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Abstract

The introduction of more relevant cell models in early preclinical drug discovery, combined with high-content imaging
and automated analysis, is expected to increase the quality of compounds progressing to preclinical stages in the drug
development pipeline. In this review we discuss the current switch to more relevant 3D cell culture models and associated
challenges for high-throughput screening and high-content analysis. We propose that overcoming these challenges will
enable front-loading the drug discovery pipeline with better biology, extracting the most from that biology, and, in general,
improving translation between in vitro and in vivo models. This is expected to reduce the proportion of compounds that

fail in vivo testing due to a lack of efficacy or to toxicity.

Keywords
high-content screening, 3D culture, imaging, image analysis

Introduction

Declining drug success rates and increasing costs suggest
that alternative strategies are required in early drug discov-
ery.' Traditional drug discovery has favored a target-based
approach where drugs are selected to manipulate a single
molecular target. However, for many diseases targets are
either poorly defined or unknown and inhibition of a single
target is often not sufficient for effective therapy. As an
alternative strategy, phenotypic screening for drug effects
on disease-relevant phenotypic parameters has proven suc-
cessful.”™ Yet, approaches in phenotypic screening are still
largely limited to combinations of suspension or two-
dimensional (2D) monolayer cultures of a given cell type
with a given endpoint measurement, such as cell viability or
cell proliferation. The pleiotropic nature of such endpoints
limits their sensitivity and selectivity for the most promis-
ing drugs.’ Furthermore, cells cultured as a monolayer often
respond differently to drugs compared with native tissues.®
Also, primary cells may rapidly change compared with
native tissue when cultured in a 2D environment.”® There
are many likely reasons underlying the aberrant responses
of 2D-cultured cell lines compared with tissues, but one
dominant artifact is the grossly distorted architecture of
cells stretched on rigid plastic. The impact on drug selection
is considerable. For example, cancer cells grown as a mono-
layer have a deregulated cell cycle, often doubling every
24 h, while tumors in vivo typically show only a few

percent of actively cycling cells and only have a marginally
higher rate of proliferation compared with healthy tissue.
As a result, cancer drugs selected on the basis of arresting
proliferation in culture often do little in vivo, or, if they do,
will also show adverse effects in healthy tissues.” Taken
together, front-loading the early in vitro stages of drug dis-
covery with more disease-relevant biological models will
inevitably increase the quality of molecules entering the
pipeline. For example, image-based profiling of drug
responses on ex vivo biobanked patient biopsies could lead
to improved patient treatment.'® A more faithful in vitro
representation of the pathways and processes in disease in
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vivo will improve drug testing even with simple endpoint
measurements.'' However, the maximum potential of more
disease-relevant biological models such as 3D-cultured tis-
sues can only be realized by exploiting the phenotypic com-
plexity with high-content endpoints. Developments in this
area are ongoing, and while being highly promising, they
also have identified a number of challenges that still limit
successful implementation in large-scale drug screening
pipelines.

Opportunities and Challenges in
3D Cell Culture Models for
High-Throughput Screening

3D Tissue Culture Models Simulate Aberrant
Tissue Organization in Pathology

Over the last three decades or so, three-dimensional (3D)
cell culture techniques have been developed that have
resulted in models that more accurately mimic physiological
and diseased states than their 2D counterparts.’*™"” These
have the potential to provide a more physiologically relevant
context for drug screening. 3D cultures can vary in complex-
ity from spheroids derived from a single cell line to more
complex multicellular structures derived from combinations
of multiple cell types, or organoids derived from stem cells
that develop into multicellular organ-like structures through
self-renewal and differentiation capacities.' >

The resulting biological complexity of 3D cell cultures
makes them particularly well suited for phenotypic drug
discovery. Traditional endpoints, such as proliferation and
viability, can be combined with 3D assays—using either
biochemical assays or specific fluorescent labels.”® But just
as modern histopathology relies on a diverse range of cell
and tissue architectural characteristics of patient material
for decision making, maximum leverage of the more com-
plex biology of 3D-cultured tissues can also be gained from
the analysis of diverse morphological characteristics. This
can be of particular value when aberrant tissue organization
is directly associated with pathology, for example, with
neurodegenerative disorders,””® tissue fibrosis,”’ can-
cer,””* and ciliopathies such as polycystic kidney disease
(PKD).*** In the context of these diseases, 2D-cultured cell
lines fail profoundly to capture properties critically associ-
ated with the pathophysiology. The modeling of cystopa-
thies is a particularly clear example since cysts, such as
those formed in the kidneys of PKD patients, are 3D struc-
tures that cannot be recapitulated in 2D cell cultures.
Therefore, mechanistic studies and compound efficacy test-
ing can only effectively be studied in a 3D environment or
in vivo. Similarly, to evaluate tumor dysplasia and invasion,
2D cell cultures lack the required physical environment.
Aspects such as tumor cell plasticity are not observed in 2D

A

2D PC-3

Unstimulated ZOnI/mL hrEGF

B 2D mIMCD3

3D PC-3

3D mIMCD3

Figure |. 3D cell cultures provide a more physiologically
relevant context for drug screening. (A) Prostate carcinoma
(PC-3) cells cultured as 2D monolayer (top) show negligible
morphological changes in response to growth factor (20 ng/

mL hrEGF) stimulation but become invasive if embedded in

3D hydrogels (bottom) after growth factor stimulation. These
invasive characteristics can be used to investigate the efficacy of
inhibitors of receptor tyrosine kinases.” Images in the top panel
were obtained using a wide-field BD pathway 855 with a 10X
objective, and images in the bottom panel were obtained using
a Nikon Ti Eclipse confocal microscope with a 20X objective.
(B) mIMCD3 cells transduced with a short-hairpin targeting
PkdI form a monolayer in 2D culture (left panel, BD pathway
855 with 10X objective), but form cysts in 3D hydrogels,
representing a more pathophysiologically relevant model of
PKD (right panel, Nikon Ti Eclipse confocal microscope with
20X objective).'® F-actin (rhodamine-phalloidin), red; nuclei
(Hoechst 33258), blue.

but play a critical role in behavior in a 3D environment.*
These and many other examples underscore the need for
more disease-relevant 3D cell culture models (Fig. 1).

Variations in 3D Tissue Culture Models

Many different options to culture cells in 3D have emerged,
each with specific limitations and advantages for the evalu-
ation of compound effects.'*"*' Due to the enormous popu-
larity of 3D cell culture assays and rapid developments in
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Spheroid

Spheroids are generally
cultured in anchorage
independent context from
cell lines propagated in 2D
cell culture, using e.g. the
hanging drop method or
ultra-low attachment
plates

Automation can often
readily be achieved,
depending on the cell

type
Customized plate types

for spheroid formation
facilitate automation

Generally one object per
well

Convenient for sample
preparation

Lower imaging times

Micro-tissue

Micro-tissue is a more
general term for 3D
structures that grow from
3D cultured cells as
single- or combination of
cell types (also co-cul-
ture), sometimes also
used for organoids

Handling ECM prepara-
tions can be a challenge
for automation equip-
ment

Gel-embedded cultures
are more challenging
than gel-coated plates

Generally multiple
objects per well

ECM can interfere with
sample preparation

Objects in multiple focal
planes, requires
z-sectioning

Organoid

Collective term for organotypic tissues
made up of cells derived from tissue,
embryonic stem cells, induced pluripo-
tent stem cells that self-organise into
three-dimensional mini-organs

Handling ECM preparations can be a
challenge for automation equipment

Limited availability and heterogeneity of
source material

Slow growth can prolong assay duration

High reagent cost, time intensive

Generally multiple objects per well

ECM can interfere with sample prepara-
tion

Objects in multiple focal planes,
requires z-sectioning

Complex shapes can be challenging to
quantify

Figure 2. Nomenclature of 3D cell-based assays.

the field, terminology is often used in an inconsistent man-
ner. In Figure 2 we provide an overview of the similarities
and differences of popular 3D cell culture terminology and
their implications for screening. 3D culture techniques
often make use of immortalized cell lines due to the ease of
culturing and relative lack of heterogeneity, and while con-
venient for high-throughput screens, these cells do not
accurately represent tissues, since these generally require
the interaction of multiple cell types for normal function.

This problem may be ameliorated by the introduction of co-
cultures,” as has been shown for different co-culture sys-
tems.”* However, co-culture systems also introduce an
increased level of complexity to the culture system, which
can be undesirable for high-throughput screens. For exam-
ple, cell ratios and cell culture media require optimization
to support the growth of both co-cultured cell types to
obtain functional tissues.**** In addition, the growth rate of
the co-cultured cell types may differ. It may only be worth
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considering this approach if the interaction between the co-
cultured cell types is of particular significance for the dis-
ease, such as the interaction of fibroblasts and epithelial
cells in fibrosis***” or the interaction between endothelial
cells or immune cells and cancer cells in the context of
tumor angiogenesis or cancer immunology.**** Additional
possibilities to improve the relevance of cell models can be
the incorporation of primary cells obtained from specific
tissues.'® Primary patient tumor material can be used to gen-
erate organoids in vitro that can be used to evaluate thera-
pies.” The tumor material can be genetically characterized
and the observed therapeutic response can lead to highly
personalized treatment suggestions. While direct patient-
derived organoids are therefore highly promising for per-
sonalized medicine, the source material is limited and the
cost, logistics, and lack of prior characterization of patient
tissues may limit their suitability for in vitro screening.*?

Induced pluripotent stem cells (iPSCs) are an attractive
alternative to the direct use of primary cells in screening,™
since iPSCs can be generated from virtually any adult cell
type reprogrammed with a combination of transcription fac-
tors (e.g., Oct4, Sox2, KIf4, and c-Myc™). The resulting
pluripotent stem cells can be differentiated to generate a
desired tissue type. As a result, iPSC-derived tissues have
been used to model a variety of different diseases,*® such as
cardiovascular, neurological,”’ and hepatic™ disorders.
Although the popularity of using iPSC-derived tissues in
high-throughput screens is rapidly increasing, significant
hurdles for routine use of iPSCs for this purpose are still
posed by extensive differentiation procedures that are
required and also the possibility of incomplete differentia-
tion.” In addition, slow growth® and challenging culture
conditions can complicate screening procedures.’'
Interestingly, because 3D culturing of iPSC-derived tissues
is known to facilitate rapid reprogramming,*> growing
iPSC-derived tissues in 3D assays may overcome at least
some of these hurdles. Although high-throughput screens
with iPSCs can be performed,”** these screens are gener-
ally done in a 2D environment, and throughput may in gen-
eral be lower than when these screens are done in a 3D
environment due to the more demanding procedures of cul-
turing iPSCs.

An alternative for the use of primary patient tumor mate-
rial is the use of patient-derived xenograft (PDX) tumor
material as a source of cells for 3D culture assays.’>®’
These tumors are typically well characterized genetically
and with respect to drug sensitivity in vivo, and the avail-
ability is not restricted as with patient tumor material.
Practically, dissociated tumor cells can be allowed to reform
as tumor spheroids in extracellular matrix (ECM) hydrogels
for the screening of small molecules and biologics (Fig. 3).
The use of PDX-derived tumor material for in vitro tests
also offers the possibility to subsequently test compounds in
the autologous in vivo model. Such approaches are expected

to improve the concordance between in vitro and in vivo
data, although to what extent remains to be established.
Recent advances in tissue culture technology have also
enabled the generation of 3D organoid cultures of normal
and diseased tissues from stem cells derived from tissue
biopsies. Studies on panels of patient-derived organoids
have shown that these can preserve the histology and
genetic profile of the primary tissue and maintain an addi-
tional level of physiological relevance by forming more
complex structures comprised of cells with different func-
tions.'>1%%%6% While expansion of these tissue cultures is
demanding compared with standard cell lines, they can still
be used for compound screening.”””! Factors that may limit
the scale at which PDX tumor material can be used in a
screening context are the in vivo tissue propagation, the in
vitro growth rate, which differs between types of tissue, and
the high costs of required cell culture media and growth fac-
tors. In addition, propagation of PDX tissue in mice may
also have unwanted effects on the relevance to the original
tissue.”

Despite a number of successful studies showing the
practical implementation of 3D cultures in routine screen-
ing,”*” adoption of these model systems in routine drug
discovery pipelines has been slow. Generally, high-reagent
or cell culture expansion costs and low-throughput experi-
mental procedures have long hampered the development of
high-throughput screening platforms, and as a result, 3D
cultures have mostly been used for small-scale experimen-
tation and validation with single endpoint measurements,
rather than for primary screens. Although several technical
challenges remain, the appearance of a wide range of new
reagents, technologies, and published methods has resulted
in the increasing adoption of 3D cultures for compound
screening and testing.

Matrix Composition and Automation

To provide a physiologically relevant context for
3D-cultured microtissues to develop and interrogate the
effects of compounds, a microenvironment is required that
provides cells with mechanical and physical interactions
that normally occur in vivo.” For this purpose, scaffolds
have been used that can mimic the ECM.””" Since differ-
ent cell types favor different interactions with their ECM,
the matrix to select is highly dependent on the cell type. The
most commonly used scaffolds include hydrogels, which
can be natural, synthetic, or a combination.® Natural hydro-
gels are animal-derived basement membrane (BM) extracts,
which have fixed chemical and physical properties, but an
undefined composition that varies between batches with
unforeseen consequences. Examples of such natural hydro-
gels are collagen and the laminin-rich extracts produced
from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells
(Matrigel). These gels contain many endogenous factors
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Figure 3. 3D cultures of PDX material. PDX material from different tumors can be cultured in 3D hydrogels to form complex
microtissues that can be used for compound screening in a preclinically relevant context. Actin cytoskeleton visualized with
rhodamine-phalloidin. PDX tumor material provided by Charles River Labs (Freiburg, Germany). Annotations refer to tumor type
and PDX model number; BX = bladder; MAX = mammary; GX = gastric; PAX = pancreatic; LX = lung. 3D cultures and images

generated by OcellO B.V.

that can support viability of cell cultures.®' Synthetic hydro-
gels, in contrast, are well defined and can be readily modi-
fied and manufactured, thereby overcoming many problems
associated with natural hydrogels. However, synthetic
hydrogel matrices lack the properties to enable the remodel-
ing required to support normal cell adhesion, growth, dif-
ferentiation, and other cellular behaviors.** Cells that grow
under conditions where integrin-mediated interactions with
the extracellular environment are compromised, such as in
synthetic hydrogels, but also in hanging-drop, suspension
media, or ultra-low-adhesion systems, typically require
extended culture periods to enable the secretion of endoge-
nous ECM proteins. The development of synthetic hydro-
gels with coupled functional peptides mimicking integrin
attachment sites in natural ECM proteins will continue to
advance the field considerably. Although predicting which

functional peptides are required in a gel for a given cell type
is highly challenging, covalent coupling of RGD and other
peptides mimicking fibronectin, of peptides mimicking
multiple laminin—integrin interaction sites, and of collagen-
derived adhesive peptides, and integration of proteolyti-
cally degradable domains in the polymer backbone allow
complex 3D cellular behavior, including morphogenesis,
differentiation, and migration.®

Automation of liquid handling for 3D culturing tech-
niques is a more technical challenge that can hamper the
adoption of 3D microtissues in primary high-throughput
screens. While liquid handling for suspension media and
ultra-low-attachment microplates can be conveniently auto-
mated, this can be challenging for more viscous liquids
such as collagen- and Matrigel-containing hydrogels.*® The
polymerization of these gels is typically temperature
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sensitive, requiring extensive environment control and
rapid liquid handling to avoid premature polymerization
and blocked pipette tips. In addition, while automation of
3D culturing techniques can often be achieved for 96- or
384-well plates, further miniaturization may be problematic
due to pipetting of smaller volumes.*

Sample Preparation

Additional challenges arise due to the environment in which
cells are cultured. For example, for the detection of fluores-
cent signals, or for absorption measurements, the culture
matrix often interferes with measurement, and this can be
especially important for colorimetric measurements of cell
viability or proliferation. Also, protein or RNA/DNA sam-
ple preparation techniques are often not compatible with the
use of natural hydrogels that contain many endogenous fac-
tors, as the presence of matrix proteins can interfere with
antibody labeling of protein or purification and detection of
RNA and DNA.

Furthermore, the chemical and physical properties of the
matrix can interfere with the free diffusion of certain com-
pounds, especially large molecules, such as antibodies, or
molecules that bind to ECM proteins. These properties of
the gel can have an impact on the conditions that are tested
(e.g., RNAI transfections, drug or antibody concentration at
a target site) and may require longer treatment times and
optimization of the protocols to determine the effects. For
sample preparation, this means that standard procedures for
immunofluorescent labeling have to be modified to allow
sufficient time for diffusion of antibodies through the
hydrogel. Also, washing steps need to be prolonged to allow
excess antibody removal. On the other hand, these inconve-
nient properties, such as poor perfusion and adsorption,
probably more faithfully recapitulate the in vivo situation. A
development in the field of sample preparation has been
optical clearing of 3D-cultured spheroids, which may alle-
viate some of the difficulties for sample preparation and
imaging of these assays.” Although it is unclear if these
techniques can be used with gel-embedded 3D cultures, it is
clear that this technique will improve image analysis of
spheroids and enable analysis on a single-cell level.

Developments in 3D culture reagents and liquid handling
technology will help to overcome many of these challenges,
and the adoption of 3D cell cultures in high-throughput
screening will inevitably continue to grow.

Quality Control and Standardization of Methods

There currently is a high need to standardize 3D cell culture
methodology for use in medium- to high-throughput
screens. In the previous sections, we aimed to illustrate the
vast number of choices that can be made that precede the

optimization of conditions for screening, and their influ-
ences on throughput and automation.

Compared with 2D cell cultures, 3D cultures are gener-
ally more challenging to automate due to the required
reagents, and the cell type(s) may require extensive optimi-
zation for growth in miniaturized format. 3D cell cultures
often suffer from lower reproducibility of results and higher
assay variation even when simple readouts such as cell via-
bility measurements are used.

In order to increase the assay quality and reproducibility,
it is essential to control batch-to-batch variation—this is an
especially important topic for the selection of natural hydro-
gels such as ECM, but equally relevant for the purchase of
cell culture media and growth factors. By standardizing the
protein content in and extensive testing of hydrogels before
purchase, and purchasing large batches of assay reagents
and antibodies for immunostaining at once, variation as a
result of the reagent source can be minimized. Furthermore,
assay plates can have differing qualities (e.g., ultra-low-
attachment coatings) that may even differ between different
batches, and it is essential to evaluate cell culture plates
prior to starting a screen.

Additionally, in the context of co-cultures, but also in the
context of organoids, seeding an accurate number of cells
can be more of a challenge. Automatically counting cells
with modern cell counters may therefore be preferable to
manual counting. 3D cell culture assays often require more
time than 2D cell cultures due to the time required for the
cells to assemble into multicellular structures and the over-
all slower growth of (non-)immortalized cell lines in 3D.
This also causes effects such as humidity and evaporation to
have a larger impact on the assay outcome. Therefore,
active humidification of incubators or using gas-permeable
plate seals can help to counteract these negative effects.

As a more general remark, many different types of 3D
cell-based assays now exist and are being developed.
Assays that use patient-derived material may be especially
challenging to reproduce. It is therefore essential that all
procedures, reagents, and devices as well as image and data
analysis scripts are properly documented and recorded. Due
to the often enormous collections of images in high-content
screens, it may be tempting to store these data in a com-
pressed format or at lower resolution, but proper care must
be taken that requantification of data remains possible.

Opportunities and Challenges in
Phenotypic Profiling of 3D-Cultured
Microtissues

High-throughput screens typically use single endpoint mea-
surements for hit selection, such as cell viability, prolifera-
tion, or a reporter for a luciferase-based reporter assay for a
single gene. This can compromise the quality of the selected
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Figure 4. Maximum-intensity projections can cause loss

of phenotypic information in 3D cultures. (A) Schematic
representation of 2D maximum-intensity projections modified
from Booij et al. (2016).” Structures embedded in hydrogels
are captured in xy and z directions using automated microscopy,
and in-focus regions from all sections are projected into a

2D reconstruction. (B) 2D projections from 3D structures

can cause loss of important phenotypic characteristics. These
images display human kidney cyst-derived organoids, cultured in
Matrigel and stained for F-actin (rhodamine-phalloidin, red) and
nuclei (Hoechst 33258, blue) and imaged on a Nikon Ti Eclipse
confocal microscope. Example 3D reconstructions from image
sections obtained after imaging with a Nikon Ti Eclipse confocal
microscope are included as Supplemental Video |. Maximum-
intensity projection performed with Image] software prevents
lumen and cell shape detection.

hits, since only a narrow view of the cellular response to a
treatment is reported. Automated microscopy enables cap-
turing multiple features including real time to more ade-
quately assess the full response to drug treatment. The
greater morphological complexity of tissues cultured in 3D
makes this type of high-content analysis particularly valu-
able, retrieving rich information that would be overlooked

by single endpoint assays. Recent years have witnessed the
development of (ultra-)high-content phenotypic screening
and multiparametric analysis techniques that can fully
exploit the complex cellular response patterns to classify
compound effects.”’ > While currently used extensively for
2D-cultured cells, high-content screening of 3D cell-based
assays presents challenges for imaging, image analysis,
computation, and data storage, as well as data visualization.

Imaging of 3D-Cultured Microtissues

For imaging of 3D cell cultures and the selection of a plate
type, the same basic rules apply as for 2D cell cultures.
However, for anchorage-dependent 3D cultures, the optical
properties of the plate bottom are generally not a limiting
factor to obtain good-quality images, as this depends largely
on the ECM scaffold used. Additionally, not all plate types
may be equally suited for anchorage-dependent 3D cul-
tures—glass plates often have desirable properties for con-
focal microscopy but often provide a smoother surface to
which a gel can adhere less firmly. For anchorage-free 3D
cultures, this is less of a problem, but due to the large varia-
tion in culture techniques, many custom plate types have
been developed (e.g., hanging-drop spheroid plates, ultra-
low-attachment plates), which may have implications for
image capturing. For example, ultra-low-attachment 384-
well plates are available as flat-bottom plates (where spher-
oids do not necessarily form in the center of the well) and
round-bottom plates (spheroid centered). These different
plate types are not always compatible with all microscopes.

To analyze cellular phenotypes, fixed and stained cul-
tures are typically imaged using conventional wide-field or
confocal fluorescence microscopy. While 2D cell cultures
can generally be captured using a single xy image, a single
xy image taken from gel-embedded microtissues captures
only a fraction of the objects in a well, with the majority
captured in a suboptimum plane. To retrieve sufficient
information from a 3D culture, a series of xy images are
captured at fixed steps in the vertical direction using auto-
mated microscopes,” to obtain a z stack from each well
(Fig. 4A). Although the entire well of a 384-well plate is
typically captured with a 4X objective, stepping up to a
10X lens to capture more (sub-)cellular detail multiplies the
number of xy fields and z planes required to capture the
same number of objects—increasing the image capture
time perhaps 10-fold. Because increasing the objective’s
magnification will multiply the required imaging and
analysis time, higher-magnification objectives (40—60X)
are currently not suitable for imaging 3D cultures in a
high-throughput setting. In addition, depending on the
selected plate type and microscope, it may not be possible
to image outer wells using higher-magnification objec-
tives. Similar to increasing the objective’s magnification,
using multiple fluorescent channels multiplies image
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capture time. Wide-field fluorescence imaging can speed
up image capture time compared with confocal imaging,
but requires postimaging deconvolution to reduce out-of-
focus signal. An interesting idea that can help to maintain
throughput while still obtaining high-magnification 3D
object data is to perform on-the-fly phenotypic analysis on
low-magnification image sections and reimage conditions
of interest at a higher magnification.

The capturing of multiple xy images, often with multiple
image channels, considerably increases data volumes com-
pared with a 2D experiment. For example, a 384-well plate
of 3D cultures imaged with a 4X lens can typically yield
50-100 GB of image data. Maximum focus or intensity pro-
jection algorithms are available in several software pack-
ages such as Imagel®’ and CellProfiler’® and convert 3D
image stacks to 2D images, dramatically reducing data vol-
ume and the complexity of analysis (Fig. 4A). However,
collapsing a 3D image stack to a single xy image results in
a significant corruption of architecture, mismeasurement of
objects blended from different z planes, and loss of the spa-
tial association of objects between fluorescence channels,
compromising co-localization measurements; analysis of
intact 3D image stacks is necessary to retain this phenotypic
information (Fig. 4B).”'%

2D cell cultures typically provide thousands of cells for
phenotypic analysis as single-cell resolution in high-
throughput screens can be achieved. 3D cultures, however,
often only provide one object (in the case of spheroids gen-
erated using the hanging-drop technology or ultra-low-
attachment plates®®) or perhaps a hundred objects per well
(spheroids or microtissues embedded in gel) for analysis
because achieving single-cell resolution cannot be achieved
with low-magnification objectives.

Low object numbers, coupled with heterogeneity of
cell seeding and growth, can be potentially problematic
when measuring single endpoints such as cell viability.
Multiparametric high-content analysis can overcome these
problems by allowing for normalization to object (spher-
oid or microtissue) number and can additionally exploit
heterogeneity to study the effect of treatments on specific
cellular subpopulations.®®'*

While it is clear that adding a third dimension increases
the image capture and computational demands, including
live-cell 3D imaging in a multiwell screening format most
certainly pushes the demands beyond the capacity of the
available technology. However, such techniques could pro-
vide valuable information on tissue dynamics over time in
more relevant biological systems.'’" With advances in auto-
mated microscopy systems and image analysis software and
the increases in computational power, live 3D image cap-
ture is expected to become accessible. Exciting new devel-
opments in this area include recent advances in automated
brightfield imaging and light sheet fluorescence micros-
copy (LSFM) that overcome light penetration and

bleaching issues associated with confocal microscopy.'® %

Ongoing efforts to implement LSFM in high-throughput
applications would revolutionize the information that could
be obtained from a 3D screening approach.

Image Analysis and Multiparametric Endpoints

Despite the availability of advanced image analysis tools
through software such as Imagel®’ and CellProfiler,” the
true phenotypic complexity of 3D-cultured microtissues is
often not exploited to its full extent.” Software to apply true
3D phenotypic analysis and single-cell segmentation within
3D-cultured microtissues or organoids to high-throughput
screening is not yet available off the shelf. For this purpose,
in-house software has been developed at OcellO B.V.
(Leiden, the Netherlands; L. Price). Traditionally, most
screening microscopes have been developed for high-
throughput 2D assays. As a result, the software provided
with such systems is often not capable of analyzing the
morphology of 3D-cultured microtissues. With the increased
popularity of 3D cell culture techniques, microscope manu-
facturers have also increased the capabilities of their imag-
ers and image analysis software. While several open-source
and commercial software packages are available for 3D
image processing and analysis, not all software may be able
to handle screening data in an automated manner. An over-
view of available high-content screening systems as well as
image analysis software is provided by Li et al. (2016).'%

Although often requiring the use of high-magnification
lenses and multiple z planes when imaging, it is relatively
straightforward to capture single-cell-resolution images
from cells cultured in a monolayer and apply this in an auto-
mated high-throughput format. However, it is not yet feasi-
ble to achieve this with 3D cultures—Ilargely due to the
inability of imager software to detect objects on the fly and
home in for high-magnification image capture. However,
this may be compensated by the additional features that can
be measured from multicellular organotypic structures
using lower-magnification lenses in a high-throughput
format.

For many research questions, a simple parameter, such
as spheroid size, may be adequate to discriminate a treat-
ment response. As an advantage of using only a few param-
eters, readouts are generally simpler to interpret. But the use
of a limited number of parameters ignores an abundance of
the information that can be extracted from the 3D image
stacks. Segmentation of 3D brightfield images followed by
morphometric analysis enabled stratification of different
organoid populations enriched with specific transcriptional
signatures.'” Ultra-high-content analysis has also been
applied to fluorescence images of 3D cultures, enabling the
classification of drug treatments based on the morphologi-
cal changes that are induced. However, additional informa-
tion may be obtained from immunostaining or fluorescent
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Figure 5. Exploiting multiparametric data to discriminate responses. (A) Metformin, rapamycin, roscovitine, and sorafenib inhibit
forskolin-stimulated PKD cyst swelling, with roscovitine and sorafenib inducing the most potent response based on evaluation of
individual parameters. Analysis was performed using Ominer software (OcellO B.V.). All displayed phenotypic parameters are derived
from the rhodamine-phalloidin (f-actin) staining of 3D-cultured cysts. (B) Left panel: Three principal components summarizing 84% of
variance in the data show a desirable phenotypic change (green arrow) in which 5 mM metformin (blue) and 10 nM rapamycin (green)
revert a 2.5 pM forskolin-stimulated phenotype (swollen cyst, empty circles) to one indistinguishable from an unstimulated (solvent)
phenotype (solid black circles). Right panel: 31.6 yM roscovitine and 10 pM sorafenib induce an aberrant phenotype (orange arrow);
data points represent single wells. Figures adapted from Booij et al. (2017).'® (C) Two principal components from B showing multiple
inhibitors targeting cyclin-dependent kinases (CDK), mammalian target of rapamycin (mTOR), phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K), human epidermal growth factor receptor 2 (HER2), and polo-like kinase (PLKI). Contour plots represent density
estimations to emphasize the locations of forskolin-stimulated (empty circles) and unstimulated controls (solid black circles),
respectively. Green arrow represents desirable compound efficacy, from forskolin-stimulated control (empty circles, swollen cysts) to
unstimulated control (solid black circles, small cysts), and the orange arrow represents aberrant phenotypes that are observed after
treatment with PLK | inhibitors or high-dose CDK inhibitors, indicative of cytotoxicity.'®®
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markers, but this cannot be fully exploited if single-cell
resolution images cannot be obtained.

We showed previously that the integration of multiple
phenotypic descriptors can improve the classification of
compounds according to phenotypic response.'” The anal-
ysis of high-dimensional data (often containing hundreds of
different phenotypic measurements) requires the use of
more advanced data processing and visualization software,
such as KNIME, R, and Spotfire. As a result of using hun-
dreds of phenotype-derived parameters, it can be difficult to
extrapolate individual parameters to biological observa-
tions.'”” To integrate high-dimensional data and generate
meaningful visualizations, dimensionality reduction meth-
ods such as principal component analysis (PCA) can be use-
ful. PCA linearly transforms high-dimensional data to a
space of fewer dimensions, while retaining most of the vari-
ance of the data. Dimensionality reduction techniques have
been used in a 3D invasive cancer model to differentiate
between receptor tyrosine kinase inhibitors”® and also, more
recently, to identify new potentially druggable targets for
PKD and discrimination of compounds with efficacy and
toxicity.'®

As an example of this approach, in Figure SA we show
the efficacy of four control molecules at inhibiting for-
skolin-induced cystogenesis. On the basis of single param-
eters such as cyst size and perimeter, all inhibitors show
inhibition of cyst growth, with roscovitine and sorafenib
being most potent. However, if a PCA-based visualization
is used, such as shown in Figure 5B, the inhibitory effects
of metformin and rapamycin can be discriminated from
those of roscovitine and sorafenib, which induce a novel
phenotype indicative of toxicity (Fig. 5B).'” This type of
approach can also be useful in the classification of previ-
ously untested drugs (Fig. 5C).

The use of multiparametric endpoints to profile com-
pounds therefore represents an opportunity to extract more
information from primary 3D screens and exploit this phe-
notypic information to better discriminate promising com-
pounds at the earliest stage of the discovery process.

Conclusion and Perspectives

We propose that inclusion of biologically relevant in vitro
model systems early in preclinical development will aid in
selecting drugs that have a more desirable efficacy and safety
profile, especially when these model systems are coupled to
multiparametric phenotypic analysis strategies. It is likely
that the current switch from immortalized cell lines to more
challenging PDX, co-culture, and organoid models will also
increase the demand for high-content analysis methods due
to increased tissue complexity that cannot be exploited when
using classical whole-well endpoint measurements. However,
given the challenges that must be overcome and the substan-
tial investments needed to do so, there is a strong need to

validate these technologies and to demonstrate clearly that
using biologically relevant in vitro systems actually improves
the efficiency of early drug discovery. A direct comparison of
the predictive value of 2D and 3D models for in vivo efficacy
is required. Ideally, such an effort should include collections
of molecules that have previously passed and failed in pre-
clinical and clinical studies to determine the phenotypic foot-
print of successful medicines. Should the combination of
complex 3D microtissues with high-content analysis score
significantly better in this competition, investments in imple-
mentation of these technologies in the drug discovery pipe-
line may be warranted and ultimately lead to more effective
discovery of more effective drugs.
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