Cell Culture

THREE-DIMENSIONAL
ORGANOID CELL
CULTURE
optimising disease models for
research and drug discovery
The use of human-induced pluripotent stem cells (HiPSCs) continues to grow
in three-dimensional (3D) spheroid and organoid culture. Although advances in
3D cell culture systems are improving drug target validation and lead
optimisation, it is the advancement of organoid cell culture that is making a
significant impact in disease modelling and drug discovery.

I

n this article, we examine the use of organoid
cell culture systems as applied to cancer
research and the development of novel antioncologic drugs. Collectively, this transition from
3D spheroid culture to organoid culture allows
researchers to generate multiple organ-specific cell
types, resulting in cell architectures that more
closely resemble the human tissue microenvironment. Furthermore, researchers are generating
organoid cultures that are increasingly complex
and more phenotypically relevant and, as a result,
optimal models are being established to better
understand patient-specific tumour proliferation
and invasion patterns.

Increasingly-complex 3D models
As 3D cell culture has become more widely accepted, researchers have become more proficient with
3D techniques and the models being created have
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become more complex. Researchers now create
spheroids made of multiple cells types1, combine
tools to create advanced co-culture models2 and are
recapitulating organs from stem cells, including
human iPS (HiPSCs) cells to the form of organoids3.
These recent advances in 3D cell culture and
greater adoption of HiPSCs for basic research and
drug discovery are coalescing to generate systems
that provide numerous advantages over more traditional, established culturing systems. While 3D
systems provide more in vivo-like tissue environments in which to study cell function, patientderived HiPSCs provide a better model of human
disease pathophysiology than other model systems.
Consequently, researchers can now better study the
complex in vivo functionality of tissue and organ
systems, and can monitor patient-specific response
to treatment prior to clinical evaluation4. As discussed in a prior issue of this publication,
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Figure 1: Intestinal organoids

organoids – and more complex organ systems – are
now being leveraged for lead optimisation, including estimations of compound preclinical toxicity
and potential metabolic liability.
Using HiPSCs, several organoids have now been
generated including brain5, eye6, intestine7 (Figure
1), liver8, lung9, heart10 and kidney11 (summarised
in Table 1). These models offer researchers a tool
to better study tissue formation, renewal and function while maintaining many of the disease characteristics of the individual from which the cells were
sourced3.

CELL TYPE AND
DESCRIPTION
Brain
Cortical culture microfluidic
arrays

3D cell culture and cancer research
Cancer researchers were among the first to adopt 3D
cell culture systems, principally as development of 3D
cell culture systems facilitates study of host-tumour
interactions. In addition, progress has been made in
the use of 3D cell systems in high throughput screening for cancer drug discovery and development.
A diverse array of model systems is available to
investigate the disease mechanisms that promote
tumorigenesis. Such systems range from simplistic
2D cultures that rarely recapitulate the true complexity of human cancer, to very expensive and
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Midbrain cultures

Ca2+ ion imaging, electrical activity
Neurite outgrowth and viability
A, phosphorylated tau protein
Astrocytes, glutamate/GABA neurons
Circuit activity, Ca2+ imaging
Patch-clamp electrophysiology
Express TH+ DA neurons, electrophysiology

Eye
Retinal optic cup

Functional photoreceptors and RPEs
Electrophysiology

32

Heart
Cardiac modelling

Ca2+ ion imaging, muscle contraction
Video imaging of beating

33-35, 36-40

Gut
Gut-ENS co-cultures

Ca2+ ion imaging, muscle contraction
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Disease modelling – AD, cortex
Cortical layering
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Table 1: Human organoid cell types
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Figure 2: qPCR gene expression analysis. The quantitative gene expression results indicate NSC differentiation in 3D
spheroid can express more neuronal marker gene (TUBB3) than NSCs maintained and differentiated in 2D adherent
culture (n=10; *confidence interval of 2D and 3D, p=0.043<0.05). Source: Corning Life Sciences

complex mouse models that seldom reflect the
pathophysiology of human tumour progression. In
a climate where the clinical trial success rate for
oncology drugs is only 3.4%12, cancer researchers
are adopting 3D culture techniques to study
human cancer biology and develop novel, efficacious treatments for cancer patients.
While cancer cell organoids are typically derived
from primary cells rather than HiPSCs, solid
tumour models grown in 3D systems encourage
cell-cell and cell-matrix interactions that closely
imitate the natural environment. Compared to 2D
cell culture systems, these models:
l Better mimic solid tumour gene and protein
expression, metabolic activity, cell stress response,
structure, signal transduction and cellular transport proteins13.
l Exhibit patient variability and resistance to drug
uptake and metabolism, and drug sensitivity14.
l Reproduce most parameters of the tumour
micro-environment, including oxygen and nutrient
gradients, as well as the development of dormant
tumour regions13.
Two clear examples of these advantages can be
found in research related to breast cancer. Pickl et
Drug Discovery World Spring 2019

al15 demonstrated that breast tumours cultured in
3D express higher sensitivity to trastuzumab than
those cultured in 2D, as the cells of the 3D cultures
display increased activation and dependence on
HER2 and HER3 signalling. Trastuzumab blocked
HER2 and HER3 activation and proliferation of
3D cultures but not 2D-cultured cells.
Wenzel et al16 used imaging technologies to distinguish the inner core of T47D breast cancer cells
cultured in 3D from those in the outer core of the
culture. Inner core cells had less access to oxygen
and nutrients and showed reduced metabolic activity compared with outer core cells. By screening
small molecule libraries against these 3D cell cultures, these authors14 identified nine novel compounds that selectively killed the inner core cancer
cells without affecting the more active proliferating
outer core cancer cells.
The field is now moving toward more predictive
3D cancer models that utilise patient-derived
tumours, as well as high throughput drug screening
using these 3D models. Numerous methods have
been reported that consistently produce 3D
tumour organoids and that are compatible with
HTS automation instrumentation, increasing the
potential for large-scale drug screening using
patient-derived tumour models17.
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Figure 3: Flow cytometry analysis. Similar percentage of cells can be stained by NSCs marker (Nestin) in 3D spheroid
than in 2D adherent culture. Higher percentage of cells can be stained by neuronal marker (MAP2) and glial markers
(GFAP and A2B5) in 3D spheroid than in 2D adherent culture. Source: Corning Life Sciences

Advances in neurological research
Nonetheless, the limitations of 2D cell culture are
most clear in neurological research. Indeed, 2D
cultures lack the complexity of the brain in terms
of function and development18.
While neural stem cells can differentiate successfully in both 2D and 3D cell culture formats, differentiated neural stem cell spheroids have been
shown to present similar or stronger neuronal and
glial signals than those grown in 2D cultures
(Figure 2 and Figure 3).
Progress has also been made in generating
HiPSC-derived neuronal organoids that display a
level of self-organisation that is not recapitulated
in 2D cell cultures, suggesting a promising advance
in understanding neurodegenerative diseases, such
as Parkinson’s and Alzheimer’s disease19-21. Figure
4 illustrates the classification of brain models, from
less complex 2D neural aggregates to highly complex in vivo animal models.
Three-dimensional cultures of HiPSC-derived
neuronal cells have been generated in large-scale
arrays and imaging technologies used to measure
neurite outgrowth. HiPSC-derived neurons from
patients with familial Alzheimer’s disease mutations
can be grown in 3D cultures for at least eight weeks.
It was shown that diseased neurons expressed several key proteins involved in Alzheimer’s disease neurodegeneration, including A and phosphorylated
tau protein. These data may provide a screening format to identify compounds acting to reduce the production of these disease-causing biomarkers20.

Another recent study monitored the expression
of A in 3D cell cultures of HiPSC-derived neurons
from five different patients with familial
Alzheimer’s disease. They measured the action of
known inhibitors of - and -secretase (enzymes
responsible for generating neuronal A), and cultured the neurons for up to nine weeks to generate
more mature neurons for drug testing. The addition of - and -secretase inhibitors lowered A
levels in the neurons cultured in 3D, but their efficacy was markedly less than that in 2D cultures of
the same cells – likely due in part to reduced
bioavailability. It was also shown that neurons
from a patient in which the -secretase inhibitors
were ineffective lacked key proteins required for
enzyme inhibition.
These data, and other reports, suggest that drug
efficacy is affected by the variability in the cell
genome and proteome of different patients. They
also reiterate the advantage of 3D cell culture versus 2D cell culture as a predictor of human drug
efficacy in vivo. This is particularly relevant given
that -secretase inhibitors have now all failed to
show efficacy in late-stage clinical trials21. This
also illustrates the importance of screening HiPSCderived neurons from multiple patients to estimate
variations in clinical efficacy.

Patient-derived glioblastoma model23
Glioblastoma multiforme (GBM) is the most
lethal, as well as the most common, type of primary brain tumor in adults. The research and drug
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development work focused on GBM has been limited by pre-clinical models that relay on cell
autonomous in vitro models, or in vivo models
that poorly simulate human disease. Tumours are
complex systems that are greatly influenced by
their host. While several 3D models of cancers
have been developed, all are fundamentally limited
and only address some aspects of GBM.
Patient-derived glioma stem cells (GSCs) are the
accepted standard for studying GBM biology22.
This subpopulation of cells is the most phenotypically-relevant to the parental tumour, and is imperative for tumour initiation, maintenance and invasion. In addition, GSCs demonstrate an increased
resistance to cytotoxic drugs and ionising radiation.
GSCs are not cell autonomous, however, but are
instead greatly influenced by tumour host-cell
interactions. Efforts to generate 2D co-cultures of
GSCs with neurons, glia and other brain-specific
cell types often result in disorganised cellular structures that are not representative of the human
brain. Furthermore, while tumour organoids allow
GSCs to grow within a 3D extracellular matrix,
they do not address the criticality of the tumourhost tissue microenvironment interactions. A powerful tool has recently been developed for modelling human GBM, using human embryonic stem
cell (hESC)- or iPSC-derived cerebral organoids
and patient-derived GSCs23. Linkous et al established GLICO (cerebral organoid glioma) models
to retro-engineer patient-specific GBMs, resulting
in tumours that closely mimic the patient’s original
brain tumour.

Using Corning® Matrigel® as a 3D extracellular
matrix, hESCs were differentiated into fullyformed cerebral organoids. GFP-labelled GSCs
were then co-cultured with individual cerebral
organoids for 24 hours. The tumour take rate was
100% for all GSC lines, and considerable tumour
growth was detected one week after co-culture of
the tumour-infiltrated organoids. Additionally, the
tumour-bearing organoids recapitulated the
tumour morphology found in human patient
GBMs. The interrogation of the growth patterns of
six patient-derived GSC lines in the model revealed
dramatically differentiated patterns and degrees of
tumour cell invasion and proliferation between the
different lines. This differentiation reflects the heterogeneity of the invasive phenotypes clinically
observed in patients.
The GLICO model addresses several limitations
presented by prior models, allowing researchers to
study patient-specific GBMs within a microenvironment like that of a human brain. Because it is
grown ex vivo, the model can be used for experimental drug treatment. In addition, the model is
scalable for high throughput drug screening, opening the possibility for successfully screening
tumour cells for clinically active drugs and other
interventions.

Summary and outlook
The culturing of human-derived tissues in 3D
organoid systems presents a major advance in drug
discovery and, specifically, the ability to successfully screen tumour cells in vitro for clinically active
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Figure 4: Classification of brain models. Classification of brain models, from monolayers to in vivo animal models. Source: Modified from Poli et al,
‘Experimental and Computational Methods for the Study of Cerebral Organoids: A Review’
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drugs. Compared to 2D cell culture, 3D cultures
provide more architecturally-relevant barriers for
compounds to pass through, a critical factor in
determining efficacy. Additionally, 3D culture systems better model cell-cell interaction, a benefit
most apparent in complex tissues such as the brain.
Finally, the temporal aspect of 3D cell culture –
which in many cases is long lived – is important
when modelling diseases such as neurodegenerative diseases, which are often slow to develop.
As researchers have become more proficient
with 3D techniques, the models being created have
become more complex. Researchers can better
study the in vivo functionality of tissue and organ
systems, and monitor patient-specific response to
treatment. The generation of organ-specific
organoids using hPSCs are proving to be particularly powerful tools for cancer research as they
allow for the study of organ development and tissue morphogenesis, as well as better modelling of
diseases24. These advances, along with those in
high throughput screening, are leading to more
clinically-relevant models.
In the future, researchers will likely continue to
move more toward patient-specific treatments and
personalised medicine. Technologies and methods
such as those used to generate patient-specific
organoids, renewable human tissue24 and 3D bioprinted cancer models25 are advancing and providing a window into the future.
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