid to externally applied oxygen. Applying external oxygen increases cell
viability in the spheroid.

Yang et al. (72) employed a continuous model based on phase field theory to
model the fusion of cellular aggregates into larger scale structures such as rings,
Y-shapes or T-shapes. Spheroids that are located closely together fuse faster than
the less densely packed arrangements. Gaps or errors in aggregate deposition can
be directly linked to defects in the final biofabricated tissue construct.

To investigate spheroid fusion in three spatial dimensions, Flenner et al. (73)
implemented two agent-based centroid models, a kinetic Monte Carlo method
and a cellular particle dynamics method. The outline of two fusing aggregates is
well represented by both methods. However, they find that the two simulations
show clear differences with respect to the speed of cellular rearrangement. For the
kinetic Monte Carlo method, fast movement of individual cells, and hence fast
rearrangement, results in a complete cell mixing upon tissue fusion. For the
cellular particle dynamics model, the fused tissue still exhibits distinct clusters of
the different initial cell types. Experimental data to distinguish between the two
results are not available so far. Kinetic Monte Carlo simulations have been
extended to tube formation as well as T- and Y-shaped arrangements and the
development of vascular tree structures (74, 75). The authors considered unilu-
minal spheroids as well as heterogeneous spheroids formed from a mixture of
cells. They show that geometrically this can work; the question is how the cells
survive in such structures. Also, they found that timesaving due to tight packing
of the initial configuration of the spheroids is negligible compared to the time the
system takes for fusion to steady state.
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OUTLOOK: EXPERIMENTS INSPIRED BY THE
MATHEMATICAL MODELS

The three exemplary research areas for spheroids have shown that these cell
aggregates are a widely applicable in vitro system. Furthermore, major drawbacks
of the current state of systems biology approaches for spheroids have become
apparent. For all three research areas, agent-based models exist. In the centroid
models, the properties of each cell including its position, marker expression, and
its connection to neighboring cells are known at each time point. However, in
most cases, the quantitative imaging data for testing these detailed predictions
from the models are missing. A step further would be to also consider the three-
dimensional shape of a cell in a spheroid. Three-dimensional Cellular Potts model
exist to tackle this question, but again the experimental data are missing.

Confocal or light-sheet imaging in combination with innovative sample prepa-
ration methods (45, 76) and staining protocols (77) can provide the necessary
images. Evaluating these images with single-cell-based segmentation and a subse-
quent analysis with neighborhood graphs (17) can provide the necessary data to
refine the complex models. This will provide detailed insight into the spatial inter-
actions of cells in spheroids.

So far, all experimental approaches focus on the spheroid as a closed unit.
However, the modeling of spheroid fusion by Fenner et al. raised the question of the
cellular dynamics within the spheroid. Do cells in spheroids move and how fast do
they rearrange? Three-dimensional live imaging of individual cells in spheroids
can provide insight, and the application of the existing cell tracking approaches (78)
can yield the quantitative data to validate the mathematical models.

Most applications of spheroids still focus on spheroid growth or intercellular
adhesion mainly in the context of cancer. However, these are not the only
processes that are different between two-dimensional and three-dimensional
cell cultures. Various proteins including keratin, vimentin, heat shock proteins,
chaperons, and proteins involved in glucose metabolism have been shown to be
differently expressed in two-dimensional cell culture versus three-dimensional
cell culture (79). Therefore, the next steps are to address other cellular processes
like cell polarization and cell differentiation and to address further diseases
apart from cancer.

CONCLUSION

Systems biology approaches are slowly evolving towards spheroid research. In
many studies, the different parts (Figure 1) are still well separated. Further efforts
have to be made that integrate experiments, quantitative imaging, and mathemati-
cal modeling into a whole. This requires close interactions between experts from
different disciplines including biology, medicine, physics, mathematics, and com-
puter science. The most integral part of these interactions is a good communica-
tion, a common language or the interest to learn and understand the other’s
language. The collaboration has to start when developing the scientific question.
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This ensures that the experimental and theoretical methods that are applied match
well and are adequate to address the question of interest.

For some research questions, it might be necessary to adapt the three-
dimensional cell culture system. Apart from spheroids, cysts are useful to study
cell polarization in epithelia. Embryonic stem cell aggregates like ICM organoids
(80), blastoids (81) or gastruloids (82) allow the investigation of cell differentia-
tion during early mammalian embryogenesis. Three-dimensional multicellular
structures grown from more specialized stem cells are typically called organoids.
They consist of organ-specific cell types and are employed to mimic a variety of
human tissues including brain, lung, liver, intestine, kidney, and pancreas.
Applications range from studying fundamental questions of organ development
and diseases to toxicity testing and personalized medicine (83). The main con-
cepts introduced in this review are readily extendable to these other types of
three-dimensional cell culture systems. In all cases, a major effort has to be put on
combining information from different sources with the spatial distribution of the
cells within the multicellular system.
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