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3D Stem Cell Culture
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Abstract: Much interest has been directed towards stem cells, both in basic and translational research,
to understand basic stem cell biology and to develop new therapies for many disorders. In general,
stem cells can be cultured with relative ease, however, most common culture methods for stem cells
employ 2D techniques using plastic. These cultures do not well represent the stem cell niches in the
body, which are delicate microenvironments composed of not only stem cells, but also supporting
stromal cells, extracellular matrix, and growth factors. Therefore, researchers and clinicians have been
seeking optimal stem cell preparations for basic research and clinical applications, and these might
be attainable through 3D culture of stem cells. The 3D cultures recapitulate the in vivo cell-to-cell
and cell-to-matrix interactions more effectively, and the cells in 3D cultures exhibit many unique and
desirable characteristics. The culture of stem cells in 3D may employ various matrices or scaffolds,
in addition to the cells, to support the complex structures. The goal of this Special Issue is to bring
together recent research on 3D cultures of various stem cells to increase the basic understanding
of stem cells and culture techniques, and also highlight stem cell preparations for possible novel
therapeutic applications.

Keywords: stem cell; 3D; culture condition; expansion; niche; regenerative medicine;
scaffold; organoid

Stem cells are cells that demonstrate the abilities to self-renew and differentiate. Many types of
stem cells can be isolated from embryonic or adult tissues, varying in their potency from pluripotent
to unipotent depending on the stem cell type. Many cells can be found throughout the human body,
often localized in niches that provide a nurturing microenvironment for the stem cells while directing
their proliferation and differentiation. Stem cells are typically cultured in 2D tissue culture plastic
for ease and maximal expansion, as large numbers are often needed for translational research and
therapies. The 2D cultures do not, however, represent the natural environment of stem cells in the
body well. Many beneficial properties of stem cells might be lowered or even lost in 2D cultures.
Therefore, the use of 3D culture techniques has become more common in basic and translational
research. The 3D cultures often provide more complete cell-to-cell and cell-to-matrix interactions,
mimicking the natural environment in which the stem cells reside better than the traditional 2D cultures.
Furthermore, many desired cellular characteristics are maintained or even promoted in 3D cultures,
further supporting their use in basic and translational research. In this Special Issue, recent advances
in the 3D cultures of stem cells are highlighted, bringing together a collection of articles presenting
various stem cell types and their characteristics in 3D environments.

This Special Issue includes articles highlighting the effective use of induced pluripotent stem
cells (iPSCs) to develop cardiac microtissue [1], neurospheres [2], and cortical progenitors [3].
In addition, this Special Issue contains work on scaffolds with mesenchymal stem cells (MSCs) [4]
and embryonic stem cells (ESCs) [5]. Furthermore, research on generating intestinal organoids from
stem cells [6,7] and nephrogenesis studies utilizing ESCs [8] are included in this Special Issue, along
with a comprehensive review on the 3D culture of hematopoietic stem cells (HSCs) [9].

Cells 2020, 9, 2178; doi:10.3390/cells9102178 www.mdpi.com/journal/cells1
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A very relevant problem in cardiology is cardiac fibrosis. In the work by Blyszczuk et al., a model of
fibrotic cardiac microtissue was generated using iPSC-derived cardiomyocytes and cardiac fibroblasts by
treatment with transforming growth factorβ1 (TGF-β1) or by use of cardiac fibroblasts from heart failure
patients [1]. The authors demonstrated that activated cardiac fibroblasts could, via direct stimulation
of β-adrenoreceptor signaling, promote cardiac contraction rate. Furthermore, the generated model
could be used as a high-throughput model for drug testing or general studies of cardiac fibrosis [1].

A 3D in vitro model utilizing iPSCs was generated by Kobolak et al. to study neurotoxicity [2].
In this work, iPSC-derived, 3D, free-floating neurospheres, exhibiting the various cells of the nervous
system, were developed and tested in neurotoxicity studies. Furthermore, these neurospheres could
open some further opportunities for the detection of developmental neurotoxicity, and hence support
the existing animal models [2].

The work by Cutarelli et al. employed iPSC-derived cortical progenitors and scaffolds to mimic
the radially oriented cortical radial glia fibers that play an important role in the development of the
cerebral cortex [3]. The authors used silicon vertical micropillar arrays to promote the expansion and
preservation of stemness of the cortical progenitors. Furthermore, the described model of iPSC-derived
cortical progenitors and silicon micropillars could be used in cortical tissue engineering [3].

Another in vitro 3D model was generated by Ciardulli et al. for the study of MSCs and
their tenogenic differentiation [4]. This work employed a hyoluronate/poly-lactic-co-glycolic acid
(PLGA)/fibrin 3D scaffold with MSCs that were studied under static and cyclic-strain conditions.
The research demonstrated that MSCs grown in this scaffold increased their tenogenic marker and
pro-repair cytokine expression, supporting the notion of this model as a potential predictive system to
be used in future studies employing the sustained release of biochemicals [4].

To circumvent some of the challenges with the 2D culture expansion of ESCs, McKee et al.
developed a 3D scaffold to mimic in vivo stem cell niches [5]. The authors used polyethylene
glycol (PEG) polymers with thiol and acrylate end-groups to guide the self-assembly of the scaffolds.
ESCs grown in these scaffolds were able to maintain their viability, self-renewal, and differentiation
potential. ESCs in the scaffolds also exhibited a high expression of pluripotency markers and some
mechanosensitive genes, supporting the notion of these scaffolds as potentially helpful for many ESC
studies [5].

To aid in the study of intestinal disorders, Kramer et al. developed intestinal organoids from
stem cells obtained from various parts of the intestine [6]. These intestinal organoids showed
long-term expansion of the cells while inhibiting cell differentiation when cultured in expansion media,
while differentiation into goblet and enteroendocrine cells was promoted with culture in differentiation
media. These organoids could possibly be employed in various in vitro models of functional intestinal
disorders [6].

Another study utilizing intestinal stem cell organoids explored the cellular origin of
carcinogenesis [7]. In this study, Yen et al. developed a tumorigenesis model based on carcinogenesis
and genetically engineered mice. The authors were able to demonstrate the interplay between extrinsic
carcinogen and intrinsic genetic modification and their contribution towards transformation while
elucidating the involvement of molecular factors, such as protein phosphatase 2A (PP2A), in this
process [7].

A study by Tan et al. utilized ESCs to generate ureteric bud progenitor cells [8]. The authors
then used these progenitor cells to induce nephrogenesis in co-culture with primary metanephric
mesenchyme. These kidney organoids exhibited nephron structures with collecting ducts connected to
nephron tubules. This study demonstrated a relatively simple and reproducible way of generating
ureteric bud progenitors [8].

This Special Issue includes articles highlighting recent discoveries in 3D stem cell cultures using
MSCs [4], ESCs [5,8], iPSCs [1–3], and intestinal stem cells [6,7]. This Special Issue also includes a review
article by Ribeiro-Filho et al. that discusses the 2D and 3D culture of hematopoietic stem cells (HSCs)
as a relevant model to study both normal and abnormal hematopoiesis [9]. Furthermore, this Special
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Issue includes articles that utilize various scaffolds together with stem cells from various sources to
study 3D cultures [3–5].

Funding: This research received no external funding.
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Activated Cardiac Fibroblasts Control Contraction of
Human Fibrotic Cardiac Microtissues by a
β-Adrenoreceptor-Dependent Mechanism
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Abstract: Cardiac fibrosis represents a serious clinical problem. Development of novel treatment strategies
is currently restricted by the lack of the relevant experimental models in a human genetic context. In this
study, we fabricated self-aggregating, scaffold-free, 3D cardiac microtissues using human inducible
pluripotent stem cell (iPSC)-derived cardiomyocytes and human cardiac fibroblasts. Fibrotic condition
was obtained by treatment of cardiac microtissues with profibrotic cytokine transforming growth factor
β1 (TGF-β1), preactivation of foetal cardiac fibroblasts with TGF-β1, or by the use of cardiac fibroblasts
obtained from heart failure patients. In our model, TGF-β1 effectively induced profibrotic changes in
cardiac fibroblasts and in cardiac microtissues. Fibrotic phenotype of cardiac microtissues was inhibited
by treatment with TGF-β-receptor type 1 inhibitor SD208 in a dose-dependent manner. We observed
that fibrotic cardiac microtissues substantially increased the spontaneous beating rate by shortening the
relaxation phase and showed a lower contraction amplitude. Instead, no changes in action potential
profile were detected. Furthermore, we demonstrated that contraction of human cardiac microtissues
could be modulated by direct electrical stimulation or treatment with the β-adrenergic receptor agonist
isoproterenol. However, in the absence of exogenous agonists, the β-adrenoreceptor blocker nadolol
decreased beating rate of fibrotic cardiac microtissues by prolonging relaxation time. Thus, our data
suggest that in fibrosis, activated cardiac fibroblasts could promote cardiac contraction rate by a direct
stimulation of β-adrenoreceptor signalling. In conclusion, a model of fibrotic cardiac microtissues can be
used as a high-throughput model for drug testing and to study cellular and molecular mechanisms of
cardiac fibrosis.

Keywords: cardiac microtissues; iPSC-derived cardiomyocytes; cardiac fibroblasts; cardiac fibrosis;
cardiac rhythm; TGF-β signalling; drug screening; in vitro model

1. Introduction

Cardiac fibrosis refers to an excessive accumulation of stromal cells and extracellular matrix
(ECM) proteins in the myocardium and represents a common pathophysiological scenario in a
broad range of cardiovascular conditions, including myocardial infarction, hypertension, myocarditis,
and hypertrophic or dilated cardiomyopathy [1]. Cardiac fibroblasts and myofibroblasts represent the

Cells 2020, 9, 1270; doi:10.3390/cells9051270 www.mdpi.com/journal/cells5
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most extensively characterised stromal cell types involved in fibrotic processes in the heart [2]. In the
traditional view, resident cardiac fibroblasts become activated and overproduce ECM proteins such
as collagen type I and III and fibronectin. Fibrogenesis is regulated by multiple profibrotic inputs,
which activate a complex signalling network. In cardiac fibrosis, transforming growth factor β (TGF-β)
is recognised as the key profibrotic cytokine activating quiescent cardiac fibroblasts. Constitutive
overexpression of TGF-β was shown to induce interstitial cardiac fibrosis and cardiac hypertrophy in
transgenic mice [3], whereas targeting TGF-β or its downstream mediators successfully reduced or
prevented cardiac fibrosis in various animal models [4–6]. Progressive fibrosis causes tissue stiffening
and may affect cardiac rhythm. Clinical data associate fibrotic heart condition with increased resting
heart rate [7] and with elevated risk of developing life-threating arrhythmias [8,9]. The underlaying
mechanisms remain obscure, however.

In the body, heart rhythm established by pacemaker cells located in the sinoatrial node of the
heart is mainly under control of the autonomic nervous system. Sympathetic stimulation increases the
rate, whereas parasympathetic stimulation decreases it. Neurotransmitter noradrenaline released by
the sympathetic neurons increases heart rate by activating β-adrenergic receptors on cardiomyocytes.
Under stress condition, β-adrenoreceptors are further activated by adrenaline—a catecholamine
produced by the adrenal glands and released into the circulation. Binding of agonists to β-adrenergic
receptors causes the formation of cyclic adenosine monophosphate and activation of protein kinase A
that phosphorylates a number of proteins including myosin light chains and thus increases the ability
of cardiomyocytes to relax following excitation contraction coupling [10]. In the heart, the increased
relaxation is associated with increased rate and strength of contraction.

Because extracardiac stimuli are important regulators of the heart rhythm, it is difficult to study
intracardiac mechanisms of cardiac contractility using in vivo systems only. Data from ex vivo and
in vitro cardiac models may shed more light on specific aspects of intracardiac rhythm regulation.
Disease models using human cells offer a natural advantage over animal models by providing a
proper genetic and cellular context. In cardiovascular research, difficulties in obtaining and culturing
contractile primary human cardiomyocytes limited the development of in vitro human models for
many years. The human induced pluripotent stem cell (iPSC) technology opened new perspectives and
became a commonly used, unlimited source of spontaneously beating cardiomyocytes for regenerative
medicine, drug discovery and toxicity screening [11].

A lack of the physiologically relevant experimental setting is a major drawback of many in vitro
models. In general, traditional two-dimensional (2D) cell culture systems poorly mirror the biomechanical
and biochemical microenvironment of the tissue. Three-dimensional (3D) cell culture technologies,
instead, much better reflect the organ complexity and represent an attractive alternative to the commonly
used 2D models. 3D cell culture systems, called microtissues or organoids, include cellular models on
various bioscaffolds, but also scaffold-free spheroids comprising of one or more cell types. In recent years,
various types of cardiac microtissues have been successfully used predominantly in regenerative medicine,
but also as platforms for drug screening or as disease models [12]. Self-aggregating, scaffold-free cardiac
microtissues consisting of human iPSC-derived cardiomyocytes and human primary cardiac fibroblasts
cultured in nonadherent plates represent a high-throughput in vitro model of human cardiac tissue. These
spontaneously beating cardiac microtissues show typical structures including well-developed myofibrils
and recapitulate cardiac functionality including responsiveness to electrical stimulation [13]. In this work,
we aimed to address how fibrotic changes affect contractility of human cardiac microtissues. We found
that profibrotic condition and, in particular, activation of cardiac fibroblasts increase beating rate of
cardiac microtissues, and this effect is at least partially mediated by endogenous activation of β-adrenergic
receptors. Furthermore, we demonstrated that human cardiac microtissues represent an easy-to-use,
reproducible high-throughput method for small molecule screening.
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2. Material and Methods

2.1. Cellular Sources

Frozen human iPSC-derived cardiomyocytes (>99% troponin-positive) were purchased from
Cellular Dynamics International, and were used directly upon thawing. Foetal human cardiac
fibroblasts were purchased from Sigma (Cell Applications) and cells from passages 10–15 (>99%
vimentin-positive, >99% collagen I-positive and <5% positive for filamentous form of α-SMA) were
used. Adult cardiac fibroblasts were isolated from cardiac tissue samples obtained from the left atria of
hearts from the patients with end-stage heart failure due to ischemic heart disease undergoing heart
transplantation and from the waste fragments of donor normal hearts that were trimmed off while
adjusting atrium size and shape during transplantation. Specimens were collected without patient
identifiers according to the protocol revised by the Ethics Committee of the University of Naples
Federico II (approval number 79/18) and in conformity with the principles outlined in the Declaration
of Helsinki. Patients characteristic is available in Supplementary Table S1.

2.2. Isolation of Human Adult Cardiac Fibroblasts

Adult cardiac fibroblasts were isolated as described previously [14]. Briefly, cardiac tissue samples
were minced and then enzymatically disaggregated by incubation in 0.25% trypsin and 0.1% (w/v)
collagenase II (both Sigma-Aldrich, Basel, Switzerland) for 30 min at 37 ◦C. The digestion was stopped
by adding Hanks’ Balanced Salt solution supplemented with 10% foetal bovine serum (FBS, Gibco,
Paislay, UK). The tissue was further disaggregated by pipetting; noncardiomyocyte cells were separated
from debris and cardiomyocytes by sequential centrifugation and passage through 20 μm cell sieve.
Fibroblasts were isolated from cell suspension by immunomagnetic cell sorting through positive
selection with anti-fibroblast MicroBeads (MiltenyiBiotec, Bergisch Gladbach, Germany). Following
selection, fibroblasts were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma, Basel,
Switzerland) supplemented with 10% FBS, penicillin 10,000 U, and streptomycin 10 mg/mL (all from
Sigma, Basel, Switzerland) at 37 ◦C in 5% CO2. The aCFs from patients with heart failure and unaffected
donors were used individually. Cells from passages 4–6 were used.

2.3. Fabrication and Culture of Microtissues

Three types of microtissues containing: (1) iPSC-derived cardiomyocytes and fibroblasts mixed in
ratio 4:1, (2) fibroblasts only, and (3) iPSC-derived cardiomyocytes only were generated by self-assembling
in 96-well GravityTRAP plates (InSphero, Schlieren, Switzerland), and cultured as one microtissue per
well. Accordingly, for generation of one microtissue, 5000 cells suspended in 70 μL maintenance medium
were placed in the GravityTRAP plates for three days in the slanted position. Maintenance medium
contained 2% FBS (Gibco, Paislay, UK), 50 μM phenylephrine hydrochloride (Sigma), 0.3 μM L-ascorbic
acid (Sigma), 50 μM 2-mercaptoethanol (Gibco, Paislay, UK), 50 U/mL penicillin/streptomycin (Gibco,
Paislay, UK) in high glucose DMEM (Sigma). Upon self-assembly, microtissues were further cultured
in the GravityTRAP plates in the maintenance medium for 10 days. Microtissues were cultured under
standard culture conditions (at 37 ◦C, 5% CO2 in a humidified incubator). Medium was changed at
days 0, 2, 4, and 7. Fibrotic differentiation of cardiac microtissues was induced at day 0 with 10 ng/mL
recombinant human TGF-β1 (Peprotech, London, UK) and TGF-βR1 was blocked with 10−8–10−5 g/mL
SD208 (Tocris, Zug, Switzerland). To address β-adrenoceptor-dependent mechanisms, microtissues were
treated with 10 nM isoproterenol (Tocris) and/or 1 μM nadolol (Sigma) 15–90 min prior to video recording.
Controls received solvents only.

2.4. Live Imaging and Video Analysis

Randomly chosen live microtissues were analysed using microscopes equipped with a humidified
chamber at 37 ◦C and 5% CO2. Pictures of microtissues were captured using the Live Cell Imaging
System (Olympus, Shinjuku, Japan) and size of microtissues was measured with the Xcellence Pro
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software (Olympus) as area in pixels. Increase in size was calculated as the size of microtissue at
day 10/size of microtissue at day 0. Videos of contracting microtissues were recorded using the
AxioObserver Z1 (Zeiss, Hombrechtikon, Switzerland) and the ZEN software. Videos were processed
using Fiji software and custom-made macro. Contraction analysis was performed using Fiji software
and MUSCLEMOTION macro [15].

2.5. FluoVolt Measurements

Voltage experiments were conducted on day 11. The microtissues were washed in serum-free
medium consisting of DMEM (Gibco, Paislay, UK) supplemented with 10 mM D-Galactose (Sigma)
and 1 mM sodium pyruvate (Sigma). The microtissues were loaded with voltage-sensitive dye: 0.1%
FluoVolt and 1% PowerLoad (ThermoFisher, Waltham, WA, USA) in the above listed serum-free
medium for 25 min at 37 ◦C 5% CO2. The voltage-sensitive dye was removed by washing in serum-free
medium, and the multiwell plate was placed in an environmentally controlled stage incubator (37 ◦C,
5% CO2, >75% humidity) in the CellOPTIQ® platform (Clyde Biosciences, BioCity Scotland) 30 min
before experimentation. The fluorescent signal was recorded with an excitation at 470 nm, and emitted
light was collected from the entire microtissue using a 10× Fluor objective and the intensity recorded
by a photomultiplier tube at 510–560 nm at 10 kHz. A 15 s recording was taken of each microtissue.
Offline analysis was performed using CellOPTIQ®.

2.6. Electrical Pacing

Prior to experiment, microtissues were transferred into a glass bottom cell culture dish. Electrical
field pacing of microtissues was performed using a modified glass bottom culture dish with inserted
platinum wires attached to a MyoPacer (IonOptix, Westwood, MA, USA) set to a frequency of 3 Hz.
Microtissues were recorded using the Eclipse TE2000-U microscope (Nikon, Tokyo, Japan) equipped
with heating chamber, temperature controller (Ibidi, Graefelfing, Germany) and HeroBlack6 GoPro
camera (Back-Bone Gear, Ontario, Canada).

2.7. Quantitative RT-PCR

For one sample, 12 microtissues were pooled. Total RNA was isolated using the Quick RNA
Micro Kit (Zymo Research, Irvine, CA, USA). cDNAs were amplified using the cDNA Synthesis Kit
(Roche). Gene expression was detected using oligonucleotides complementary to transcripts of the
analysed genes and the GoTaq qPCR Master Mix (Promega, Dubendorf, Switzerland) using the 7500
Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). Oligonucleotide sequences are
available in the Supplementary Table S2. Transcript levels of human RPLP0 were used as endogenous
reference, and relative gene expression was analysed using the 2−ΔΔCt method.

2.8. Immunocytochemistry

In total, 25–30 microtissues were pooled, fixed overnight with 4% paraformaldehyde and embedded
in 2% agarose and in paraffin. Microtissue sections of 3–5μm were cut (Sophistolab, Muttenz, Switzerland)
and deparaffinised following standard methods. Sections were blocked with 10% goat serum (Vector
Laboratories, Burlingame, CA, USA) and stained with primary/secondary antibodies: rabbit anti-human
α-SMA (Sigma, dilution 1:750)/goat anti-mouse AP (Dako, Glostrup, Denmark, dilution 1:50), rabbit
anti-human vimentin (Abcam, Cambridge, UK, dilution 1:250)/goat anti-rabbit (Vector Laboratories,
Burlingame, CA, USA, dilution 1:200), rabbit anti-human periostin (Abcam, dilution 1:250)/Polymer
anti-rabbit (Histofine, Nichirei Biosciences Inc. Tokyo, Japan), rabbit anti-human fibronectin (Abcam,
dilution 1:100)/Polymer anti-rabbit (Histofine), rabbit anti-human Ki67 (Abcam, dilution 1:100)/goat
anti-rabbit (Vector Laboratories, dilution 1:200), rabbit anti-human connexin 43 (Abcam, dilution
1:200)/goat anti-rabbit (Vector Laboratories, dilution 1:500), and rabbit anti-human troponin T (Origene
Technologies, Rockville, Maryland, USA, dilution 1:2000)/Polymer anti-rabbit (Histofine). Detection was
performed with the Bond Polymer HRP Refine Detection kit (Leica, Heerbrugg, Switzerland) according
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to the manufacturer’s guidelines for troponin T, and with DAB or Vector Red (Vector Laboratories) for all
other antibodies. Nuclei were counterstained with haematoxylin (J.T.Backer, Gliwice, Poland). Direct
Red Sirius Red (Sigma-Aldrich, Basel, Switzerland ) staining was used to detect collagen deposition.
Stained sections were analysed using the Olympus DP80 microscope and the cellSens Standard imaging
software (Olympus, Shinjuku, Japan). Intensity of immunopositive signals and nuclei counterstaining
for each section were quantified using the ImageJ software. Staining intensity is presented in arbitrary
units (AU) representing immunopositive signal intensity corrected by the counterstained nuclei value.

2.9. Procollagen Type I and IL-6 ELISA

Supernatants from individual microtissues were collected at day 10 and stored at−80 ◦C. Undiluted
supernatants were analysed with the human Procollagen I alpha 1 DuoSet ELISA (R&D Systems,
Abingdon, UK) and the human IL-6 DuoSet ELISA (R&D Systems) following manufacturer’s protocol.
Optical density was measured with the Synergy microplate reader (Biotek, Winooski, Vermont, USA)
and the Gen5 software.

2.10. Caspase 3/7 Activity

Supernatants containing one microtissue each were collected at day 10 and immediately measured
for apoptosis with the Caspase-Glo 3/7 Assay (Promega, Dubendorf, Switzerland) following the
manufacturer’s protocol. Luminescence was measured with the Synergy microplate reader (Biotek,
Winooski, Vermont, USA) and the Gen5 software.

2.11. Western Blotting

Cellular proteins of foetal human cardiac fibroblasts were extracted with RIPA buffer (Sigma-Aldrich)
supplemented with protease inhibitor cocktail (Complete ULTRA Tablets, Roche) and phosphatase
inhibitors (PhosphoStop, Roche) from cultivated cells. Protein concentration was quantified by colorimetric
bicinchoninic acid assay according to the manufacturer’s protocol (Thermo Fisher Scientific). SDS-PAGE
electrophoresis and wet-transfer method were used to separate and transfer proteins on nitrocellulose
membranes, followed by 45 min incubation in blocking solution (tris buffered saline, Tween-20 (TBST,
Thermo Fisher Scientific) containing 5% skim milk powder (Becton Dickinson AG, Allschwil, Swizterland).
Membranes were incubated overnight with the following primary antibodies: anti-αSMA (1:1000, A2547,
clone 1A4, Sigma-Aldrich), anti-Fibronectin (1:2000, Abcam: ab2413) or GAPDH (1:10,000, clone 14C10,
#2118, Cell Signalling). Horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000) were used
for detection with ECL substrate (SuperSignal West Pico Plus, Thermo Fisher Scientific) and development
on the Fusion Fx (Vilber, Collegien, France). Densitometric analyses were performed with ImageJ 1.47t.
Fold changes were computed after normalization to GAPDH.

2.12. Cell Contraction Assay

To assess the contractile properties of foetal human cardiac fibroblasts, the Contraction Assay
Kit (Cell Biolabs, San Diego, CA, USA) was used following the manufacturer’s protocol. Cells were
cultivated with or without 10 ng/mL TGF-β for 72 h and reseeded in collagen gels for a further 72 h.
Each condition was analysed in triplicates or quadruplicates. Images were taken at time 0, 24, 48
and 72 h after reseeding in a collagen gel. Areas of the gels were measured by ImageJ. Percentage of
contraction of all conditions was measured compared to the average of unstimulated cells at day 0.

2.13. Statistics

Normally distributed data were analysed by two-tailed unpaired or paired Student’s t-test and
unpaired two-tailed ANOVA followed by uncorrected Fisher’s LSD post-hoc test. All analyses were
computed using GraphPad Prism 8 software. Differences were considered as statistically significant
for p < 0.05.
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3. Results

3.1. Cardiac Fibroblasts Improve Integrity and Contractility of Human Cardiac Microtissues

Using human iPSC-derived cardiomyocytes (iCMs) and human foetal cardiac fibroblasts (fCFs),
we developed a high throughput in vitro model of human cardiac tissue [16]. Cardiac microtissues
consisting of 5000 cells each were generated by self-assembly (Figure S1). iCMs assembling without
fibroblasts, however, formed loose cell aggregates (Figure 1A, Video S1). Addition of fCFs to iCMs
in a ratio of 1:4 (fCFs:iCMs) allowed for formation of compact, spontaneously contracting cardiac
microtissues (Figure 1A,B, Video S2) In the next step, we performed transcriptional profiling of
microtissues by qPCR for genes characteristic for cardiomyocytes and fibroblasts. Seven genes
characteristic for cardiomyocytes were detected in microtissues containing iCMs (iCM and iCM:fCF
microtissues), but not in those generated with fCFs only. In contrast, nine out of twelve genes associated
with fibroblasts and fibrosis were consistently detected in all types of microtissues (Figure 1C).
However, expression levels of most of fibroblastic genes were substantially higher in fCFs than in iCMs
microtissues. As expected, the expression profile of iCMs:fCFs microtissues showed high levels of all
cardiac and fibroblastic genes (Figure 1C).

Figure 1. Characteristics of cardiac microtissues. Panel (A) illustrates typical morphologies (bar =
50 μm) and panel (B) shows typical contraction patterns of cardiac microtissues generated using
iPSC-derived cardiomyocytes (iCMs) only (top) or iCMs mixed with foetal cardiac fibroblasts (fCFs)
in a ratio of 4:1 (iCMs:fCFs, bottom). Representative contractions are available in the Supplementary
Materials (Videos S1 and S2). A heat map in panel (C) indicates expression of cardiomyocyte and
fibroblast genes in microtissues containing iCMs only (left), fCFs only (center) or iCMs:fCFs (right).
Each segment indicates the average (n = 3–5) expression of one experiment. Lower −Δ Ct values
indicate higher relative expression. n.d.—not detected.
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3.2. TGF-β1 Induces Fibrotic Changes in Human Cardiac Microtissues

TGF-β1 represents a potent inducer of profibrotic changes in cardiac fibroblasts. In the first step,
we exposed microtissues to TGF-β1 for 10 days. In the presence of TGF-β1, both fCFs and iCMs:fCFs
microtissues significantly increased their size (Figure 2A, Figure S2).

In the next step, we measured procollagen type I secretion, which is an important hallmark of
the ongoing fibrotic processes. As expected, fCFs microtissues produced markedly more collagen I
upon TGF-β1 stimulation. Under this stimulatory condition, significant increase in procollagen type I
production was also observed for iCMs:fCFs microtissues (Figure 2B). Importantly, iCMs microtissues
did not produce detectable levels of procollagen I (Figure 2B) pointing to fibroblasts as the main source
of collagen I in cardiac microtissues. Increased collagen production in iCMs:fCFs microtissues treated
with TGF-β1 was confirmed by picrosirius red staining (Figure 2C). To address whether treatment with
TGF-β1 induced apoptosis in this model, we measured caspase 3/7 activity in iCMs:fCFs microtissues.
We observed similar caspase 3/7 activity in iCMs:fCFs microtissues treated with and without TGF-β1
(Figure 2D). Additionally, iCMs:fCFs microtissues treated with TGF-β1 produced significantly less
IL-6 (Figure 2E).

Cardiac fibrogenesis is a transcriptionally regulated process. Upon TGF-β1 stimulation, genes
characteristic for cardiomyocytes were only slightly dysregulated in iCMs microtissues. In iCMs:fCFs
microtissues, instead, cardiomyocyte-specific genes were downregulated following TGF-β1 treatment
(Figure 2F). Analysis of fibrotic genes showed that most of them were strongly upregulated in fCFs
and iCMs:fCFs microtissues in response to TGF-β1 (Figure 2F).

TGF-β1-induced changes in gene expression was followed by the analysis of the respective proteins
in cardiac microtissues. To this aim, selected markers were analysed by immunohistochemistry in
iCMs:fCFs microtissues cultured with or without TGF-β1. We found significantly less expression of the
cardiac cell marker troponin T and gap junction protein connexin 43 in iCMs:fCFs microtissues exposed
to TGF-β1. Instead, proteins produced by quiescent (vimentin, fibronectin) or activated (α-SMA,
periostin) fibroblasts were more abundant in TGF-β1-treated cardiac microtissues. The number of
proliferative (Ki67-positive) cells was also higher in iCMs:fCFs microtissues cultured with TGF-β1
(Figure 3, Figure S3). In conclusion, our results indicate that TGF-β1 effectively induced fibrogenesis in
cardiac microtissues.

3.3. Pharmacological Targeting of TGF-βR1 Signalling Prevents from Fibrotic Changes in Human
Cardiac Microtissues

In the next step, we asked whether the fibrotic cardiac microtissue model is relevant to test
anti-fibrotic compounds. To this aim, we used the TGF-βR1 inhibitor SD208 and tested it in the
iCMs:fCFs microtissues cultured in the presence or absence of TGF-β. We observed that SD208 inhibitor
effectively blocked TGF-β1-mediated microtissue growth (Figure 4A).

Furthermore, we found that SD208 suppressed procollagen type I production in iCMs:fCFs
microtissues cultured not only with, but also without TGF-β1 (Figure 4B). Given the effect of the
inhibitor in the absence of exogenous TGF-β1, we analysed gene expression in iCMs:fCFs microtissues
cultured with and without SD208. Expression of 12 out of 18 analysed genes were significantly changed
in response to SD208 treatment (Figure 4C). Similar results were obtained for treatment of iCMs:fCFs
microtissues with SD208 in the presence of TGF-β1 (Figure 4D). Next, we analysed dose-dependent
responses of microtissues to SD208. In these experiments, iCMs:fCFs microtissues were cultured in the
presence of TGF-β1 and serial dilutions of SD208. Our results showed dose-dependent responses of
iCMs:fCFs microtissues to SD208 in terms of microtissue size (Figure 4E), collagen type I secretion
(Figure 4F) and expression of profibrotic genes (Figure 4G). Taken together, these data suggest that
cardiac microtissues represent a useful model for pharmacological studies.
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Figure 2. TGF-β1 activates foetal cardiac fibroblasts in microtissues. Panel (A) demonstrates changes
in size of microtissues generated with fCFs only (fCFs, left) and iCMs mixed with fCFs in ratio 4:1
(iCMs:fCFs, right) cultured in the presence (red) or absence (black) of TGF-β1 (10 ng/mL) for 10 days.
Panel (B) shows relative levels of procollagen I (measured by ELISA), at day 10 in supernatants of all
three microtissue types: fCFs (left), iCMs:fCFs (middle) and iCMs (right). Graphs show cumulative
data of 2–5 independent experiments. Each dot represents data of one microtissue. Panel (C) illustrates
representative picrosirius red staining in iCMs:fCFs microtissues at day 10 (bar = 10 μm). Panel (D)
shows caspase 3/7 activity measured at day 10 in iCMs:fCFs microtissues. Graphs show cumulative
data of 3 independent experiments. Panel (E) shows IL-6 levels measured by ELISA, at day 10 in
supernatants of iCMs:fCFs microtissues. Graphs show cumulative data of 3 independent experiments.
Each triangle represents data of one microtissue. Panel (F) summarizes fold changes in gene expression
in indicated microtissues in the presence of TGF-β1 (in relation to expression in the absence of TGF-β1).
* p < 0.05. Graphs show cumulative data of 3–4 independent experiments, n = 11–20. For all graphs,
p values were calculated with the Student’s t-test. n.d.—not detected.
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Figure 3. TGF-β1 induces fibrotic phenotype in cardiac microtissues. Immunohistochemistry of
iCMs:fCFs microtissues cultured in the presence or absence of TGF-β1 (10 ng/mL) at day 10. Panel
(A) illustrates representative staining for the indicated proteins at the indicated condition (bar =
50 μm). Higher magnification pictures are available in the Supplementary Materials (Figure S3). Panel
(B) shows quantification of the respective staining for microtissues cultured in the presence (red) or
absence (black) of TGF-β1. Graphs show cumulative data of 3 independent experiments. Each triangle
represents data for one microtissue. p values were calculated with the Student’s t-test.
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Figure 4. Pharmacological targeting of microtissues with TGF-βR1 inhibitor SD208. (A–D) iCMs:fCFs
microtissues were cultured in the presence or absence of TGF-β1 (10 ng/mL) and SD208 (10 μg/mL).
Panel (A) shows changes in size of microtissues and panel (B) normalized levels of secreted procollagen
I (measured by ELISA in supernatants) at the indicated conditions at day 10. Each dot represents data
for one microtissue. p values were calculated with ANOVA followed by uncorrected Fisher’s LSD tests
for selected groups, * p < 0.05. Panels (C,D) show changes in gene expression in response to treatment
with SD208 of microtissues cultured in the absence (C) or presence (D) of TGF-β1. n = 6, p values were
calculated with the Student’s t-test, * p < 0.05. (E–G) iCMs:fCFs microtissues were cultured in the
presence of TGF-β1 (10 ng/mL) and serial dilutions of SD208. Panel (E) shows changes in microtissue
size, panel (F) normalized levels of secreted procollagen I and panel (G) relative expression of selected
genes at the indicated conditions at day 10. Each dot represents data for one microtissue. Each triangle
represents data for one microtissue. p values were calculated with ANOVA followed by uncorrected
Fisher’s LSD tests versus +TGF-β group, * p < 0.05.
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3.4. Activated Cardiac Fibroblasts Increase the Contraction Rate of Cardiac Microtissues

Contractility represents the main functional feature of cardiomyocytes. Using high-speed movies
and motion-tracking analysis, we examined contractile properties of iCMs:fCFs microtissues at day 10.
Fibrotic changes triggered by TGF-β1 substantially deteriorated the contraction pattern of iCMs:fCFs
microtissues. We consistently observed significantly increased contraction rate and reduced contraction
amplitudes of fibrotic microtissues in all experiments. A more detailed analysis of contraction pointed
mainly to the shortening of relaxation phase in iCMs:fCFs microtissues upon treatment with TGF-β1
(Figure 5A, Figures S4 and S5, Video S3).

Figure 5. Contractile properties of cardiac microtissues containing foetal or adult cardiac fibroblasts.
Panel (A) shows quantification of contraction parameters of iCMs:fCFs microtissues cultured in the
presence (red) or absence (black) of TGF-β1 (10 ng/mL) at day 10. Quantification of contraction
parameters of microtissues containing fCFs pretreated with TGF-β1 for 3 days prior microtissue
formation (blue) or untreated fCFs (black) recorded at day 10 are shown in panel (B). Each dot represents
average data of one experiment. Data of individual experiments are available in the Supplementary
Materials (Figures S5 and S8). p values were calculated with the paired Student’s t-test. Panel (C) shows
quantification of contraction parameters of cardiac microtissues containing aCFs from unaffected hearts
(white) or heart failure (HF) patients (grey). Each dot represents average data of one experiment (n
= 14–18). p values were calculated with the Student’s t-test. Representative contraction records are
available in the Supplementary Materials (Figures S5, S10B and S11 and Videos S2–S6).

We hypothesized that TGF-β1 affected the contractility of iCMs:fCFs microtissues by activation of
fCFs, rather than by a direct effect on iCMs. To validate this hypothesis, we generated cardiac microtissues
using fCFs pretreated with TGF-β1 for three days (prior microtissue formation) and analysed their
contractility in the absence of exogenous TGF-β1 at day 10. Pretreatment with TGF-β1 effectively activated
fCFs as indicated by increased production of collagen, α-SMA and fibronectin in 2D cultures (Figure S6).
We observed that iCMs:fCFs microtissues containing activated fCFs displayed increased size and secreted
significantly more procollagen I (Figure S7), showed increased contraction rate, reduced contraction
amplitudes and shortened relaxation phase (Figure 5B, Figures S4 and S8, Video S4), and successfully
reproduced the contraction pattern observed in fibrotic (+TGF-β1) cardiac microtissues.
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To further address the relevance of CFs to cardiac microtissue contractility, we compared cardiac
microtissues containing adult CFs (aCFs) obtained from unaffected hearts of mostly young individuals
(healthy aCFs) to aCFs from patients with heart failure (HF aCFs). Cardiac microtissues containing
healthy aCFs and HF aCFs showed similar sizes at day 10 (Figures S9 and S10A). We found that
iCMs:aCFs microtissues with HF aCFs showed increased contraction rate and shortened relaxation phase
in comparison to cardiac microtissues containing healthy aCFs (Figure 5C, Figures S4 and S10B, Videos S5
and S6). Of note, microtissues containing healthy iCMs:aCFs more often responded to TGF-β1 stimulation
by increasing contraction rate than those with HF aCFs (four of six vs. one of six, Figure S11). All these
data indicate that contractile properties of cardiac microtissues depend on the activation status of CFs.

3.5. Unaffected Repolarization Phase in Fibrotic Cardiac Microtissues

In cardiomyocytes, mechanical contraction is triggered by electrical excitation. Next, we addressed
the effect of external electrical stimulation of cardiac microtissues. Stimulation at 3 Hz induced a beating
rate of 178–179 bpm in responsive microtissues, reduced contraction amplitude and substantially shortened
contraction duration in both control and TGF-β1-treated iCMs:fCFs microtissues (Figure 6A, Videos S7
and S8), pointing to their full electrical responsiveness. Next, we analysed changes in membrane potential
of control and fibrotic iCMs:fCFs microtissues using the relevant fluorescent probe (Figure 6B).

Figure 6. Cardiac microtissue electrophysiology. iCMs:fCFs microtissues were cultured in the presence
(red) or absence (black) of TGF-β1 (10 ng/mL) for 10 days. Panel (A) shows quantifications of the
contraction parameters recorded during spontaneous contractile activity (triangles, ctr) and then upon
electrical stimulation with 3 Hz (circles, 3 Hz). Each dot represents data for one microtissue at the
indicated condition, lines match data obtained from the same microtissue. p values were calculated with
the paired Student’s t-test. Panel (B) illustrates representative action potentials recorded with FluoVolt
probe (left) and the respective contractions (right). Quantifications of action potential parameters are
shown in panel (C). Graphs show cumulative data of 3 independent experiments. Each dot represents
data for one microtissue. p values were calculated with the Student’s t-test. APD—action potential
duration, TRise—depolarisation phase.
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We found significantly lower action potential amplitudes in TGF-β1-treated iCMs:fCFs microtissues
in comparison to controls (Figure 6C), suggesting reduced number of electrically active cells in fibrotic
microtissues. Instead, there was no difference in the action potential duration, although treatment with
TGF-β1 slightly prolonged the depolarization phase (Figure 6C). It seems that electrical activity of iCMs
in cardiac microtissues was not significantly affected by profibrotic changes.

3.6. Endogenous β-Adrenergic Receptor Signalling Controls Increased Contraction Rate in Fibrotic
Cardiac Microtissues

Action potential triggers cardiomyocyte contraction, but β-adrenoceptor-coupled mechanisms can
modulate it. First, we used iCMs:fCFs and iCMs:aCFs microtissues and treated them with β-adrenoceptor
agonist isoproterenol. As expected, stimulated microtissues showed increased contraction rate (Figure 7A,
Figure S12). Isoproterenol significantly shortened both the contraction and relaxation phases of spontaneously
contracting microtissues. In contrast, contraction amplitude remained unaffected. Addition of theβ-adrenergic
receptor blocker nadolol effectively prevented isoproterenol-induced changes in microtissue contraction
(Figure 7A). These data confirmed functional β-adrenoceptors in our cardiac microtissues.

Figure 7. β-adrenergic receptor signalling in cardiac microtissues. Panel (A) shows quantification of
contraction parameters of iCMs:fCFs microtissues stimulated with β-adrenoceptor agonist isoproterenol
(iso, 10 nM) in the presence or absence of β-adrenoceptor blocker nadolol (1 μM). Unstimulated
microtissues were used as controls. Graphs in panels (B,C) show contraction parameters of iCMs:fCFs
(B) and iCMs:aCFs (C) microtissues treated with vehicle or 1 μM nadolol in the absence of isoproterenol.
Each triangle represents data for one microtissue. p values were calculated with ANOVA for (A) and
with the Student’s t-test for (B,C).

Next, we addressed the relevance of endogenous β-adrenoceptor signalling in cardiac microtissues.
To this aim, we analysed the contractility of iCMs:fCFs and iCMs:aCFs microtissues in the presence and
absence of nadolol. Treatment with nadolol only slightly reduced contraction of iCMs:fCFs microtissues
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(Figure 7B). In the next experiment, we used iCMs:aCFs microtissues showing high spontaneous
contraction rate. In this model, nadolol significantly reduced contraction rate, whereas contraction
amplitude remained unchanged (Figure 7C). We found that nadolol specifically affected relaxation,
but not contraction phase. These results suggest activation of endogenous β-adrenoceptor signalling
in iCMs:aCFs microtissues.

4. Discussion

In 3D microtissue models, fibroblasts have been recognized to improve microtissue architecture
and biomechanics by providing proper ECM. We confirm that CFs significantly increased the integrity
and synchronized contractility of human cardiac microtissues. As recently demonstrated, the use of a
4:1 ratio (iCMs:CFs) results in cardiac microtissues with stable phenotype and beating properties for
up to one month [16]. Our data further demonstrated that contractility of these cardiac microtissues
was substantially affected under profibrotic condition (i.e., in the presence of TGF-β1). TGF-β1 is a
profibrotic cytokine that enhances fibroblast proliferation and production of ECM proteins. In our
model, TGF-β1 induced fibrotic phenotype in cardiac microtissues, as indicated by elevated levels of
fibrotic genes, secretion of procollagen I and fCFs proliferation. Previously, exogenous TGF-β1 has
been shown to induce fibrosis in rat [17,18] or human [19] cardiac microtissue models. Furthermore,
fibrotic phenotypes in cardiac microtissues or in biowire were also produced by collagen/fibroblast
enrichment [20,21] or by constitutive activation of profibrotic pathways [22].

Our data demonstrated that pretreatment of fCFs with TGF-β1 prior to microtissue formation
resulted in a similar effect on microtissue contractility as continuous stimulation with TGF-β1. This
result suggested that activation of CFs, rather than a direct effect of TGF-β1 on iCMs, was a main
mechanism responsible for deteriorated contraction of fibrotic cardiac microtissues. This idea was
further strengthened by the observation that aCFs induced a contraction pattern (high contraction
rate with low amplitude) of cardiac microtissues similar to those containing activated fCFs. CFs
become activated following heart failure and with aging [23]. We observed that cardiac microtissues
containing aCFs obtained from aged heart failure patients showed significantly higher beating rate
than microtissues containing aCFs from young, healthy hearts. All these data suggested that activation
status of CFs was a key factor determining contraction pattern of cardiac microtissues.

Fibrotic condition in the heart is associated with arrhythmias. Published data showed that
activated rodent CFs could cause asynchronous contraction [18] and induce proarrhythmic changes
in cardiomyocytes by affecting action potential profile [22,24]. In our model, fibrotic microtissues
showed arrhythmic contractions only occasionally and their action potential profile remained unaffected.
Instead, the fibrotic condition was associated with reduced action potential signal amplitude, suggesting
a lower number of electrically active iCMs in these microtissues. Impaired conduction and contraction
of these microtissues might be a consequence of iCMs decoupling and coupling of iCMs with CFs,
reduced levels of gap junction protein connexin 43 and/or overproduction of cytokines and ECM by
activated CFs. Secreted factors by activated CFs, biomechanical signalling through excessive ECM
deposition and remodelling of mechanical junctions are known factors disturbing proper propagation
of electrical impulses [25]. Signal conduction abnormalities, such as re-entry, can cause cardiac
arrhythmias and may have serious clinical implications for patients with fibrotic hearts [9]. Clinical
data suggest that ventricular fibrosis represents a strong predictor of life-threatening ventricular
arrhythmia and sudden cardiac death in ischemic and nonischemic heart disorders [8].

In our model, profibrotic condition was consistently associated with increased beating rate of cardiac
microtissues. Similar data were obtained in human cardiac microtissues containing mesenchymal stem cells
instead of CFs following treatment with TGF-β1 [19]. Physiologically, increased beating rate of the heart
is achieved by activation of β-adrenoreceptors. In normal adult cardiomyocytes, β1-adrenoreceptors are
dominant, whereas iCMs contractility can be regulated by both β1- and β2-adrenoreceptors [26]. Previous
data showed that the beating rate of human iCMs could be increased by treatment with the β-adrenergic
agonist isoproterenol [26,27]. In line with these data, we could demonstrate the responsiveness of human
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cardiac microtissues containing iCMs to isoproterenol. In case of cardiac microtissues showing high beating
rate (due to presence of activated aCFs), blockade of β-adrenergic receptors in the absence of exogenous
agonists significantly decreased frequency. This finding indicated that activated CFs triggered endogenous
β-adrenoreceptor signalling in cardiac microtissues. Mechanistically, stimulation of β-adrenoreceptors
increases beating rate by enhancing cardiomyocyte relaxation [10]. Indeed, we observed that the
reduced beating rate observed in the presence of β-adrenoreceptor blockers was associated with longer
relaxation time. Accordingly, increased contraction rate of fibrotic cardiac microtissues correlated with
shortened relaxation time. These results may suggest that activated CFs produce β-adrenergic agonists.
Alternatively, fibrotic condition may sensitize β-adrenoreceptors. Cellular response to β-adrenergic
stimulations is further modulated by multiple factors, such as cell surface receptor density, activity of
the downstream signalling pathway, or by specific costimulations [28]. For example, fibrotic hearts of
TGF-β-overexpressing mice showed increased density of β-adrenoreceptors on cardiomyocytes and
altered β-adrenergic signalling [3]. Furthermore, collagen receptor β1-integrin [29], connective tissue
growth factor [30] or tissue stiffness [31] have also been shown to regulate β-adrenergic signalling.

A successful preclinical platform has to combine physiological-like relevance with the high-throughput
processing. Our fibrotic cardiac microtissue model is established in a 96-well format and certain parameters,
such as size, contractile properties, changes in membrane potential, procollagen-I production or apoptosis
can be measured for individual microtissues. In particular, recently developed software measuring the
contractile activity of the whole microtissue allows for quick and easy analysis of the key properties of
beating cardiac microtissues [15]. In our experiments, transcriptomic data were obtained from 10–12
pooled microtissues, but we used a simple RT-PCR to analyse gene expression. Application of the
next-generation sequencing technology would allow obtaining transcriptomic data from one microtissue.
Thus, this model could be used as a high-throughput platform for pharmacological screening with a
timeframe for up to at least 10 days. The proof-of-concept experiments with the TGF-βR1 inhibitor SD208
confirmed that fibrotic cardiac microtissues represent a robust model for drug screening.

Although our human cardiac microtissue-based fibrotic platform combines technical ease, high
throughput and reproducibility with physiological-like relevance, it also needs to be discussed in the
context of its limitations. iCMs are characterized by their foetal developmental status [32]. Currently,
there is no satisfactory alternative to iCMs. The usefulness of adult primary human cardiomyocytes is
limited, as these cells contract upon chemical or electrical stimulation only [33]. Despite recent advances
in the maturation of iCMs through improved biomechanics and cocultures with other cell types, so
far, their maturation status does not reflect adult cardiomyocytes [13,34–36]. Another limitation of
our model is the heterogeneity of iCMs. Conventional differentiation of iPSCs into iCMs results in
populations of pacemaker, ventricular-like, atrial-like cells as well as nonbeating progenitors. The use
of defined types of differentiated cardiomyocytes could further improve the relevance of the cardiac
microtissue model. Moreover, addition of other cell types, such as endothelial cells or macrophages,
to iCMs and fCFs might result in formation of microtissues that better mimic the structure and function
of human cardiac tissue.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/5/1270/s1,
Figure S1: Schematic presentation of experimental setup with time lines, Figure S2: Kinetics of microtissue
growths, Figure S3: TGF-β1 induces fibrotic phenotypes in cardiac microtissues, Figure S4: Contraction patterns
of cardiac microtissues containing foetal or adult cardiac fibroblasts, Figure S5: Effect of exogenous TGF-β1 on
contractility of cardiac microtissues - individual experiments, Figure S6: Activation of foetal cardiac fibroblasts
with TGF-β1, Figure S7: Effect of activated foetal cardiac fibroblasts on size and procollagen I secretion, Figure
S8: Effect of activated foetal cardiac fibroblasts on contractility of cardiac microtissues - individual experiments,
Figure S9: Size of cardiac microtissues containing adult cardiac fibroblasts, Figure S10: Size and contractile
properties of cardiac microtissues containing adult cardiac fibroblasts, Figure S11: Effect of exogenous TGF-β1 on
contractility of healthy iCMs:aCFs and HF iCMs:aCFs microtissues, Figure S12: b-adrenergic receptor stimulation
of iCMs:aCFs microtissues; Table S1: Clinical characteristics of patients from which aCFs were obtained, Table S2:
Primers used for quantitative RT-PCR; Video S1: Control iCMs only, Video S2: iCMs_fCFs control d10, Video S3:
iCMSfCFs TGF-β1, Video S4: iCMsfCFs pre-TGF-β-3d_d10 D10, Video S5: iCMs_healthy aCFs control d10, Video
S6: iCMS_HF aCMs control d10, Video S7: iCMs_fCFs control, Video S8: iCMs_fCFs 3Hz.
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Abstract: We present a hiPSC-based 3D in vitro system suitable to test neurotoxicity (NT). Human
iPSCs-derived 3D neurospheres grown in 96-well plate format were characterized timewise for 6-weeks.
Changes in complexity and homogeneity were followed by immunocytochemistry and transmission
electron microscopy. Transcriptional activity of major developmental, structural, and cell-type-specific
markers was investigated at weekly intervals to present the differentiation of neurons, astrocytes,
and oligodendrocytes. Neurospheres were exposed to different well-known toxicants with or without
neurotoxic effect (e.g., paraquat, acrylamide, or ibuprofen) and examined at various stages of the
differentiation with an ATP-based cell viability assay optimized for 3D-tissues. Concentration
responses were investigated after acute (72 h) exposure. Moreover, the compound-specific effect of
rotenone was investigated by a panel of ER-stress assay, TUNEL assay, immunocytochemistry, electron
microscopy, and in 3D-spheroid based neurite outgrowth assay. The acute exposure to different classes
of toxicants revealed distinct susceptibility profiles in a differentiation stage-dependent manner,
indicating that hiPSC-based 3D in vitro neurosphere models could be used effectively to evaluate
NT, and can be developed further to detect developmental neurotoxicity (DNT) and thus replace or
complement the use of animal models in various basic research and pharmaceutical applications.

Keywords: induced pluripotent stem cells; neurospheres; 3D culture; neurite outgrowth; neurotoxicity

1. Introduction

Environmental stressors, such as chemicals or the medical drugs could have a toxic effect on
humans which may occur at any stage of their life, during fetal development, childhood, or adult life.
The toxic effects of environmental agents coupled with inherited susceptibility of individuals make the
toxicology prediction difficult. Conventional animal-based toxicity and safety tests have high costs,
use large numbers of animals (mainly rats) and in many cases, they do not provide clearly translatable
results for humans [1–3]. Consequently, in line with legislation, there is an increasing need to develop
alternative testing methods which could handle thousands of drugs or chemicals with affordable time
and cost and with human-relevant neurotoxicology (NT) outcome [4–7]. Development of new approach
methods (NAM), would be important both for NT and developmental neurotoxicology (DNT) tests,
providing data on the effect of chemicals and the potential adverse outcomes (AOs) [6,8–13].
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An increasing number of studies use primary cell cultures and recently, pluripotent stem cells (PSCs)
to create in vitro systems for NT and DNT screenings. It is widely accepted concept that 3D cell cultures
can mimic better the original tissue environment including tissue-specific architecture, mechanical and
biochemical features, cell-to-cell communication and signaling, and differentiation capability, while 2D
cell culture systems are less complex and more artificial in this sense [14–17], although the existing
assays provide meaningful readouts for specific neurodevelopmental processes [6,8,11]. Only one
in vitro assay will not be able to cover the complexity of the in vivo development, therefore a battery of
assays and fit-for-purpose applications should be used to cover the relevant processes [10,18]. Human
induced pluripotent stem cell-derived (hiPSC) neurospheres, grown on 3D scaffolds or self-forming,
can establish cell–cell interactions and model certain neurodevelopmental processes, therefore, might be
used as an in vitro screening platform not only for NT but in DNT studies or drug development [19–21].

Neural stem cells (NSCs) are considered as a multipotent and self-renewing pool of cells in the
mammalian central nervous system (CNS), occurring in vivo in the developing embryonic neural
tissue as early as the neural tube formation happens. These cells have the capacity to differentiate
into all neuronal cell types, as well as into glial cells, therefore they are able to emulate some fetal
neurodevelopmental processes [22,23]. Moreover, NSCs can be differentiated in vitro from pluripotent
stem cells (PSCs) thus providing an attractive and almost unlimited in vitro tool for toxicology studies
including drug development [24,25].

Despite the developments mentioned above, still, a limited number of human iPSC derived
3D neuronal culture-based studies were published focusing on the development of NT or DNT
models [21,26–31]. A limiting factor for the further development of such test methods is the lack of
high-throughput screening (HTS) read-outs on 3D cell cultures [16], despite the developments using
high-content image analysis (HCA) [27].

Here, we present a reliable model system where hiPSC-derived NSCs are differentiated towards
subtypes of neurons, astrocytes, and oligodendrocytes, forming free-floating 3D neurospheres in 96-well
plate format. Over 6 weeks the various differentiation stages are characterized, and three selected stages
are exposed with different compounds to investigate their cytotoxic effect. The generated neuronal
spheroids used for NT measurements at different time-points resembling various differentiation stages,
therefore, provide an excellent platform for further DNT test system developments.

2. Methods

2.1. Chemicals and Plasticware

The chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA) and all cell culture reagents
and plasticware from Thermo Fisher Scientific Inc. (Waltham, MA, USA), unless otherwise specified.

2.2. Human iPSC Culture

Human iPSC line (Ctrl-2), derived from a healthy mid-age Caucasian female donor peripheral
blood mononuclear cells (PBMCs), established and characterized earlier [32,33], was used in this
study. Cells were cultured on BD Matrigel™matrix (BD Biosciences, Franklin Lakes, NJ, USA) with
mTeSR™1 medium (Stem Cell Technologies, Vancouver, Canada), using Gentle Cell Dissociation
Reagent for passages, according to the manufacturer’s instruction. Representative hiPSC colony
morphology, pluripotency staining for POU5F1, NANOG, SSEA4, and TRA1-60 and karyotype analysis
are presented in Figure S1. For mycoplasma screening, the Venor®GeM-Advance (Minerva Biolabs)
Mycoplasma Detection Kit was used according to the manufacturer’s protocol in every fifth passage
during maintenance and before freezing. Cells were cultured at 37 ◦C in a humidified atmosphere
containing 5% CO2. In the current study cultures from passage 16 and 17 were used for differentiation.
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2.3. Neuronal Differentiation and Maintenance

The Ctrl-2 hiPSC line was differentiated to neural stem cells (NSCs) by dual SMAD inhibition
procedure [34], following the detailed protocol of Shi et al. [35]. Briefly, when hiPSC cultures reached
90% confluence, the culture was passaged onto poly-l-ornithine and laminin (POL/L; 0.002%/1 μg/cm2)
coated plates, using conventional iPSC passage (as detailed above). On the next day media was changed
to neural induction medium (NIM; DMEM/F12: Neurobasal medium, supplemented with 1× N2,
2× B27, 2 mM glutamine, 1× non-essential amino acid (NEAA), 100 μM β-mercaptoethanol, 5 μg/mL
insulin) supplemented with 10 μM SB431542, 500 ng/mL Noggin (R&D Systems, Inc., Minneapolis,
MN, USA) and 5 ng/mL basic fibroblast growth factor (bFGF) to induce the neuroectodermal lineage.
Neuronal induction media was applied until day 10 of the differentiation. The forming neural
rosette-like structures were manually picked under a stereomicroscope (Olympus SZX2; Olympus Ltd.
Tokyo, Japan) and re-plated onto POL/L (POL/L; 0.002%/1 μg/cm2) plates. NSCs were expanded in
neural maintenance medium (NMM; DMEM-F12: Neurobasal medium, supplemented with 1×N2,
and 2× B27, 2 mM glutamine, 1×NEAA), supplemented with 10 ng/mL bFGF and 10 ng/mL Epidermal
growth factor (EGF) and maintained in a monolayer on dishes coated with POL/L (0.002%/1 μg/cm2).
When reached 100% confluence, cells were passaged using Accutase (Sigma) and seeded as single cells
(50,000 cells/cm2) for further expansion on POL/L (0.002%/1 μg/cm2) coated dishes. After 4 passages
NSCs were frozen in 1 mL freezing medium (90% Fetal Bovine Serum, FBS; heat-inactivated, Thermo
Fisher Sci.; Cat N.: 10500-064, LOT: 08F1180K; 10% DMSO; 2 million cells/vial), using Accutase passage.
Before freezing the NSCs, a mycoplasma test was performed (see above), repeated every fifth passage
during maintenance.

2.4. 3D Neurosphere Culture

After thawing, NSCs (generated as detailed above) were cultured on POL/L (0.002%/1 μg/cm2)
coated plates (50,000 cells/cm2). When reached 100% confluence NSCs were propagated with Accutase
treatment and single-cell suspension was plated onto a low-adherent 96-well plate with 10,000 cells/well
in NMM medium. Neurospheres were formed within 48 h after plating and NMM half of the media
was changed in every 3 days until analyzing the samples. Samples were collected at Day 0 (D0),
Day 2 (D2), and weekly intervals from the end of the 1st week (D7) until the end of the 6th week
(D14, D21, D28, D35, and D42).

2.5. Cryosectioning and Immunocytochemistry (ICC) Staining

3D neurospheres (untreated, vehicle or compound-treated) were fixed with 4% paraformaldehyde
(PFA) in 0.1 mol/L phosphate buffer for 1 h at RT and washed 3 times with PBS. The fixed samples
were cryoprotected in 30% sucrose in PBS containing 0.01% sodium azide at 4 ◦C until embedding in
Shandon Cryomatrix gel (Thermo Fischer Scientific). The 16 μm parallel sections were made using
cryostat (Leica CM 1850 Cryostat, Leica GmbH), mounted to Superfrost™ Ultra Plus Adhesion Slides
(Thermo Fisher Scientific) and stored at −20 ◦C until use. After 10 min air-drying, the sections were
blocked for 1 h at RT with blocking solution (3% BSA in PBS), supplemented with 0.2% TritonX-100.
The sections were then incubated with primary antibodies (Table S1) overnight at 4 ◦C. Next day,
sections were washed in PBS 3 times, and isotype-specific secondary antibodies (Table S1) were
diluted in blocking buffer and applied for 1 h at RT. The sections were washed 3 times with PBS and
covered using Vectashield® mounting medium containing DAPI (1.5 μg/mL; Vector Laboratories),
that labelled the nuclei of the cells (at least 1 h at RT). Negative controls for the secondary antibodies
were performed by omitting the primary antibodies. Immunoreactive sections were analyzed using a
BX-41 epifluorescent microscope (objectives: 20× 0.50 NA; 40× 0.75 NA; Olympus) equipped with a
DP-74 digital camera and its CellSens software (V1.18; Olympus). For confocal imaging, Olympus
Fv10i-W compact confocal microscope system (objective: 60× 1.35 NA; Olympus) with Fv10i software
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(V2.1; Olympus) was applied. All images were further processed using the GNU Image Manipulation
Program (GIMP 2.10.0) and NIH ImageJ analysis software (imagej.nih.gov/ij).

Quantification of the immunocytochemistry data was performed using ImageJ software according to
Tieng et al. [36]. Briefly, images were taken by confocal microscopy at 120×magnification. The numbers of
Ki-67-, NESTIN-, GFAP-, AQP4-, TUBB3-, NF200kD-, MBP-, VAMP2-, and MAP2-immunoreactive pixels
were measured in 5 neurosphere (highest diameter middle sections, 5 randomly selected fields/slide) at
every time points. Data was normalized with DAPI positive nuclei number. Data were expressed as a
percentage of marker/DAPI ratio ± SEM (p < 0.05).

2.6. Apoptosis Assay

Embedding and cryosectioning of 3D samples were performed as above. To detect apoptotic
activity, the DeadEnd™ Colorimetric TUNEL System (Promega) was used on the middle cryosections
(highest diameter) of the spheroids, following the instructions of the manufacturer. In brief, apoptosis
was detected by immersing the slides in PBS for 5 min (at RT), adding 20 μg/mL Proteinase K solution
and incubating for 10–30 min (at RT). After 5–10 min treatment in Equilibration buffer, recombinant
terminal deoxynucleotidyl transferase (rTdT) was added to the reaction mixture. Next, the sections
were incubated for 60 min at 37 ◦C inside of a humidified chamber to allow the end-labelling
reaction to occur. The reaction was terminated by immersing the slides in saline-sodium citrate
for 15 min (RT). Endogenous peroxidases were blocked by immersing the slides in 0.3% hydrogen
peroxide in PBS for 3–5 min (RT). Streptavidin-HRP was added to slides, incubated for 30 min (RT),
stained with diaminobenzidine (DAB) solution for 5 min until a light brown background appeared.
For hematoxylin–eosin (HE) staining Mayer’s Hematoxylin solution was used for 3 min. Sections
were rinsed with tap water and placed into distilled water for 30 s, then into 96% alcohol for 30 s.
One percent Eosin solution in distilled water was used for 3 min. Stained sections were dehydrated
through alcohols, clear in xylene and mount in DPX. Microphotographs were made with DP-74 digital
camera (Olympus) using a light microscope (BX-41, objectives: 20× 0.50 NA; 40× 0.75 NA; Olympus)
and CellSens software (V1.18; Olympus). For counting the apoptotic and total (Hematoxylin-stained)
number of cells, NIH ImageJ analysis software was used. Five Ctrl and five ROT-treated spheroids
were randomly selected, and middle sections were analyzed from each differentiation stage (D21, D28,
and D42) samples in three experiments (n = 3).

2.7. Transmission Electron Microscopy (TEM)

Neurospheres (untreated, vehicle or compound-treated) were fixed at different differentiation
stages in a fixative solution containing 3.2% PFA, 0.2% glutaraldehyde, 1% sucrose, 40 mM CaCl2 in
0.1 M cacodylate buffer (pH 7.4) for 12 h at 4 ◦C. Samples for ultrastructural analysis were embedded
in 1.5% agar (dissolved in dH2O), post-fixed in 1% ferrocyanide-reduced osmium tetroxide [37], then
dehydrated using graded series of ethanol, finally embedded in Spurr low viscosity epoxy resin
medium. Ultrathin sections were collected from the middle region of the spheroids (highest diameter)
on copper slot grids coated with formwar (Agar Sci., Essex, UK) and counterstained with uranyl acetate
and Reynolds’s lead citrate. Sections were examined with a JEOL JEM 1011 transmission electron
microscope (JEOL Ltd., Tokyo, Japan) equipped with a Morada 11-megapixel camera using iTEM
software (Olympus).

2.8. RT-qPCR Analysis

For each sample, 12 spheroids were pooled, and 3 biological replicates were performed (n = 3).
Total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). For the reverse
transcription, 600 ng of the isolated RNA was used applying the Maxima First Strand cDNA Synthesis
Kit for RT-qPCR with dsDNase (Thermo Fisher Scientific) according to the manufacturer’s instructions.
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Gene-specific primers were designed using the Primer3 software [38], specified with mFOLD
software [39] and Primer-BLAST software [40]. Primers were optimized using two-fold serial dilution
standard curves (Table S2). As a reference, gene GAPDH was used (Table S2). Each real-time PCR
reaction contained 5 ng RNA-equivalent cDNA template, 400 nM of each primer and 50% SYBR
Green JumpStart Taq ReadyMix (Sigma Aldrich) in a total volume of 15 μL. PCR reactions were set up
using QIAgility liquid handling robot and performed on a Rotor-Gene Q cycler (Qiagen). The cycling
parameters were as follows: 94 ◦C for 3 min initial denaturation followed by 40 cycles of 95 ◦C for 5 s,
60 ◦C for 15 s, and 72 ◦C for 30 s. Melting curve analysis and agarose gel electrophoresis confirmed
the specificity of the primers and the absence of gDNA contamination. Data of three replicates were
analyzed for each gene, using the ddCT method [41].

2.9. XBP1-Assay of Endoplasmic Reticulum Stress

Upon accumulation of unfolded proteins in the endoplasmic reticulum (ER), a 26-nucleotide
fragment from the X-box binding protein 1 mRNA (XBP1(U)) is removed with a special splicing
mechanism [42]. This shorter mRNA (XBP1(S)) is a frequently used marker of ER-stress. To study
the expression of XBP1(S), previously described primers [43] and our own primers were used [44]
(Table S2). As a positive control, cells were treated with 5 μM and 10 μM Tunicamycin to induce
ER-stress. RT-PCR reactions were performed and analyzed as above, using Phusion Hot Start II
High-Fidelity DNA Polymerase and 20 ng of the cDNA samples.

2.10. Toxicity Treatments and ATP Viability Assay

Eleven well-known compounds were tested in 7 different concentrations to generate
concentration-response curves. The tested compounds with the used concentrations are detailed in
Table S3. The highest dosage was determined based on the solubility of the compounds, and care was
taken not to reach above 0.1% DMSO levels after diluting the compound in the culture media. In each
assay plate, 4 technical replicates were applied from each sample and 3 biological replicate assays were
run (n = 3). The 3D cell cultures were exposed to the toxicants for 72 h (exposure schemes are detailed
in Figure 5A or Figure 6A or Figure 7A). Vehicle control was used as a regular medium supplemented
with 0.1% DMSO.

ATP viability assay was performed with CellTiter-Glo® 3D Cell Viability Assay, according to the
manufacturer’s protocol (Promega). Neurospheres were lysed with 100 μL CellTiter-Glo® 3D Reagent
for 60 min at RT. Luminescence signal was recorded with a Thermo VarioScan Flash (Thermo Fisher
Scientific) plate reader.

2.11. Diametric and Total Protein Determination of the Spheroids

3D spheroids grown in a 96-well plate were captured using the 4x objective (0.1 NA) of Olympus
IX71 microscope and DP21 camera (Olympus). The images were analyzed by measuring the diameters
of the spheroids using the Olympus CellSens Dimension software (V1.11). Each value represents
the average of 3 experiments (n = 3) in each 96 spheroids were measured. The 3D spheroids were
lysed individually with RIPA Lysis and Extraction Buffer supplemented with Halt™ Protease and
Phosphatase Inhibitor Cocktail and Pierce™ Universal Nuclease for Cell Lysis, sonicated and the total
protein concentration determined using a Pierce BCA Protein Assay Kit according to the manufacturer’s
instructions. Due to the small spheroid size of the D2, D7, and D14 samples, three spheroids were
pooled, then the individual values were calculated accordingly. In total, three experiments were
performed (n = 3), in which 24 spheroids were analyzed for each timepoint.
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2.12. Neurite Outgrowth Assay

For neurite outgrowth measurement the method of Harris et al. was modified [45]. 3D spheroids were
treated with different concentrations (vehicle, 0.1 μM, 0.5 μM, and 0.75 μM) of Rotenone (ROT) at D21
differentiation stage using the 72 h exposure scheme, similarly to the previous concentration-response
experiments. After the treatment, the spheroids were plated on Matrigel-coated plates in NMM
medium without compound, and 24 h later fixed with 4% PFA and immunostained against TUBB3,
as described in detail under the immunostaining paragraph. First, the number of neurites was counted
for each sample. Then, the “edge” of the spheroids was determined by drawing an “edge line” and
every neurite length was measured from this “edge line” to the tip of each neurite. Total neurite
length was calculated for each spheroid using the ImageJ software’s Neurite Tracer plugin. In each
experiment eight spheroids were treated in each experimental group (5 groups) and three independent
experiments were performed (n = 3).

2.13. Statistical Analysis

All results were analyzed using Prism 5 (GraphPad Software, La Jolla, CA, USA) and handled in
Microsoft Office 2010 (Microsoft, Redmond, WA, USA) software. For normalization of the concentration
response, the average values of positive control were used as 0% and the average of vehicle control
served as 100%. Four parameter curve fitting methods were used to determine EC10 and EC50 values,
where the data on the graphs represent the average of three biological replicates. The “n” value
corresponds to the number of biological replicates for each tested concentration. Analysis of data is
presented as the mean ± SEM. Significance of data was determined with paired T test for RT-qPCR
(* p < 0.01) and with One-way ANOVA for concentration response (* p < 0.05; ** p < 0.01).

3. Results

3.1. Three-Dimensional Spheroid Differentiation of iPSCs-Derived NSCs Revealed Complex Neuronal Cultures

Our first aim was to characterize the timewise differentiation of 3D neuronal spheroids
free-floating in suspension culture, originating from hiPSCs. The neuronal differentiation capacity
of the starting neural stem cell (NSCs) population, derived by the dual-SMAD inhibition protocol,
was comprehensively characterized by us previously [32,33]. These cells expressed the major NPC
markers (NESTIN, SOX1 (SRY-Box 1), PAX6 (Paired Box 6) investigated on protein level with ICC
(see details in Figure S2). When the NPCs were terminally differentiated in a 2D culture system over
5 weeks, cortical neurons and glial cells were differentiated and formed a neuronal network, as we
published recently [32]. In the present study differentiation in a 3D culture system was investigated in
the course of 6 weeks (42 days).

In suspension culture upon withdrawing the two mitogens EGF and bFGF, NSCs formed compact
3D spheroids, the so-called neurospheres within 48 h (Figure 1A). Growth properties of the structures
were investigated by measuring the diameter of the individual spheres and their total protein content.
Results showed a continuous growth of the spheres during the 6 weeks culture period, in terms of
diametric growth and protein content (Figure 1). While the diameter increased linearly, the protein
content increased more dynamically after week 4, resembling the cellular and structural changes
during differentiation (Figure 1B,C).
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Figure 1. Growth properties of 3D neurospheres during the 6 weeks of differentiation (A) Representative
microscopic view of 3D spheroids, investigated at weekly intervals (4×, scale bar: 200 μm).
(B) The average diameter of 3D spheroids in μm measured by CellSens Dimension software (Olympus)
(n = 3, in each experiment 96 spheroids were compared weekly trough 6-weeks). (C) Average total
protein content of spheroids determined by Pierce BCA Protein Assay. Note that D2, D7 and D14
samples were measured by pooling three spheroids and individual values were calculated, while in
all other timepoints spheroids were measured individually (n = 3, in each stage 24 spheroids were
measured). ±SEM values are presented on graphs. (* p < 0.05).

This observation was in accordance with the expression of the cell proliferation marker Ki-67
(KI67), representing the proportion of dividing cells, monitored by ICC on protein level (Figure 2A,B)
or by RT-qPCR on transcript level (Figure 3). The expression of Ki-67 and the number of Ki-67-positive
cells were the highest in D2 and D7 samples, which showed a continuous decline over the differentiation
period (Figure 2A,B or Figure 3). The forming 3D cell aggregates mainly expressed the early neuronal
markers such as PAX6, NESTIN, and SOX1, which expressions decreased with maturation on a
time-wise manner (RT-qPCR, Figure 3). Tubulin beta-3 chain (TUBB3) expression appeared very early
in the samples, already at D2 as neuronal processes started to grow inside the spheres (ICC, Figure 2A,B).
These changes were obvious when investigated at transcript level as well (RT-qPCR, TUBB3; Figure 3).
It is important to note that no necrotic regions were detected in the center of the spheroids or in
other regions, not even the highest diameter of spheroids reached 800 μm in average in D42 samples
(Figure 1B or Figure 2 first line). This fact was corroborated in semithin sections where cell density
proved to be high and consistent during the whole examined period. Layer organized fibers had
become distinguishable on the surface from the 21st day (Figure S3a–g).
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Figure 2. Immunocytochemical analysis of 3D spheroids. (A) Spheroids were fixed and cryosectioned
then immunostained at weekly intervals from D2 until D42 stage. The first line represents the overview
of the cryosectioned spheroids, while the rest of the panel shows higher magnifications. Relevant
markers of proliferation (KI67), neural stem cells (NESTIN), neuronal differentiation (TUBB3 and
MAP2), an intermediate filament of dendrites and axons (NF200), synaptic vesicles of neurons (VAMP2),
astrocyte (AQP4), and oligodendrocyte (MBP) specific proteins were stained. Protein name IDs are
indicated with colors, representing the color of the fluorophore used (e.g., green as Alexa 488; red as
Alexa 594) Nuclei were counterstained with DAPI (in blue). Scale bar: 100 μm (first line only) and 25 μm.
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(B) Quantitative analysis of the immunostainings on confocal images. The numbers of Ki-67,
NESTIN, AQP4, TUBB3, NF200kD, MBP, VAMP2, and MAP2 immunoreactive pixels were measured
in 5 neurospheres (middle sections, 5 randomly selected fields/slide) at every time points. Data was
normalized with DAPI positive nuclei number. Data were expressed as percentage of marker/DAPI
ratio ± SEM (* p < 0.05).

Figure 3. Real-time PCR measurements of relevant markers during the neuronal differentiation of the
spheroids. Twelve 3D spheroids were pooled, lysed with RLT-buffer and used in RT-PCR analysis at
each timepoints. Where the genes are already expressed in D2 samples, it is referred as 1. Day 2, 7, 14
and 21 values for GRIN1, CHAT, TH, GAD1, and SLC6A4 are not indicated as these genes were not
expressed at those time points. Graphs represent normalized relative expression values, analyzed for
each gene using the ddCT method [41]. Mean values and ± SEM of three biological replicates (n = 3)
are presented on graphs, significance are determined by paired T test (∗ p < 0.01). Note that y axis’s
scales alter according to the different relative expression values.

A weekly investigation of the gene expression revealed a continuous progress in neuronal
differentiation and increase in the level of maturation markers, such as the dendritic marker
Microtubule-associated protein 2 (MAP2) or Microtubule-associated protein tau (MAPT), and RNA
Binding Fox-1 Homolog 3 (RBFOX3, also known as NeuN) (Figure 3), which were in accordance with
the protein data of immunofluorescent staining of the 3D spheroids, MAP2 and Neurofilament 200 kDa
(NF200); (ICC, Figure 2A,B).

Terminal differentiation resulted in the formation of neuronal networks and synapses, from the
stage of D28, post-synaptic marker PSD95 (now DLG4, Discs Large MAGUK Scaffold Protein 4)
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(Figures 3 and 4), and the major synaptic vesicle protein p38, Synaptophysin (SYNP) and
Vesicle-associated membrane protein 2 (VAMP2) (Figures 2 and 4) expression appeared in maturing
neurons. Synapse formation was assessed by transmission electron microscopy (TEM) revealing
the presence of synaptic connections, presynaptic vesicles and postsynaptic density (Psd). Matured
synapses were detected in D42 samples, where docked presynaptic vesicles were determined by
identifiable contact point between the vesicle and the presynaptic membrane (Figure S3h,i).

 

Figure 4. Immunocytochemical detection of neuronal subtypes in 3D neurospheres. Presence of
synapses was determined with post-synaptic marker PSD95 and synaptic protein Synaptophysin
(SYNP) double staining. Glutamatergic (VGLUT1/2), GABAergic (GAD65/67), cholinergic (VAChT) and
dopaminergic (TH) neurons were detected in the developing 3D neurospheres from D28. All samples
were stained with TUBB3 (in red) to label the neurites. Protein name IDs are indicated with colors,
representing the color of the used fluorophore (e.g., green as Alexa 488; red as Alexa 594). Nuclei were
counterstained with DAPI (in blue). Scale bar: 25 μm.
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Neuronal subtypes were investigated by the expression of glutamatergic (VGLUT1/2), GABAergic
(GAD65/67), cholinergic (VAChT) and dopaminergic (TH) neurons with ICC and qRT-PCR (GRIN1:
Glutamate Ionotropic Receptor NMDA Type Subunit 1; GAD1: Glutamate Decarboxylase 1; CHAT:
Choline O-Acetyltransferase; TH: Tyrosine Hydroxylase; SLC6A4: Solute Carrier Family 6 Member 4)
(Figures 3 and 4). The expression of these markers was detectable mainly from D28 stage and gradually
increased until the last investigated time point of the differentiation (D42), in line with the maturation
process. It has to be remarked that the spontaneous differentiation of dopaminergic neurons was rare
in the cultures, we identified only a few TH positive cells in the cultures (Figure 4).

During the neuronal differentiation, astrocytes started to emerge after week 2, based on the
Aquaporin-4 (AQP4) or the Glial fibrillary acidic protein (GFAP) expression both at mRNA and
protein level (Figure 2, Figure 3 and Figure S4 ). Oligodendrocyte differentiation followed a similar
course, from D21 it was clearly detectable both at transcript (Claudin 11, CLDN11, formerly known
as Oligodendrocyte marker 4; Figure 3) and protein level (Myelin basic protein, MBP; Figure 2A,B)
which gradually increased from D35 with the maturation of the cells, however, still remained in a low
expression level (Figure 2A,B or Figure 3). Our ICC results clearly show that the expression of mature
neuronal and glial markers and neuron-neuron and neuron-glial interactions increased during the
differentiation period, thus emulating the development of the human fetal neural tissue.

Overall, results at the transcript level were in accordance with those of the proteins detected
by ICC, confirming the effective differentiation of hiPSC-derived NSCs towards the neural lineage.
The 3D neurospheres represented a neuronal tissue-like differentiation, containing neurons, astrocytes
and oligodendrocytes, what was presented by transcript-, protein-, and ultrastructural level as well.
We can conclude that the 3D spheroid system provides a complex neuronal cell culture which can serve
as a model of the early neuronal differentiation.

3.2. Early 3D Neurospheres as a Neurotoxicity Model

Our 3D spheroid-based model was tested in cytotoxicity assay, monitoring the viability of
the cells within the neurospheres. Eleven compounds with well-known effects (drugs, pesticides,
and chemicals) were selected and applied on the neurospheres in 7 different concentrations (compounds
and concentrations are detailed in Table S3) at D21 by acute (72 h) exposure. Concentration-response
curves were generated and evaluated. The exposure scheme is presented in Figure 5A.

According to the results, Paraquat (PQ; EC50: 1.89 log μM), Rotenone (ROT; EC50: −0.61 log μM),
Mercury(II) chloride (HgCl2; EC50: 1.87 log μM) and Doxorubicin (DOX; EC50: 0.67 log μM)
caused maximum cell death, Hexachlorophene (HE; EC50: 1.26 log μM) and Colchicine (COL; EC50:
−0.49 log μM) had a strong effect on the viability, but did not kill all the cells in the investigated
concentration range. Acrylamide (ACR; EC50: 3.5 log μM) and Rifampicin (RIF; EC50: > 2 log μM)
also reduced the viability, while Valproic acid (VPA; EC50: > 2.6 log μM) and Paracetamol
(PAR; EC50: > 2 log μM) had minimal effect on the viability of 3D neurospheres at D21 stage.
Ibuprofen (IBU; EC50: > 2 log μM) as a non-neurotoxic agent was applied as negative control which
indeed, did not decrease the viability of D21 3D neurospheres (Figure 5B, Table S4). Overall, the different
compounds induced different levels of cytotoxicity in a concentration-dependent manner on the 3D
neurosphere cultures.
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Figure 5. Cell viability measurement on D21 3D neurospheres after 72 h exposure. (A) Exposure scheme
at D21 stage. (B) Concentration response curves of compounds, tested in 7 different concentrations
(see concentrations listed in Table S3), representing the cell viability (%) of treated D21 3D neurospheres
(n = 3). Concentration values are presented in log μM ± SEM. EC10 and EC50 values are presented on
graphs where applicable.

3.3. Different Age of the 3D Neurospheres Represent Distinct Differentiation Stages in the Cytotoxicity Model

Next, we investigated the concentration-response of different differentiation stage-derived 3D
neurospheres. D28 and D42 samples were analyzed in exposure schemes similar to that of the D21
samples (Figure 6A or Figure 7B) for all the previously tested compounds. As detailed above, in D28
samples differentiated astrocytes expressing GFAP and AQP4 are present (Figure 2 and Figure S4),
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axonal outgrowth is prevalent, and neuronal subtype-specific proteins start to appear (Figures 2–4).
The D42 samples represent a more mature cell culture where synapsis of neurons was formed with
established subtypes, mature astrocytes and a few oligodendrocytes are already present (Figure 2,
Figure 4, Figures S3 and S4).

Figure 6. Cell viability measurement on D28 3D neurospheres after 72 h exposure with toxicants.
(A) exposure scheme at D28 stage. (B) Concentration-response curves of compounds, tested in 7 different
concentrations (see concentrations listed in Table S3), representing the cell viability (%) of treated D28
3D neurospheres (n = 3). Concentration values are presented in log μM ± SEM. EC10 and EC50 values
are presented on graphs where applicable.

35



Cells 2020, 9, 1122

Figure 7. Cell viability measurement on D42 3D neurospheres after 72 h exposure with toxicants.
(A) exposure scheme at D42 stage. (B) Concentration-response curves of compounds, tested in 7 different
concentrations (see concentrations listed in Table S3), representing the cell viability (%) of treated D42
3D neurospheres (n = 3). Concentration values are presented in log μM ± SEM. EC10 and EC50 values
are presented on graphs where applicable.

The experiments showed that both D28 and D42 stages are suitable for the viability assays without
modifications in the culture system, using a 96-well plate format-based analysis. The EC50 and EC10
values for D28 and D42 samples were determined for each compound, as described above for D21
samples (Figure 6B or Figure 7B, Table S4). Some compounds (Figures 5–7, Table S4) showed less
toxic effect on more matured samples (e.g., ACR: EC50D21 = 4.1 μM vs. EC50D42 = 3.6 μM) while it
was the opposite action for other compounds (e.g., HgCl2: EC50D21 = 1.7 μM vs. EC50D42 = 1.9 μM).
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Based on the data obtained, a concentration-related ranking of the toxicant could be generated for each
differentiation stage (Figure 8, Table S4).

 
Figure 8. Comparison of the toxic effect of compounds. (A) Ranking of compounds at different
differentiation stages based on EC50 values. Darker background color represents higher toxicity,
while white color represents non-toxic compounds. (B) Radar chart showing the comparison of
compounds based on the order of EC10 or EC50 values, at various differentiation stages (yellow line
with rectangular: D21; orange line with circle: D28; green line with square: D42) (see also EC values in
Table S4). Concentration values are presented in log μM.

In conclusion, we can state that a compound-specific concentration-response was detected in all
stages. At the same time, a differentiation stage-relevant difference was observed, suggesting that the
in vitro system can mimic the differential responses of the developing fetal human neuronal tissue,
caused by distinct toxicants.

3.4. Compound-Specific Cellular Events Can be Detected in the 3D Neurospheres

ATP-based viability assay can detect cell death but is unsuitable for detecting other specific cellular
events. Due to the lack of validated tests for 3D tissues, we decided to investigate the effect of a
toxic compound at a subcellular level. We have chosen rotenone (ROT), a well-studied neurotoxic
compound, known to interfere with the electron transport chain in mitochondria, to investigate the
ultrastructure of the cells and especially mitochondria, followed by TEM. In parallel, a TUNEL assay
was also applied to detect cell death. Based on the previously determined concentration-response
curves and EC50 values, we treated the 3D neurospheres with 0.5 μM ROT for 72 h and analyzed
the samples in the 3 differentiation stages. The data showed that ROT significantly increased the cell
death in the spheroids (Figure 9A or Figure S6), compared to the vehicle-treated controls (Figure 9B),
in accordance with the results of the ATP measurement (see Figure 5B or Figure 6B). Moreover, TEM
revealed a change in the ultrastructure of the mitochondrial inner membrane, the cristae: Both shape
and complexity were changed in the ROT treated samples, compared to the controls. Two types
of mitochondria were detected, often in the same cell. Organelles with darker matrix were usually
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narrow and elongated, whereas lighter ones were more rounded. In control cells, cristae were straight,
narrow, and long in both types. Matrix granules were observable more frequent in darker than in
lighter mitochondria (Figure 9Ca–c). Effect of rotenone treatment was different on the two types of
mitochondria. In darker organelles, cristae swelled and formed swirls. Several wide crista junctions
became identifiable. In lighter mitochondria, cristae disintegrated and often became unrecognizable
(Figure 9Cd–i). Matrix granules disappeared or showed decreased density (Figure 9Cc,i).

Figure 9. Effect of Rotenone (ROT) exposure on 3D neurospheres at three differentiation stages.
(A) 3D neurospheres were treated with 0.5 μM ROT concentration for 72 h at three different maturation
timepoints (D21, D28, and D42), fixed, sectioned and analyzed to detect the cellular effect of ROT
by TUNEL assay (DeadEnd™ Colorimetric TUNEL System, Promega), compared to the vehicle
(0.1% DMSO) treated control (scale bar: 100 μm). (B) ROT treatment revealed in average a 15% increase
in the apoptotic cell number compared to the control in each stage (* p < 0.05). Average values are
presented on graphs (n = 3). (C) Ultrastructure of mitochondria in control (panel a, b, c) and ROT treated
(d–i) neurons in the 3D spheroids. See the alteration of the internal membrane (cristae) morphology
(white arrowheads) in ROT treated cells (d, e, h, i). Black star: unidentifiable cristae morphology
in lighter mitochondria (h, i); black arrowhead: membrane swirl in darker organelles (e, f); white
arrows: matrix with and without matrix granules (control cells: a, c; treated cells: g, i) Note the density
difference between these granules in control (c) and ROT treated mitochondria (panel i) (D21: a, d, f, h;
D28: i; D42: b, c, g) (scale bar: 250 nm).

Finally, we used an ER-stress assay to detect if the observed change is compound-specific or an
“overall” cell death event is detected with the ATP or TUNEL assay. The XBP1 assay was performed
to identify ER-stress in the ROT treated samples, where ER stress was not expected. As a positive
control, tunicamycin was used. The XBP1 assays demonstrated that ROT (using EC50 concentration)
has no ER-stress inducing effect in the D21, D28 or D42 neurospheres (Figure S6B), while cell death
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was observed in the cryosectioned ROT-treated samples (Figure 9A), providing a strong evidence that
compound-specific effects can be determined in 3D spheroids upon treatment. Immunocytochemical
investigation reflected some disorganization of the treated group of spheroids compared to the controls,
however other marked differences were not observed (Figure S6A).

3.5. Neurite Outgrowth Assay is Suitable to Determine the Effect of NT Compounds in the 3D Model

Functional readouts which connect the effect of a tested compound to a given cell type are
essential to determine their tissue-specific effect. 3D spheroids represent a complex cell culture with a
network of neurons, astrocytes, and oligodendrocytes, and this complexity makes more challenging
to analyze minor differences in neurite length affected by chemical exposure due to the limitations
of the current detection systems. Therefore, we investigated if neurite growth could be investigated
using 3D neurospheres. We found that Matrigel-coated surface sufficiently supports the rapid and
strong attachment of free-floating D21 3D neurospheres in order to generate a robust and reproducible
procedure, where the effect of toxic compounds on neurite outgrowth can be investigated. The effect
of different ROT concentrations were demonstrated comparing the total neurite outgrowth and the
average number of neurites/spheroid ratio. ROT administration resulted significantly shorter and
decreased number of neurites compared to the untreated and vehicle-treated control groups in all
concentration levels in D21 spheroids (** p < 0.01) (Figure 10B).

Figure 10. Neurite outgrowth measurement on D21 3D spheroids, exposed for 72 h with ROT.
(A) Representative photograph of control (untreated) and ROT (0.5 μM) treated D21 spheroid
immunolabeled with TUBB3 (in green). White lines represent the border of the spheroids where
the neurite outgrowth was determined from, using ImageJ software (scale bar: 100 μm). (B) Total
neurite length/spheroid (presented in μm ± SEM) and the average number of neurites/spheroids were
determined 24 h after plating the treated spheroids. Different symbols denote treatment groups. (n = 3,
in each experiment 8 spheroids were treated in each group) (** p < 0.01).
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4. Discussion

The development of in vitro platforms for neurotoxicology screenings is driven by the urgent
needs of the chemical, food, cosmetic, and pharma industries. Most NT studies are carried out in
rodents or rodent derived primary cells, resulting in relatively high cost and lower translational
value of the results due to the species differences [3,46]. Major international initiatives have started
to convert the traditional animal-based neurotoxicity tests to in vitro assays using both mammalian
brain cells and human cells to detect and predict chemical hazards [47,48]. However, there is only a
limited number of human neuronal cell lines (e.g., carcinoma cell lines such as SH-SY5Y; BE2-M17 or
immortalized cell lines like LUHMES) are available and hard to obtain primary human CNS tissue
suitable for NT studies. Overall, the highly complex structure of the human brain makes in vitro
modeling very difficult. Human iPSCs could fill this niche and offer the advantage that other cells
and tissue types (e.g., kidney, liver, cardiac, neuronal, intestinal) sharing the same individual genetic
background can be created using specific differentiation protocols in a replicable manner. This may
provide a very effective in vitro tool for toxicologist for capturing the individual variability in the
human population [49]. For example, in 2D neurotoxicity screening, the usage of human iPSC derived
neuronal cultures, especially the commercially available QC controlled neuron and astrocyte cultures,
where the differentiation of iPSCs is not required for the “users”, is dynamically increasing [48].

In recent years, numerous in vitro models have been created in order to study the human CNS in a
more physiological way, but the field of NT and DNT using 3D neuronal tissues did not develop as fast
as disease or developmental modeling. It is due to the difficulty to find a compromise between biological
complexity and technical reproducibility which are necessary for drug or toxicity screening [29].

An important approach was the application of human cell lines in NT assay development.
For example, the LUHMES immortalized human fetal tissue-derived mesencephalic cell line can be
efficiently differentiated towards dopamine-like neurons upon tetracycline administration [50,51] and
provide a suitable system for neurotoxicology screenings [52,53] or Parkinson’s disease-related drug
testing [54] both in 2D or 3D cultures [45,55–57]. Despite the advantages in straightforward handling,
they represent only one specific cell type of the CNS. New developments using stem cell-derived
astrocytes or microglia in co-culture with LUHMES cells could reveal new potential both in NT and
DNT tests [58], but also highlight that full-PSC derived systems could provide great advantages over
the conventional cell lines.

To develop an efficient, highly reproducible neurotoxicology test system, an improved 3D culture
of microtissues differentiated from human PSCs would be beneficial. For example, in neuronal disease
modeling, a major step that opened new perspectives, was the development of cortical layer-organized
3D brain microtissues, providing a complex system forming under in vitro conditions from human
PSCs [59,60]. However, for toxicological studies, the very low throughput potential of such complex
systems is a significantly limiting factor at the moment.

Huang and his colleagues demonstrated that human brain organoids could be applied as an in vitro
model for CNS drug screening to evaluate structural, cellular, and molecular changes. They used
neurotoxic tranylcypromine in hiPSC-derived brain organoids leading to decreased proliferation
activity and apoptosis induction [61]. HiPSC-derived cerebral organoids were treated with different
concentrations of vincristine for 48 h, and the expansion of the treated organoids was measured,
showing concentration-dependent neurotoxicity. Vincristine inhibited fibronectin, tubulin, and MMP10
expression in the cerebral organoids, which was specific for its well-known effect on microtubule
dynamics [62]. Recently, iPSC-derived cortical neurons and astrocytes were co-cultured in 3D to detect
calcium oscillations upon a chemical compound treatment, analyzing multiple parameters, highlighting
the potential of such readouts in neurotoxicity assessment [31]. Another study has presented a novel
3D heterotypic glioblastoma-brain sphere (gBS) model applied for screening new anti-glioblastoma
agents [63]. This new application highlighted the flexibility of iPSC-derived platforms to be used in
disease modeling, drug testing, and toxicology.
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In this study, we have analyzed the complexity of our hiPSC-derived 3D neurosphere system
demonstrating intensive glial-neuron interaction with the astrocytes and oligodendrocytes present in
the neurospheres. Complex characterization was performed with gene expression, protein level analysis
in line with immunocytochemical investigations, including morphological evidence of neurocrine
communication at the end of the examined period. Morphologically, synapses are composed of precisely
opposed pre- and postsynaptic membranes decorated with electron-dense thickening, synaptic cleft
filled with a fine meshwork of electron-dense material, and presynaptic vesicles [64]. One of the
two populations of presynaptic vesicles belong to the active zone matrix, is the docked vesicles [65].
The membrane of them is in contact with the presynaptic membrane, therefore they form the readily
releasable pool (RRP) of synaptic vesicles. [66].

Our system showed similarities in morphology and maturation properties with a previous study
where 3D organoids were generated and characterized over 8 weeks [29]. In our system, there was
no need to use BDNF, GDNF, or a special electrophysiology media; a basal medium was sufficient to
promote the differentiation of complex spheroids within 6 weeks of culture. Although the spheroids
showed a continuous growth and development/maturation, the homogeneity of the plates was not
compromised, both the diameter and total protein content of the spheroids within the 96-well plate
showed very low variation at a given time point, represented by the low SEM values (Figure 1).
Low variability of samples and high homogeneity is crucial when the aim is the development of a
reliable HTS for DNT studies.

Here, we performed a medium-throughput 96-well plate assay on 3D neurospheres to detect
the cytotoxic effect of the selected compounds, based on ATP-release measurements. We tested
drugs, pesticides and well-known chemicals with or without neurotoxic effect in different stages
of the neuronal differentiation. Our results highlighted a compound-specific and differentiation
stage-related effect of the tested chemicals, providing the possibility to determine EC50 and EC10
values for the compounds (Table S3). For example, colchicine has a strong toxic effect on neurospheres
with very similar EC50 values in all differentiation stages. Its effect can be detrimental, it blocks basic
cellular (protein assembly, endocytosis, exocytosis, cellular motility, etc.) and neuronal functions at
the same time (assembly of tubulin filaments in the microtubules of neurites), which we supposed
to happen in all differentiation stages in our neurospheres. A comparable neurotoxic effect was
described on iPSC derived 2D cultures of NSCs, neurons, and astrocytes [67], and LUHMES cells [57].
By comparing EC10 or EC50 values, another example is doxorubicin, where D42 samples were the
most sensitive for the treatment when intensive protein synthesis could happen both in neurons and
glial cells (e.g., neurotransmitter synthesis, axonal growth, oligodendrocyte maturation), therefore the
potential blocking of the transcription machinery might have a major effect on cell viability (see Table 1
for a summary).

Table 1. Known effects of the used compounds.

Compound Name
(CAS Number)

Known Effects of the Compound

Acrylamide
79-06-1

- Water-soluble crystalline amide that polymerizes rapidly;
- widely used in chemical industry (e.g., water treatment industry, paper industry,

textile treatment industry) and cosmetics;
- occurs in food upon heat treatment—both during home cooking or industrial

processing of food— [68];
- neurotoxic: occupational exposures [69,70];
- could cross the placental barrier and appears in breast milk [71]; and
- probable oral lethal human dose is between 50–500 mg/kg.
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Table 1. Cont.

Compound Name
(CAS Number)

Known Effects of the Compound

Colchicine
64-86-8

- Can bind to tubulin and inhibit tubulin polymerization leading to inhibition
in mitosis;

- interacts with the P-glycoprotein transporter (MDR1/ABCB1) and the CYP3A4
enzyme (both involved in toxin metabolism) [72,73];

- medication used to treat gout and Behçet’s disease;
- probable oral lethal dose in humans is less than 5 mg/kg; and
- in vitro cytotoxicity limit: 0.02 μM.

Doxorubicin
25316-40-9

- Intercalating chemotherapy drug;
- inhibiting the movement of topoisomerase II, which leads to the blocking of both

replication and transcription; and
- LD50: 21.8 mg/kg (rat, subcutaneous).

Hexachlorophene
70-30-4

- Disinfectant;
- blocks the electron transport chain through acting on membrane-anchoring

subunit of succinate dehydrogenase (SDHD) and Glutamate dehydrogenase 1,
mitochondrial (GLUD1);

- probable oral lethal dose in humans is not determined; LD50: 66 mg/kg
(rat, oral); and

- in vitro cytotoxicity limit: 1.86 μM.

Ibuprofen
15687-27-1

- Drug (pain killer);
- effectively reduces fever, as a non-steroid anti-inflammatory drug (NSAID), acts

on inhibiting cyclooxygenase (COX) enzymes (COX-1 and 2); and
- overdose symptoms appear in individuals consumed more than 99 mg/kg; LD50:

636 mg/kg (rat, oral).

Mercury(II) chloride
7487-94-7

- Component of pesticides;
- corrosive, toxic;
- could accumulate in the kidney;
- probable oral lethal dose is 5–50 mg/kg; and
- in vitro cytotoxicity limit: 1.37 μM.

Paracetamol
103-90-2

- Drug (pain killer);
- ioverdosing could cause liver toxicity; and
- hepatic toxicity in humans occurred with acute overdoses more than 10 g; LD50:

2400 mg/kg (rat, oral).

Paraquat 7
5365-73-0

- Herbicide;
- neurotoxic: occupational exposures leading to Parkinson’s disease [74];
- widely investigated neurotoxic mechanism [75,76]; and
- probable oral lethal dose in humans is 35 mg/kg.

Rifampicin
13292-46-1

- Antibiotic;
- stops RNA synthesis in bacteria;
- could cause liver toxicity;
- robable lethal oral dose in humans is 14–60 gLD50: 1570 mg/kg (rat); and
- in vitro cytotoxicity limit: 4.37 μM.
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Table 1. Cont.

Compound Name
(CAS Number)

Known Effects of the Compound

Rotenone
83-79-4

- Pesticide;
- inhibits mitochondrial Complex I of the electron transport chain;
- in rats Parkinson’s disease- like symptoms were developed,→considered as an

environmental risk factor for PD [77];
- probable lethal dose in human 0.3–0.5 g/kg; and
- in vitro cytotoxicity limit: 0.22 μM.

Valproic acid
1069-66-5

- Drug used in epilepsy, bipolar disorders, and for the prevention of seizures;
- known to block voltage-gated sodium channels and increase brain levels of

gamma-aminobutyric acid (GABA);
- well-known teratogen induces different congenital malformations and neural

tube defects (NTDs); and
- LD50: 670 mg/kg (rat, oral).

Note: probable lethal dose data is provided upon PubChem database (https://pubchem.ncbi.nlm.nih.gov/), in vitro
multicellular cytotoxicity “comptox” data were collected from EPA’s Chemical dashboard (https://comptox.epa.gov/
dashboard).

Continuing the line with hexachlorophene that blocks the electron transport chain, by acting
on GLUD1, it affects the turnover of an excitatory neurotransmitter, glutamate. This effect could
explain the observed differentiation stage-related sensitivity differences of the neurospheres, still
under an acute exposure scheme. Likewise, less cytotoxic effect was reported on iPSC derived 2D
cultures of NSCs, early neurons (14 days old) and astrocytes when 10 or 100 μM HE was exposed for
24 h [67], while more pronounced cytotoxicity and neurite outgrowth inhibition of LUHMES cells were
reported [57].

Valproate is known as a DNT positive compound. However, in our cell viability assay, it has no
detectable impact on the investigated concentration range, which might be in correlation with the
maturity of the treated cells, they are not in early neurodevelopment (neural tube stage), but maturing
neurons and astrocytes. When LUHMES cells were exposed the EC50 value of VPA was determined
as >100 μM, and significant inhibition of neurite outgrowth was detected. While the EC50 value
was in a similar range with our 3D neurosphere-driven data, we did not investigate its effect on
neurite outgrowth. Here, we also have to clarify that cytotoxicity read-out alone is not suitable to
predict DNT, although it is suitable to predict the neurotoxic effect of compounds or detect necrosis in
differentiating cultures, more relevant end-points (e.g., proliferation, migration, apoptosis, network
formation, synaptogenesis, and growth of neurites) must be investigated for evaluating the DNT effect
of a compound [18].

In the case of pesticide rotenone, which inhibits mitochondrial Complex I of the electron transport
chain, strong cell death was detected. The effect of ROT exposure was investigated extensively.
In iPSC-derived neuron-astroglia 2D cell cultures the activation of the Nrf2/ARE pathway was
documented upon ROT-induced oxidative stress, which led to the activation of astrocytes and cell
death of neurons [67,78,79]. Using LUHMES cells this robust cytotoxic effect was not obvious
while a prominent neurite growth inhibition was reported [57]. Using “BrainSpheres” system [30],
where ICC-based morphology analysis, ROS measurements and viability were compared in different
developmental times and exposure schemes, dopaminergic-neuron selective toxicity and general
cytotoxic concentration were determined [30]. Importantly, increased cell death and mitochondrial
dysfunction were detected in our ROT exposed 3D neurospheres, similar to others’ results [30].
In contrast, ibuprofen has no effect on neuronal cell viability in the investigated concentration range,
as it was expected upon known in vitro and in vivo data.
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Neurite outgrowth assays are well established in conventional 2D neuronal cultures, derived
from cell lines, primary tissues, or iPSCs [57,80,81], however, the adaptation to 3D cultures is less
tested. Determining the radial migration and neuronal density distribution within the migration area
of NPCs grown as spheroids is rather described [27]. Here we adapted a simple system which provides
a tissue-specific functional readout for neurospheres upon exposure, which can be automated using
high content imaging (HCI) systems [45]. Based on our results, it is sensitive enough to distinguish
different concentration of toxic compounds, does not require complicated read-out systems which
was proved by testing the effect of ROT, previously confirmed to inhibit neurite growth of LUHMES
cells [57]. Although these results agree with the reported neurite outgrowth inhibition effect, we
cannot exclude the influence of cytotoxicity on the reduction of the overall neurite length we observed.
Combining with LDH or lactate sampling, metabolite measurements from the media or terminal
transcriptomic or proteomic assays, a complex dataset can be collected, and the effect of a given
compound can be investigated systematically on the molecular level, as well to identify adverse effects.
Similar to the RT-qPCR and ICC investigation that we used to characterize our 3D neurospheres
these methods can be used when the effect of a given compound is investigated. Although we
performed immunocytochemistry on treated spheroids using rotenone only, others successfully used
such investigations to gain DNT readouts, for example detecting cell migration, neurite outgrowth,
Ca2+ reabsorption, synaptogenesis, and PPAR pathway disruption [29,30,57,82,83].

Evaluating our concentration–response results, we faced with the lack of available in vitro human
data, which makes the comparison challenging. This demonstrates that due to the lack of EC values
and very different readouts, the appropriate comparison between the various test systems is often not
possible. As summarized in Table 1, it is not possible to provide human in vitro NT values for every
compound, the databases are incomplete. Although there are several initiatives and efforts on the field
to collect and harmonize the available test methods and evaluate the data produced so far, there is still
a lot to do in the field of in vitro neurotoxicity test method development [1,16].

5. Conclusions

We have established and evaluated a hiPSC-based 3D in vitro cellular model for the study of
the neurotoxic effect of different compounds. Concentration–response was determined in different
differentiation stages, using a well-known read-out the cell viability. For a certain compound, apoptotic
activity, ER-stress assay and TEM was performed, providing possibilities to generate novel human
CNS-relevant data for other compounds using hiPSC derived cells. Tissue-specific readouts such
as neurite outgrowth were also investigated, however further, read-outs and DNT-relevant training
compound set should be applied to evaluate the suitability of our 3D spheroids in DNT screening
Nevertheless, due to the pluripotent nature of the hiPSC, this model offers an excellent tool for drug
testing, gene therapy studies and toxicology studies parallelly on the same genotype using other cell or
tissue types at the same time. Moreover, new advancement in gene manipulation such as CRISPR/Cas9
mediated gene targeting, makes it possible to target specific pathways and generate reporter cell lines
for toxicological or other applications. Combining these new approaches with 3D cell culture-based
assays could revolutionize the field of toxicology including DNT studies in the near future.
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Abbreviations

3D three dimensional;
AO adverse outcome;
BSA bovine serum albumin;
CAS chemical abstracts service;
CNS central nervous system;
Ctrl control;
D day;
DNT developmental neurotoxicity;
EC effective concentration;
ER endoplasmic reticulum;
FBS fetal bovine serum;
HE Hematoxylin-Eosin;
HTS high-throughput screening;
hiPSC human induced pluripotent stem cell;
ICC immunocytochemistry;
iPSC induced pluripotent stem cell;
NA numeric aperture;
NAM new approach method;
NEAA non-essential amino acids;
NIM neural induction media;
NMM neural maintenance media;
NPC neural progenitor cell;
NSC neural stem cell;
O/N overnight;
PBMC peripheral blood mononuclear cells;
PBS phosphate buffer saline;
PCR polymerase chain reaction;
PFA Paraformaldehyde;
POL/L Poly-l-ornithine and Laminin;
PSC pluripotent stem cell;
RT room temperature;
rTdT recombinant terminal deoxynucleotidyl transferase;
RT-PCR reverse transcription polymerase chain reaction;
TEM transmission electron microscopy;
TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Abstract: Silicon is a promising material for tissue engineering since it allows to produce
micropatterned scaffolding structures resembling biological tissues. Using specific fabrication
methods, it is possible to build aligned 3D network-like structures. In the present study, we exploited
vertically-aligned silicon micropillar arrays as culture systems for human iPSC-derived cortical
progenitors. In particular, our aim was to mimic the radially-oriented cortical radial glia fibres that
during embryonic development play key roles in controlling the expansion, radial migration and
differentiation of cortical progenitors, which are, in turn, pivotal to the establishment of the correct
multilayered cerebral cortex structure. Here we show that silicon vertical micropillar arrays efficiently
promote expansion and stemness preservation of human cortical progenitors when compared to
standard monolayer growth conditions. Furthermore, the vertically-oriented micropillars allow the
radial migration distinctive of cortical progenitors in vivo. These results indicate that vertical silicon
micropillar arrays can offer an optimal system for human cortical progenitors’ growth and migration.
Furthermore, similar structures present an attractive platform for cortical tissue engineering.

Keywords: human cortical progenitors; 3D culture; silicon pillars; cell growth; hiPSC-derived neural
progenitors; cerebral cortex

1. Introduction

In biology, developing tissues’ microarchitecture is fundamental to allow correct cell differentiation
and organization into appropriate structures that relate to specific physiological functions [1,2].
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Standard in vitro cell culture models are mainly set in reductionist monolayer settings, conditions that
intrinsically lack any structural architecture. This condition often represents a poor proxy to extrapolate
cell growth in vivo, thus substantially affecting cell performance and biological assays outcomes [3,4].
Indeed, with respect to whole tissues, monolayer cultured cells are usually more responsive to toxic or
therapeutic agents [5,6]. Additionally, cell culture on rigid surfaces can enhance cell proliferation, but
might impact cell differentiation due to the partial cell interactions [7].

In this view, more appropriate three-dimensional (3D) cell culture environments can allow more
physiological cell-to-cell contact, assisting cell growth and allowing better modelling of developmental
processes [8–10]. A 3D environment also facilitates cells to organize into tissue-like structures that
better mimic the in vivo function of cells, thus enhancing physiological relevance and predictive
accuracy [11–14]. In the last few years, there has been a gradual development and adoption of
technologies that enable tissue-like 3D cultures. Both scaffold-free organoid-based technologies and
natural or synthetic scaffold-based culture systems have been developed [7]. In particular, since different
tissue types show definite assemblies associated with their functional organization, scaffold-based
methods allow assisted mimicking of complex tissue geometrical topographies, such as cerebral cortex,
thus facilitating effective biofabrication of in vitro 3D tissue-like models [15–17]. With this purpose,
silicon-based micro-fabricated culture substrates with well-defined continuous and discontinuous
topographies, including the development of surfaces patterned with grooves, nanopillars or nanowires
for the study of neural guidance and polarity, have been extensively developed in order to create
scaffolds for a variety of applications [18–24].

In the present study, we exploited vertically-aligned silicon micropillar arrays to reproduce
the developing cerebral cortex 3D architecture, where effective control over neural columns width,
resembling the mammalian neocortex, is required for a large spectrum of applications. In the
developing cerebral cortex, cortical progenitors are oriented from the ventricular to the pial surface
with an apical-basal polarity. They divide to form radial glia and neuroblasts, the latter can migrate
using the apico-basal oriented radial glia fascicles of the subventricular zone (SVZ) as a scaffold, thus
forming the different cortical layers [25,26]. Here we focused on mimicking the radially-oriented
cortical radial glia fibers, as they are the key players in controlling the expansion, radial migration and
differentiation of cortical progenitors, thus allowing for the establishment of the correct multilayered
cerebral cortex structure. We show that the scaffold material and structures are compatible with human
cortical progenitors’ maintenance. Immunofluorescence imaging analysis and RT-PCR results reveal
that silicon vertical micropillar arrays efficiently promote the expansion and stemness preservation
of human cortical progenitors, when compared to monolayer growth conditions. Furthermore, the
precise orientation of the micropillars allows the radial migration, movement that is distinctive of
cortical progenitors in vivo. These results indicate that vertically-aligned silicon micropillar arrays
can offer an optimal system for human cortical progenitor growth and migration, and a potentially
interesting platform for cortical tissue engineering.

2. Materials and Methods

2.1. Vertically-Aligned Silicon Micropillar Array Fabrication

Silicon slides containing vertically-aligned micropillar arrays have been realized on silicon surface
through a CMOS like process at the Micro-Nano Facility of Fondazione Bruno Kessler (FBK). The
silicon slides are composed of a central zone containing a matrix of vertically-aligned micropillars
(height: 250–600 μm). Slides with different micropillar diameters have been obtained, with a diameter
of 10 or 15 μm that leads to an aspect ratio that varies from 1:25 to 1:17. These significant proportions
are particularly hard to achieve for pillar-like structures. The classical MEMS devices usually have
aspect ratio of 1:12, for this reason the Bosch process used to realize the surfaces has been tuned in
order to be able to reach higher aspect ratio.
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The slide surface used for cellular seeding and culturing is 14 mm long and 5 mm wide these
sizes were specifically designed to allow each slide to be accommodated in a well of a 12-well cell
culture plate. The design foresees a range of distances between the micropillars, from 20 to 50 μm to
evaluate the advantages of smaller and larger spaces between the micropillars for cellular deposition
and growth. To realize the structures, the silicon wafer was first oxidized, patterned through soft
lithography, then the silicon dioxide (SiO2) was patterned through dry etching, and finally a deep
reactive ion etching (DRIE) process was used to realize the micropillar-like structures. The DRIE process
consists of a two-step process: first an isotropic plasma etch, second the deposition of a passivation
layer that protects the lateral part of the structure. This two-step process is called Bosch process and it
is repeated several times to realize nearly vertical wall. The time lapse of each of the two steps defines
the roughness of the vertical wall as the process feed rate while the maximal depth that can be reached
is defined by the power of the radio frequency bias that accelerates the ions toward the surface.

Since the fabrication process does not damage the mask, the same stamp can be employed for
many subsequent cycles in a very reproducible manner.

During slides production, the micropillars on the open edge of the structures are systematically
damaged during the DRIE process. This effect is connected with the presence of a blank space between
slides, this void space increments the effective power of the ions impacting on the surfaces and then
destroy or modify the shape of the first micropillars row. These defects have been eliminated in the
cutting step. The cutting diamond disk was placed over the border, in order to cut away the defected
micropillars and leaving a sharp edge.

2.2. Cell Cultures

Human cortical progenitors used in this study were differentiated from a commercial control
hiPSC line (Gibco, Thermo Fisher Scientific, Monza, Italy) as previously described [27,28]. Briefly,
hiPSCs commitment to a neural lineage and subsequently to the dorsal telencephalic lineage was
performed by using N2B27 supplemented with human recombinant Noggin (500 ng/mL, Peprotech,
London, UK), SB431542 (20 mM, Santa Cruz Biotechnologies, Heidelberg, Germany) and Fibroblast
Growth Factor-2 (4 ng/mL, Peprotech). Cells were then detached and seeded on poly-ornithine and
laminin-coated plastic dishes (Sigma-Aldrich, Milan, Italy) in medium supplemented with 10 μM
Rock inhibitor Y27632 (Sigma-Aldrich). At day 10, neural rosettes containing cortical progenitor
cells were manually collected and plated on poly-ornithine/laminin-treated culture dishes in N2B27
medium containing epidermal growth factor (10 ng/mL), fibroblast growth factor-2 (10 ng/mL) and
brain-derived neurothrophic factor (20 ng/mL). Confluent cultures were passed as small multicellular
clumps at a ratio of 1:3 using trypsin and amplified until passages 8–10. Cryopreserved stocks of
human cortical progenitors were prepared from confluent cultures by trypsinization and resuspension
in freezing medium (10% DMSO and 90% foetal calf serum).

Neuronal differentiation of hCPs was induced as previously described. Briefly, hCPs were plated
at high density (105 cells per cm2) on laminin-treated silicon vertical micropillar arrays. Cells were
allowed to grow for four days and then switched in N2B27 medium without growth factors and
cultured for 35 days. The medium was changed every four days.

To visualize the cells for fluorescent imaging analyses and time-lapse experiments, hiPSC-derived
cortical progenitors were transduced with a lentiviral vector carrying eGFP cDNA under
Cytomegalovirus (CMV) promoter and containing a puromycin selection cassette [29].

Procedure for generation and expansion of mouse NS cells (i.e., radial glia-like neural progenitors)
were previously described [30–32]. In this study we used the LC1 NS cell line grown in standard
conditions in expansion medium composed of Euromed-N medium (Euroclone) supplemented with 1%
N2 (Thermo Fisher Scientific) and 20 ng/mL human recombinant epidermal growth factor (20 ng/mL)
and fibroblast growth factor-2 (20 ng/mL).

Human cortical progenitors and mouse NS cells were seeded on silicon slides pre-coated with
mouse laminin (Thermo Fisher Scientific).
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2.3. Scanning Electron Microscopy (SEM)

Cultures were fixed for 30 min at 4 ◦C in 25% Glutaraldehyde and 0.1 M cacodylic acid in distilled
water (pH 7.2). Then, samples were washed three times with 0.1 M cacodylic acid and dehydrated
by the exposure to 50%, 70%, 90% and (2×) 100% v/v ethanol concentration, 10 min each. After being
air-dried under an air flow, samples were gold coated by evaporation of a thin gold layer on top of
the sample surface (thickness 6 nm, 1.5 nm Cr adhesion layer). Silicon micropillar-based devices
deprived of cells did not require any treatment prior to SEM image acquisition. SEM micrographs
were acquired by using a TESCAN VEGA III scanning electron microscope (Tescan Analytics, Fuveau,
France) (operating voltage 4 kV, working distance 18 mm, stage tilting angle 45◦).

2.4. Cell Growth/Viability Assay

Analysis of cell growth/viability of all cell types employed in this work (hCPs and mouse NS
cells) was performed by MTT assay (Sigma-Aldrich). Briefly, MTT powder was dissolved into culture
medium at a final concentration of 1.5 mg/mL. For culture incubation with MTT solution, cell medium
was removed, cultures rinsed twice with PBS (Thermo Fisher Scientific) and incubated with MTT
solution for 1h at 37 ◦C. Following incubation, MTT solution was removed, cells were air-dried and
violet MTT precipitates dissolved with isopropanol. The absorbance was read at 570 nm wavelength
with a microplate reader (Tecan Infinite M200PRO, Tecan Italia, Milan, Italy).

2.5. Immunocytochemistry

To process samples for immunofluorescence analyses, cultures were fixed in 4% paraformaldehyde
for 30 min at room temperature (RT), permeabilized in PBS containing 0.5% Triton X-100 for 15 min at
RT and then blocked in blocking solution (PBS containing 0.3% Triton X-100 and 5% FCS) for 1 h at RT.
Samples were next incubated overnight at 4 ◦C with primary antibody diluted in antibody solution
(PBS containing 0.2% Triton X-100 and 2% FCS), then washed three times with PBS and incubated
for 2 h at RT with secondary antibodies. Samples were then counterstained with 1 μg/mL Hoechst
33,258 (Thermo Fisher Scientific) and further rinsed with PBS before proceeding with visualization.
Fluorescent signals and Z-Stack of eGFP+ve human cortical progenitors (12 slices of 7.7 μm each,
shown at 7 fps) were detected using a Leica DMi8 microscope equipped with an Andor Zyla 4.2 PLUS,
monochromatic, sCMOS sensor, 4.2 megapixel camera. Acquired images were processed with the
open-source Fiji software (v2.0.0, open source under the GNU General Public License, Madison, WI,
USA) [33].

Antibodies used in this study: primary mouse monoclonal anti-NESTIN antibody (R&D Systems,
Minneapolis, MN, USA, 1:300), primary mouse monoclonal β3-TUBULIN antibody (Promega, Milan,
Italy, 1:1000), primary rabbit polyclonal anti-SOX2 antibody (Millipore, Milan, Italy, 1:200), primary
rabbit polyclonal anti-MAP2 antibody (Santa Cruz, Heidelberg, Germany, 1:200), primary mouse
monoclonal anti-TBR2 antibody (ABCAM, Cambridge, UK, 1:500), primary mouse monoclonal anti
CUX1 (ABCAM, 1:200), AlexaFluor-488 or -568 conjugated secondary antibodies (Thermo Fisher
Scientific, 1:500).

2.6. Time Lapse Analysis

Time-lapse movies of live GFP-expressing cells migrating along micropillars were acquired with a
Zeiss Axio Observer Z1 inverted microscope equipped with the Apotome 2 module for structured
illumination and a 2.83 Megapixel AxioCam 503 mono D (all from Zeiss Italia, Castiglione Olona, Italy).
Time-lapses were acquired as z-stacks (10 μm z-step) using a plan-apochromatic 10×/0.3 objective,
with a frame interval of 30 min for 12.5 h. The movies shown are maximum intensity projections.
Optimal focus selection was performed by manual extraction of each focus z-slices from original z-stack
time-lapses to select the best focused z position for each time point, then adjusted for brightness and
contrast and saved as 7 fps AVI files using Fiji software [33].
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2.7. RNA Isolation and Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated by using TRIzol Reagent (Thermo Fisher Scientific) following the
manufacturer’s protocol, then retro-transcribed with iScript cDNA Synthesis Kit (BioRad, Segrate,
Italy). cDNA was used to verify the expression of specific target genes by qRT-PCR (quantitative RT
PCR), using the SsoAdvanced Universal SYBR Green Supermix Kit. Specific primers sets were used
(RT-qPCR data were analyzed according to the comparative ΔΔCt method and normalized by using
β-Actin housekeeping gene. Sequence of primers used in this study:

Nestin forward 5′-GGAGAAGGACCAAGAACTG-3′, reverse
5′-ACCTCCTCTGTGGCATTC-3′; β3-tubulin forward 5′-TCAGCGTCTACTACAACGAGGC-3′,
reverse 5′-GCCTGAAGAGATGTCCAAAGGC-3′; β-Actin forward
5′-GACAGGATGCAGAAGGAGATTACTG-3′, reverse 5′-CTCAGGAGGAGCAATGATCTTGAT-3′.

2.8. Statistical Analysis

Analyses were performed using either a two-sided unpaired Student’s t-test or a one-way analysis
of variance with a Dunnett’s post hoc test. Experiments were repeated three times in triplicate
and values were considered statistically significant for p < 0.05 (*), p < 0.01 (**), p < 0.001 (***),
p < 0.0001 (****).

3. Results and Discussion

3.1. Generation of Vertically-Aligned Silicon Micropillar Array Structures

Biomimetic cortical-like 3D platforms have been created based on different approaches, such as
cell spheroids, organoids and engineered constructs based on hydrogels [34–36]. These structures
present advantages based on cell self-assembly or enabling spatial self-organization. Nonetheless
fine control over the 3D micro-architecture, phenotype and reproducibility have been reported to
be challenging [37]. To overcome these limitations, we sought to develop a novel scaffold-based
approach mimicking the structural organization of the developing cerebral cortex by ideally controlling
network topography.

Mammalian cerebral cortex is a complex layered structure organized in columns generated during
developmental stages by means of cortical progenitors (CPs) and neuroblasts that move radially
along radial glia fibers serving as scaffolds for directed columnar migration [25,26]. Our aim here
is to fabricate a 3D culture platform that mimics in vitro these cerebral radial structures, being able
to optimally support the outer growth (from the bottom to the top) of CPs such as that occurring
in vivo during cortical neurogenesis. With this aim we designed micropatterned structures containing
topographically ordered micropillar arrays. Micropatterned substrates with different geometries
have been reported in the form of discontinuous micro-grooved configurations and discontinuous
geometries like nanopillar arrays made from a several materials comprising polymers, such as PS,
PLGA and PDMS together with hard materials, such as silicon and quartz [18,38–41]. In particular, in
the neural field pillars and cone geometries at micron scale have been shown to control the outgrowth
of neuronal processes, guiding neurite outgrowth alignment and cell growth [20,38,42,43].

Here, we produced a novel 3D neural cell culture platform based on silicon substrates displaying
arrays of micropillars fabricated by lithographic patterning (see Methods) of crystalline silicon (Si)
wafers. Such technique enables the fabrication of discontinuous micropillars exhibiting at the same
time anisotropic geometry. The silicon structures consist of a rectangular seeding surface of 0.7 cm2

containing vertically arranged micropillars (Figure 1A,B).
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A B

Figure 1. Design, size and morphology of 3D silicon micropillar array slides. (A) Schematic structure
of a silicon slide containing vertically-aligned micropillars (micropillars are not in scale). (B) The image
shows a 3D silicon slide. Scale bar: 1 mm.

Silicon-based nanostructures exhibit conceivable applications in several fields. As examples,
plasmonic nanostructures based on array of silicon nanopillars could be used for surface enhanced
Raman spectroscopy (SERS) or to control the wettability of a silicon surface [44–47]. Silicon micropillar
arrays can be assembled by lithographic techniques allowing tight control over the size and density of
the micropillars, differently from randomly generated rough surfaces as those presented in several
other works [17,43,48,49]. Accordingly, they allow greatest control over the topographic structure of
the system, thus warranting high reproducibility and robustness of the experiments. Additionally,
differently from other materials, silicon surfaces hold particular technological impacts and potential.

The size of the slide was specifically designated to easily accommodate in a well of a tissue culture
12-multiwell plate (Figure S1A,B). By varying the reaction conditions of growth, we can produce
pillars that have 10–15 μm diameter and height that can be regulated in the range of 200–600 μm. For
this study we used silicon slides with 250 μm tall micropillars. Different micropillars topographies
were successfully fabricated by using different masks. We produced 12 distinctive layouts of silicon
micropillar arrays, coded as A1 to S6, with variable micropillar density and topographies (square
grid-aligned and hexa grid-staggered micropillar arrays and with variable distances between the
micropillars; see Table 1).

Table 1. List of different silicon slide arrays fabricated and tested in this work.

Slide Code Pillar Diameter (μm) Distance Among Pillars (μm) Topography

A1 10 20 Alligned
A2 10 30 Alligned
A3 10 40 Alligned
A4 15 20 Alligned
A5 15 30 Alligned
A6 15 40 Alligned
S1 10 20 Staggered
S2 10 30 Staggered
S3 10 40 Staggered
S4 15 20 Staggered
S5 15 30 Staggered
S6 15 40 Staggered

Additionally, to set up the best conditions for cell growth, we fabricated both oxidized silicon
(SiO2) and silicon nitride (Si3N4) vertically-aligned silicon micropillar arrays.

The fabrication accuracy and morphology of the structures at the nanoscale were evaluated by
measuring the distance between the micropillars and their diameter by scanning electron microscopy
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(SEM). Cross-sectional SEM images were produced to derive the internal structure of the samples
(Figure 2A,B) and top-view SEM images to derive the density of the silicon micropillar arrays.

A

B

Figure 2. Silicon micropillars can be arranged with different topographies. Silicon micropillar arrays
are perfectly vertically-aligned with a height that can be tuned in a 200–600 μm range. Specific spacing,
density and morphology of the silicon pillars can be arranged by changing the mask of lithographic
process. Low and high magnification of cross-sectional SEM images of aligned (A) and staggered
(B) micropillar arrays. Scale bar: 50 μm.

We found that while the distance between micropillars was quite accurate, the diameter of the
micropillars varied depending on the height of the structure. Indeed, the diameters at the bottom of
the micropillars were reduced of about 40% (~5–7 μm) with respect to the top of the same micropillar.

This effect is particularly noticeable on the first row of micropillars, and we assumed that this
is mainly due to the fact that the chemical-physical processes on which the Bosch process is based
depending on the area exposed to the engraving process. Therefore, the etching rate is different in the
areas between the micropillars than in the areas between the slides. Therefore, we assume that the first
row of micropillars is etched much faster than the others and that this is the cause of the reduction of
the diameter of the micropillar. Up to now, we were able to reach structures with a diameter of 15 μm
and a height of 600 μm, nevertheless further tests to improve this aspect ratio are ongoing.

3.2. Culturing Human Cortical Progenitors on Vertically-Aligned Silicon Micropillar Arrays

To establish which human cortical progenitors (hCPs) density was the most comparable to the
standard 2D monolayer method used as control and to detect potential toxic effects of silicon material,
we first performed a cell viability assay. hCPs were seeded on laminin-coated samples A6–S6 with
cell density ranging from 2 × 104 to 8 × 104 cells per 3D device (i.e., 2.8 × 104 and 1.1 × 105 cells
per cm2) and cultured for 48 h before being processed in an MTT assay (see Section 2). We found
that cell viability was reduced for the lowest cell density (2 × 104 cells) and increased for the highest
(8 × 104 cells), compared to the 2D culture. Indeed, 4 × 104 cells per 3D device showed no differences
compared to the 2D monolayer culture (Figure 3).
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Figure 3. hCPs seeded on silicon micropillar arrays maintain their viability. MTT assay performed on
hCPs plated on 3D silicon slide and in standard 2D monolayer shows that hCPs efficiently maintain
their viability. Different cell densities were assessed 48 h after seeding. p < 0.01 (**), not significant (ns).

We found no significant difference between oxidized silicon or silicon nitride material (not shown),
thus indicating that these 3D structures are fully compatible with living cells without affecting cell
growth. Moreover, our silicon micropillar arrays might also allow for increased hCPs proliferation
activity in long-term cultures by offering a 3D environment in which the cells can also exploit the third
(vertical) dimension for growth. Additionally, we did not detect any significant difference between
different topographic layouts and silicon types (oxidized silicon or silicon nitride) tested in terms of
cell adhesion, viability and growth (not shown).

As further confirmation of these results, an analogous MTT analysis was performed on mouse
radial glia-like NS cells plated at the same aforesaid cell densities (Figure S2A). NS cell analysis
gave similar results to the hCPs, indicating that 4 × 104 cells per 3D device represents the preferred
cell density. This was then selected as standard seeding density in the subsequent experiments in
this work. The compatibility of oxidized silicon or silicon nitride for in vitro functional studies on
neurons has been already reported, nevertheless, this is the first study to report compatibility with
hCPs [50]. Furthermore, contrary to other studies employing silicon uncoated surfaces, we used surface
topographies coated with laminin to optimize cell adhesion as also been reported by others [51–53]. In
addition, these results demonstrate that our silicon micropillar arrays can be functionalized according
to the cells’ needs. We then performed SEM analysis in order to monitor the behaviour of the hCPs
seeded on the arrays in terms of interaction with the vertical silicon micropillars. We found that cells
at high density interact with each other and with the micropillars establishing a uniform network
(Figure 4A).

Interestingly, hCPs plated at low density show an increased propensity to adhere to the micropillars
rather than to the bottom flat surface of the device, with cells that can be found at different heights of
the micropillars (Figure 4B,C). Cells formed 3D neural networks and suspended bridges throughout
the micropillar height and along and between the micropillar walls. A similar formation of suspended
neural process bridges has also been reported with microtowers, microfibres and 2PP-DLW fabricated
microstructures [54–57]. In order to visualize the cells seeded on the silicon micropillar arrays with
an inverted microscope, the device has to be set upside down, facing the microscope objectives. To
facilitate this operation, we fabricated, by 3D-printing technique, a slide holder support to be placed on
a glass bottom dish that allows to visualize the slide with a tilt of 45 degrees, so as to have a 3D visual
prospect of the cells (Figure S3). Also, a glass bottom dish was used to place the holder (Figure S2B).
To visualize live cultures, we generated eGFP+ve hCPs by infection with lentiviral particles allowing
constitutive expression of eGFP cDNA (see Methods). eGFP+ve hCPs were used to live monitor the
interactions of hCPs with the device and the single silicon micropillars by time-lapse analysis, and to
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capture the dynamics of cells movements among the micropillars. We found that hCPs move within the
chip and interact with each other and with micropillars. In particular, hCPs can move along the whole
micropillar from the bottom to the top (Movie S1) in a manner that resembles the in vivo migration
along the radial glia during cortical neurogenesis, and extend processes embracing the micropillars
(Movie S2). We also noticed the progressive neurite extension surrounding micropillars at the same
height, which might represent the way for the cells to preferentially form a layered architecture.

Figure 4. hCPs seeded on silicon slide establish close interactions with micropillars. (A) Top-view SEM
image showing hCPs seeded at standard density on silicon micropillars. (B,C) Cross-sectional SEM
images showing hCPs seeded at low density on silicon structures to visualize single cells-micropillars
interactions. Scale bar: 20 μm (A,B) and 10 μm (C).

3.3. hCPs Seeded on Silicon Micropillar Arrays Proliferate and form 3D Layered Structures

We next assessed the proliferation of hCPs seeded on different silicon 3D devices in order to find
the silicon type better supporting hCPs stable long-term growth. To this aim, hCPs were plated and
maintained for several days on silicon oxide (SiO2) and on silicon nitride (Si3N4) micropillar arrays,
as well as on plastic dishes as standard monolayer growth conditions. Cultures were analysed by
MTT-based growth assays at different time points. Resulting growth curves from the three experimental
groups show a modest, yet statistically significant, reduction in cell growth within the first four days
for both types of 3D silicon devices. After seven days cultures grown on Si3N4 devices still exhibit a
significant reduction, whereas cultures on SiO2 device show no difference with respect to the standard
monolayer conditions. At the later time point considered, 14 days, a statistically significant difference
was detected for the cells seeded on SiO2 3D silicon device, which resulted in increased growth when
compared to the other experimental groups (Figure 5).

Figure 5. hCPs seeded on silicon slides maintain their proliferation capability. Cell growth analysis
(MTT assays) performed on hCPs seeded on oxidized silicon (OxSi) or nitride silicon (NiSi) micropillar
arrays. Standard 2D monolayer cultures were used as control. Cultures were assessed at different days
in vitro (DIV) after seeding. p < 0.01 (**), p < 0.0001 (****), not significant (ns).
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These results indicate that growth on silicon 3D silicon devices improves hCPs long-term
maintenance. Additionally, since oxide silicon 3D arrays resulted to be more compatible and efficient
in sustaining hCPs long-term survival and growth with respect with the nitride silicon devices, for
the next experiments we employed the former type. Immunofluorescence imaging analysis of hCPs
grown on silicon 3D micropillar arrays for two weeks show that cells are well distributed inside the
device, filling the whole space among the micropillars (Figure 6A).

Additionally, SEM imaging shows that the cells form a complex three-dimensional
multilayered-like structure by growing among the micropillars and interacting with each other,
finally establishing regular horizontal layers (Figure 6B,C).

Figure 6. hCPs cultured on silicon micropillar arrays establish layered structures. (A) Picture of
eGFP+ve hCPs cultured for 14 days on silicon slides showing the establishment of a high-density 3D
culture. Inset shows the same culture stained with Hoechst. (B,C) SEM images of hCPs maintained
on silicon pillars device for 14 days. Cultures exhibit the generation of multiple cell layers. Scale bar:
50 μm (A) and 20 μm (B,C).

3.4. hCPs Grown on Silicon Micropillar Arrays Retain Their Multipotency and Regional Identity

We then assessed if growth on silicon 3D arrays might interfere with hCPs (i) multipotency
and (ii) preservation of their cortical regional identity. To assess these issues, we first performed an
immunostaining analysis for SOX2 and NESTIN, two key neural multipotent markers, on hCP cultures
expanded for 14 days on silicon 3D arrays or in standard monolayer conditions. To this respect,
we found that silicon 3D cultures show the great majority of cells to co-express SOX2 and NESTIN,
comparably to the cultures maintained in standard monolayer conditions previously characterized to
efficiently preserve hCPs multipotency (Figure 7A,B and Figure S4).
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Figure 7. hCPs seeded on silicon slide maintain their neural immature identity. Immunostaining of
hCPs for NESTIN (green), SOX2 (red) and nuclear staining with Hoechst (blue) in 3D culture (A) and
2D culture (B) cultured for 14 days. (C) Quantitative RT-PCR assay showing the expression levels of
Nestin and β3-Tubulin transcripts in hCPs grown in 2D or 3D cultures. Scale bar: 100 μm (A) and
50 μm (B). p < 0.01 (**), not significant (ns).

To extend this result, we measured the transcript levels of Nestin and of the neuronal marker
β3-Tubulin by quantitative RT-PCR (Figure 7C). This assay showed a 30% increase and a 60% decrease
on the expression levels of Nestin and β3-Tubulin, respectively, in cultures maintained on silicon 3D
arrays with respect to standard monolayer conditions (Figure 7C). These results further confirmed that
growth on our silicon 3D devices does not alter hCP’s multipotency. Furthermore, growth on silicon
3D arrays further lowers the occurrence of spontaneous neuronal differentiation in the cultures.

We then investigated the capability of hCPs cultured in silicon 3D arrays to retain their original
cortical identity. To assess this issue, we first performed an immunostaining analysis for TBR2, a key
maker of cortical progenitors, on hCP cultures expanded for 14 days on silicon 3D arrays or in standard
monolayer conditions (Figure S5). We found that TBR2 immunoreactivity was maintained in nearly
all of the cells in the silicon 3D cultures (Figure 8A; Movie S3). Finally, we tested the ability of hCPs
plated in silicon 3D arrays to undergo neuronal maturation giving rise cortical glutamatergic neurons.
To this end, hCPs were cultured for 5 days on 3D silicon devices and then exposed for 35 days to
differentiative conditions and processed for immunofluorescent analysis for β3-TUBULIN, the mature
neuronal marker MAP2 and the cortical neuronal marker CUX1. We found that differentiated cultures
exhibited the presence of β3-TUBULIN+ve neuronal cells (Figure 8B, left panel) and the appearance of
neurons co-expressing MAP2 and CUX1 (Figure 8B).
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A

B

Figure 8. hCPs seeded on silicon micropillar arrays preserve their cortical regional identity and upon
exposure to differentiative conditions, generate cortical glutamatergic neurons. (A) eGFP+ve hCPs
cultured for 14 days on 3D silicon devices preserve the expression of the cortical progenitor marker
TBR2 (red). Nuclei are stained with Hoechst (blue). Scale bar: 50 μm. (B) hCPs cultured for 5 days on
3D silicon devices and then exposed for 35 days to differentiative conditions maturate into cortical
glutamatergic neurons. Left: cultures stained for the pan-neuronal neuronal marker β3-TUBULIN
(red). Nuclei are stained with Hoechst (blue). Scale bar: 10 μm. Right: cultures stained for the mature
neuronal marker MAP2 (red) and for the cortical neuronal marker CUX1 (green). Nuclei are stained
with Hoechst (blue). Scale bar: 10 μm.

These results demonstrate that hCPs grown on silicon micropillar arrays keep their multipotency
and cortical identity and are able to generate glutamatergic cortical neurons. However, further
experiments are required to further investigate whether the cortical neurons obtained in the 3D
environment are able to organize themselves into defined upper and deeper cortical neuronal layers.
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4. Conclusions

We have described a novel culture platform for hCPs growth based on 3D vertically-aligned silicon
micropillar arrays. This structure mimics the radially-oriented cortical radial glia fibres that during
embryonic development are essential to control the expansion, radial migration and differentiation
of hCPs.

The silicon micropillar arrays can be arranged using different topographic organizations and
report micropillar heights not tested with neural progenitors so far. The structures conceived practically
combine the advantages of microscale topographies, without the need of complex fabrication techniques.
Importantly, our fabrication process allows the production of biocompatible, 3D devices in a highly
versatile and reproducible manner. In fact, the micrometre-sized base confers to micropillars good
mechanical stability, while establishing a tight interface with the living hCPs.

Other scaffold-based methods have been reported for the biofabrication of in vitro 3D tissue-like
models [15–17]. In particular, some of these systems, especially the ones based on 3D polymeric
materials, i.e., microfibres and hydrogel scaffolds, offer a highly useful and strong method for creating
large-scale 3D tissue cultures. Additionally, these systems have been shown to be extremely flexible in
terms of production, biocompatibility, biodegradability, mechanical properties and functionalization
with chemicals or oligopeptides in order to implement their adhesion and/or ECM mimicking
properties [16]. The 3D vertically-aligned silicon micropillar arrays here described exhibited a lower
flexibility with respect to these microfibers and hydrogel scaffolds, nevertheless they represent highly
reproducible scaffolds in which both the height and the topography of the pillars can be finely
regulated. Similar pillar-like structures have been previously reported by Limongi and colleagues and
characterized for their ability to allow culturing of functional neuronal and glial cells in a 3D manner,
allowing the formation of viable and functional neuronal networks [17]. In particular, the pillars there
reported were different from ours since they were designed to reach limited height (cylindrical pillars of
10 μm in height and 10 μm in diameter) and to include a patterning in the nanoscale on their sidewall,
leading to a spatial modulation in the z direction. Similarly, culturing platform containing arrays of
microchannels arranged into ordered 2D arrays (with maximum height of ~3 μm and amplitudes
ranging from ~10 to ~1.5 μm) have been reported [15]. These structures were shown to host neuronal
cells strongly guiding their axons’ growth direction and with additional advantage to enable coupling
to devices for active sensing and stimulation at the local scale.

Our future efforts should reveal the actual potential of our 3D vertically-aligned silicon micropillar
arrays to extensively support hCPs neuronal maturation in order to generate cortical-like tissue
comparable to the self-assembled brain organoid technology but with the advantage of an increased
reproducibility intrinsic to the scaffold-assisted process.

Additionally, to further exploit the potential of our 3D vertically-aligned silicon micropillar arrays,
in the future we aim at coupling this system with a compartmentalized microfluidic device to reach a
complete control of culture environment and reduce media volumes and related costs. The acquired
knowledge will certainly pave the path towards the generation of valuable tools to study cortical
development in humans and for cortical tissue engineering.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/1/88/s1,
Figure S1: Silicon devices were specifically designed to fit into 12 multiwell plates; Figure S2: Analysis of mouse
NS cells viability seeded on 3D silicon micropillars arrays; Figure S3: Silicon slide holder device’s picture. The
slide lodges on a home-made holder inserted in a bottom glass dish; Figure S4: hCPs seeded on 3D silicon slide
preserve their multipotency and create a cell network; Figure S5: hCPs grown in standard 2D conditions exhibit
expression of cortical progenitor markers; Video S1: 12.5 hours time-lapse movie performed on eGFP+ve hCPs
seeded on silicon micropillars array. A single cell migrating from the bottom to the top of the micropillar is visible;
Video S2: 12.5 hours time-lapse movie of eGFP+ve hCPs seeded on 3D silicon slide. Examples of cells extending
neurites that interact with pillars are shown; Video S3: Z-stack of eGFP+ve hCPs stained for TBR2 (red) and
Hoechst (blue). Cells have been cultured for 14 days on silicon micropillars arrays before the time lapse analysis.
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Abstract: We developed a (three-dimensional) 3D scaffold, we named HY-FIB, incorporating
a force-transmission band of braided hyaluronate embedded in a cell localizing fibrin hydrogel
and poly-lactic-co-glycolic acid (PLGA) nanocarriers as transient components for growth factor controlled
delivery. The tenogenic supporting capacity of HY-FIB on human-Bone Marrow Mesenchymal Stem
Cells (hBM-MSCs) was explored under static conditions and under bioreactor-induced cyclic strain
conditions. HY-FIB elasticity enabled to deliver a mean shear stress of 0.09 Pa for 4 h/day. Tendon
and cytokine marker expression by hBM-MSCs were studied. Results: hBM-MSCs embedded in HY-FIB
and subjected to mechanical stimulation, resulted in a typical tenogenic phenotype, as indicated by
type 1 Collagen fiber immunofluorescence. RT-qPCR showed an increase of type 1 Collagen, scleraxis,
and decorin gene expression (3-fold, 1600-fold, and 3-fold, respectively, at day 11) in dynamic conditions.
Cells also showed pro-inflammatory (IL-6, TNF, IL-12A, IL-1β) and anti-inflammatory (IL-10, TGF-β1)
cytokine gene expressions, with a significant increase of anti-inflammatory cytokines in dynamic
conditions (IL-10 and TGF-β1 300-fold and 4-fold, respectively, at day 11). Mechanical signaling,
conveyed by HY-FIB to hBM-MSCs, promoted tenogenic gene markers expression and a pro-repair
cytokine balance. The results provide strong evidence in support of the HY-FIB system and its interaction
with cells and its potential for use as a predictive in vitro model.

Keywords: hBM-MSCs; cytokines; tenogenic markers; cyclic strain; 3D microenvironment; PLGA
carriers; bioreactor

1. Introduction

Tissue engineering strategies for tendon healing and regeneration are designed to improve existing
therapies or provide new treatment possibilities. Three-dimensional (3D) bioengineered systems have
the potential to promote our understanding of the physiopathology of tendinopathy and the role
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of stem cells in tendon regeneration. In this sense, 3D scaffold design and fabrication coupled to
specific bioreactor arrangements could develop highly predictive 3D in vitro culture and differentiation
systems to explore cell behaviors in response to defined external biochemical and mechanical stimuli [1].
The 3D scaffold provides a model of fidelity via its provision of a microenvironment with defined
stiffness and elastic modulus as well as the necessary surfaces for cell attachment [2–4].

Detailed understanding of cell behavior when incorporated into specific biomaterials allows to
develop designs with specific functionalization. These functionalization may, for instance, stimulate
local stem cells, attract specific circulating nucleated blood cells, such as macrophages, and induce their
polarization into M2 phenotype to accelerate tissue regeneration and healing following the biomaterials
in vivo implantation [5]. For example, human Mesenchymal Stem Cells (hMSCs) are largely used in tissue
engineering strategies, and their immune-modulatory activity in the development of tendon pathologies
have been explored, but the precise mechanisms involved remain undetermined [6–10]. Neutrophils
and macrophages infiltrate injured tendons, potentially interacting with MSCs and stimulating cytokine
release at the site of repair and promoting degradation of the extracellular matrix (ECM), inflammation,
apoptosis, and, in the later stages of acute tendon healing, they release anti-inflammatory cytokines to
alleviate inflammation and promote tendon remodeling [11–13].

Among the biomaterials described for tendon tissue engineering [14], a promising emerging
strategy is the use of a complex biomimetic matrix with a hydrogel component and extracellular matrix
mimicking properties [15,16]. Tenocyte precursors can be harvested from different sources, including
periosteum [17,18], bone marrow [19–21], tendon [21,22], and adipose tissue [21,23]. To overcome
the intrinsic poor mechanical properties of the hydrogel, they can be merged with more force
resistant biopolymers. Cells and biomaterials alone are not sufficient to achieve optimal levels
of differentiation and matrix organization. Mechanical stimulation has a key role in tenogenic
differentiation induction [19]. Scaffolds are therefore required to display an appropriate elastic
behavior to deliver strain [24] or compression [25] inputs. Strain is a tenogenic differentiation
signal [26–29], and several bioreactors have been used to impart tenogenic mechanical stimuli to cells
in culture [19,30–35]. For example, Rinoldi et al. designed and fabricated 3D multilayered composite
scaffolds, where an electrospun nanofibrous substrate was coated with a thin layer of GelMA-alginate
composite hydrogel carrying MSCs. MSCs were subsequently differentiated by the addition of bone
morphogenetic protein 12 (BMP-12) and, to mimic the natural function of tendons, the scaffolds
were mechanically stimulated using a custom-built bioreactor [34]. Grier et al. described an aligned
collagen-glycosaminoglycan scaffold able to enhance tenogenic differentiation of MSCs via cyclic
tensile strain within a bioreactor, in the absence of growth factor supplementation [36]. Another
protocol, proposed by Youngstrom et al., promoted tenogenic differentiation of MSCs cultivated on
decellularized tendon scaffolds with the application of 3% cyclic strain for one hour per day for 11
days [31]. Additionally, several growth factors and other small molecules can stimulate transcriptional
activation of genes involved in tenogenic differentiation [15,37,38]. Growth Differentiation Factor 5
(GDF-5), for instance, induces the expression of genes linked to the neo-tendon phenotype [39–41].

Tendinopathies associated with physical activity and age-related degeneration are a major medical
issue [23], and recent healing and regeneration studies include the use of human Bone Marrow
Mesenchymal Stem Cells (hBM-MSCs) [42–44]. hBM-MSCs are a multipotent population present
in bone marrow that can be readily differentiated in vitro [45,46] into cells of three mesodermal
lineages, namely adipocytes, chondrocytes and osteoblasts under appropriate conditions [47–50].
MSCs-based therapies include direct transplantation of MSCs populations, growth factor-loaded
scaffolds for local MSCs recruitment or implantation of scaffolds containing in vitro culture-expanded
MSCs populations [51,52].

We previously described an engineered multiphase three-dimensional (3D) scaffold as an in vitro
model for tendon regeneration studies. The multiphase 3D construct was totally absorbable
and consisted of a braided hyaluronate elastic band merged with a fibrin hydrogel containing
hBM-MSCs and poly-lactic-co-glycolic acid nano-carriers (PLGA-NCs) themselves loaded with human
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Growth Differentiation Factor 5 (hGDF-5) [53]. In that work, the PLGA nano-carriers were transient
scaffold components to ensure sustained and controlled delivery of hGDF-5 with benefits beyond
those associated with standard culture medium supplementation [53,54]. The study reported an early
tenogenic commitment of hBM-MSCs after three days of cultivation under dynamic conditions.

In the present study, we describe the use of the same scaffold (named HY-FIB here) to investigate
the effect of the 3D environment on hBM-MSCs for 11 days with or without mechanical stimulation
and in the absence of any specific biochemical differentiation signal. HY-FIB was assembled with
hBM-MSCs as previously described [53] including PLGA-NCs stratified within the 3D fibrin structure.
Importantly, the PLGA-NCs carried an inactive form of human Growth Differentiation Factor 5
(ihGDF-5) enabling the overall 3D scaffold structure to be safely evaluated with or without mechanical
input. Gene expression of type 1 Collagen, decorin, scleraxis, and tenomodulin were considered; type 3
collagen was also monitored, as negative control. Histology and quantitative immunofluorescence were
used to monitor cell behavior and their interaction with the synthetic extracellular matrix. Moreover,
to understand whether HY-FIB microenvironment configuration would stimulate any cell inflammation
responses, the cells expression of cytokine markers was also monitored, including pro-inflammatory
cytokines and anti-inflammatory ones. The results provide strong evidence that HY-FIB environment
plus mechanical signaling, promoted tenogenic markers expression, collagen production and better
pro-repair cytokine balance by hBM-MSCs.

2. Materials and Methods

2.1. hBM-MSCs Isolation and Harvesting

Human bone marrow mesenchymal stem cells (hBM-MSCs) were obtained from the bone marrow
of three independent healthy donors (age 36, 38, 44 years). The donors gave written informed consent
in accordance with the Declaration of Helsinki to the use of their filter residual bone marrow aspirate
for research purposes, with approval from the University Hospital of San Giovanni di Dio e Ruggi
d’Aragona (Salerno, IT). Review Board authorization number: (24988 achieved on April 9, 2015).

Briefly, total bone marrow aspirate was directly seeded at a concentration of 50,000 total nucleated
cells/cm2 in T75 plastic flask in Minimum Essential Medium Alpha (α-MEM) supplemented with
1% GlutagroTM, 10% Fetal Bovine Serum (FBS), and 1% Pen/Strep and incubated at 37 ◦C in 5% CO2

atmosphere and 95% relative humidity [55]. After 72h, non-adherent cells were removed by medium
change, and the adherent cells were further fed twice a week with new medium. On day 14, colonies
of adherent hBM-MSCs were detached and re-seeded at 4000 cells/cm2 in the same culture conditions.
Once the cell cultures reached 70–80% confluence, cells were detached using 0.05% trypsin-0.53mM
EDTA and washed with PBS 1× (Corning Cellgro, Manassas, VA, USA), counted using Trypan Blue
(Sigma-Aldrich, Milan, IT) and subcultured at a concentration of 4 × 103 cells/cm2. Flow Cytometry
analysis was performed on hBM-MSCs obtained at Passage 1 examining levels of CD90, CD105, CD73
CD14, CD34, CD45, and HLA-DR expression (Miltenyi Biotec, DE).

2.2. ihGDF-5 Effect on hBM-MSCs

These sets of experiments were performed to assure the absence of any effect of inactivated human
GDF-5 (ihGDF-5, Cloud-Clone Corp., USA) on both tenogenic markers stimulation and cytokines
expression by hBM-MSCs. Cells were seeded on coverslips in 12 well plates at a concentration of
4 × 103 cells/cm2. Once the cultures reached 60% confluence, cells were treated with either 1.6 ng/mL
or 100 ng/mL of ihGDF-5. Cells were fed twice a week with new medium and fresh ihGDF-5
supplementation for up to 16 days. Untreated cells for matched time-points studied were used for
control purposes. Passage 3 cells were seeded in the 3D environment (~8 × 105 cells/mL) and were fed
twice a week with new medium, without any growth factor added.
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PLGA carriers were not tested because they cannot be supplemented to the cells planar monolayer
culture, indeed, in static conditions their sedimentation on cells reduced oxygen exchange and prevented
cells survival (data not shown).

2.3. Immunofluorescence and Immunohistochemical Assays

Cells were fixed with 3.7% formaldehyde for 30 min at room temperature (RT) followed by
permeabilization with 0.1% Triton X-100 for 5 min and blocking with 1% Bovine Serum Albumine (BSA)
for 1h. For type 1 and type 3 Collagen staining, cells were incubated overnight at 4 ◦C with a mouse
monoclonal anti-type 1 Collagen antibody (1:100, Sigma-Aldrich) and a rabbit polyclonal anti-type
3 Collagen antibody (1:100, Santa Cruz Biotechnology). Following incubation with the primary
antibody, cells were incubated for 1h at RT with the DyLight 649 anti-mouse IgG (1:500, BioLegend,
CA) and the Alexa FluorTM 488 goat anti-rabbit IgG (1:500; Thermo Fisher Scientific, USA). Cell nuclei
were stained with DAPI solution (1:1000) for 5 min. Images acquisition was at 20×magnification on
a fluorescent microscope (Eclipse Ti-E Inverted Microscope; NIKON Instruments Inc., USA).

For 3D scaffold immunohistochemical analysis, slices were permeabilized with 0.1% Triton X-100
for 5 min, and non-specific staining blocked with 1% BSA for 1h at RT. For type 1 Collagen staining,
slices were incubated overnight at 4 ◦C with a rabbit polyclonal anti-type 1 Collagen antibody (1:200,
AbCam). Following incubation with the primary antibody, slices were incubated for 1h at RT with
Alexa FluorTM 488 goat anti-rabbit IgG (1:400, Thermo Fisher Scientific, USA) antibody. Subsequently,
cell nuclei were stained with DAPI solution (1:1000) and incubated for 5 min. Images were acquired as
described above. Image quantification was performed using image analysis software (ImageJ, National
Institutes of Health, USA) [56,57] by measuring the red and green areas where type 1 and type 3
collagen, respectively, are expressed. A minimum of 10 image fields was used for the image analysis
at each time point. Signal intensity at each time point was normalized by the cell number (e.g., by
amount of cell nuclei revealed by DAPI staining).

Sirius red staining was performed using the Picrosirius Red Stain Kit (Polysciences, Inc., USA).
Sections of 15 μm of thickness were stained in hematoxylin for 8 min, then washed in water for 2
min. The sections were dipped into phosphomolybdic acid for 2 min, then washed in water for 2 m.
Then they were dipped into Picrosirius Red F3BA Stain for 60 min and dipped into HCl 0.1M solution
for 2 min. The sections were dehydrated in increasing ethanol gradient solutions (70–75–95–100%)
and finally dipped into xylene for 5 min. Eukitt medium was used to mount the samples.

2.4. RNA Isolation and Gene Expression Profile by Quantitative Reverse Transcription PCR (RT-qPCR)

Total RNA was extracted from hBM-MSCs seeded into the 3D construct of each experimental group
using QIAzol® Lysis Reagent (Qiagen, DE), chloroform (Sigma-Aldrich, Milan, IT) and the RNeasy Mini
Kit (Qiagen, DE). For each sample, 300 ng of total RNA was reverse-transcribed using the iScriptTM
cDNA synthesis kit (Bio-Rad, Milan, IT). Relative gene expression analysis was performed in
a LightCycler® 480 Instrument (Roche, IT), using the SsoAdvancedTM Universal SYBR® Green
Supermix (Bio-Rad) with the validated primers for COL1A1, COL3A1, DCN, IL-1β, IL-6, IL-10, IL-12A,
SCX-A, TGF-β1, TNF, and TNMD (Bio-Rad), and following MIQE guidelines [58]. Amplification
was performed in a 10 μL final volume, including 2 ng of complementary DNA (cDNA) as template.
Specificity of the formed products was addressed via melting curve analysis. Triplicate experiments
were performed for each condition explored, and data were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression (reference gene), applying the geNorm method [59] to calculate
reference gene stability between the different conditions (calculated with CFX Manager software;
M <0.5). Fold changes in gene expression were determined by the 2−ΔΔCp method, and are presented
as relative levels versus hBM-MSCs just loaded within the HY-FIB system.
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2.5. PLGA-NCs Fabrication, Size, Morphology, and ihGDF-5 Release Profile

PLGA nano-carriers (PLGA-NCs) were obtained using Supercritical Emulsion Extraction (SEE)
technology enabling rapid polymer NCs production from multiple emulsions via dense gas extraction
of the oily phase organic solvent utilizing a countercurrent packed tower operating in continuous
mode [60]. In detail, ihGDF-5 (Cloud-Clone Corp., USA) was dissolved into 1% (w/v) human serum
albumin (hSA; Sigma-Aldrich, Milan, IT) containing 0.06% polyvinyl alcohol (PVA). Human serum
albumin (hSA) was included as an ihGDF-5 stabilizer. This solution was added to the oily phase
formed in an Ethyl Acetate (EA, purity 99.9%) and PLGA (RG 504H, 38,000–54,000 kDa, Evonik, DE)
at 5% (w/w) solution. All emulsions were processed immediately after their preparation.

SEE technology operative pressure and temperature conditions in the high-pressure column were
set at 8 MPa and 38 ◦C, respectively, with a dense gas flow of Carbon Dioxide (CO2) set at 1.4 kg/h with
Liquid/Gas ratio of 0.1 (w/w) [61]. Carrier suspensions were collected at the bottom of the extraction
column, washed, and lyophilized. Each run allowed the recovery of 98% of the loaded biopolymer.
Empty and loaded NCs were produced using the same process conditions.

Carrier particle size distributions (PSDs) were measured using a laser granulometer (mod.
Mastersizer S; Malvern Instruments Ltd., Worcestershire, UK), based on dynamic light scattering
(DLS). Sizes are expressed as volume mean size (MS) with standard deviation (SD) in nanometers
(nm). The shape and morphology of the PLGA-NCs were investigated by field emission-scanning
electron microscopy (FE-SEM; mod. LEO 1525; Carl Zeiss, Oberkochen, D). Samples were placed on
a double-sided adhesive carbon tape previously glued to an aluminum stub and coated with a gold
film (250 A thickness) using a sputter coater (mod.108 A; Agar Scientific, Stansted, UK).

ihGDF-5 release profile was monitored in vitro from 20(±0.3) mg of carriers suspended in 1mL of
α-MEM, placed in an incubator at 37 ◦C, and stirred continuously at 1× g. Every 24 h, samples were
centrifuged at 160× g for 10 min and the supernatant completely removed and replaced with fresh
media to maintain sink conditions. Released ihGDF-5 concentrations from collected samples were then
measured with an Enzyme Linked Immunosorbent Assay (ELISA, Cloud-Clone Corp., USA). Release
experiments were performed in triplicate (n = 3), and the curve describing the mean profile calculated
as ng/g (protein released/PLGA-NCs) versus time.

2.6. HY-FIB Preparation and Characterization

For each sample, a mixture of 50 mg/mL fibrinogen from human plasma (Sigma-Aldrich, Milan, IT),
15,600 U/mL aprotinin (Sigma-Aldrich, Milan, IT), and α-MEM (Corning, NY, USA) supplemented with
10% FBS (referred to as growing media, GM) was added at a 1:1:1 ratio to 100 mg of PLGA-NCs (ihGDF-5
loading: 350 ng/g) and, then, to an average of 8 × 105 cells. A homogeneous cells/PLGA-NCs/fibrinogen
suspension was then embedded into a mold (30 × 20 × 4.5 mm) where the braided band had been
previously positioned. Free ends were left to enable HY-FIB fixing into the bioreactor. Upon addition of
100 U/mL thrombin (Sigma-Aldrich, Milan, IT), the mold was placed in a 37 ◦C humidified incubator for
30 min to allow fibrin polymerization. When the hydrogel was formed, the band was entrapped inside
a uniformly distributed hydrogel. The construct was then transferred from the mold to either a standard
polystyrene culture plate or to the bioreactor culture chamber, each containing 30 mL of the culture
media, and placed in an incubator at 37 ◦C in a 5% CO2 atmosphere and 95% relative humidity.

HY-FIB morphology was observed by field emission-scanning electron microscopy (FE-SEM;
mod. LEO 1525; Carl Zeiss, Oberkochen, Germany). Samples were fixed in 4% PFA (4 ◦C, overnight)
and then dehydrated by multiple passages across ethanol:water solutions (10 min each) with increasing
concentrations of ethanol (10%, 20%, 30%, 50%, 70%, 90%), ending in a 100% dehydrating liquid
(3 changes, 10 min each).

Samples were then lyophilized in a Critical Point Dryer (mod. K850 Emitech, Assing, Rome IT),
placed on a double-sided adhesive carbon tape previously glued to an aluminum stub and coated
with a gold film (250 A thickness) using a sputter coater (mod. 108 A; Agar Scientific, Stansted,
United Kingdom) before observation.
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HY-FIB mechanical characterization was performed according to the ASTM 1708 by a dynamometer
(CMT 6000 SANS, Shenzen, China) equipped with a 1 kN load cell. The sample was conditioned
in Dulbecco’s Modified Essential Medium (DMEM) for 1 h, and then shaped to obtain a specimen
with gauge length (Lo) of 22 mm and width (W) of 5 mm. Sample thickness (S) was measured with
a thickness gauge brand at three different averaged points. Monoaxial deformation was applied to
the sample at a speed of 10 mm/min, and force (F) and elongation (L) during traction were recorded.
The elastic modulus and ultimate tensile strength (both expressed in MPa) were calculated from
the stress/strain plot. For the immuno-histochemical analysis, at different time points, a portion of
HY-FIB was fixed in 4% PFA (4 ◦C, overnight), cryo-protected in 30% sucrose overnight, mounted in
OCT embedding compound, frozen at−20◦C and then cut in slices of 10μm of thickness using a cryostat.
The remaining portion of HY-FIB was placed in QIAzol® Lysis Reagent for total RNA extraction.

2.7. Dynamic Culture

HY-FIB was clamped at both free ends, one motionless and one sliding (operated by a linear
motor actuator) arm, into the bioreactor system culture chamber, described in detail elsewhere [23].
A maximal load, set by pre-tensioning, was relaxed to a minimum value cycling at a pre-determined
frequency. In addition, continuous feedback signals provided by strain gauges located onto the fixed
arm, allowed the maintenance of a defined load on the scaffold in response to physical system
modifications, by automatic adjustment of the pre-tensioning position.

2.8. Finite Element Modeling

Finite Element Modeling (FEM) was implemented by using COMSOL Multiphysics Software
(rel. 5.3a®) to assess the stress distribution into 3D constructs when a 10% mechanical cyclic strain
stimulus is applied. All components were obtained using primitive geometries and Boolean operations.
Linear elasticity equations were set as boundary conditions for the scaffold. A sensitivity study
of the mesh obtained the most computationally efficient solution. The specific parameters used
in the model are listed in Table 1. The simulation considered only the stress within the fibrin 3D
environment neglecting any further contribution of the band, cells and PLGA-NCs.

Table 1. Finite Element Modeling (FEM) parameters used.

Parameters Value Unit

Young’s modulus 1 4.56 MPa
Poisson ratio 2 0.25 -

Density 1050 Kg/m3

1 HY-FIB Young Modulus was measured experimentally [53] 2 Poisson ratio value was taken in the literature [62].

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software (6.0 for Windows).
Data obtained from multiple experiments are expressed as mean+/−SD and analyzed for statistical
significance using ANOVA test, for independent groups. Differences were considered statistically
significant when p ≤ 0.05 [63].

3. Results

3.1. hBM-MSCs Cultivation in 2D Environment

hBM-MSCs were cultivated in a two-dimensional (2D) monolayer environment with medium
supplemented with either 1.6 ng/mL or 100 ng/mL of inactive human Growth Differentiation Factor 5
(ihGDF-5) for up to 16 days. These two concentration conditions (two order of magnitude of difference)
were chosen to ascertain absence of any effect of the inactive hGDF-5 form on cells expression of
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tenogenic markers (COL3A1, COL1A1, DCN, SCX-A and TNMD) and of cytokines (pro-inflammatory:
IL-6, TNF, IL-12A, IL-1β; anti-inflammatory: IL-10, TGF-β1) by RT-qPCR (see Figure 1a–d).

Figure 1. Gene expression profiles for tenogenic markers and pro-inflammatory and anti-inflammatory
cytokines by hBM-MSCs treated with 1.6 ng/mL (a,c) and 100 ng/mL (b,d) of ihGDF-5 in monolayer
2D culture up to 16 days. mRNA levels of COL1A1, DCN, SCX-A, and TNMD were considered
as tenogenic markers and COL3A1 selected as negative ones; pro-inflammatory (IL-6, TNF, IL-12A
and IL-1β) and anti-inflammatory (IL-10 and TGF-β1) cytokines were monitored. ihGDF-5 not had
significant impact on genes expression, especially at the lower concentration tested. Untreated cells for
matched time-points were used as control. * ≤ 0.05; ** <0.01; *** <0.005; **** <0.001 N = 3 (biological
replicates); n = 3 (technical replicates).

Transient and slight, though significant, upregulation of COL3A1 (0.4-fold), DCN (0.2-fold),
and COL1A1 (0.5-fold) was observed at Day 1 in cultures supplemented with 100 ng/mL ihGDF-5
(Figure 1b). The reduced dose of 1.6 ng/mL induced low-level transient expression at Day 1 for only
COL3A1 (0.3-fold) and DCN (0.2-fold) only (Figure 1a). No significant upregulation was noted for
TNF, IL-12A, IL-1β, IL-10, or TGFβ at any time point or ihGDF-5 concentration tested (Figure 1c,d).
Compared to controls, IL-6 displayed significant levels of elevation at Days 8 (0.8-fold) and 16
(0.5-fold) with 100 ng/mL ihGDF-5 (Figure 1d). Types 1 and 3 Collagen expression levels were
monitored by immunofluorescence during the 16 day culture period, as illustrated in Figure 2a,b.
Immunofluorescence quantitative data by image analysis were congruent with RT-qPCR outputs
when 1.6 ng/mL ihGDF-5 was supplemented, in this case, both proteins signals were not significantly
elevated, compared to untreated cells (see Figure 2c).
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Figure 2. IF and quantitative-IF assays of type 1 Collagen (COL1A1) and type 3 Collagen (COL3A1)
monitored along hBM-MSCs treatment with 1.6 ng/ and 100 ng/mL of ihGDF-5 for 16 days. Type 1
collagen was stained in red; type 3 collagen was stained in green; cell nuclei highlighted with DAPI in
blue (a,b). Quantitative signal detection was performed via ImageJ software (c). A slight up-regulation
of COL1A1 was observed when hBM-MSC were in routine culture for 16 days. Color intensity in each
time point was normalized by the cell number. * ≤0.05; * *<0.01; *** <0.005; **** <0.001. n = 10 (image
fields for each time point).
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Quantitative image analysis displayed COL1A1 signal increase (1 fold) at Day 16 only with
100 ng/mL ihGDF-5 supplementation. This last data is in contrast with gene expression ones. COL1A1
and COL3A1 are the major components of the extracellular matrix in connective tissues, and their
slight up-regulations was reported when hBM-MSC were in routine culture for 16 days [64]. However,
in our case, ihGDF-5 seemed not to impact on their production, especially at the lower concentration
tested. This preliminary information is important to confirm the inactivity of the biochemical input in
regards to the gene expression and proteins that will be monitored in the 3D experiments.

3.2. PLGA-NCs Fabrication and ihGDF-5 Controlled Deliver

Poly-lactic-co-glycolic-acid nano-carriers (PLGA-NCs) displayed a spherical morphology with
a mean size of 230 ± 80 nm (Figure 3a). PLGA-NCs had an ihGDF-5 loading of 350 ng/g and provided
a daily released peptide mean concentration of 1.6 ng/mL/day (Figure 3b), when an amount of 100 mg
were inserted within HY-FIB over 11 days of culture. As highlighted above, these ihGDF-5 concentration
levels did not stimulate sustained impacts on hBM-MSCs gene expression in 2D monolayer culture
(see Figure 1a,c).

Figure 3. Poly-lactic-co-glycolic-acid (PLGA) transient carriers field emission-scanning electron
microscopy (FE-SEM) image, particle size distribution, and ihGDF-5 release profile. FE-SEM images
indicated spherical morphology of carriers (a); the size distribution set at 230± 80 nm their mean size (b).
Release profiles performed in vitro at 37 ◦C indicated a ihGDF-5 mean concentration of 1.6 ng/mL/day
released from the 100 mg of PLGA-NCs loaded within HY-FIB over 11 days of culture (c).

Therefore, by excluding any non-specific ihGDF-5 induction (released within the 3D scaffold by
the NCs), we could now observe cell behaviors arising from the HY-FIB microenvironment in both
static and dynamic conditions.

3.3. hBM-MSCs Cultivation in HY-FIB 3D Microenvironment

The HY-FIB assembly featured a braided band (3 × 10cm) joined to a fibrin hydrogel (on a band
surface of 6 cm2) containing 8 × 105 hBM-MSCs and 100 mg of ihGDF-5/PLGA-NCs. The picture
and schematic representation of the 3D system is shown (Figure 4a,b). Field Emission Scanning Electron
Microscopy (FE-SEM) images of the scaffold illustrate hyaluronate fibers, embedded within a fibrin
hydrogel (Figure 4c), which provided an entrapment surface for both NCs and hBM-MSCs (Figure 4d).

HY-FIB was exposed to 10% deformation over a 1 Hz frequency for 4 h a day during the dynamic
culture experiments via a cyclic strain bioreactor, illustrated in Figure 4e [24]. In greater detail, a HY-FIB
braided band was held at one end by a motionless arm and at the other end by a sliding one. Motion was
driven by a linear motor and transmitted through the braided band to cells embedded within the fibrin
hydrogel. The motionless arm comprises a base, attached to the side wall of the culture chamber,
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housing the electronic components for load monitoring, and from which extended a cantilevered
shelf whose deformation is measured by four strain gauges. The whole system was housed within
an incubator to ensure the appropriate CO2 gaseous environment to control the pH of the cell culture
media and 37 ◦C operational temperature.

Figure 4. HY-FIB three-dimensional (3D) scaffold features and cyclic strain bioreactor. Schematic
HY-FIB representation (a) and image of 3D scaffold (b). SEM images of hyaluronate braided fibers
(10 μm mean diameter size) (c) joined to a fibrin web which entrapped both NCs and hBM-MSCs (d).
Cyclic strain bioreactor (e) and in-silico study of stress distribution over HY-FIB upon mechanical
strain of 10% (f). The simulation involved only the stress of the fibrin 3D environment, neglecting any
further contribution.

The stress delivered to the cells immobilized within the system was explored via computational
analysis that estimated a mean shear stress value estimated at 9 × 10−2 Pa within the fibrin 3D
environment (Figure 4f). This order of magnitude of stress value was reported for tenogenic
induction [30]; larger deformation for longer times were excluded to focus the study on 3D
environment assembled.

HY-FIB samples were collected at Day 1, 2, 5, and 11 to monitor tenogenic and cytokine marker
expression. Time points at Day 1 and Day 2 were added for 3D culture to monitor the effect of HY-FIB
on cells behavior alone or in combination with cyclic strain culture. Indeed, in static conditions
COL1A1 and DCN both displayed significant upregulation of 3.8 fold (COL1A1) and 2.6-fold (DCN)
at Days 1 and 2 before dropping progressively to elevated but non-significant levels (Figure 5a
and Figure S1 in Supplementary Materials), confirming an HY-FIB effect on this gene expression
in the first days of culture. In dynamic conditions, COL1A1 levels displayed responses similar to
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the static culture in the first two days but progressively rising thereafter to significant levels (2.9 fold)
at Day 11, probably due to strain input. DCN expression levels in response to dynamic culture
were to be elevated throughout, achieving significance at Day 11 (3-fold) (Figure 5b and Figure S1 of
Supplementary Materials).

Figure 5. Gene expression profiles of tenogenic markers and pro-inflammatory and anti-inflammatory
cytokines from hBM-MSCs within HY-FIB environment in static (a,c) and dynamic culture (b,d) up to 11
days. Days 1, 2, 5, and 11 were selected as time points to study the mRNA levels of positive tenogenic
markers (COL1A1, DCN, SCX-A, and TNMD), negative ones (COL3A1) and pro-inflammatory (IL-6,
TNF, IL-12A and IL-1β) and anti-inflammatory (IL-10 and TGF-β1) cytokines. Effect of HY-FIB
environment on cells behavior was visible along the first two days of culture; a better over expression
of tenogenic markers and anti-inflammatory cytokines was observed in dynamic culture at Day 11.
hBM-MSCs within HY-FIB at time zero were used as control. * <0.05; ** <0.01; *** <0.005; **** <0.001.
N = 3 (biological replicates); n = 3 (technical replicates).

SCX-A displayed significant upregulation (~340-fold) in both static and dynamic conditions at Day
1, suggesting an effect of HY-FIB system, on this gene expression. SCX-A levels were substantially
elevated in both static and dynamic condition at all following time points studied, even if a larger
and significant increase was observed in dynamic condition; an increase of 800-fold in static and of
1600-fold in dynamic culture conditions was monitored at Day 11 (Figure 5a,b and Figure S1 of
Supplementary Materials). Tenomodulin gene expression was also tested by RT-qPCR, but no
expression was detected, probably because it is an event occurring during late differentiation [65].
Sustained, significant, downregulation of COL3A1 was observed in either static or dynamic conditions
which instead either decreased progressively (static) or decreased through to Day 5 before reestablishing
Day 0 levels at Day 11 (dynamic).
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The data suggested an overall effect of the 3D environment on cells behavior clearly visible
along the first two days of culture; furthermore, a statistically significant COL1A1, DCN, and SCX-A
over-expression was observed after 11 days when mechanical strain was provided (Figure S1 in
Supplementary Materials).

Cytokine transcript expression data is illustrated in Figure 5c,d, for static and dynamic culture,
respectively. HY-FIB system has an effect also on cytokines gene expression, as observed in all time
points monitored with respect to Day 0, within static culture. Indeed, pro-inflammatory cytokines IL-6
(~6-fold), TNF (~10-fold), IL-12A (≤600-fold), and IL-1β (~200-fold) displayed rapid and significant
upregulation that was maintained for the entirety of the experimental duration. Anti-inflammatory
TGF-β1 on the other hand displayed either no change (Day 11) or significant down-regulation
(other time points) while IL-10 exhibited an overall similar profile to Il-1β culminating in marked
upregulation at day 11 (~300-fold) (Figure 5c).

Dynamic culture conditions had a distinct and significant effect on IL-6 with expression levels
achieving a peak upregulation of 1.5-fold at Day 1 and decreasing to undetectable levels by Day 11
(Figure S2 in Supplementary Materials). TNF and IL-1β were both gradually upregulated before
achieving ~200-fold and ~300-fold, respectively, upregulations at day 11 (compared to 10-fold
and 100-fold in static conditions). IL-12 displayed a similar profile of upregulation in dynamic vs. static
culture conditions while achieving maximal levels that were 3X less in dynamic. Anti-inflammatory
IL-10 expression levels were consistent across both dynamic and static conditions. In contrast to static
culture, TGF-β1 was significantly downregulated until day 5, and it underwent a 5-fold increase at Day
11 in dynamic culture conditions (Figure 5d and Figure S2 in Supplementary Materials).

Histological characterization of HY-FIB scaffold in both static and dynamic culture at Days 5
and 11 are reported in Figure 6; the overall scaffold structure was stained with Sirius Red for collagen
highlighting. Despite fibrin hydrogel matrix, collected at Day 0, was only light pink stained, the same
matrix was clearly stained in red at Day 5 and 11 in both samples taken from static and dynamic
culture. However, a less homogeneous matrix organization and staining was observed in the samples
taken from static culture. This data is in agreement with gene expression indications and confirmed
that both HY-FIB alone and HY-FIB plus cyclic strain had an effect on cells phenotype commitment.

Figure 6. Histology characterization of the overall HY-FIB scaffold structure with Sirius Red staining.
HY-FIB scaffolds in both static and dynamic culture at Days 5 and 11 are reported; the overall scaffold
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structure was stained with Sirius Red for collagen highlighting. Fibrin hydrogel was light pink stained
in the sample collected at Day 0. Fibrin matrix was clearly stained in red at Day 5 and 11 in both
samples from static and dynamic culture. Less homogeneous scaffold matrix structure and staining
was observed in samples taken from static culture.

The expression of type 1 Collagen, a tenogenic matrix-associated marker, was monitored by
immunofluorescence over the culture time (see Figure 7). At day 1, empty areas surrounding the cells
are present, probably due to absence of uniform fibrin hydrogel. These spaces were then progressively
filled with the protein, presumably via secretion into the extracellular environment. The level of
staining observed under static conditions decreased after Day 1 and was maintained at ~50% of original
levels thereafter while levels were maintained consistent to Day 0 in dynamic culture. Moreover,
in the dynamic condition a more uniform cells distribution was noted throughout the hydrogel matrix,
especially at day 11.

Figure 7. IF and quantitative-IF assays of type 1 Collagen (COL1A1) in 3D static and dynamic2 culture
of hBM-MSCs for 11 days. At day 1, holes within the hydrogel structure are evident nearby cells
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surroundings. These areas were progressively filled by COL1A1 protein (stained in green) and it
happened more uniformly during the dynamic cultivation (see day 11). Fluorescence quantification by
ImageJ software, reported in the plot, confirmed the presence of more abundant signal (0.2–0.3 fold
changes) in dynamic condition; signal intensity in each time point was normalized by cell number
(e.g., by amount of cell nuclei revealed by DAPI staining). * ≤0.05; ** <0.01. N = 3 (biological replicates);
n = 3 (technical replicates).

4. Discussion

The HY-FIB system is engineered to support delivery of PLGA nanocarriers (PLGA-NCs) within
the hydrogel matrix, enabling controlled delivery of specific molecules within 3D environment,
e.g., drugs or other biological signals. The active form of hGDF-5 loaded into PLGA-NCs for controlled
delivery within HY-FIB environment was investigated in a previous study [53]. Here, we investigated
the effect of the HY-FIB 3D environment (hyaluronate band + PLGA carriers + fibrin gel) on hBM-MSCs
tenogenic and cytokine marker gene expression in both static and dynamic, mechanical, input scenarios.
We adopted the previous HY-FIB configuration including PLGA-NCs, but on this occasion, we delivered
an inactive form of hGDF5. In this manner, the biochemical input provided by the growth factor was
excluded, but the complete HY-FIB configuration was maintained, and we were thus able to investigate
the impact of mechanical input alone.

HY-FIB braided fibers enabled a defined mechanical stimulation of 9 × 10−2 Pa provided to
hBM-MSCs during the 4h/day dynamic culture regime. The mean shear stress was calculated by FEM
modeling [62], assuming a system homogeneous behavior at a density of 1050 kg/m3 and Young’s
modulus of 4.56 Mpa [53]. A Poisson ratio value of 0.25 was adopted as described elsewhere [62]. Further
mechanical inputs with different intensities and durations were not investigated, not being the aim of
the present work. Stress values resembling reduced physiological activity, similar that the ones used
here, have been reported to direct stem cell commitment to a tenogenic phenotype [31,36,66].

COL1A1 is the major component of tendon tissue (75–85% of the dry mass of tendon), and is
responsible for its mechanical strength [64]. In the static group, COL1A1 showed a≥3-fold upregulation
during the first and second day of cultivation. These data seem to suggest an overall effect of the 3D
environment on cells behavior. COL1A1 expression was progressively reduced to a 2-fold upregulation
at Day 11, in static environment. In dynamic conditions, its mRNA levels showed similar behavior
during the first two days of cultivation (an increase up to 3-fold-changes, then reduced at Day 2).
However, its expression was subsequently increased again to 2.8-fold at Day 11. Decorin (DCN),
a small leucine-rich proteoglycan implicated in the regulation of fibrillogenesis, is a fundamental
component of the tendon extracellular matrix (ECM) [67]. Compared to the static condition, a significant
enhancement, up to 2.5-fold, of the mRNA level of DCN was shown when hBM-MSCs were cultured
for 11 days with mechanical stimulation.

Scleraxis-A (SCX-A) is a neotendon marker, expressed in pro-tendon sites in the developing
embryo. Specifically, SCX-A is a tendon-specific basic helix-loop-helix transcription factor responsible
for the transition of MSCs into tendon progenitors [68]. We observed substantial increases in SCX-A
expression, up to 800-fold in static and 1600-fold in dynamic conditions after 11 days, demonstrating
a stimulatory effect via the 3D system organization and consistent with previous observations [69–71].

COL3A1 mRNA level seems to be downregulated after 2 days in the static group and after 5
days in the dynamic group. Its downregulation can be considered a positive indication of proper cell
differentiation; indeed, it seems that COL3A1 is the main responsible of fibrotic and scarred tissue
arrangement and has been consistently reported at the rupture site of human tendons. [64].

From both histology and immunofluorescence assays, we noted that the area surrounding the cells
was progressively filled by type 1 Collagen and, at Day 11, the extracellular matrix seemed to undergo
remodeling (Figures 6 and 7). Moreover, in dynamic conditions a more homogeneous cell distribution
within the hydrogel matrix was observed in the IF images. These findings support the concept that
3D cultivation provides cues to the hBM-MSCs, and that dynamic signaling enables the adoption of
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a more uniform behavior including type 1 Collagen protein deposition in the externally available space
of the fibrin hydrogel. A near total absence of type 3 Collagen was found, except for a very small
fluorescence signal at day 1, in both static and dynamic conditions (data not shown). These data suggest
that tenogenic commitment of hBM-MSCs cultured within HY-FIB environment may be enhanced
when dynamic stretching is applied.

MSCs secrete a variety of cytokines and growth factors that promote cell recruitment, migration,
proliferation, and differentiation. MSCs are also immunomodulatory, which may allow them to exert
beneficial effects on the local immune cell population at the site of muscle injury [72]. To better
understand the hBM-MSCs inflammatory response when cultured within HY-FIB, cytokine expression
was monitored along the 11 days of culture. The balance between pro- and anti-inflammatory soluble
factors in the tendon healing process exerts a major impact on successful resolution of inflammation [73].
Recent analysis of tendinopathy biopsies showed a distinct inflammatory infiltrate in the initial phase
of tendinopathy with a high content of pro-inflammatory factors such as IL-6, TNF-α and IL-17 [74].

To exclude a role for ihGDF5 in cytokine expression induction we evaluated their expression
in hBM-MSCs undergoing 2D planar cultivation as a negative control. Indeed, in disc degeneration
models using in vitro three-dimensional cultures, human annulus cells display increased expression
of pro-inflammatory cytokines, such as IL-1β and TNF-α, while exposure to TNF-α and IL-1β
resulted in significant downregulation of GDF-5 [75]. Therefore, it is plausible that the GDF-5 may
upregulate the expression of pro-inflammatory genes in hBM-MSCs leading to the maintenance
of an autocrine feedback. However, when the ihGDF-5 was added, no statistically significant
expression of pro-inflammatory cytokines was observed; therefore, ihGDF-5 did not exert any effect on
cytokines expression.

The addition of PLGA-NCs enabled an informed analysis of the inductive role of the HY-FIB
overall structure. Previous studies have noted that cytotoxicity of SEE-fabricated PLGA-NCs on blood
mononucleate viability, monitored with MTT assay [76], was not affected after either 24 or 48 h. Here,
the overall HY-FIB system (loaded with SEE fabricated NCs) does not evidence any toxic effect on
hBM-MSC cultivated within it for 11 days, providing an indirect indication about SEE technology as
suitable process for biomedical carriers production.

In general, we observed that pro-inflammatory gene expression was higher in static than in
dynamic conditions at all-time points. On the contrary, the anti-inflammatory cytokines IL-10 was
consistently upregulated in both static and dynamic conditions; while TGF-β1 was downregulated
at all the time points tested except day 11, when, it showed a marked increase (4-fold) only in dynamic
environment. The described behavior confirmed that MSCs respond to a variety of biophysical
cues; indeed, as suggested by Qazi et al., 3D culture of MSCs on biomaterials can promote cell-cell
interactions and enhance the paracrine effects of MSCs [77]. Moreover, as concluded by Ogle et al.,
historically, biomaterial-based therapies to promote tissue regeneration were designed to minimize
the host inflammatory response. Recently, the roles that monocytes and macrophages can play in
tissue repair have been highlighted. In this context, material properties and their possibility of specific
biomolecule controlled delivery has been engineered to achieve a given biological response that can be
tuned not only to a better integration with biological systems but also in regulating the inflammatory
response [5].

The overall and statistically significant balance of pro- vs. anti-inflammatory cytokines expressed
by cells provided indications regarding the importance of dynamic culture for 3D in vitro model
systems. For instance, IL-6, a well-known pleiotropic cytokine delivered by tissues in response to
physio-pathological changes such as physical exercise, infection, and injury, was reported to deeply
alter skeletal muscle milieu, by affecting the activity and quality of cellular interactors during tissue
regeneration and leading to the fibrotic response [78]. In our 3D model system, IL-6 gene expression was
considerably reduced in hBM-MSCs that underwent dynamic 3D HY-FIB cultivation when compared
to the same cells cultivated in static condition.
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It is worth of note that there is no specific literature on cytokines response by hBM-MSCs cultivated
within 3D scaffold. Almost all published studies described cell-specific differentiation toward a given
phenotype, without considering how cytokines expression may be related to a 3D in vitro scaffold
system. In this sense, the present investigation is the first study, which suggests cytokines expression
as a further variable to monitor cell behavior and reaction when loaded into a 3D in-vitro model.
Moreover, improved balance in anti-inflammatory cytokines observed for HY-FIB plus cyclic strain may
be considered an indication of better cells response to the 3D in vitro system designed and proposed.

5. Conclusions

The 3D cell culture yielded evidence of type 1 Collagen expression observed by both
immunohistology and gene assay. When the same 3D system was cultivated under cyclic strain
stimulation, the mechanical input stimulated a statistically significant increase in tenogenic markers
expression when compared to the same cells assembled into the 3D system, but cultivated in a static culture.
Further studies may involve a deeper understanding of the relation between collagen type I production,
cell commitment and mechanical input strain percentage or duration; in this sense, HY-FIB system can
be considered a good instrument for this study. The 3D culture system activated also the expression
of pro-inflammatory cytokines, and, when cyclic strain was applied, pro-inflammatory cytokine gene
over-expression by hBM-MSCs was better balanced against over-expression of anti-inflammatory
cytokines. It remains to be determined what the involvement and the immunomodulatory activity of
hBM-MSCs are, and the role of implantable biomaterials in the stimulation of inflammatory reactions.
For instance, the stimulation of local inflammation is reported as an important event in triggering repair
in avascular tissues, such as cartilage and tendons [5].

On the other hand, the presence of PLGA-NCs within the fibrin hydrogel would allow the delivery
of specific biomolecules that may be studied for the ability to further modulate inflammation reactions
or promote regeneration/repair events. In this sense, HY-FIB provides a potential strategic approach to
address a range of issues via the provision of a tightly controlled in vitro protocol. The 3D scaffold is
a potential system to organize the sustained release of different biochemical signals and opens concrete
perspectives for developing 3D bioengineered models to understand specific molecular and cellular
composition of damaged systems.
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Abstract: The maintenance and expansion of human embryonic stem cells (ESCs) in two-dimensional
(2-D) culture is technically challenging, requiring routine manipulation and passaging. We developed
three-dimensional (3-D) scaffolds to mimic the in vivo microenvironment for stem cell proliferation.
The scaffolds were made of two 8-arm polyethylene glycol (PEG) polymers functionalized with
thiol (PEG-8-SH) and acrylate (PEG-8-Acr) end groups, which self-assembled via a Michael addition
reaction. When primed ESCs (H9 cells) were mixed with PEG polymers, they were encapsulated
and grew for an extended period, while maintaining their viability, self-renewal, and differentiation
potential both in vitro and in vivo. Three-dimensional (3-D) self-assembling scaffold-grown cells
displayed an upregulation of core pluripotency genes, OCT4, NANOG, and SOX2. In addition,
the expression of primed markers decreased, while the expression of naïve markers substantially
increased. Interestingly, the expression of mechanosensitive genes, YAP and TAZ, was also upregulated.
YAP inhibition by Verteporfin abrogated the increased expression of YAP/TAZ as well as core and
naïve pluripotent markers. Evidently, the 3-D culture conditions induced the upregulation of makers
associated with a naïve state of pluripotency in the primed cells. Overall, our 3-D culture system
supported the expansion of a homogenous population of ESCs and should be helpful in advancing
their use for cell therapy and regenerative medicine.

Keywords: embryonic stem cells; three-dimensional; self-assembling scaffold; pluripotency;
culture conditions; expansion; growth; niche

1. Introduction

Pluripotency is defined by the potential of a cell to differentiate into germline cells as well as the
cells of all three germ layers [1,2]. During development, pluripotency ranges from the formation of the
epiblast until gastrulation and lineage commitment, resulting in a population of cells representing
a range of pluripotent states [3,4]. Pluripotency in vitro is determined by the developmental stage
from which the cell line is derived and by culture conditions [5–8] with distinct naïve and primed
states of pluripotency corresponding to in vivo pre-implantation and post-implantation epiblast cells,
respectively [4].

Embryonic stem cells (ESCs) display unlimited self-renewal and differentiation potential in vitro [9],
making them an ideal source for the development of cell therapies and regenerative medicine
applications. However, the clinical use of ESCs requires a high quality and quantity of cells, which
is limited by currently used culturing techniques [10]. ESCs are typically grown as a monolayer in
two-dimensional (2-D) plastic culture plates coated with extracellular matrix (ECM) components
(such as gelatin from porcine skin [11], matrigel [12], laminin [13], fibronectin [14], vitronectin [15],
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or collagen [16]) or a mouse embryonic fibroblast (MEF) feeder layer to aid in attachment [17].
Monolayer culture also necessitates routine passaging and the removal of spontaneously differentiated
colonies to maintain the self-renewal and potency of cells [18], which pose a major impediment to
the large-scale expansion of cells. Generally, 2-D culturing methods often lead to heterogeneous cell
populations as well as batch-to-batch variation.

Moreover, 2-D culture conditions lack the intricacies necessary to mimic the ESC niche, dynamic,
and specialized three-dimensional (3-D) microenvironments, which are critical for regulating cell
fate in vivo. Furthermore, native 3-D niches allow for complex spatial interactions between
cells ECM components as well as gradients of nutrients, oxygen, and metabolic waste [19–24].
The microenvironment is important for the self-renewal of ESCs, since cell fate and function is affected
by the composition and organization of the ECM [25–27] as well as mechanical forces generated
between cells and attachment substrates [25,28–31]. Furthermore, mechanical forces generated by the
expansion of the blastocoel have been shown to play an important role in blastocyst lineage formation,
stimulating the generation of pluripotent cells [32]. These early morphogenic events in the mammalian
embryo indicate a significant interaction between mechanical forces, cell polarity, and the regulation of
gene expression in cell fate determination [33]. We hypothesized that 3-D culture would better mimic
the in vivo microenvironment, promoting the proliferation and maintenance of human ESCs.

We have previously demonstrated that 3-D self-assembling scaffolds composed of thiolated
dextran and 4-arm polyethylene glycol (PEG) functionalized with acrylate groups (Dex-SH/PEG-4-Acr)
supported the growth and maintenance of naïve mouse ESCs [34]. However, these 3-D culture
conditions failed to support the growth of human primed ESCs. Unlike mouse ESCs, human cells
display poor viability and clonogenicity following single cell dissociation [9,10].

In this study, we describe 3-D hydrogel scaffolds that support the long-term growth and
maintenance of human primed ESCs (H9). Chemically cross-linked hydrogels were formed by
a Michael-type addition reaction by combining two 8-arm PEG polymers functionalized with either
thiol (PEG-8-SH) or acrylate end groups (PEG-8-Acr). The PEG-8-SH/PEG-8-Acr scaffold provided
a microenvironment that maintained self-renewal and pluripotency for an extended time period.
Interestingly, H9 cells displayed an upregulation of core pluripotency markers during 3-D culture.
However, the expression of core markers reverted to normal levels when 3-D grown cells were
subcultured under 2-D culture conditions. Interestingly, 3-D cultured H9 cells also exhibited a
significantly higher expression of naïve pluripotent markers when compared to human naïve ESCs (Elf1)
cultured under 2-D conditions. Our results suggest the importance of the 3-D scaffold microenvironment
in maintaining the stemness of ESCs.

2. Materials and Methods

2.1. Maintenance of Human ESCs in 2-D culture

H9 cells, derived from a human blastocyst [35], obtained from WiCell (Madison, WI, USA) were
maintained in the culture medium containing Knockout/F12 Dulbecco’s Modified Eagle Media (DMEM;
Life Technologies, Carlsbad, CA, USA) with 20% KnockOut serum replacement (Life Technologies),
0.1 mM 2-mercaptoehtanol (Life Technologies), 1% GlutaMax (Life Technologies), and 1% non-essential
amino acid solution (Life Technologies), supplemented with 20 ng/mL of basic fibroblast growth factor
(FGF2, Prospec, Ness Ziona, Israel) and 10 μM ROCK inhibitor, Y-27632 (Cayman Chemical, Ann
Arbor, MI, USA) and subcultured by manual passaging. For dissociation into single cells, H9 were
treated with Accutase (Thermo Fisher Scientific, Waltham, MA, USA) for 5 min, and then cells were
centrifuged at 200 g for 5 min. The supernatant was aspirated, and the cell pellet was resuspended in
H9 culture media for plating.

Elf1 cells, isolated from a cryopreserved 8-cell human embryo [36], were maintained in the
culture medium containing KnockOut/F12 DMEM with GlutaMax (Life Technologies) with 20%
KnockOut serum replacement (Life Technologies), 1 mM sodium pyruvate (Life Technologies), 0.1mM
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2-mercaptoehtanol (Life Technologies), 1% non-essential amino acids (Life Technologies), and 0.2%
penicillin–streptomycin solution (Life Technologies), supplemented with 12 ng/mL of FGF2 (Prospec),
1.5 μM CHIR99021 (Caymen Chemical), 0.4 μM PD03296501 (Caymen Chemical), and 0.01 μg/mL
human LIF (Prospec) and cultured according to the published protocol [36].

2.2. Selection and Composition of Scaffolds for 3-D Culture of Human ESCs

Several polymers end functionalized with thiol and acrylate end groups were tested for their
ability to self-assemble and form hydrogels scaffolds via a thiol–Michael addition reaction, allowing for
the formation of covalent bonds by the addition of a nucleophile to a nucleophile acceptor containing an
α,β-unsaturated carbonyl compound [37]. Then, the scaffolds were tested in various compositions to
determine the optimal concentration, molar ratio, and degree of modification that would best support
the growth of human ESCs. Our preliminary results showed that scaffolds made using 8-arm PEG
polymers yielded optimal growth. These scaffolds were prepared using 8-arm PEG-thiol (PEG-8-SH,
20 kDa) and 8-arm PEG-acrylate (PEG-8-Acr, 20 kDa) purchased from JenKem Technology USA (Plano,
TX, USA). Functionalized PEG polymers were stored at −20 ◦C and protected from light.

The preparation of scaffolds for the 3-D culture of ESCs is depicted in Figure 1. Briefly, PEG-8-SH
and PEG-8-Acr polymers were dissolved at a concentration of 2.5 w/v % (dry weight of polymer per
volume of culture medium), combined at a 1:1 molar ratio and mixed with cells. Then, the resulting
mixture was transferred to a 1 cc syringe mold for polymerization. After self-assembly, scaffolds were
placed in a 24-well culture plate (Fisher Scientific, Pittsburgh, PA, USA), supplemented with culture
medium, and maintained in a 5% CO2 incubator at 37 ◦C. The medium was changed daily or as needed.
Cell growth in the scaffolds was monitored by phase-contrast microscopy.

 
Figure 1. Schematic of self-assembling scaffolds. (A) Self-assembly of functionalized polymers, 8-arm
polyethylene glycol functionalized with thiol (PEG-8-SH) and acrylate (PEG-8-Acr) via a thiol–Michael
addition reaction. (B) The encapsulation of H9 cells human embryonic stem cells (ESCs), was
achieved upon mixing with the self-assembling polymers in a syringe mold. Following polymerization,
the scaffolds were then incubated in culture plates containing medium.

2.3. Cell Proliferation and Viability Assays

The growth rate of cells grown under 2-D and 3-D culture conditions were analyzed at various
time intervals using a proliferation assay. Briefly, triplicate samples were treated with 5 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (Sigma, St. Louis,
MO, USA), protected from light, and incubated at 37 ◦C for 4 h to obtain insoluble formazan,
which was then solubilized using 15:1 isopropanol/hydrochloride. Then, the absorbance of the
solubilized formazan was measured at 570 nm using an Epoch microplate reader (BioTek, Winooski,
VT), and the background absorbance of the cells was subtracted from all measured values. The viability
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of encapsulated cells was determined by direct microscopic counts and trypan blue exclusion assay.
Briefly, cells were counted using a hemocytometer and cells stained blue were considered non-viable.

2.4. Differentiation of Human ESCs

Germ layer differentiation was achieved by the spontaneous formation of embryoid bodies (EBs).
ESCs were allowed to spontaneously aggregate for 3 days in non-adherent flat-bottomed 96-well
plates in their respective ESC culture medium containing growth factors. Then, the resultant EBs
were transferred to 0.1% gelatin-coated wells for adherent growth and grown in high-glucose DMEM
supplemented with 10% fetal bovine serum (FBS). Spontaneous differentiation into all three germ
layers was assessed by germ layer marker expression by quantitative real time-polymerase chain
reaction (qRT-PCR) and immunocytochemistry.

2.5. Teratoma Assay

For teratoma formation, ESCs were harvested following accutase treatment, washed and
resuspended in PBS, and mixed with an equal volume of matrigel (BD Biosciences, San Jose, CA, USA).
Cells (1 × 106) were subcutaneously injected (20 μL) using a Hamilton syringe into 4-week-old male
immune-compromised SCID (severe combined immunodeficient) Beige mice (Fox Chase SCID Beige,
Charles River, Wilmington, MA, USA). Animals were monitored daily and humanely euthanized by
CO2 overdose after teratoma formation at 10–12 weeks. Teratomas were explanted, and teratoma
tissue was either fixed for histological analysis or flash frozen in liquid nitrogen for RNA isolation.
Teratoma assays were performed in triplicate. All the procedures involving animals were reviewed
and approved by the Institutional Animal Care and Use Committee of Oakland University (IACUC
protocol number: 17031).

2.6. Gene Expression Analysis

Transcriptional analysis was performed by qRT-PCR. Briefly, cells, scaffolds, and teratoma tissue
(100–250 mg) were harvested and total cellular mRNA was isolated following the manufacturer’s
instructions using the GeneJET RNA purification kit (Thermo Fisher Scientific) and RNeasy Midi kit
(Qiagen, Germantown, MD, USA), respectively. cDNA was synthesized with the iScript kit (BioRad,
Hercules, CA, USA). qRT-PCR was performed using SsoAdvanced SYBR Green Supermix (Bio-Rad)
and the CFX90 Real-Time PCR system. The primers (IDT Technologies, Coralville, IA, USA) used in
this study are in Table 1. All reactions were prepared in triplicate and normalized to reference genes,
HMBS, GAPDH, and β-ACTIN.

2.7. Immunocytochemical Analysis

Protein expression was determined by immunocytochemical staining using selected antibodies.
H9 cells grown under 2-D culture conditions on coverslips, H9 cells encapsulated in the self-assembling
scaffolds, and harvested teratoma tissue were fixed in 4% paraformaldehyde for 10 min, 30 min,
and overnight, respectively. Subsequently, teratoma tissue and scaffolds were embedded and
frozen in optimal cutting temperature (O.C.T) compound and cryosectioned into 10 μm sections.
For immunochemical analysis, fixed cells and cryosections were permeabilized with 0.5% Triton
X-100 (Sigma) for 10 min and blocked with 2% bovine serum albumin (BSA; Sigma) for 1 h at room
temperature. Next, samples were incubated with primary antibodies (1:100 dilution) overnight at
4 ◦C. Primary antibody-treated samples were washed three times with phosphate buffer saline (PBS),
stained with secondary antibody at 1:200 dilutions for 2 h at 37 ◦C, and counterstained with 1 mg/mL
4′,6-diamidino-2-phenylindole (DAPI; Life Technologies). The stained samples were visualized by
using confocal microscopy. The antibodies used are listed in Table 2.
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Table 1. List of human primer sequences used in qRT-PCR.

Gene
Primer Sequence

Forward (5′-3′) Reverse (5′-3′) Product Length

ACTIN AATCTGGCACCACACCTTCTAC ATAGCACAGCCTGGATAGCAAC 170
BRACHYURY TGCTTCCCTGAGACCCAGTT GATCACTTCTTTCCTTTGCATCAAG 121

DNMT3L CTGCTCCATCTGCTGCTCC ATCCACACACTCGAAGCAGT 85
DPPA3 AGACCAACAAACAAGGAGCCT CCCATCCATTAGACACGCAGA 88
ESRRB GACATTGCCTCTGGCTACCA CTCCGTTTGGTGATCTCGCA 131
FGF4 CGTGGTGAGCATCTTCGGC GTAGGACTCGTAGGCGTTGT 145

FOXA2 GGGAGCGGTGAAGATGGA TCATGTTGCTCACGGAGGAGTA 89
FOXF1 AAGCCGCCCTATTCCTACATC GCGCTTGGTGGGTGAACT 63

GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC 101
GATA4 TCCCTCTTCCCTCCTCAAAT TCAGCGTGTAAAGGCATCTG 194
GATA6 CCCACAACACAACCTACAGC GCGAGACTGACGCCTATGTA 131
GDF3 GTCTCCCGAGACTTATGCTACG AGTAGAGGAGCTTCTGCAGGCA 136
GP130 GGAGTGAAGAAGCAAGTGGGA AGGCAATGTCTTCCACACGA 128
HMBS AGGAGTTCAGTGCCATCATCCT CACAGCATACATGCATTCCTCA 104
ITGA2 TTGCGTGTGGACATCAGTCT GCTGGTATTTGTCGGACATCT 158
ITGA5 GCCGATTCACATCGCTCTCAA GTCTTCTCCACAGTCCAGCAA 139
ITGA6 CGAAACCAAGGTTCTGAGCCC CTTGGATCTCCACTGAGGCAG 151
ITGAV AGGAGAAGGTGCCTACGAAGC GCACAGGAAAGTCTTGCTAAGG 105
ITGB1 GGATTCTCCAGAAGGTGGTTT TGCCACCAAGTTTCCCATCT 143
ITGB3 CATGGATTCCAGCAATGTCCTC TTGAGGCAGGTGGCATTGAAG 126
ITGB5 GCCTTTCTGTGAGTGCGACAA CCGATGTAACCTGCATGGCAC 111
KLF17 TCAGGAAGGGACTGGTAGAA GTACCCGCATATGTCGTCTAAG 206
KLF2 CCAAGAGTTCGCATCTGAAGG CCGTGTGCTTTCGGTAGTG 132
KLF4 CGAACCCACACAGGTGAGAA TACGGTAGTGCCTGGTCAGTTC 75
KLF5 ACCCTGGTTGCACAAAAGTT CAGCCTTCCCAGGTACACTT 100

LATS1 CTCTGCACTGGCTTCAGATG TCCGCTCTAATGGCTTCAGT 145
LATS2 ACATTCACTGGTGGGGACTC GTGGGAGTAGGTGCCAAAAA 147
LIFR CACCTTCCAAAATAGCGAGTATGG ATGGTTCCGACCGAGACGAGTT 159

MIXL1 CCGAGTCCAGGATCCAGGTA CTCTGACGCCGAGACTTGG 58
NANOG AAAGAATCTTCACCTATGCC GAAGGAAGAGGAGAGACAGT 110

N-CADHERIN TGTTTGGCCTGGCGTTCTTT AGGAGACAGAAACGAAGCCA 156
NCAM AGGAGACAGAAACGAAGCCA GGTGTTGGAAATGCTCTGGT 161
OCT4 CCCCTGGTGCCGTGAA GCAAATTGCTCGAGTTCTTTCTG 97
PAX6 CTTTGCTTGGGAAATCCGAG AGCCAGGTTGCGAAGAACTC 103

PRDM14 CCTTGTGTGGTATGGAGACTGC CTTTCACATCTGTAGCCTTCTGC 126
RAC1 ATGTCCGTGCAAAGTGGTATC CTCGGATCGCTTCGTCAAACA 249
RHOA CATCCGGAAGAAACTGGT TCCCACAAAGCCAACTC 168
ROCK1 GGTGGTCGGTTGGGGTATTTT CGCCCTAACCTCACTTCCC 196
SALL2 GGCTTGCCTTATGGTATGTCCG TGGCACTGAGTGCTGTTGTGGA 115
SOCS3 ATTCGGGACCAGCCCCC AAACTTGCTGTGGGTGACCA 121
SOX11 CGACGACCTAATGTTCGACC GACAGGGATAGGTTCCCCG 105
SOX17 CGCACGGAATTTGAACAGTA GGATCAGGGACCTGTCACAC 182
SOX2 TTGCTGCCTCTTTAAGACTAGGA CTGGGGCTCAAACTTCTCTC 75
SOX7 ACGCCGAGCTCAGCAAGAT TCCACGTACGGCCTCTTCTG 73
STAT3 CTTTGAGACCGAGGTGTATCAC GGTCAGCATGTTGTACCACAG 133
TAZ GAGGGTGTATGGTGGAGATAAA CCAACTGTAGCAAACAGGATTAG 86
TBX3 GGACACTGGAAATGGCCGAAG GCTGCTTGTTCACTGGAGGAC 123
TBX3 CGGACATACTTGTTCCCCGA GCAGGGTGAGCTGTTTTCTTTT 154

TEAD4 CCAAGCTCTGGATGTTGGAGTTC GATGTCCACGGCTTCGAGGTA 161
TFCP2L1 TTTGTGGGACCCTGCGAAG TGCTTAAACGTGTCAATCTGGA 129

TUJ1 GGCCAAGTTCTGGGAAGTCA CGAGTCGCCCACGTAGTTG 70
YAP GCTGCCACCAAGCTAGATAA GTGCATGTGTCTCCTTAGATCC 101

ZFP42 CGCAATCGCTTGTCCTCAGA GCTCTCAACGAACGCTTTCC 130
ZIC2 CGCTCCGAGAACCTCAAGAT CCCTCAAACTCACACTGGAA 71
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Table 2. List of primary and secondary antibodies used in immunocytochemical staining.

Antibody Primary Secondary

BRACHYURY Rabbit Polyclonal Anti-Rabbit Alexa Fluor 488

GATA4 Mouse Polyclonal Anti-Mouse-Cy3

NANOG Rabbit Polyclonal Anti-Rabbit Alexa Fluor 488

OCT4 Rabbit Polyclonal Anti-RabbitAlexa Fluor 488

SOX2 Rabbit polyclonal Anti-Mouse Alexa Fluor 488

TUJ1 Mouse Polyclonal Anti-Mouse-Cy3

YAP Rabbit Polyclonal Anti-Rabbit Alexa Fluor 488

2.8. Effect of YAP Inhibitor on Human ESCs Grown in 3-D Self-Assembling Scaffolds

For analysis of yes-associated protein (YAP) signaling in 3-D culture, human ESCs were grown in
self-assembling scaffolds for 7 days, and then treated with 2 μM YAP inhibitor (YAPi), Verteporfin
(VP, R&D Systems, Minneapolis, MN), for an additional 7 days. Cell growth in the scaffolds was
monitored by light microscopy. ESCs grown in 3-D self-assembling scaffolds were harvested after
14 days of culture with and without YAPi treatment as a control. Cells were harvested for RNA and
immunocytochemical analysis.

2.9. Statistical analysis

Data are presented as mean ± standard error of the mean (SE). One-way ANOVA analysis
was performed and analyzed for unequal variances using post hoc tests for multiple comparisons.
Results with a p-value less than 0.05 were considered to be significant (* p < 0.05 and ** p < 0.01).
All analyses were performed using SPSS version 26 (SPSS Inc., Chicago, IL., USA).

3. Results

3.1. Growth and Characterization of H9 Cells Grown under 3-D Culture Conditions

H9 cells encapsulated in self-assembling scaffolds composed of PEG-8-SH and PEG-8-Acr polymers
grew for extended periods without requiring routine passaging or manipulation. The optimal growth
of ESCs was achieved by using a concentration of 2.5 w/v % (dry weight of polymer per volume of
culture medium) at a 1:1 molar ratio of PEG-8-SH and PEG-8-Acr. The results depicted in Figure 2 show
steady cell growth up to 21 days as observed by light microscopy (Figure 2A–D). Cells grew clonally
in a time-dependent manner. Visual observations were consistent with the results obtained by MTT
assay. A significant and continuous increase in the proliferation of cells was observed during day 7 to
21. However, cells grew more rapidly between day 14 and 21 than between day 1 and 14 (Figure 2E),
suggesting that the growth of ESCs required a longer acclimation period in 3-D self-assembling scaffolds
compared to 2-D culture conditions. The viability of 3-D cultured ESCs was further validated by direct
cell counts, as depicted in Figure 2F. The results showed that while cell proliferation significantly and
consistently increased from day 1 to day 21, the number of dead cells remained low.

To confirm whether H9 cells remained pluripotent during 3-D culture, the transcriptional
and translational analysis of selected ESC-specific markers was performed using qRT-PCR and
immunocytochemical analysis, respectively. The results indicated a successive increase in the expression
of OCT4, NANOG, and SOX2 throughout the duration of the 3-D culture, which increased 2.85, 2.23,
and 3.69-fold, respectively in ESCs grown in 3-D scaffolds for 21 days as compared to cells grown under
2-D culture conditions (Figure 2G). The protein expression of these markers was also increased in cells
cultured in the 3-D scaffolds (Figure 2H), which was consistent with the transcriptional upregulation.
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Figure 2. Growth of pluripotent human ESCs in 3-D self-assembling scaffolds. (A–D) Clonal growth of
ESCs (H9 cells) encapsulated in PEG-8-SH/PEG-8-Acr scaffolds and incubated in culture medium was
observed by light microscopy at 0, 7, 14, and 21 days. (E) Quantitative determination of cell proliferation
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay using microplate reader.
Results were expressed as the absorbance ± standard error (SE) with a significant increase in cell
number. (F) Growth of ESCs encapsulated in 3-D scaffolds was assayed by direct counts using a
hemocytometer, and cell viability was determined by trypan blue exclusion assay at various time
intervals. Data presented as cell number (×106 cells/mL) ± SE. (G) Expression of selected pluripotency
markers, OCT4, NANOG, and SOX2, in ESCs cultured in self-assembling scaffolds for 0, 7, 14, and 21
days as determined by qRT-PCR. The expression of genes at day 0 was set to 1 and results were
expressed as the fold expression ± SE normalized to reference genes HMBS, GAPDH, and β-ACTIN
(* p < 0.05 and ** p < 0.01). (H) Confocal images (20X) of 2-D and 3-D grown ESCs displaying the
expression of pluripotent proteins, OCT4, NANOG, and SOX2. All scale bars represent 100 μm.

3.2. Maintenance of Pluripotency in H9 Cells Grown under 3-D Culture Conditions

To investigate if the 3-D grown H9 cells maintained their pluripotency after 21 days in 3-D
culture, cells were subcultured under 2-D culture conditions and analyzed for cell morphology and the
expression of pluripotent markers. The results showed that there were no morphological differences
between cells that were passaged from 3-D to 2-D culture conditions and the initial ESCs used
for encapsulation in the 3-D self-assembling scaffolds (Figure 3A–C). When H9 cells grown in 3-D
self-assembling scaffolds for 21 days were subsequently subcultured under 2-D culture conditions,
the expression of core pluripotent markers, OCT4 and NANOG, was statistically similar to that of
initial 2-D grown cells, while the expression of SOX2 (1.55 fold) was slightly upregulated (Figure 3D).
Apparently, repeated the subculturing of 3-D grown cells in 2-D culture conditions reverted the
expression of these markers back to the normal level of expression. Despite the high expression of key
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pluripotent markers, it was prudent to further investigate the 3-D grown cells for the maintenance of
their differentiation potential both in in vitro and in vivo.

Figure 3. Self-renewal and pluripotency of ESCs were maintained following extended culture in 3-D
scaffolds. (A–C) Cell morphology of ESCs (H9 cells) grown in 2-D cultures prior to encapsulation, in
self-assembling scaffolds for 3-D culture for 21 days, and then subsequently subcultured back to 2-D
culture conditions, respectively, as determined by light microscopy. All scale bars represent 100 μm.
(D) Comparison of expression of OCT4, NANOG, and SOX2 in ESCs grown in 2-D conditions and
first in 3-D self-assembling scaffolds, and then passaged in 2-D culture conditions as determined by
qRT-PCR. Results were expressed as the fold expression ± SE normalized to reference genes HMBS,
GAPDH, and β-ACTIN (* p < 0.05 and ** p < 0.01).

3.3. Differentiation of H9 Cells Grown in 3-D Self-Assembling Scaffolds

The maintenance of the pluripotency of 3-D grown H9 cells was further investigated by the
induction of differentiation into three germ layers following EB formation. The results presented
in Figure 4 show that EBs from 3-D grown cells spontaneously differentiated into endoderm,
mesoderm, and ectoderm germ layers, as evident by the protein expression of specific markers,
GATA4, BRACHYURY, and TUJ1, respectively (Figure 4A). Transcriptional analysis also confirmed
that differentiated derivatives of 3-D grown cells expressed markers of all three germ layers, including
SOX7 and GATA6, BRACHYURY and MIXL1, and PAX6 and NCAM, representing the endoderm,
mesoderm, and ectoderm, respectively (Figure 4B).

Next, the pluripotency of 3-D grown H9 cells was validated in vivo by an analysis of teratoma
formation. The results showed that the 3-D grown cells injected into SCID Beige mice formed
teratomas (Figure 5). An analysis of teratoma tissue showed the expression of GATA4, BRACHYURY,
and TUJ1 proteins, indicating that teratoma tissue had cells representing the endoderm, mesoderm,
and ectoderm, respectively (Figure 5C). The transcriptional analysis of teratoma tissues also showed
the expression of genes of all three germ layers: the endoderm (SOX7, and SOX17), mesoderm
(BRACHYURY, and MIXL1), and ectoderm (PAX6, and TUJ1) (Figure 5D). Taken together, these results
indicated that H9 cells grown in 3-D self-assembling scaffolds maintained their pluripotency and
differentiation potential.
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Figure 4. Differentiation potential of human ESCs grown in 3-D self-assembling scaffolds.
Embryoid bodies (EBs) derived from 3-D grown ESCs (H9 cells) spontaneously differentiated into three
germ layers and expressed specific proteins analyzed by immunocytochemistry. (A) Differentiated
derivatives of 3-D grown ESCs expressed GATA4, BRACHYURY, and TUJ1 proteins representing the
endoderm, mesoderm, and ectoderm, respectively, as shown by confocal images (20X). All scale bars
represent 100 μm. (B) Differentiated derivatives of 3-D grown ESCs expressed germ layer-specific
genes SOX7 and GATA6 (endoderm), BRACHYURY and MIXL1 (mesoderm), and PAX6 and NCAM
(ectoderm) as determined by qRT-PCR. Results are expressed as the fold expression ± SE normalized to
reference genes HMBS, GAPDH, and β-ACTIN (* p < 0.05 and ** p < 0.01).

Figure 5. Teratoma formation by 3-D grown human ESCs in severe combined immunodeficient (SCID)
Beige mice. (A) Tumor growth was observed in all mice (n = 3) injected with 3-D grown ESCs (H9
cells). (B) Explanted tumor at 4 weeks showed encapsulated, lobular, and well-circumscribed gross
morphology consistent with teratoma growth. (C) Expression of GATA4, BRACHYURY, and TUJ1
proteins representing the endoderm, mesoderm, and ectoderm, respectively in excised teratomas, as
shown by confocal images (20X). All scale bars represent 100 μm. (D) Expression of germ layer-specific
genes, SOX7 and GATA6 (endoderm), BRACHYURY and MIXL1 (mesoderm), and PAX6 and NCAM
(ectoderm) in excised teratomas, as determined by qRT-PCR. Results are expressed as the fold expression
± SE normalized to reference genes HMBS, GAPDH, and β-ACTIN (* p < 0.05 and ** p < 0.01).
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3.4. Expression of Naïve Pluripotent Markers in H9 Cells Grown under 3-D Culture Conditions and the Effect
of YAP Inhibition

Since a significant upregulation of core pluripotent markers, OCT4, NANOG, and SOX2, was
observed in ESCs cultured in the 3-D scaffolds, we also assessed the expression of both primed and
naïve pluripotent markers. A comparative transcriptional analysis of H9 cells grown in 3-D scaffolds
and 2-D cultured H9 and Elf1 cells (representing primed and naïve ESC lines, respectively) is depicted
in Figure 6. Expected primed pluripotent markers (FOXA2, ZIC2, SALL2, and SOX11) were expressed
at higher levels in H9 than Elf1 cells cultured under 2-D conditions. Interestingly, the expression of
primed pluripotent markers was significantly decreased in H9 cells grown in 3-D scaffolds to levels
comparable to Elf1 cells grown under 2-D conditions. More strikingly, 3-D grown H9 cells expressed
significantly higher levels of naïve markers (KLF2, ESRRB, DNMT3L, KLF17, STAT3, DPPA3, TBX3,
PRDM14, KLF5, ZFP42, TFCP2L1, FGF4, and GDF3) in comparison to 2-D cultured Elf1 cells, suggesting
that the 3-D scaffold microenvironment modulated gene expression.

 
Figure 6. Effect of 3-D culture on the expression of naïve pluripotent markers in primed ESCs.
(A) Expression of select core (OCT4, NANOG, and SOX2), primed (FOXA2, ZIC2, SALL2, and SOX11),
and naïve (KLF2, ESRRB, DNMT3L, KLF17, STAT3, DPPA3, TBX3, PRDM14, KLF5, ZFP42, TFCP2L1,
FGF4, and GDF3) pluripotent markers in ESCs cultured in 3-D scaffolds for 21 days and 2-D grown
primed ESCs (H9 cells) and naïve ESCs (Elf1 cells, set to control) was analyzed by qRT-PCR. Results were
expressed as the fold expression ± SE normalized to reference genes HMBS, GAPDH, and β-ACTIN (* p
< 0.05 and ** p < 0.01).

Many reports have stated that 3-D scaffolds induce differential gene expression due to mechanical
and biological stimuli [10,38,39]. Since the overexpression of YAP has been shown to induce the naïve
state of pluripotency in primed ESCs [40], we investigated the effect of YAP in 3-D cultured H9 cells
using VP, which is a YAP inhibitor (YAPi). Our results in Figure 7A showed that mechanosensitive
genes, YAP and TAZ, were upregulated in H9 cells grown in 3-D scaffolds in comparison to 2-D
cultured cells. In contrast, YAP and TAZ expression significantly decreased when 3-D grown H9 cells
were subjected to YAPi. A similar trend was observed at a translational level, where it appears that
the immunofluorescence signal for YAP in 3-D grown H9 cells was brighter than in 2-D cultured cells.
Moreover, an increased signal for YAP was observed in the cytoplasm of 3-D grown cells treated with
YAPi (Figure 7B).
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Figure 7. Effect of Yes-associated protein (YAP) inhibition (YAPi) on cell growth and expression of
pluripotent markers in human ESCs cultured under 3-D conditions. ESCs (H9 cells) were grown under
3-D culture conditions for 14 days and incubated in the absence (control) or presence of a YAPi. (A) The
effect of YAPi on the expression of mechanosensitive markers, YAP and TAZ, in H9 cells grown in 2-D
and 3-D culture conditions as determined by qRT-PCR. (B) Merged confocal images (20X) showing YAP
protein expression in 2-D and 3-D grown H9 cells. (C) Light micrographs depicting the cell morphology
and colony size of 3-D grown H9 cells incubated in the presence or absence of YAPi. (D) Comparison
of relative gene expression of core and naïve pluripotent markers in H9 cells grown under 2-D, 3-D,
and 3-D + YAPi conditions as determined by qRT-PCR. Results were expressed as the fold expression ±
SE normalized to reference genes HMBS, GAPDH, and β-ACTIN (* p < 0.05 and ** p < 0.01). (E) Merged
confocal images (20X) of 3-D H9 cells with and without YAPi treatment for the protein expression of
OCT4, NANOG, and SOX2. All scale bars represent 100 μm.

The incubation of YAP also affected the clonal growth of H9 cells encapsulated in 3-D scaffolds,
with YAPi-treated H9 cells exhibiting a significantly smaller colony size in comparison to untreated
cells (Figure 7C). Interestingly, YAPi treatment also abrogated the upregulation of core (OCT4, NANOG,
and SOX2), and naïve (ESRRB, KLF4, DNMT3L, KLF17, DPPA3, KLF5, ZFP42, TFCP2L1, and FGF4)
pluripotent markers in 3-D cultured cells (Figure 7D). In addition, a concurrent decrease in the
expression of core pluripotent proteins, OCT4, NANOG, and SOX2 was observed when compared
with the untreated 3-D grown cells (Figure 7E).
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3.5. Mechanism of Regulation of Pluripotent Genes in H9 Cells Grown under 3-D Culture Conditions

To determine the basis for the upregulation of pluripotent markers observed in H9 cells grown
in 3-D self-assembling scaffolds, we screened multiple signaling pathways with YAP-associated
mechanotransduction using transcriptional analysis (Figure 8). The results depicted in Figure 8A show
that 3-D cultured cells expressed higher levels of genes encoding integrin subunits, ITGA5, ITGA6,
ITGAV, ITGB1, and ITGB3 as well as G-coupled protein receptors (GCPRs), LPAR1, LPAR2, S1PR1,
and S1PR3. In addition, these cells displayed the upregulation of RHOA and RAC1 (Rho signaling),
YAP, TAZ, and TEAD4 (Hippo signaling), LIFR, GP130, SOCS3, and TBX3 (LIF signaling). However,
the expression of ITGA2, ROCK1, LATS1, and LATS2, which is associated with integrin, Rho, and Hippo
signaling, respectively, decreased significantly, while ITGB5 remained unchanged in 3-D cultured cells.

Figure 8. Molecular mechanism of upregulation of pluripotent markers in human ESCs grown in 3-D
scaffolds. (A) The effect of 3-D culture of ESCs (H9 cells) on the expression of markers associated with
integrin (ITGA2, ITGA5, ITGA6, ITGAV, ITGB1, ITGB3, and ITGB5) and G-coupled protein receptors
(GCPRs; LPAR1, LPAR2, S1PR1, and S1PR3), Hippo (YAP, TAZ, TEAD4, LATS1, and LATS2), Rho (RHOA,
RAC1, and ROCK1), and LIF (LIFR, GP130, SOCS3, and TBX3) signaling pathways as determined by
qRT-PCR. Results were expressed as the fold expression ± SE normalized to reference genes HMBS,
GAPDH, and β-ACTIN (* p < 0.05 and ** p < 0.01). (B) Proposed pathway involved in the induction of
naïve pluripotency in primed human ESCs (H9 cells) encapsulated in 3-D self-assembling scaffolds.
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These results further indicate that 3-D self-assembling scaffolds stimulated mechanosensitive
signaling resulting in the upregulation of integrin receptors and GPCRs, thus promoting the activation
of Rho signaling, which is associated with actin cytoskeleton remodeling; in turn, this led to the
upregulation of mechanosensitive YAP/TAZ signaling. Activated YAP/TAZ act as transcription factors
in the nucleus assisted by transcription co-factor, TEAD4, which binds to the DNA, to stimulate the
expression of pluripotent genes. The simultaneous upregulation of LIF signaling also contributed
to the upregulation of naïve pluripotent markers in H9 cells grown in 3-D self-assembling scaffolds,
as proposed in Figure 8B.

4. Discussion

The expansion of human ESCs using traditional 2-D culture techniques is technically challenging
and requires routine manipulation and passaging by dissecting colonies via enzymatic digestion or
non-enzymatic methods [41–43]. These manipulations can result in poor viability, large batch-to-batch
variation, and spontaneous differentiation. To address these problems, we hypothesized that 3-D
culture may better mimic the in vivo environment from which ESCs are derived, which would improve
both the long-term growth and maintenance of these cells.

Our study investigated the effect of the microenvironment in stemness by developing 3-D scaffolds
made of two functionalized PEG polymers that self-assembled via a Michael addition reaction. When
ESCs were included in the polymer mixtures, they were encapsulated upon self-assembly of the scaffolds.
It has been previously reported that fully hydrated hydrogels mimic the 3-D native microenvironment,
which allow nutrient diffusion and promote the growth of cells [44]. We have previously shown that
soft 3-D scaffolds composed of Dex-SH and PEG-4-Acr self-assembling polymers were capable of
supporting mouse ESC pluripotency for over 6 weeks [34]. Several other studies have also reported that
mouse ESC self-renewal could be maintained on soft and low stiffness substrates in 2-D culture [45–47].
In addition, mechanically stiffer prefabricated scaffolds have been shown to promote the differentiation
of mouse ESCs [48], while softer 3-D scaffolds supported the differentiation of human adult stem
cells [49]. The culture of H9 cells in soft scaffolds did not support the viability of encapsulated cells,
and growth was severely curtailed. This is consistent with previous studies, which showed that stiffer
substrates promoted the maintenance of human ESCs [22,50,51]. Taken together, this led us to develop
stiffer scaffolds made of functionalized PEG polymers.

To optimize scaffold polymerization as well as the encapsulation and growth of H9 cells, we
tested several self-assembling polymers at various polymer concentrations in our preliminary studies
(unpublished data). These studies showed that scaffolds made of PEG-8-SH and PEG-8-Acr prepared
at 2.5% w/v improved the clonal growth of H9 cells in comparison to scaffolds with lower cross-linking
densities and higher swelling ratios (i.e., Dex-SH/PEG-4-Acr and PEG-4-SH/PEG-4-Acr). These results
were in line with other the reported studies performed using scaffolds made of multi-arm PEG
functionalized with vinyl sulfone (VS) [52]. In these studies, H9 cells grew upon encapsulation in
scaffolds made of VS functionalized 4-arm and 8-arm but not 3-arm PEG hydrogels [52]. However,
this study was performed using clumps of H9 cells and not single cells for encapsulation. Whereas, in
our study, PEG-8-SH/PEG-8-Acr scaffolds supported cell viability, allowing for even dispersal and
clonal growth of H9 cells encapsulated as single cells. This has important implications because the
growth of single cell inoculations and the generation of homologous populations of pluripotent cells
is necessary for cell-based therapeutics [53]. Furthermore, the maintenance and growth of H9 cells
was achieved using PEG-8-SH/PEG-8-Acr self-assembling scaffolds for long-term 3-D culture without
passaging or manipulation. The pluripotency of the 3-D grown H9 cells was further demonstrated
by their ability to differentiate into three germ layers and teratoma formation in vitro and in vivo,
respectively. Additionally, core pluripotent markers, OCT4, NANOG, and SOX2, were upregulated
during growth in the self-assembling scaffolds, showing significantly higher expression on day 21 of
3-D culture as compared to cells grown in 2-D culture. When 3-D grown H9 cells were passaged back to
2-D culture conditions, they exhibited undifferentiated morphology, and the expression of pluripotent
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markers decreased to levels similar to the 2-D cultured cells, suggesting that the encapsulated cells
cultured under 3-D conditions were not altered.

Changes in the expression of core and naïve pluripotent markers in H9 cells cultured in 3-D
self-assembling scaffolds can be attributed to multiple factors, including matrix dimensionality, stiffness,
and/or bioinductive signaling [10]. While the incorporation of natural biomaterials has been shown to
increase biological signaling, synthetic biomaterials lack biological activities minimizing batch-to-batch
variation, but still allow for biophysical modifications, including pore size and mechanical stiffness [54].
Scaffolds composed of natural polymers including hyaluronic acid [55], chitosan, and alginate [56]
have been shown to support human ESC self-renewal without a significant change in pluripotent
marker expression. Whereas thermoresponsive synthetic hydrogels composed of PEG functionalized
with poly-N-isopropylacrylamide allowed for the continuous 3-D culture of cells for 60 passages but
only yielded cells 95% positive for OCT4 [57]. In contrast, we observed the upregulation of not only
OCT4 but also NANOG and SOX2 during the maintenance of human ESCs in 3-D scaffolds.

Previous studies with mouse ESCs reported that the differential upregulation of pluripotent
markers in 3-D culture was dependent on scaffold composition and stiffness [34,58]. A recent study
using single cell inoculation and the expansion of human ESCs in large-scale bioreactors resulted in the
maintenance of OCT4 levels but the upregulation of SOX2 in 3-D grown ESC aggregates [59]. In another
study, a 3-D culture of H9 clumps in VS functionalized PEG scaffolds resulted in upregulated gene
expression of SOX2 and KLF4 but not OCT4 and NANOG when compared to 2-D cultured cells [52].
Interestingly, we observed that primed ESCs, H9 cells, encapsulated in the 3-D self-assembling
scaffolds exhibited a decreased expression of primed pluripotency markers, FOXA2, ZIC2, SALL2,
and SOX11, which is characteristic of post-implantation epiblast cells [60,61], to levels comparable to
naïve Elf1 cells. Furthermore, a 3-D culture of H9 cells resulted in an increase in the expression of naïve
pluripotent markers, (KLF2, ESRRB, DNMT3L, KLF17, STAT3, DPPA3, TBX3, PRDM14, KLF5, ZFP42,
TFCP2L1, FGF4, and GDF3), which was associated with naïve pre-implantation epiblast cells [7,60–66].
Recent studies have shown that traditionally derived primed human ESC lines can be reprogrammed to
naïve pluripotency using the ectopic expression of select genes and specific media conditions containing
inhibitor cocktails [67,68]. In one study, a transcriptomic comparison of primed and reprogrammed
naïve human demonstrated the differential expression of certain genes such as KLF2, KLF4, GDF3,
SOCS3, STAT3, and TBX3 expressed at higher levels in naïve than primed cells [63]. However,
the expression of core pluripotent markers OCT4 and NANOG remained unchanged, while SOX2
levels decreased upon reversion to naïve pluripotency [63]. Here, we observed an increase in core
and naïve pluripotent markers during 3-D culture, which was presumably influenced by the 3-D
scaffold microenvironment.

It has been well established that the transduction of biophysical signals, including substrate
stiffness, cell–cell interactions, and mechanical forces can influence human ESC fate and self-renewal
in 2-D culture conditions [39]. The interplay between external and internal mechanical stresses of
cells and their ECM play important roles in tensional homeostasis of tissues in vivo [69]. However,
the effect of 3-D culture on the regulation of the pluripotency of ESCs has not been fully explored.

Physical interactions with cells or the ECM can be transduced into biological signals and
influence actin dynamics via mechanosensitive receptors, such as integrin receptors and GPCRs [70].
Evidence has shown that integrin heterodimers, α5β1, α6β1, and αvβ3, mediate interactions between
ESCs and various ECM substrates [13,71–73]; they also play an important role in the maintenance of
pluripotency [74], and matrix stiffness regulates integrin binding [75]. Whereas GPCRs, including
lysophosphatidic acid receptors (LPARs) and sphingosine-1-phosphate receptors (S1PRs), play a role in
the YAP signaling axis. In response to LPA and S1P ligand binding, the dephosphorylation of YAP and
TAZ allows them to enter the nucleus to activate transcription [76]. Treatment with exogenous LPA has
been shown to aid in the reversion of primed pluripotency to naïve pluripotency in ESCs due to the
role that both YAP and LPA serve in suppressing differentiation associated with GSK3 inhibition [40].
However, the transduction of mechanical signals has also been shown to activate G-protein signaling
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independent of ligand binding [77]. We observed the upregulation of numerous integrin subunits
as well as LPARs and S1PRs in 3-D grown H9 cells. This suggests that the 3-D scaffolds promoted
mechanical signaling pathways in H9 cells; however, future studies are required to determine the
mechanism by which these receptors are activated.

Mechanical signals such as substrate stiffness have been shown to lead to the activation of Rho
signaling, which regulates actin cytoskeleton organization, leading to increased F-actin and nuclear
localization of YAP and TAZ [78]. YAP is a mechanosensitive transcription factor in the Hippo
signaling pathway, which plays a crucial role in cancer, regeneration, and the regulation of organ
size [79]. In addition, Hippo signaling regulates the first cell fate specification to the trophoectoderm
and the inner cell mass (ICM) of early blastocysts via mechanically sensitive pathways [80]. YAP is
mostly retained in the cytoplasm in the ICM of early blastocysts, but becomes active during epiblast
specification with a strong nuclear signal [64]. YAP and its transcription cofactor, TAZ, act as major
downstream effectors in the Rho signaling pathway and have been shown to control the pluripotent
state, allowing for the long-term survival and expansion of human ESCs in vitro [81].

Furthermore, cell culture on stiffer substrates has also been shown to increase the nuclear function
of YAP/TAZ in human ESCs [82]. TAZ itself is required for the maintenance of self-renewal marker
expression in ESCs, and the loss of TAZ leads to the inhibition of transforming growth factor beta
(TGFβ) signaling and differentiation into a neuroectoderm lineage [83]. Likewise, a knockdown of
YAP results in a loss of pluripotency in mouse ESCs, whereas the ectopic expression of YAP prevents
differentiation [84].

In the nucleus, YAP mediates transcriptional enhanced associate domain (TEAD) transcription,
and YAP/TAZ complexes associate with TEAD to regulate pluripotency by activating OCT4
expression [85]. Pluripotency is determined by an autoregulatory core transcriptional circuitry
comprised of OCT4, NANOG, and SOX2, which inhibits lineage specification genes [86].
The phosphorylation of YAP by LATS kinases prevents interaction with TEAD and results in cytoplasmic
retention and the inactivation of YAP [87]. In contrast, YAP overexpression has been shown to promote
the reversion of primed pluripotency into naïve pluripotency [40].

When 3-D grown H9 cells were cultured with a YAPi (VP), the upregulation of core and naïve
pluripotent markers was abrogated. VP acts to inhibit the interaction of YAP and TEAD, disrupting
downstream transcriptional activation, and sequestering YAP in the cytoplasm for inactivation [88].
Therefore, we postulate that mechanical forces in 3-D scaffolds stimulated the upregulation of
mechanosensitive receptors, including integrins and GPCRs, leading to enhanced Rho signaling and
higher levels of YAP/TAZ. In addition, the mechanical forces generated by the expansion of cells may
also have contributed to the inhibition of phosphorylated LATS kinases [87], which in turn allowed
YAP/TAZ to enter the nucleus, activating the transcription of pluripotent genes. This was concurrent
with the observed increase in LIF signaling receptors and downstream naïve pluripotent target genes
including KLF4, KLF5, and TFCP2L1 [89]. While LIF/STAT3 signaling fails to maintain the self-renewal
of primed human ESCs [90], naïve ESCs are dependent on LIF signaling [63]. Although these
results are interesting and suggest a role of mechanical signaling in the regulation of cell fate in vitro,
further analysis is needed to confirm the mechanism of upregulation of pluripotency markers and the
genetic stability of ESCs grown in 3-D culture conditions.

Overall, the 3-D scaffolds made of PEG-8-SH/PEG-8-Acr support the clonal growth of primed
ESCs as well as the enhanced expression of both core and naïve pluripotency markers, suggesting
that the scaffold provided a permissive microenvironment for the induction of a naïve-like state of
pluripotency. Our 3-D culture method is robust, simple, and less labor-intensive for the long-term
amplification of homogenous populations of ESCs, which could promote their use in basic science and
therapeutic applications.
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Abstract: Functional intestinal disorders constitute major, potentially lethal health problems in
humans. Consequently, research focuses on elucidating the underlying pathobiological mechanisms
and establishing therapeutic strategies. In this context, intestinal organoids have emerged as a potent
in vitro model as they faithfully recapitulate the structure and function of the intestinal segment they
represent. Interestingly, human-like intestinal diseases also affect dogs, making canine intestinal
organoids a promising tool for canine and comparative research. Therefore, we generated organoids
from canine duodenum, jejunum and colon, and focused on simultaneous long-term expansion
and cell differentiation to maximize applicability. Following their establishment, canine intestinal
organoids were grown under various culture conditions and then analyzed with respect to cell
viability/apoptosis and multi-lineage differentiation by transcription profiling, proliferation assay, cell
staining, and transmission electron microscopy. Standard expansion medium supported long-term
expansion of organoids irrespective of their origin, but inhibited cell differentiation. Conversely,
transfer of organoids to differentiation medium promoted goblet cell and enteroendocrine cell
development, but simultaneously induced apoptosis. Unimpeded stem cell renewal and concurrent
differentiation was achieved by culturing organoids in the presence of tyrosine kinase ligands.
Our findings unambiguously highlight the characteristic cellular diversity of canine duodenum,
jejunum and colon as fundamental prerequisite for accurate in vitro modelling.

Keywords: intestinal organoids; canine intestine; differentiation; organoid culture

1. Introduction

Gastrointestinal (GI) disorders such as inflammatory bowel disease (IBD), infection-induced GI
disorders and cancer have a major negative impact on human health and impose a high financial
burden on healthcare systems. Infectious diarrhea is the second leading cause of death among young
children [1] and GI cancers are the third most common cancer type worldwide, with one million newly
diagnosed cases per year [2]. Potentially lethal GI diseases also affect livestock and companion animals,
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with enterotoxic bacteria and enteropathogenic viruses being frequently involved in disease onset
and progression [3]. Although considerable efforts are made to establish new therapies for human
and veterinary GI diseases, mortality rates remain high, because translation of biomedical research
into clinical practice is hampered by the lack of epithelial models that reliably mimic the organ and
recapitulate disease in patients [4–6].

Early attempts to bring the intestinal epithelium to in vitro culture were mostly short-lived,
as exemplified by explanted biopsies and epithelial cells, which disintegrated after 72 h and two weeks,
respectively [7–9]. To establish culture systems for long-lived homogenous cell populations tissue
explants were either cultivated in collagen gels or on 3T3 feeder layers on an air-liquid interface [10,11].
However, growth factor-providing (myo)fibroblasts, which are prerequisites for prolonged cultivation
in these systems, made them susceptible to inconsistencies from one experiment to another. A major
step to overcome these limitations was the establishment of three-dimensional (3D) murine intestinal
organoids derived from adult intestinal stem cells [12]. These organoids contained long-lived stem cells
that differentiated into the main cell types of murine small intestine such as Paneth cells, enterocytes,
enteroendocrine cells and goblet cells. Establishment of this innovative in vitro model was achieved by
using a laminin-rich extracellular matrix (Matrigel) and growth media supplemented with epithelial
growth factor (EGF), Noggin, and R-spondin as reviewed in detail by Date and Sato [13]. For the
cultivation of human intestinal organoids, growth medium had to be supplemented with Wnt3a, gastrin,
p38-MAPK inhibitor, nicotinamide and ALK4/5/7 inhibitor, thereby preventing the differentiation into
goblet and enteroendocrine cells and retaining enterocytes in a premature state [14]. Withdrawing
nicotinamide and p38-MAPK inhibitor induced de novo differentiation, thus shortening the lifespan of
the intestinal stem cell pool and rendering this system into an endpoint assay. Further improvement
of human 3D intestinal organoid models was achieved by microscaffolds that mimic the size and
distance between crypts in transwell assays [15]. Differentiation was promoted by using a growth factor
gradient system based on (i) intestinal stem cell-supporting expansion medium in lower wells, and (ii)
addition of differentiation medium to upper wells, thereby inducing differentiation of migrating cells
to goblet cells, enteroendocrine cells and enterocytes along the modeled crypt/villus axis. However,
this technique is unsuitable for, e.g., high-throughput screenings because it is very labor-intensive,
time-consuming and hampers down-stream analysis. An approach characterizing receptor tyrosine
kinase signaling between the crypt base and its niche managed to omit nicotinamide and p38-MAPK
inhibitor usage by a combination of two ligands, i.e., insulin-like growth factor 1 (IGF1) and basic
fibroblast growth factor (FGF2). This combination sustains stem cell growth and allows simultaneous
differentiation into enteroendocrine and goblet cells, mimicking corresponding natural epithelia more
authentically with minimal effort.

In recent years, organoid technology has also been introduced into veterinary research, albeit to a
lesser extent [16–22]. Animal organoid systems that are already available today mainly consist of stem
and undifferentiated cells requiring tailor-made species-specific media to allow for differentiation [17].
Interestingly, dogs and their owners share similar environments, food and carcinogenic load, and
develop similar GI diseases including GI cancer, infectious disease and IBD [23]. Consequently, canine
patients represent an interesting natural model for human GI disorders, even more so since dogs show
reduced genetic variation within the majority of breeds [24]. To exploit the full potential of canine
intestinal organoids to mimic the corresponding organ accurately, a balance between self-renewal and
differentiation of stem cells must be achieved to design a physiologically relevant system.

Herein, we report the establishment of a novel culture system for canine intestinal organoids
that is based on recent findings by Fujii et al. [25] and reliably supports the sustained proliferation of
duodenum-, jejunum- and colon-derived stem cells, while concomitantly allowing their differentiation
into secretory lineage cells.
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2. Materials and Methods

2.1. Isolation and Cultivation of Canine Intestinal Organoids

Duodenal, jejunal and colonic samples were obtained from three dogs (two males and one female)
that were euthanized due to non-intestinal disease. In addition, duodenal biopsies were taken from one
dog undergoing routine gastroduodenal endoscopy. Tissue sampling was approved by the institutional
ethics committee in accordance with Good Scientific Practice guidelines and Austrian legislation.
Based on the guidelines of the institutional ethics committee, use of tissue material collected during
therapeutic excision or post mortem is included in the University’s “owner’s consent for treatment”,
which was signed by all patient owners. Intestinal crypts were isolated from tissue samples and
biopsies according to established protocols [12]. In short, tissue was incubated with 5 mM EDTA
(Sigma-Aldrich, St. Louis, MO, USA) in order to dissociate crypts for 30 min to one hour depending on
bowel segment, followed by vigorous shaking until crypts were released. After two washing steps
with PBS and Advanced Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12, Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) 500 crypts were resuspended in 50 μL Matrigel (BD Biosciences,
Franklin Lakes, NJ, USA) and seeded per well of a 24-well plate. Following Matrigel polymerization
expansion medium was added. Canine intestinal growth media were prepared as indicated in Table 1.
Penicillin/streptomycin, HEPES, Glutamax, B27 (with Vitamin A) and N2 supplement were obtained
from Invitrogen, Thermo Fisher Scientific. N-acetylcysteine, gastrin and nicotinamide were purchased
from Sigma-Aldrich. EGF was provided by Thermo Fisher Scientific. ALK5 kinase inhibitor (A83-01)
was obtained from Tocris Bioscience, Bristol, UK. p38 MAPK inhibitor (SB202190) was purchased
from Selleck Chemicals, Houston, TX, USA. Human hepatocyte growth factor (HGF), human Noggin,
human IGF1 and human FGF2 were provided by PeproTech, Rocky Hill, NJ, USA. Cultrex R-spondin1
cells were obtained from Trevigen, Gaithersburg, MD, USA. Expansion medium was supplemented
with 10 μM Rock inhibitor (Y-27632, Selleck Chemicals) for the first two days after isolation, then
medium was changed to not-supplemented expansion medium. For isolations using refined medium,
EGF and 10 μM Y-27632 were additionally added only for the first two days. Growth medium was
changed every two to three days. For weekly passaging at 1:4 to 1:8 split ratios, organoids were
harvested, mechanically disrupted using a flame-polished Pasteur pipette. Depending on the splitting
ratio, the corresponding quantity of organoid fragments were then embedded in 50 μL fresh Matrigel,
seeded per well of a 24-well plate and cultured with either expansion or refined growth medium.
To induce differentiation, organoids cultivated in expansion medium were transferred to differentiation
medium and analyzed after 4 days. For assessing derivation efficiency in expansion and refined
medium, organoids were counted 10 days after initial isolation and projected area was calculated using
ImageJ64 (NIH).

Table 1. List of media compositions used in this study. Basal medium consists of Advanced DMEM/F12,
2 mM GlutaMAX, 10 mM HEPES, 1x B27, 1 mM N-acetylcystein. Final concentrations are given.

Reagent Expansion Medium Differentiation Medium Refined Medium

basal medium + + +
N2 1x 1x −

EGF 50 ng/mL 50 ng/mL − a

Noggin 100 ng/mL 100 ng/mL 100 ng/mL
Rspo1 10% v/v 10% v/v 10% v/v
Wnt3a 43% v/v 43% v/v 50% v/v

Nicotinamide 10 mM − −
Gastrin 10 nM 10 nM 10 nM
A83-01 500 nM 500 nM 500 nM

SB202190 10 μM − −
HGF 50 ng/mL 50 ng/mL 50 ng/mL
IGF1 − − 100 ng/mL
FGF2 − − 50 ng/mL

a in refined medium 50 ng/mL EGF is only added for the first two days after isolation or medium adaption.
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2.2. Gene Expression Analysis

Total RNA was purified from duodenal, jejunal and colonic organoids in expansion, differentiation
and refined medium and from corresponding intestinal epithelium that was harvested during
crypt isolation using ReliaPrep™ RNA Tissue Miniprep System (Promega, Madison, WI, USA)
according to instructions of the manufacturer. Individual RNA concentrations were determined
spectrophotometrically (Nanodrop One C, Thermo Fisher Scientific) and RNA integrity was checked
using Agilent Tape Station 4200 (Agilent, Santa Clara, CA, USA). 500 ng RNA was reverse-transcribed
to cDNA with oligo-dT and random hexamer primers according to recommendations of the
manufacturer (GoScript™ Reverse Transcription System, Promega). Subsequently, qPCR reactions
were carried out using GoTaq® qPCR Master Mix (Promega). Primer sequences are given in Table S1.
Amplification conditions were as follows: 2 min of initial denaturation at 95 ◦C, 40 cycles of 15 s of
denaturation at 95 ◦C, 60 s of annealing/extension at 60 ◦C and a read step, followed by 10 s of dissociation
at 95 ◦C and a melting curve from 65 ◦C to 95 ◦C in 5 s per 0.5 ◦C increments. Data analysis was
performed according to Pfaffl et al. [26] taking PCR efficiency into account. Relative quantification was
achieved by normalization of values to the stably expressed canine housekeeping gene hypoxanthine
phosphoribosyl transferase (HPRT). Heat maps were generated using Excel conditional formatting of
log2 fold changes.

2.3. Periodic Acid-Schiff Reaction of Organoid and Tissue Sections

For the generation of formalin-fixed paraffin-embedded (FFPE) samples, organoids were fixed
using 2% v/v paraformaldehyde (PFA, Merck, Darmstadt, Germany) for 15 min at room temperature,
cast in 1.5% w/v agarose and dehydrated prior to embedding in paraffin (Sigma-Aldrich). 2.5 μm FFPE
sections of organoids derived from duodenum, jejunum and colon and corresponding tissue were
stained using PAS-Reaction staining kit and counterstained with Haematoxylin acidic after Mayer
according to manufacturer’s instructions (Morphisto, Frankfurt am Main, Germany). Images were
acquired with a DMi8 microscope and LASX software (Leica, Wetzlar, Germany).

2.4. Transmission Electron Microscopy of Organoids

Samples were fixed in 3% v/v buffered glutaraldehyde (pH 7.4, Merck, Darmstadt, Germany),
pre-embedded in 1.5% w/v agarose (Invitrogen, Thermo Fisher Scientific), washed three times in 0.1 M
phosphate buffer (Soerensen, pH 7.4) afterwards and post-fixed in 1% v/v osmium tetroxide (Electron
Microscopy Sciences, Hatfield, USA) for 2 h at room temperature. Dehydration was performed in a
series of graded ethanol solutions (70%, 80%, 96% and 100%), subsequently infiltrated with propylene
oxide (Sigma-Aldrich), followed by increasing ratios of epoxy resin-propylene oxide and finally pure
resin (Serva, Mannheim, Germany). After an additional change, the resin was polymerized at 60 ◦C
for 48 h. Semi-thin sections were cut at 0.8 μm and stained with toluidine blue, ultra-thin sections
were cut at 70 nm, mounted on copper grids (Gröpl, Tulln, Austria) and stained with uranyl acetate
(Fluka Chemie AG, Buchs, CH) and lead citrate (Merck, Darmstadt, Germany). Transmission electron
micrographs were made with an EM900 (Zeiss, Oberkochen, Germany).

2.5. Proliferation Assay

In order to assess cell proliferation, the Click-iT® EdU Imaging Kit (Invitrogen, Thermo
Fisher Scientific) was used. Canine intestinal organoids cultivated in expansion and refined
medium were incubated with 5-ethynyl-2’deoxyuridine (EdU) at a final concentration of 10 μM
for one hour at 37 ◦C and were then fixed with 2% v/v PFA for 15 min at room temperature.
Staining procedure was carried out according to manufacturer’s instructions. DNA was counterstained
using 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI, Sigma-Aldrich). Confocal images were
taken using an LSM 880 (Zeiss). For 3D reconstruction of z-stack images, the Arivis 3D plugin of Zen
2.3 lite (Zeiss) was used.
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2.6. Viability and Apoptosis Assays

Viability and apoptosis of organoids in the three media compositions were assessed using the
RealTime-Glo MT Cell Viability Assay (Promega) and RealTime-Glo Annexin V Apoptosis Assay
(Promega). Organoids were trypsinized for 2 min and seeded in 24-well plates with expansion or
refined medium, both supplemented with Y-27632 inhibitor. After 2 days in culture, organoids were
harvested, counted and 50 organoids were seeded in six wells of white 96-well plate for each condition
and assay. Detection reagents were prepared according to manufacturer and added to the different
culture media before overlaying the organoids with either expansion, differentiation or refined medium.
Luminescence was measured 0 h, 24 h, 48 h and 72 h after adding the substrates using a GloMax plate
reader (Promega). Six wells without organoids, but with medium, served as background controls.

2.7. Statistical Evaluation

Data were analyzed and plotted in Prism5 (GraphPad, San Diego, CA, USA). Using a t-test for
independent samples (two tailed, unpaired) p-values ≤ 0.05 were considered statistically significant.
qPCR data were analyzed by two-way ANOVA (factors are growth medium and individual dogs) and
Tukey multiple comparison test using R (version 3.3.1). Statistical results are shown in Tables S2–S7.
*** p < 0.001 ** p < 0.01 * p < 0.05. p < 0.1.

3. Results

3.1. Expansion Medium Does Not Support Expression of Secretory Lineage Differentiation Markers

Canine intestinal organoids derived from duodenal, jejunal and colonic tissue were generated
and cultivated in expansion medium. Initial cell isolates representing the intestinal epithelium after
separation from the underlying tissue, as well as low- (≤5) and high-passage (≥10) organoids derived
therefrom, were quantitatively assessed for expression of selected cell markers using RT-qPCR.

The stem cell marker LGR5 displayed similar expression levels in low- and high-passage organoids,
except high-passage duodenal organoids, which exhibited significant up-regulation of LGR5 in
comparison to their low-passage and initial cell isolate counterparts (Figure 1A). The enterocyte marker
villin 1 (VIL1) exhibited significantly reduced expression in duodenal, jejunal and colonic organoids in
low- and high-passage organoids compared to the initial cell isolates. Enteroendocrine cell marker
chromogranin A (CHGA) [27] and goblet cell marker mucin 2 (MUC2) [28,29] transcripts were barely
detectable in organoids when kept in expansion medium throughout passages (Figure 1A).

3.2. Canine Intestinal Organoids Grow Efficiently in Refined Medium

To best reflect the in vivo situation and thus allow for downstream applications including
drug and toxicity assessment, microbiome studies and modelling of infectious disease, intestinal
organoids should harbor stem cells, undifferentiated transit-amplifying cells and differentiated cells.
Three different media were compared to identify the ideal medium composition supporting such a
scenario: (i) an expansion medium for the culture of canine organoids; (ii) a differentiation medium
characterized by omission of nicotinamide and p38-MAPK inhibitor [14]; and (iii) a novel refined
medium based on canine expansion medium without nicotinamide, p38-MAPK inhibitor, N2 and EGF,
but supplemented with IGF1 and FGF2 as suggested for human organoid culture [25]. After several
passages, duodenal, jejunal and colonic canine organoids grown in expansion medium were partly
transferred to refined medium for long-term cultivation. For experiments, expansion medium-grown
organoids where partly transferred to differentiation medium and after four days, organoids in all
three media were harvested (Figure S1A). Growth characteristics and gene expression were assessed.
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Figure 1. Establishment of new culture conditions for canine intestinal organoids. (A) RT-qPCR
analysis of initial cell isolates (triangles), organoids with up to five passages (dark circles) and organoids
with 10 or more passages (light circles) isolated from duodenum, jejunum or colon using LGR5, VIL1,
CHGA and MUC2 primer. log2 fold changes normalized to expression of initial cell isolates are
shown with scatter dot plots; mean is shown; whiskers present SEM; * p < 0.05, ** p < 0.01 and ***
p < 0.001, statistical analysis given in detail in Supplementary Tables S2–S4; n = 3 individual dogs.
(B) Light microscopic images of organoids derived from duodenum, jejunum and colon cultivated in
expansion, differentiation and refined medium four days after seeding; scale bars represent 250 μm.
(C) Mean activity of Annexin V-induced luciferase is shown for 0, 24, 48 and 72 h after addition of
substrate to duodenal, jejunal and colonic organoids in expansion (circle), differentiation (square) and
refined medium (triangle); whiskers represent SEM; **** p < 0.0001; 50 organoids seeded per replicate;
n = 6 replicates.

Bright field images of duodenal, jejunal and colonic organoids grown in expansion and refined
medium displayed intact, budding structures (Figure 1B). In contrast, all organoid types grown in
differentiation medium displayed dark and necrotic areas (Figure 1B, Figure S1B). In accordance with
these observations, luciferase-based Annexin V assay revealed low and comparable apoptosis in
organoids grown in expansion and refined medium, but pronounced apoptosis in organoids grown in
differentiation medium (Figure 1C). Organoids in expansion and refined medium could be cultivated
for prolonged period of 25 passages after adaptation of growth medium (Figure S1C). Taken together,
only expansion and refined medium supported organoid growth.
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3.3. Refined Medium Promotes Expression of Cell Differentiation Markers in Canine Intestinal Organoids

We next aimed at defining the cellular composition of organoids with respect to the different
culture conditions. To this end, total RNA isolated from initial cell isolates and from the three different
organoid types cultured in the three different media were subjected to gene expression analysis of stem
cell and differentiation markers using RT-qPCR.

In general, a heat map representing log2 fold changes of organoids to respective initial cell isolates
showed that transcription of stem cell markers was up-regulated in intestinal organoids grown in
all three media. Conversely, transcription of differentiation markers was exclusively up-regulated in
intestinal organoids grown in differentiation or refined medium (Figure 2A).

In more detail, duodenal organoids displayed significant up-regulation of stem cell marker
LGR5 [30,31] gene expression irrespective of culture conditions (Figure 2B). Culture of duodenal
organoids in differentiation and refined medium enhanced mRNA expression of the differentiation
markers NEUROG3 (enteroendocrine progenitor cells) [32,33], CHGA (enteroendocrine cells) and MUC2
(Goblet cells). Transcription of stem cell markers ASCL2, EPHB2, BMI1, NOTCH1 and PROM1 [30,31]
did not vary significantly throughout duodenal organoids analyzed, while enterocyte marker VIL1
mRNA was significantly down-regulated in duodenal organoids irrespective of culture conditions
(Figure S2A).

Jejunal organoids grown in the three different media exhibited no significant difference in LGR5,
ASCL2, EPHB2, BMI1, NOTCH1 or PROM1 transcription compared to corresponding initial cell
isolates (Figure 2C, Figure S2B). NEUROG3, CHGA and MUC2 gene expression was significantly
down-regulated in jejunal organoids grown in expansion medium. Transcription of differentiation
markers NEUROG3, CHGA, and MUC2 mRNA was up-regulated when culturing jejunal organoids
in refined medium. Expression of VIL1 was slightly, but significantly, reduced throughout jejunal
organoids (Figure S2B).

In colonic organoids, medium compositions had no significant impact on LGR5 expression, while
NEUROG3, CHGA and MUC2 transcription was significantly down-regulated in organoids kept in
expansion medium (Figure 2D). Culturing colonic organoids in differentiation and refined medium
induced an increase of CHGA and MUC2 expression almost to levels displayed by initial cell isolates.
In contrast to duodenal and jejunal organoids, colonic organoids showed aberrant ASCL2, EPHB2,
BMI1 and PROM1 transcription in comparison to initial cell isolates, whereas NOTCH1 expression
remained grossly unchanged (Figure S2C). VIL1 transcription was generally slightly lower expressed
in colonic organoids irrespective of culture conditions.

Marker transcription levels in organoids varied to some extent with respect to the individual dog
they were derived from. These variations were less pronounced when cultivating organoids—notably
jejunal and colonic organoids—in refined medium (Figure 2, Figure S2). Despite these individual
variations the presented data indicate that differentiation and refined medium supported cell
differentiation to secretory lineage cells within organoids.
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Figure 2. Refined medium and differentiation medium show elevated marker expression of
enteroendocrine and goblet cells. (A) Heat map of log2 fold changes derived from RT-qPCR data
of duodenal, jejunal and colonic organoids cultivated four days in expansion, differentiation and
refined medium normalized to initial cell isolates (i.c.i. = 0); data from three individuals are shown in
side-by-side columns. (B–D) Individual scatter dot plots of gene expression data from (A) shown for
stem cell marker LGR5, secretory lineage precursor marker NEUROG3, enteroendocrine cell marker
CHGA and goblet cell marker MUC2 for organoids derived from duodenum (B), jejunum (C) and colon
(D) four days after seeding; mean is shown, whiskers are SEM; * p < 0.05, ** p < 0.01, *** p < 0.001,
statistical analysis given in detail in Supplementary Tables S5–S7; n = 3 dogs; i.c.i., initial cell isolates;
exp., expansion medium; diff., differentiation medium; ref., refined medium.
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3.4. Refined and Differentiation Medium Both Support Organoid Differentiation

The detection of markers for goblet and enteroendocrine cells by RT-qPCR prompted us to
confirm and localize these cells within organoids. Therefore, periodic-acid Schiff (PAS) reaction and
transmission electron microscopy (TEM) were used. PAS reaction of mucin as revealed by a purple
signal demonstrated the presence of goblet cells that were evenly distributed in duodenal and jejunal
tissue sections along the crypt-villus axis, and at higher frequency around the crypt base in colon tissue
sections (Figure 3A). In organoid culture, expansion medium failed to induce differentiation into goblet
cells, while growth in differentiation and refined medium gave rise to goblet cells irrespective of the
intestinal segment. These observations were in accordance with MUC2 transcription data (see Figure 2)
and further substantiated by TEM, which revealed the presence of goblet cells with apical large mucin
granules and enteroendocrine cells characterized by small dark basal granules in organoids grown
in differentiation and refined medium (Figure 3B and Figure S3B). In contrast, TEM of organoids
cultivated in expansion medium revealed uniformly appearing cells harboring microvilli (Figure S3A).
These cells were also present in all other conditions suggesting the presence of enterocytes, which is
correlating with VIL1 expression data (see Figure 2 and Figure S2). Interestingly, cell-to-cell interactions
such as tight junctions, adherens junctions and desmosomes could be visualized by organoid TEM
throughout culture conditions (Figure S3C). These data demonstrate the presence of secretory lineage
cells in canine organoids upon cultivation in refined and differentiation medium.

Figure 3. Cont.
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Figure 3. Goblet and enteroendocrine cells are present in organoids upon cultivation in differentiation
and refined medium, but not in expansion medium. (A) PAS reaction in FFPE sections of canine
intestinal tissue or organoids in expansion, differentiation and refined medium derived from duodenum,
jejunum and colon; counterstained with Hematoxylin, images of duodenal and jejunal tissue were
cropped in order to visualize crypts; scale bars 200 μm, inset depicts higher magnification; arrow heads
indicate PAS positive goblet cells; one representative image is shown. (B) TEM images of duodenal,
jejunal and colonic organoids in expansion, differentiation and refined medium; scale bars are indicated;
L, lumen; B, basal lamina; G, goblet cell; E, enteroendocrine cell.

3.5. Refined Medium Supports Continuous Growth and Derivation of Organoids

So far, we have been able to verify that organoids in refined medium were differentiating similarly
or even better than organoids in differentiation medium (see Figures 2 and 3) without concomitant
induction of apoptosis (see Figure 1B,C). Therefore, we conclude that a refined medium composition is
beneficial over the use of a separate differentiation medium. In a next step we assessed the effectiveness
of refined versus expansion medium on the continuous growth of organoids.

Importantly, all organoid types showed a similar proliferation pattern, as revealed by a scattered
distribution of single, EdU-positive cells within organoids when exposed to the two different medium
conditions (Figure 4A). However, viability of duodenal and jejunal organoids in expansion medium
was reduced compared to colonic organoids, which could be significantly enhanced by using refined
medium (Figure 4B).

To assess the suitability of refined medium for the establishment of new organoid lines, duodenal
biopsies were taken during routine gastroduodenoscopy. Following isolation, starting cell material
was cultured either with expansion medium containing Rock inhibitor, or with EGF- and Rock
inhibitor-supplemented refined medium for the first two days, then changed to unsupplemented
expansion and refined medium. After 10 days in culture, an almost 4-fold higher number of organoids
had grown in refined medium compared to in expansion medium (Figure 4C). Organoids exposed to
refined medium also displayed a higher projected area compared to organoids formed in expansion
medium, indicating that refined medium allows for easier adaption of canine intestinal cells to in vitro
culture conditions.
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Figure 4. Derivation of organoids is more efficient using refined medium conditions. (A) 3D
reconstruction of confocal z-stack images from duodenal, jejunal and colonic organoids in expansion
and refined medium; staining for EdU after one hour labeling (magenta); organoids counterstained
using DAPI (blue); scale bar represents 100 μm. (B) Relative luciferase activity of cell viability assay is
shown for serial measurements at 0, 24, 48 and 72 h after addition of substrate to duodenal, jejunal
and colonic organoids in expansion (circle) and refined medium (triangle); mean is shown; whiskers
represent SEM; * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001; 50 organoids seeded per replicate;
n = 6 replicates. (C) Organoid number is shown for freshly isolated duodenal biopsies seeded in
expansion and refined medium, in scatter dot plots with mean and range indicated by whiskers, n = 2
wells; projected area of organoids is depicted with mean and SEM defined by whiskers, **** p < 0.0001,
n = 7 organoids; bright field images of representative organoids are shown, scale bar represents 250 μm.

4. Discussion

Since the first reports on the derivation of organoids from murine and subsequently from human
intestine, the establishment of canine intestinal organoids was a matter of time. Particularly as dogs
develop GI diseases like cancer, infectious disease and IBD naturally [23], thereby representing a
faithful model system for the corresponding human diseases. In early 2017 our group [17], Kingsbury et
al. [34], and Powel and Behnke [16] reported on the successful derivation of canine intestinal organoids.
We then focused on advancing organoid cultivation to bring them a step closer to the in vivo situation.

In the presented study, we found that expansion medium does not support stem cell commitment
in the secretory lineage using transcription profiling. This finding is supported by reports on human
intestinal organoids, which usually harbor only a limited number of differentiated cell types, because
they are grown in expansion media that allow for the maintenance of stem cells but do not support
secretory lineage differentiation [14,17]. This absence of differentiated cells in expansion medium
could not be overcome by prolonged cultivation: low- (≤5) and high-passage (≥10) canine intestinal
organoids all tested negative for differentiation marker expression. Recently, Chandra et al. published
a well-written paper on the derivation of canine intestinal organoids and the presence of goblet
and enteroendocrine cells [35]. The formulation of the expansion medium differs in a 5-fold higher
concentration of p38-MAPK inhibitor and the addition of 8% fetal bovine serum FBS (Chandra)
compared to the medium formulation used herein. p38-MAPK inhibitor in human organoid culture is
used to suppress secretory lineage commitment of intestinal stem cells to prevent their depletion and
maintain long-term culture [14,36,37]. The addition of 8% FBS is a likely explanation for the presence
of secretory cells, potentially via subsequent activation of p38-MAPK signaling. To create a culture

121



Cells 2020, 9, 822

system with defined components, the culture medium used in the study presented herein corresponds
to a widely used human organoid medium without FBS [14] that was only supplemented with HGF to
allow for the cultivation of over 50 passages. These variations in medium additives may explain the
differences between both studies.

To further develop canine intestinal organoid culture, we focused on optimizing the growth
medium to obtain a more in vivo-like cell composition with stem cells, enterocytes, goblet and
enteroendocrine cells. Recently, a newly composed medium was shown to enable stem cells of human
intestinal organoids to undergo differentiation, while concomitantly preserving the stem cell pool [25].
To overcome the intrinsic limitations of classical expansion medium, we adapted our canine intestinal
expansion medium based on the suggestions of Fujii et al. [25] by (i) withdrawal of nicotinamide,
p38-MAPK inhibitor, N2 and EGF; and (ii) addition of IGF1 and FGF2. This medium termed “refined
medium” promoted stem cell growth and differentiation of canine intestinal organoids simultaneously
for over 6 months of cultivation (data not shown). To assess the benefits and limitations of this refined
medium in regard to organoid growth and lineage commitment, canine intestinal organoids grown in
expansion, differentiation or refined medium were comparatively characterized.

While duodenal, jejunal and colonic organoids displayed a viable morphology upon culture in
expansion and refined medium, differentiation medium induced apoptosis in all three intestinal
segments. Interestingly, apoptosis peaked as early as 24 h after transfer to differentiation
medium, indicating that programmed cell death was initiated by differentiation-unrelated factors.
This assumption is supported by previous reports on the promoting effect of nicotinamide on cell
survival in human pluripotent stem cells [38], on proliferation of aged murine organoids [39] and
on inducing apoptosis via reduced intracellular NAD concentrations upon its withdrawal [40].
Taken together, differentiation medium induced apoptosis, thus not supporting long-term culture of
canine intestinal organoids. This induction of cell death by the medium formulation is unfavorable
when differentiation, proliferation or even apoptosis are investigated upon compound treatment for
drug development. In addition, differentiation of organoids in expansion medium must be repeated
for every individual experiment making them susceptible to fluctuations between media batches,
illustrating the need for a better culture system.

Refined medium induced similar levels of differentiation or even outperformed differentiation
medium in this regard. Duodenal, jejunal and colonic organoids grown in refined medium revealed
enhanced expression of markers indicating the presence of secretory lineage precursors, enteroendocrine
and goblet cells. Interestingly, organoids in refined medium expressed comparable or even higher
levels of stem cell marker compared to organoids in expansion medium. Organoids irrespective of the
intestinal segment or media composition expressed the enterocyte marker VIL1. These data confirm
findings reported for human intestinal organoids grown in niche-inspired culture media that supported
expression of enteroendocrine, goblet and stem cell markers [25] and data reported for villin1 positive
enterocytes in murine intestinal organoids [12]. However, expression of the differentiation markers
CHGA, MUC2 and VIL1 in differentiation and refined medium reached the levels of the i.c.i. only to a
certain extent. While an in vitro culture model cannot fully reproduce the complex in vivo situation,
our data show that growth conditions in refined medium are more similar compared to those in
expansion medium.

Since only a limited number of specific antibodies were available for reliable characterization of
canine cells, we used two well-established alternative methods, PAS reaction and TEM, for the detection
of goblet cells and enteroendocrine cells. These results supported our RT-qPCR data, substantiating
that only organoids grown in differentiation and refined medium harbored enteroendocrine and goblet
cells. These findings are in accordance with data obtained for human intestinal organoids grown
in differentiation [14] or niche-inspired medium [25]. Furthermore, the presence of enterocytes in
organoids cultivated in expansion, differentiation and refined medium of all segments was supported
by microvilli bearing cells as reported for murine intestinal organoids [12], indicating that enterocytes
are present irrespective of culture condition.
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So far, our data provided evidence that cultivation of canine intestinal organoids in refined
medium is preferable to the use of differentiation medium, since it promotes stem cell growth and
differentiation simultaneously, allows long-term growth without fluctuations between media batches
and does not induce apoptosis. Therefore, further analysis focused on comparison of organoid growth
in expansion and refined medium.

The comparison of proliferative behavior differences between canine intestinal organoids grown
in expansion versus refined medium by EdU incorporation assays revealed similar proliferation levels
for all organoid types irrespective of the medium used. Yet, viability data of duodenal and jejunal
organoids indicate that expansion medium does not support small intestinal organoid cultivation as
effective as refined medium. The colonic epithelium is highly populated with various bacteria and
has less digestive and absorptive function than small intestinal epithelium possibly resulting in more
robustness with respect to cultivation. Therefore, colonic organoids can be expanded in both expansion
and refined medium efficiently.

Importantly, generation of organoids from duodenal biopsies was more successful in refined than
expansion medium. Not only the number of organoids per well was enhanced, but also their projected
area. This feature has an important impact on canine intestinal disease modelling, especially when
donor tissue stems from GI enteropathies with severely affected epithelium. The high suitability of
refined medium for canine organoid establishment also matches the higher plating efficacy shown for
human single-cell dissociated organoids grown in niche-inspired media [25].

5. Conclusions

Taken together, we strongly recommend the use of refined medium for establishment and
long-term culture of canine intestinal organoids. We could clearly show that this medium sustains
stem cell growth, while simultaneously promoting differentiation of stem cells/immature cells into
enterocytes, enteroendocrine and goblet cells. Canine intestinal organoids cultivated in refined medium
bear the advantage of an easy to handle, reproducible and stable culture system, thereby representing a
physiologically superior in vitro system for disease modelling, drug development, toxicity studies and
personalized medicine. Compared to conventional expansion and differentiation media, the refined
medium presented herein allows for more accurate assessment of genetic and epigenetic impacts on
canine intestinal cell differentiation, bringing organoids a step closer to the in vivo situation.
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Abstract: In most cancers, cellular origin and the contribution of intrinsic and extrinsic factors
toward transformation remain elusive. Cell specific carcinogenesis models are currently unavailable.
To investigate cellular origin in carcinogenesis, we developed a tumorigenesis model based on
a combination of carcinogenesis and genetically engineered mouse models. We show in organoids
that treatment of any of three carcinogens, DMBA, MNU, or PhIP, with protein phosphatase
2A (PP2A) knockout induced tumorigenesis in Lgr5+ intestinal lineage, but not in differentiated
cells. These transformed cells increased in stem cell signature, were upregulated in EMT markers,
and acquired tumorigenecity. A mechanistic approach demonstrated that tumorigenesis was
dependent on Wnt, PI3K, and RAS-MAPK activation. In vivo combination with carcinogen and
PP2A depletion also led to tumor formation. Using whole-exome sequencing, we demonstrate that
these intestinal tumors display mutation landscape and core driver pathways resembling human
intestinal tumor in The Cancer Genome Atlas (TCGA). These data provide a basis for understanding
the interplay between extrinsic carcinogen and intrinsic genetic modification and suggest that PP2A
functions as a tumor suppressor in intestine carcinogenesis.

Keywords: carcinogen; protein phosphatase 2A (PP2A); intestinal tumor; intestinal organoid;
Lgr5+ crypt stem cell

1. Introduction

The cells of origin in most cancers have remained unknown. Chemical carcinogenesis mouse
models recapitulating most of human cancers that are induced by exposure to environmental
carcinogens [1], however, is difficult to be achieved in a cell-specific manner. Therefore, the current
strategies to investigate the cellular origins of cancers are using genetically engineered mouse models
(GEMMs), with either transgenic or conditionally targeted gene technologies to induce tumor in
different cellular contexts [2]. Moreover, both models take a long time to develop cancer, limiting
progress in the cancer research field.
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The most applied animal model for studying intestinal tumorigenesis is based on activating
mutations in the Wnt pathway, which relies on adenomatous polyposis coli (Apc) depletion [3]
and beta-catenin (CTNNB1) activation [4], leading to beta-catenin stabilization and constitutive
transcription of its down-stream genes. Recent progress in the understanding of the cell of origin of
intestinal tumor was made using this model, although several inconsistencies were observed. After
in vivo Apc depletion in leucine-rich-repeat containing G-protein-coupled receptor 5 (Lgr5)+ crypt
stem cells, tumor formation occurred within 3–5 weeks [3]. However, Apc depletion or being combined
with KrasG12D mutation in progenitor and differentiated cells did not induce tumor formation [5,6].
However, tumor-initiating mutations can occur in Lgr5+ crypt stem cells and in differentiated Lgr5−
cells [4], indicating that the two hypotheses are not mutually exclusive. Ablation of Lgr5+ cells in
orthotopically transplanted tumors, generated by genetic modification in differentiated villus cells,
suppressed tumor growth [7]. Interestingly, Lgr5+ cells reappeared and tumors recurred when ablation
was terminated 4 days later. The generation of Lgr5+ cells from Lgr5− cells after Lgr5+ ablation was
also observed in the xenograft mouse model of human colon cancer stem cells (CSCs) [8]. However,
the specific mechanism of Lgr5+ cell generation from remaining Lgr5− cells remains unclear.

Aberrant activation of signal transduction pathway, a dynamic process involving an ‘on/off’
switch, can transform a normal cell to be malignant or further render cancer cells with the capacities
for therapy resistance. Activating mutations in genes encoding kinases or signaling molecules, such as
RAS and PI3K, switch on the signaling, continuously activating a survival and/or proliferation pathway,
while activations of phosphatases, such as the serine/threonine phosphatase PP2A family, switch off
the signaling [9]. Previous efforts through high-throughput screens of tyrosine kinome and tyrosine
phosphatome have identified several driver or passenger mutations in a spectrum of malignancies,
including intestinal tumor [10–12]. However, there are few if any studies focusing on the altered
signalings driven by serine/threonine kinase mutations [13]. Human intestinal tumors contain active
mutations in genes encoding proteins involved in the WNT, MAPK, TGF-beta, and PI3K pathways [14].
Ingenuity pathway analysis (IPA) of TCGA-COAD revealed PP2A complex and its subunits, such as
PPP2R1A and PPP2CA, are intercalated among several driver mutation pathways (Figure S1A–C).
Moreover, endogenous PP2A inhibitors, SET and CIP2A [15], are highly expressed in intestinal tumors
in comparison to their matched normal tissue samples (Figure S1D). We showed that PP2A was
suppressed in intestinal tumor stem cells (CSCs), thereby activating its substrate kinases to enhance
survival under hypoxia and serum depletion [16], thereby increasing resistance to anti-angiogenesis
therapy [17]. Our recent studies also demonstrated that reduced PP2A activity in colorectal and lung
CSCs enhances suspension survival and induces tumor initiation [18], revealing the tumor suppressive
role of PP2A [19]. Although higher numbers of Apc, p53, KrasG12D, and Smad4 driver mutations
may be required for human colorectal tumorigenesis, there are some intestinal tumors carry only
one or no alteration in these driver mutations [20]. For example, gene fusions involving R-spondin 1
occurring in 10% of intestinal tumor are mutually exclusive with active Wnt signaling caused by APC
or CTNNB1 mutations [20]. The emerging novel intestinal tumorigenesis animal models should allow
for elucidating the molecular mechanisms of these cancers.

Given that cancer is the product of complex interactions between the genetic and environmental
predisposition factors, the combined use of chemical carcinogens that switch on kinases and GEMM
with phosphatase deficiency is a logical approach for examining the complex interplay between genetic
susceptibility and environmental exposure [21]. To investigate the cell origin of intestinal tumor,
we first combined treatment with carcinogen 7,12-dimethylbenzanthracene (DMBA) that has previously
been known to induce rodent s in the presence of 1,2-dimethyl-hydrazine [22] and PP2A inhibition via
okadaic acid (OA) treatment or genetic deficiency. DMBA not only activates multiple mutations in
different codons of ras [23] but also induces activation in other pathways, such as Notch [24], providing
a screening approach for identifying key kinases or molecules. Besides DMBA, we also investigated
the effects of N-methyl-N-nitrosourea (MNU) and 2-amino-1-methyl-6-phenylimidazo-[4,5-b]pyridine
(PhIP) on intestinal carcinogenesis. MNU is one of the direct alkylating agents, which does not
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require metabolic activation for initiating carcinogenesis [25]. PhIP has received considerable attention
because it has multi-organ targets and it was developed upon broiling of fish and meat [26]. Moreover,
we established primary intestinal organoid models that recapitulate the rodent intestinal tumorigenesis
paradigm [27]. These rodent intestinal tumorigenesis models are useful in the development of new
strategies for targeting rodent intestinal CSCs and treatment of intestinal tumor.

2. Materials and Methods

2.1. Mouse Colonies

Ppp2r1aflox/flox mice, carrying conditional alleles with loxP sites flanking exon 5–6 of Ppp2r1a,
were purchased from the Jackson Laboratory and crossed to Lgr5-EGFP-CreERT2 or Villin-Cre mice to
generate Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox or Villin-Cre; Ppp2r1a flox/flox mice. NOD/SCID mice were
purchased from Lasco Co., Ltd. (Taiwan). All animal studies and care of live animals were approved
and performed following the guidelines made by the China Medical University Institutional Animal
Care and Use Committee 2016-398-1; 2017-239.

2.2. Mouse Intestinal Organoid Cell Isolation, Culture, and Passage

Organoid culture was preformed according to a protocol modified from previously described
methods [28]. In brief, the intestines were dissected, opened longitudinally and cut into small (2 mm)
pieces. The tissues were rocked in dissociation reagent and incubated at room temperature (15–25 ◦C)
for 15 min. The tissues were then mixed and filtered through a 70 μm sterile cell strainer. The crypts
were collected by centrifugation at 140× g for 5 min at 4 ◦C. Approximately 500 crypts were suspended
in 50 μL growth factor reduced phenol-free Matrigel (BD Biosciences, San Jose, CA, USA). Next,
a 50 μL droplet of Matrigel/crypt mix was placed and polymerized in the center well of a 48-well
plate. The basic culture medium (Dulbecco’s modified Eagle’s medium/F12 supplemented with
penicillin/streptomycin), was supplemented with 50 ng/mL murine recombinant epidermal growth
factor (EGF; Peprotech, Hamburg, Germany), Noggin (5% final volume) and R-spondin 1 (5% final
volume) called ‘’ENR” medium. Medium change was performed every 3–4 days. Each condition
was examined in triplicate with multiple (>15) organoids in each sample. Each experiment was
repeated twice.

2.3. Dysplasia Index

Histologic changes were scored blindly on the levels of four histological characteristics as
previously described [27]: nuclear grade (enlarged nuclei with diffuse membrane irregularities and
prominent nucleoli); stratification; mitoses and invasion (>2 foci). The dysplasia index was evaluated
by all microscopic fields containing viable organoids with 5 fields per sample (n).

2.4. Primary Organoid Transplantation

For transplantation, cells from passage 7; day 50 organoid cultures were collected. Dissociated
cells were pelleted by centrifugation and resuspended with Matrigel (50% Matrigel (BD), in a total
volume of 100 μL containing indicated cell numbers and injected s.c. into NOD-SCID mice.

2.5. Immunofluorescence and Immunohistochemistry

Freshly isolated intestines were prepared according to a protocol modified from previously
described methods [27]. The intestines were then applied for immunostaining. For immunostaining,
the organoid cells were rinsed three times in ice-cold PBS. The organoid cells were spun down
at 900 rpm for 10 min at 4 ◦C. Sections were deparaffinized and stained with H&E for the initial
histology analysis. The immunofluorescence was performed on paraffin-embedded sections (5 μm).
The permeabilized organoid cell samples were incubated with primary antibodies overnight at
4 ◦C. The samples were incubated with anti-PPP2R1A (GTX102206; GeneTex, Hsinchu City, Taiwan),
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anti-CK20 (GTX110600 Genetex), anti-Lgr5 (GTX50839 Genetex), anti-SMA (Abcam, ab5694, Cambridge,
MA, USA), anti-beta-catenin (BD Transduction Labs, San Jose, CA, USA; 610154); the secondary
antibodies used were DyLight® 650 Conjugated goat anti-rabbit (cat no. A120-101D5; Bethyl
Laboratories Inc., Montgomery, TX, USA) and Goat anti-Rabbit IgG Antibody-FITC (Bethyl cat
no. A120-101F) and DAPI (Molecular Probes) for 1 h at room temperature. The slides were mounted
with SlowFade (SlowFade® AntiFade Kit, Molecular Probes, Waltham, MA, USA) followed by covering
with a coverslip, and the edges were sealed to prevent drying. The specimens were examined with
a Zeiss 710 Laser Scanning confocal microscope (Zeiss, Oberkochen, Germany).

Intestinal tissue was fixed and processed into paraffin blocks according to standard
procedures. beta-catenin immunohistochemistry was performed as previously described [3].
Immunohistochemistry protocol hold as following: freshly isolated intestines were flushed with
10% formalin in PBS and fixed by incubation in a 10-fold excess of formalin overnight at room
temperature. The formalin was removed and the intestines washed twice in PBS at room temperature.
The intestines were then transferred to a tissue cassette and dehydrated by serial immersion in 20-fold
volumes of 70, 96 and 100% EtOH for 2 h each at 4 ◦C. Excess ethanol was removed by incubation
in xylene for 1.5 h room temperature and the cassettes then immersed in liquid paraffin (56 ◦C)
overnight. Paraffin blocks were prepared using standard methods and 4μm tissue sections generated.
These sections were de-waxed by immersion in xylene (2 × 5 min) and hydrated by serial immersion in
100% EtOH (2 × 1 min), 96% EtOH (2 × 1 min), 70% EtOH (2 × 1 min) and distilled water (2 × 1 min).
Endogenous peroxidase activity was blocked by immersing the slides in peroxidase blocking buffer
(0.040 M citric acid, 0.121 M disodium hydrogen phosphate, 0.030 M sodium azide, 1.5% hydrogen
peroxide) for 15 min at room temperature. For beta-catenin, antigen retrieval involved 20 min boiling
in Tris-EDTA pH 9.0, and blocking buffer (1% BSA in PBS) added to the slides for 30 min at room
temperature. For beta-catenin (BD Transduction Labs, 610154), staining involved 1/100 dilution in
blocking buffer (0.05% BSA in PBS) for 2 h at room temperature.

The slides were then rinsed in PBS and secondary antibody added (polymer HRP-labeled
anti-mouse/rabbit, Envision) for 30 min at room temperature (Dako, Trappes, France). Slides were
again washed in PBS and bound peroxidase detected by adding DAB substrate for 10 min at room
temperature. Slides were then washed 2× in PBS and nuclei counterstained with Mayer’s hematoxylin
for 2 min, followed by two rinses in distilled water. Sections were dehydrated by serial immersion for
1 min each in 50 and 60% EtOH, followed by 2 min each in 70, 96, and 100% EtOH and xylene. Slides
were mounted in mounting medium and a coverslip placed over the tissue section.

For immunohistochemistry (IHC) analysis, nuclei expressing beta-catenin after IHC staining
were counted under 200× magnification. The Histological score (H-score) was determined based
on the intensity and percentage of nucleus staining at each intensity [29], and calculated as follows:
H-score = (nucleus showing highly beta-catenin expression) × 3 + (nucleus showing beta-catenin
expression) × 2 + (nucleus showing weak beta-catenin expression) × 1.

2.6. Viral Infection of Organoids

For in vitro deficiency of the Ppp2r1a, organoid cultures containing floxed Ppp2r1a alleles were
infected with adenovirus-encoding Cre recombinase (Ad-Cre) (Vector Biolabs, Philadelphia, PA, USA)
at a titer of 100 multiplicity of infection (MOI) [27].

2.7. Tamoxifen Induction

Mice aged 6–8 weeks were injected intraperitoneally with a single 200 μL dose of tamoxifen in
sunflower oil at 10 mg/mL.

2.8. Organoid Disaggregation, FACS, and Immunoblotting

Organoid cultures were recovered and dissociated from collagen gel by collagenase IV incubation,
followed by incubation with 0.05% trypsin and EDTA. After extensive washing with 10% FBS, cells

130



Cells 2020, 9, 90

were filtered with 40-μm cell strainers (BD Falcon) Pellets were resuspended with FACS staining
solution (5% FCS in PBS). Stringent wash was applied using ice-cold PBS, followed by isolation of
Lgr5−EGFP+ cells using an FACSAria II (BD) [30]. For immunoblotting, the organoid cells were lysed
in lysis buffer (1% Triton X-100, 150 mmol/L NaCl, 10 mmol/L Tris pH 7.4, 1 mmol/L EDTA pH 8.0,
protease inhibitor cocktail) and then sonicated. The protein concentration was then measured. Next,
equal amounts of protein (20 μg/well) were separated by SDS-polyacrylamide gel electrophoresis,
transferred to nitrocellulose, and immunoblotted with primary antibodies. The membranes were
blocked with CISblock buffer purchased from Cis-biotechnology, Taiwan. The following antibodies
were used: anti-phospho-AKT (Ser-473), anti-AKT; anti-phospho-ERK1/2 (Thr-202/Tyr-204), anti-ERK,
and anti-PP2A from Cell Signaling; anti-Lgr5 and anti-alkaline phosphate intestinal (Alpi) (Genetex,
epitope C-terminus), beta-catenin (BD Transduction Labs, 610154), anti-Villin (Santa Cruz, Dallas, TX,
USA), and anti-beta-actin and GAPDH (Sigma-Aldrich, St. Louis, MO, USA). Following the primary
antibody incubation, the nitrocellulose membranes were incubated with secondary antibodies and
visualized by ECL.

2.9. Antibody Arrays of Mouse AKT Pathway Phosphorylation

The RayBio™ Mouse AKT Pathway Phosphorylation Array Kit (cat. no. AAH-AKT1-2) was
purchased and preformed according to a protocol modified from RayBiotech Inc. (Norcross, GA,
USA). Briefly, the array membranes were blocked with blocking buffer for 30 min at room temperature.
The membranes were then incubated with 2 mL of lysate prepared from organoid cultures with
different treatments after normalization with equal amounts of protein. After extensive washing with
wash buffer I (3 washings of 5 min each), and wash buffer II (3 washings of 5 min each) to remove
unbound materials, the membranes were incubated with the Detection Antibody Cocktail for 1.5 to
2 h at room temperature, followed by wash with wash buffer I and II. Then the membranes were
incubated with HRP-Anti-Rabbit IgG for 2 h at room temperature. The unbound HRP antibody was
washed out with wash buffer I and II. Finally, each array membrane was exposed to X-ray film using
a chemiluminescence detection system (Perkin Elmer, Wellesley, MA, USA).

2.10. Transcriptome Analysis

RNA was extracted from organoid culture using an RNeasy Kit (Qiagen, Hilden, Germany). RNA
integrity was assessed using the RNA Nano6000 assay kit (Agilent Technologies, Santa Clara, CA,
USA). For RNA-seq, library preparation and sequencing were performed by Novogene Technology.
The output data (FASTQ files) were mapped to the target genome (TopHat v2.0.12), which can generate
a database of splice junctions based on the gene model annotation file. HTSeq v0.6.1 was used to count
the reads numbers mapped to each gene. Then the FPKM of each gene was calculated based on the
length of the gene and reads count mapped to this gene. Differential expression heatmap results and
biological variability were analyzed by ClustVis free web server [31] and gene set enrichment analysis
(GSEA) [32], respectively. Data were submitted and approved by Gene Expression Omnibus (GEO;
accession number GSE120241).

2.11. Whole-Exome Sequencing, Alignment, and Annotation

Exome sequences were captured with SureSelectXT Mouse All Exon Kit (G7550E-001, Agilent,
CA, USA) following the standard protocols. The products of exome capture should pass criteria: the
length of fragments: 300 ± 30 bp and total amount: >600 ng. After exome capturing, the index-tagged
samples were pooled and sequenced on Illumina HiSeq 2000. Burrows-Wheeler Alignment (v0.7.12)
was employed to align reads to the reference genome (mm10) with default parameters. Aligned
reads were sorted by picard-tools (v1.8). The duplicated reads were marked by picard-tools. Indel
Realignment were performed with GenomeAnalysisTK (v3.5) using mm10 dbsnp database as known
sites. Base quality score recalibration was also performed with GenomeAnalysisTK (v3.5) using mm10
dbsnp database. SNPs and indels were called by GenomeAnalysisTK HaplotypeCaller (v3.5), which
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used default parameters. Whole exome sequencing raw data was submitted to SRA database (SRA;
http://trace.ncbi.nlm.nih.gov/Traces/sra/, accession number SRP162613)

2.12. Statistics

The p-values were determined using two-tailed Student’s t-test (t groups) and One-way ANOVA
(>2 groups). A p-value less than 0.05 was considered significant.

3. Results

3.1. Combination of DMBA and OA Treatment Induces Dysplasia and Oncogenic Transformation in Organoid
Culture

We chose an organoid culture system supported by epidermal growth factor (EGF), Noggin
and R-spondin 1 (ENR) medium to investigate whether DMBA or/and OA could induce oncogenic
transformation. As previously described [27], small intestine or colon organoids predominantly
exhibited a well-organized, stereotyped epithelial single-layer organization at 7 days of culture,
and maintained the similar morphology over a 50-day period of culture (Figure 1). At day 7,
DMBA did not affect colony (organoid)-forming efficiency. OA induced a slight increase in both
colony-forming efficiency, while a combination of DMBA and OA induced a large and significant
increase in colony-forming efficiency (Figure 1A). At day 50, DMBA did not affect organoid morphology,
OA induced mild enlargement in part of the epithelial layer with crowded nuclei, while a combination
of DMBA and OA induced a very large malformation involving the entire epithelium with a confluent
sheet of nuclear pleomorphism (Figure 1B), similar to that observed only when combining Apc, p53,
KrasG12D, and Smad4 mutations in differentiated villus cells [27]. Histological analysis revealed that
organoids treated with DMBA alone had a single-layer epithelium, similar to the control. OA-treated
organoids showed multi-cell-layer-changes in only a small part of the epithelium, while those treated
with DMBA in combination with OA showed multi-cell-layer-changes with loss of the cell border in
nearly the entire epithelium (Figure 1C), similar to the histology achieved only by quadruple mutants,
Apc/KrasG12D/p53/Smad4 [27]. A dysplasia index quantification of proliferation, nuclear atypia, invasion,
and cellular stratification in organoids indicated that DMBA did not induce dysplasia compared to the
control, OA induced a marginal increase in dysplasia, while the combination of DMBA and OA induced
a large and significant increase in dysplasia (Figure 1D). Furthermore, the combination of DMBA and
OA, but not DMBA or OA alone, endowed organoids with robust in vivo tumorigenicity, forming
alpha-smooth muscle actin (SMA)+ and CK20+ intestinal tumor after subcutaneous transplantation
(Figure 1E–G).
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Figure 1. Combination of DMBA and okadaic acid (OA) induces dysplasia and oncogenic transformation
in wild-type intestinal organoid culture. In vitro culture of wild type intestinal organoids without
(control) or with DMBA or/and tamoxifen (TAM) in the presence of EGF, Noggin, and R-spondin 1 (500
single cells/well). (A) Colony (organoid)-forming efficiency was calculated at day 7. Experiment has
been carried out in triplicate and each time 100 organoids were counted in each group. (B) Bright-field
of organoid culture at day 50. Scale bar, 100 μm. (C) H&E staining and histologic characterization of
cystic stratified epithelium with nuclear pleomorphism (arrow). Scale bar, 50 μm. (D) Dysplasia index
at day 50 (experiment were repeated twice with n = 3 microscopic fields containing viable organoids).
(E) Dissociated cells in Matrigel (500,000 cells/100 μL) were injected s.c. into NOD-SCID mice. In vivo
tumor formation 45 days later (For those without tumor formation, observation was extended for up to
3 months, experiment were repeated twice with n = 3). (F) Tumor size 45 days after s.c. implantation
(n = 8). (G) H&E staining and immunofluorescence of CK20 and SMA for tumor sections. Scale bar,
100 μm. *, p < 0.05; ***, p < 0.0001 as determined with one-way ANOVA.

3.2. Combination of DMBA Treatment and PP2A Deficiency Induces Dysplasia and Oncogenic Transformation
in Organoid Culture

We further characterized the transformation effect of DMBA or/and adenovirus carrying
recombinase (Ad-Cre-GFP)-mediated-PP2A deficiency in Ppp2r1aflox/flox mice-derived organoids.
Similarly, DMBA had no significant effects, Ad-Cre-GFP mediated-PP2A deficiency had mild effects,
and the combination of DMBA and Ad-Cre-GFP mediated-PP2A deficiency had large effects on
early organoid forming efficiency, late organoid morphology, histological changes, and dysplasia
(Figure 2A–D). Furthermore, only the combination of DMBA and Ad-Cre-GFP-mediated-PP2A
deficiency fully endowed organoids with robust in vivo tumorigenicity (Figure 2E–G).
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Figure 2. Combination of DMBA and Ad-Cre induces dysplasia and oncogenic transformation in
Ppp2r1aflox/flox intestinal organoid culture. In vitro culture of Ppp2r1aflox/flox intestinal organoids
without (control) or with DMBA or/and Ad-Cre-GFP (Ad-Cre) infection in the presence of EGF, Noggin
and R-spondin 1 (500 single cells/well). (A) Colony (organoid)-forming efficiency was calculated at
day 7. At least 100 organoids were counted in each group. (B) Bright-field and fluorescence images of
organoid culture at day 50. Scale bar, 100 μm. (C) H&E staining and histologic characterization of cystic
stratified epithelium with nuclear pleomorphism (arrow indicated). Scale bar, 50 μm. (D) Dysplasia
index at day 50 (experiments were repeated twice with n = 3 microscopic fields containing viable
organoids). (E) Dissociated cells in Matrigel (500,000 cells/100 μL) were injected s.c. into NOD-SCID
mice. In vivo tumor formation 45 days later (for those without tumor formation, observation was
extended for up to 3 months, experiments were repeated twice with n = 3). (F) Tumor size 45 days after
s.c. implantation (n = 3). (G) H&E staining and immunofluorescence of CK20 and SMA for tumor
sections. Scale bar, 100 μm. *, p < 0.05; ***, p < 0.0001 as determined with one-way ANOVA.

3.3. Combination of DMBA Treatment and PP2A Deficiency in Lgr5+ Rather than in Differentiated Villus Cells
Induces Dysplasia and Oncogenic Transformation in Organoid Culture

To investigate whether Lgr5+ crypt stem cells or differentiated villus cells serve as the cell of origin
of tumors, we treated organoids from Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox mice with DMBA or/and
tamoxifen. Similarly, DMBA did not have significant effects, tamoxifen mediated-PP2A deficiency had
mild effects, and the combination of DMBA and tamoxifen-mediated-PP2A deficiency had great effects
on early organoid forming efficiency, late organoid morphology, histological changes, and dysplasia
(Figure 3A–E). Furthermore, only the combination of DMBA and tamoxifen-mediated-PP2A deficiency
endowed organoids with in vivo tumorigenicity (Figure 3F,G). Interestingly, the combination of
DMBA and PP2A deficiency in organoids derived from Villin-Cre; Ppp2r1aflox/flox mice did not affect
early organoid forming efficiency, late organoid morphology, histological changes, and dysplasia
(Figure S2A–E), and failed to induce in vivo tumorigenicity (Figure S2F). Of note, the recombinase
activity in Villin-Cre mice is gradually reduced from villus to crypt [33], nevertheless, Ppp2r1a protein
is only deleted in sorted villus cells but not in sorted Lgr5+ cells (Figure S2A). These data suggest that
Lgr5+ crypt stem cells but not differentiated villus cells serve as the cell of origin of intestinal tumor.
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Figure 3. Combination of DMBA and TAM induces dysplasia and oncogenic transformation in
Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox intestinal organoid culture. In vitro culture of Lgr5-EGFP-CreERT2;
Ppp2r1aflox/flox intestinal organoids without (control) or with DMBA or/and tamoxifen (TAM) in the
presence of EGF, Noggin and R-spondin 1 (500 single cells/well). (A) Colony (organoid)-forming
efficiency was calculated at day 7. At least 100 organoids were counted in each group. (B) Bright-field
and fluorescence images of organoid culture at day 50. Scale bar, 100 μm. (C) Fluorescence-activated
cell sorting (FACS) isolation of Lgr5+ and Lgr5− populations. After FACS, PPP2R1A protein levels were
detected by western blot. (D) H&E staining and histologic characterization of cystic stratified epithelium
with nuclear pleomorphism (arrow). Scale bar, 50 μm. (E) Dysplasia index at day 50 (experiments
were repeated twice with n = 3 microscopic fields containing viable organoids). (F) Dissociated cells in
Matrigel (500,000 cells/100 μL) were injected s.c. into NOD-SCID mice. In vivo tumor formed 45 days
later (for those without tumor formation, observation was extended for up to 3 months, experiments
were repeated twice with n = 3). (G) H&E staining and immunofluorescence of CK20 and SMA for
tumor sections. Scale bar, 100 μm. *, p < 0.05; ***, p < 0.0001 as determined with one-way ANOVA.

3.4. Combination of DMBA Treatment and PP2A Deficiency in Lgr5+ Cells Induces Upregulation in Stem Cell
and EMT Markers, Downregulation in Differentiated Markers, and Tumorigenicity in Organoid Culture

Flow cytometric analysis (Figure 4A) revealed that DMBA did not increase the Lgr5+ cell ratio
(as assayed by Lgr5-EGFP). PP2A deficiency induced a marginal increase, while the combination
of DMBA and PP2A deficiency induced a significant increase in the Lgr5+ cell ratio. Comparative
gene expression analysis of RNA samples isolated from organoid culture of Lgr5-EGFP-CreERT2;
Ppp2r1aflox/flox mice 50 days after DMBA and tamoxifen administration revealed marked upregulation
of stem cell genes, such as Lgr5, CD44, Ephb3, Egr2, Notch1, and Sox4; as well as EMT markers, such as
Snail1, Snail2, Twist1, fibronectin, and vimentin; and a marked downregulation of genes associated with
differentiated cells, such as Paneth, enterocyte, goblet, and secretory cells compared to other treatment
groups (Figure 4B). Furthermore, a small number (103) of Lgr5+ but not Lgr5− cells isolated from
organoid culture treated with DMBA and tamoxifen possessed in vivo tumorigenicity (Figure 4C).
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Collectively, these data suggest that the combination of DMBA and PP2A deficiency converted Lgr5+

crypt stem cells into CSCs.

 
Figure 4. Combination of DMBA and PP2A deficient induces upregulation in stem cell and EMT
markers and downregulation in differentiated markers in intestinal organoid. (A) In vitro culture of
Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox intestinal organoids. Merged bright-field and fluorescence images
of organoid culture treated without (control) or with DMBA or/and tamoxifen (TAM) for 50 days in the
presence of EGF, Noggin and R-spondin 1. Lgr5-EGFP were denoted as arrows. Scale bar, 100 μm. Flow
cytometric analysis and quantification of GFP expression (bottom panel). No fluorescence organoid
culture was serve as negative control to decide the threshold. *, p < 0.05 as determined with one-way
ANOVA. (B) RNA-sequencing (seq) analysis of transcriptomes for 50-day organoids. The upper heat
map shows clustering to previously reported RNA-seq data of sorted ISC (Intestinal Stem Cell); reserve
ISC; paneth cell; LRCs (label retaining cells); tuft; enterocytes; goblet and secretory progenitor cells.
The lower heat map shows clustering to EMT (epithelial–mesenchymal transition). (C) Tumor incidence
in limiting dilution assay. Tumorigenic potential characterization of indicated numbers of Lgr5+ and
Lgr5− cells from the 50-day organoid culture. Dissociated cells in Matrigel (100 μL) were injected s.c.
into NOD-SCID mice. Incidence of tumor formation was calculated more than 2 months.

3.5. Combination of DMBA Treatment and PP2A Deficiency Generates CSCs through PI3K, ERK,
and Wnt Activation

To understand the molecular characteristics of the genes and pathways involved in organoid
culture of Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox mice after DMBA and tamoxifen administration, RNA-seq
and gene set enrichment analysis (GSEA) were performed. Similar to previous findings that intestinal
tumor begins with specific molecular alterations in Wnt-beta-catenin pathway [13,23], Wnt signaling
was upregulated upon oncogenic transformation of organoid culture (Figure 5A). Western blotting of
nuclear proteins (Figure 5B) and immunofluorescence (Figure 5C) revealed that nuclear accumulation
of beta-catenin was predominantly observed in organoids with both of DMBA treatment and PP2A
deficiency. Screening with a serine/threonine phosphorylation protein array (Figure S3) followed by
confirmation with western blotting further revealed that PI3K/AKT/GSK-3beta and Raf/ERK were
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activated in organoids with both DMBA treatment and PP2A depletion compared to other treatment
groups (Figure 5D,E). Interestingly, treatment with the PI3K inhibitor LY294002, MEK inhibitor
PD98059, and Wnt inhibitor DKK1 reduced the formation of malformed organoids, inhibited dysplasia
(Figure 5F,G), and completely blocked in vivo tumorigenicity (Figure 5H). Notably, not only the WNT
signaling was the most, but also the PI3K and RAS-MAPK (ERK) signalings were common altered
pathways in human intestinal tumor, as revealed by The Cancer Genome Atlas (TCGA) Project [14].
These data suggest that CSC generation by DMBA treatment and PP2A deficiency depends on the
activation of PI3K, ERK, and Wnt signals.

 

Figure 5. Cont.
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Figure 5. Beta-catenin activation caused by PI3K and ERK mediates dysplasia and oncogenic
transformation in organoid culture. Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox intestinal organoids were
treated without (control) or with DMBA or/and tamoxifen (TAM) for 50 days in the presence of
EGF, Noggin and R-spondin 1. (A) Gene set enrichment analysis (GSEA) shows “WNT SIGNALING
PATHWAY” for the organoids treated with DMBA and TAM group versus control group, p < 0.05.
(B) Western blotting of nuclear and cytoplasmic fractions. GAPDH and Histone H3 were used as protein
loading controls for the cytoplasmic and nuclear fractions, respectively. (C) Immunofluorescence of
Lgr5-EGFP and beta-catenin expression in organoid (denoted by arrows). Scale bar, 100 μm. (D) Graphs
of mouse AKT pathway phosphorylation protein expression array (original data in Extended Data
Figure 3) and densitometric analyses, n = 1. (E) Western blotting. (F) Bright-field, fluorescence images,
H&E, PAS staining and beta-catenin immunofluorescence images. (G) Western blot analysis of whole
cell lysate and nuclear fraction from organoid cultures treated with EGF, Noggin, R-spondin 1 (ENR),
DMBA, and TAM for 50 days in the absence (Vehicle) or presence of indicated inhibitor treatment.
(H) Dissociated cells in Matrigel (500,000 cells/100 μL) were injected s.c. into NOD-SCID mice. In vivo
tumor formed 45 days later (For those without tumor formation, observation was extended for up to
3 months, n = 8). ***, p < 0.0001 as determined with one-way ANOVA.

3.6. Lgr5+ CSCs Are R-Spondin 1-Dependent

CSCs isolated from human intestinal tumor specimens express the Lgr5 crypt marker [34].
R-spondin is expressed by the intestinal stroma and is differentially upregulated during Citrobacter
rodentium- and dextran sulfate sodium (DSS)-induced colitis in mice, which reflects human ulcerative
colitis, a precancerous stage [35]. These data suggest a role for R-spondin 1 and its receptor
Lgr5 in the maintenance of undifferentiated status and tumorigenesis of human colorectal CSCs.
In contrast to tumorigenesis initiated by dedifferentiation (tumor generated from intestinal epithelial
cell of villin-creERT2/APC lox/lox/K-rasG12D/+ mice) [4], where tumor cells were Lgr5− and generated
independently of R-spondin 1, tumor cells in the current study were Lgr5+ and generated dependently
on R-spondin 1 (Figure 6), suggesting that tumor cells generated by DMBA treatment and PP2A
deficiency in mouse Lgr5+ cells were indeed intestinal CSCs and could serve as surrogates of human
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colorectal CSCs [34]. Previous reports using tumorigenesis models generated by genetic manipulation
in differentiated villus cells, even with low efficiency in tumorigenesis [27], also demonstrated important
roles for Lgr5+ cells in tumorigenesis/metastasis [7,8].

Figure 6. R-spondin 1 drives Wnt-dependent dysplasia and oncogenic transformation in the
intestinal organoid culture. In vitro culture of Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox intestinal organoids
(500 single cells/well) treated with DMBA and tamoxifen (TAM) in the presence of EGF, Noggin,
and with (ENR) or without R-spondin-1 (EN). (A) Schematic illustration of the experimental design.
(B) Colony (organoid)-forming efficiency at day 7. At least 100 organoids were counted in each group.
(C) Bright-field images at day 50. Scale bar, 100 μm. (D) H&E staining and histologic characterization of
cystic stratified epithelium with nuclear pleomorphism (arrow). Scale bar, 50 μm. (E) Dysplasia index
at day 50 (experiment was repeated twice with n = 3 microscopic fields containing viable organoids).
(F) Incidence of tumor formation at indicated time periods, and (G) tumor size in NOD-SCID mice after
s.c. injection 45 days later of indicated cell numbers from 50-day organoid. **, p < 0.01 as determined
with Student’s t-test.

3.7. Combination of DMBA Treatment with PP2A Deficiency in Lgr5+ Also Induces Tumor Formation In Vivo

We investigated whether tumorigenesis generated by DMBA treatment and PP2A deficiency in
mouse Lgr5+ cells reflects tumor formation in vivo. Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox mice treated
with DMBA and tamoxifen formed adenocarcinoma in the small intestine and colorectal regions 36 days
later. Histological analysis revealed that mice receiving DMBA and tamoxifen increased the incidence
of multiple foci adenoma compared to other groups (Figure 7A). IHC analysis revealed that beta-catenin
accumulated in the nuclei of tumor cells mainly in the crypt area (Figure 7B) and quantitative evaluation
of nucleus beta-catenin accumulation [29] further showed that nucleus beta-catenin H-score was
significantly greater in mice receiving DMBA and tamoxifen compared to other groups (Figure 7C,D).
The efficiency and rapidity were much greater than tumorigenesis generated by Apc deficiency in either
Lgr5+ crypt stem cell- [3] or differentiated villus cell-based models [4].
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Figure 7. Combination of DMBA treatment with PP2A deficient in Lgr5+ drives intestinal neoplasia in
both the small intestine and colon. (A) H&E staining and (B) Beta-catenin IHC were performed on the
serial sections. Multiple beta-cateninhigh adenomas were observed throughout the colon 36 days after
induction. (C) Quantitative analysis of nucleus beta-catenin H-score from (B). (D) High level expression
of beta-catenin was apparent in the transformed stem cell compartment (Peyer’s patches are stained
blue). Multiple beta-cateninhigh transformed cells were observed throughout the intestinal 36 day
after induction (magnified at right panel, denoted by arrows). Original magnifications: (A) left, 4×;
(A) right, 10×; (B) left, 20×; (B) right, 40×; (D) center, 20×; (D) right, 40×; Scale bar, 100 μm. **, p < 0.01
as determined with one-way ANOVA.

3.8. Not Only DMBA but Also Other Carcinogens Induce Tumors from Lgr5+ Intestinal Stem Cells of PP2A
Deficient Mice

To demonstrate carcinogen-induced tumor from Lgr5+ intestinal stem cells of
PP2A deficient mice was not limited to DMBA, N-methyl-N-nitrosourea (MNU) and
2-amino-1-methyl-6-phenylimidazo-[4,5-b]pyridine (PhIP) were also administered in combination with
tamoxifen treatment in organoid cultures derived from Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox mice and from
Villin-Cre; Ppp2r1aflox/flox mice. Interestingly, increased early organoid forming efficiency, late organoid
with irregular nuclei and prominent nucleoli morphology and dysplasia, and in vivo tumorigenicity were
only observed in organoid cultures derived from Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox mice but not from
Villin-Cre; Ppp2r1aflox/flox mice (Figure S4A,B). More importantly, we found that tumorigenicity induced
by combination of MUN or PhIP with PP2A deficiency also depended on the activation of PI3K, ERK,
and Wnt signals (Figure S4C–F). Similarly, combination of MUN or PhIP treatment with PP2A deficiency
in Lgr5+ cells also induced tumor formation in vivo (Figure S4G).

3.9. Mutational Landscapes of Intestinal Tumors Derived from Lgr5+ Cells Treated with Carcinogen and
PP2A Deficiency

To gain insight of the genetic alterations that drove these pathways in the models, we performed
whole-exome sequencing (WES) (Figure S5A). Somatic variants in each chemical induced tumor
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organoid sample were identified with a tumor-control paired strategy by removing the variants in
their paired control samples and the variants affecting protein coding sequence were further filtrated
(Figure S5B). The numbers of somatic mutations, including synonymous and nonsynonymous
mutations, for organoid cultures with combined DMBA, MUN, or PhIP treatment with PP2A
deficiency in Lgr5+ cells were shown in Figure S5C. IPA analysis of 270 mutated genes shared
by DMBA, MUN, and PhIP treatment with PP2A deficiency in Lgr5+ cells (Figure S5D) revealed 10
top significantly enriched pathways (Figure S5E), including the intestinal tumor metastasis signaling
(p-value = 2.12 × 10−57) and Wnt/beta-catenin signaling (p-value = 1.40 × 10−55). Furthermore,
beta-catenin (CTNNB1) seemed to be a common downstream hub as identified by the Path Explorer
function in IPA (Figure S5F). There were five core pathways related with human intestinal tumor
found by TCGA, including p53, RAS-MAPK, PI3K, TGF-beta, and WNT pathways (Figure 8) [14].
We identified several recurrent mutations with FDR < 0.1, including Braf, erbb2, kras, pten, Smad2,
Smad4, Apc, DKK2, Wnt4, Wnt5a, and Wnt5b (Figure 8). Based on these analyses, the mouse intestinal
tumor organoid models based on combined use of chemical carcinogen and genetic modification can
recapitulate the human colorectal cancer development process in response to complex interactions
between the genotype and environmental factor.

Figure 8. Landscape of somatic mutant genes in three carcinogen treated organoid cultures. Data matrix
shows number of somatic mutant genes in each carcinogen treated organoid cultures and were classified
according to their pathway. Somatic mutations are presented according to the type of mutation (missense
variant, intron variant, 3′ or 5′ prime UTR variant, frameshift variant, inframe deletion, or splice region
variant) On the left, the total number of mutations of each gene within all three groups is shown with a bar
plot, while the q-value of each significantly mutated gene is shown on the right.
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4. Discussion

To improve the efficiency of tumorigenesis in GEMMs, multiple gene mutations are necessary.
Given that the frequency of point mutations varies from less than 0.1 to greater than 50 mutations per
megabase [36], GEMMs are a greatly oversimplified view of the numbers and types of mutations found
in human cancers [37]. The use of GEMMs in combination with carcinogenesis increased the tumor
spectrum or speeded the tumor formation observed in some GEMMs, such as the p53−/− mouse model
in combination with exposure to carcinogens or radiation [21,38]. In the current study, Ppp2r1a−/−
mouse model in combination with exposure to different carcinogens induced tumorigenesis through
similar signaling pathways, while GEMM or carcinogen exposure alone did not induce tumorigenesis.
These data suggest that the combination of GEMMs with exposure to carcinogen or other environmental
agents is a logical approach in studying tumorigenesis and cancer progression.

PP2A is a tumor suppressor that regulates many oncogenic pathways. In fact, decreased PP2A
activity has been reported as a common event in colorectal cancer [39]. DMBA and MNU are important
environmental carcinogens. PhIP, a food-borne carcinogen produced while cooking meat and fish,
models human colon cancer in rodents [40]. Here, we demonstrated that DMBA, MNU, or PhIP each
induced intestinal organoid transformation when combined with PP2A deficiency in Lgr5+ intestinal
stem cells but not in differentiated villus cells, suggesting that PP2A plays a role in suppressing
colorectal tumorigenesis induced by chemical carcinogen exposure. Our results provide further
experimental evidence to demonstrate that the cell of origin of intestinal tumor is crypt stem cells
instead of differentiated villus cells. We did not focus on the molecular mechanism underlying
the differential tumorigenicity pathways between stem cells and differentiated cells, which requires
further investigation.

A recent study shows that unless the R-spondin and Wnt ligands are both present, the default
fate of Lgr5+ crypt stem cells is differentiation [41]. However, gain-of-function studies reveal that
R-spondin and Wnt ligands have qualitatively distinct, non-interchangeable roles in crypt stem cells.
Wnt proteins confer a basal competency unto the Lgr5+ crypt stem cell by inducing R-spondin receptor
expression that enables R-spondin-driven Lgr5+ crypt stem cell self-renewal. In the current study,
using a combination of carcinogen treatment and PP2A deficiency, intestinal organoids derived from
Lgr5-cre; Ppp2r1aflox/flox, but not Villin-Cre; Ppp2r1aflox/flox, underwent oncogenic transformation
and exhibited CSC phenotypes that were dependent on the presence of R-spondin 1 in the culture
media. These studies together suggest the important roles of R-spondin signaling in stem cell
self-renewal and preventing differentiation. The discrepancy of R-spondin 1 dependence between
tumorigenicity induced by the current method and previous GEMM relied on Apc depletion or CTNNB1
activation [4] is supported by the mutual exclusion of R-spondin fusion and Apc or CTNNB1 mutation
identified in human intestinal tumors [20]. The Lgr5/R-spondin 1 complex degrades Rnf43 and Znrf3,
two transmembrane E3 ligases that remove Wnt receptors from the stem cell surface. Consistently,
simultaneous deficient of these two E3 ligases in the intestinal epithelium induced the formation of
unusual adenomas consisting entirely of Lgr5+ stem cells and their niche [42].

Simultaneous carcinogen treatment and conditional deletion of PP2A in villus cells did not induce
transformation or increased proliferation or dysplasia of intestine organoids. The current study did not
aim to study the underlying mechanism that differentiates Lgr5+ crypt stem cells from differentiated
villus cells in terms of vulnerability to carcinogenesis. Based on our current results, both Wnt and
Rspondin/Lgr5 signaling pathways play important roles in nuclear-beta catenin localization, which is
important for stem cell self-renewal and may also initiate tumorigenesis once dysregulated.

5. Conclusions

In summary, we demonstrated that carcinogen-induced cancer arises from Lgr5+ crypt stem cells
in Ppp2r1a−/− mice. In addition, combing carcinogenesis with GEMM recapitulated the developmental
process of environmentally induced human tumor, while increasing the rate and percentage of
tumorigenesis. Interestingly, exposure to different carcinogens, such as DMBA, MNU, or PhIP,
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when combined with PP2A deficiency in Lgr5+ intestinal stem cells induced tumorigenesis that was
dependent on the activation of pathways including Wnt, PI3K, and RAS-MAPK signalings, the common
altered pathways revealed by TCGA human intestinal tumor project [14]. Together, these data suggest
that PP2A functions as a tumor suppressor in intestine carcinogenesis. This organoid platform provides
experimental evidence as to its usefulness in detection of key oncogenes and suppressor genes as early
molecular epidemiological biomarkers of carcinogenesis, and is useful in human cancer prevention
practice as well.
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Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox intestinal organoid culture, Figure S5: Ingenuity pathway analysis (IPA) to
identify significant canonical pathways and interactome in three carcinogens induced oncogenic transformation in
Lgr5-EGFP-CreERT2; Ppp2r1aflox/flox intestinal organoids.
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Abstract: Generation of kidney organoids from pluripotent stem cells (PSCs) is regarded as
a potentially powerful way to study kidney development, disease, and regeneration. Direct
differentiation of PSCs towards renal lineages is well studied; however, most of the studies relate
to generation of nephron progenitor population from PSCs. Until now, differentiation of PSCs into
ureteric bud (UB) progenitor cells has had limited success. Here, we describe a simple, efficient,
and reproducible protocol to direct differentiation of mouse embryonic stem cells (mESCs) into UB
progenitor cells. The mESC-derived UB cells were able to induce nephrogenesis when co-cultured
with primary metanephric mesenchyme (pMM). In generated kidney organoids, the embryonic
pMM developed nephron structures, and the mESC-derived UB cells formed numerous collecting
ducts connected with the nephron tubules. Altogether, our study established an uncomplicated and
reproducible platform to generate ureteric bud progenitors from mouse embryonic stem cells.

Keywords: mouse embryonic stem cell; differentiation protocol; ureteric bud progenitor cells;
3D kidney organoids

1. Introduction

Pluripotent stem cells (PSCs) possess great potential of differentiating into multiple cell types
that are widely used for studies in developmental biology and regenerative medicine [1]. Kidney
organoids derived from PSCs have been shown to be able to mimic the in vivo kidney structure
development and function in vitro [2–4]. Renal organoids in a four-dimensional (4D) (3D plus time)
culture system self-organize into highly complex tissue-specific morphology that is sufficient to
model tissue development, disease, and injury [5–8]. A combination of genome editing and stem cell
technologies allows for generation of personalized kidney organoids, which provide powerful tools
for kidney disease treatment, drug toxicity screening, and tissue regeneration [9,10].

Recently, multiple protocols enabling generation of renal lineages from mouse and human PSCs
have been published. We and several other groups reported induction of nephron progenitors, which
have the potential to develop into epithelial nephron-like structures [2–4,8,11–18]. Other groups have
shown the derivation of ureteric bud (UB) progenitors [19]. However, they did not show nephron
progenitor induction and also lacked the connection between collecting ducts and nephrons [2,19]. A
newly published study has shown generation of UB structures from PSCs, which possessed UB-like
branching morphogenesis when aggregated with the primary metanephric mesenchyme (pMM) to
form chimeric kidney organoids [8]. However, the protocol is technically complex, which limits its
application. Analysis of these reports suggests that we still need further studies to develop simple,
reproducible, and stable protocols for UB progenitor generation.
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Here, we report a simple protocol to direct differentiation of mouse embryonic stem cells (mESCs)
into UB progenitor cells. The newly generated UB progenitor cells have a potential to develop into
ureteric bud structures and have a capacity to induce nephrogenesis when co-cultured with dissociated
pMM. In reconstructed kidney organoids, the pMM developed into nephron structures and the UB
progenitor cells formed collecting ducts, which also connected with the nephron tubules. The chimeric
kidney organoids also display the presence of endothelial cells forming a vascular network. In
conclusion, our study established an uncomplicated and reproducible method for generation of UB
progenitors from PSCs that can be used for tubulogenesis induction.

2. Materials and Methods

Animal care and experimental procedures in this study were in accordance with Finnish national
legislation on the use of laboratory animals, the European Convention for the protection of vertebrate
animal used for experimental and other scientific purposes (ETS 123), and the EU Directive 86/609/EEC.
Animal experimentation was also authorized by the Finnish National Animal Experiment Board
(ELLA) as being compliant with the EU guidelines for animal research and welfare.

2.1. Mouse ES Cell Line Generation and Maintenance

mESC line Sv129S6 was obtained from the Biocenter Oulu Transgenic core facility. The Sv129S6
mESC line was derived from Taconic’s W4/129S6 inbred mouse strain and has been tested to have a
normal karyotype [19]. The mESC and mESC-GFP (Green Fluorescent Protein, pcDNA3.1 transfected)
line was described previously [20]. It was maintained on mitotically inactivated mouse embryonic
fibroblasts (MEFs) in mESC medium: Dulbecco’s Modified Eagle’s Medium (DMEM; Life Technologies,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, Waltham, MA, USA ),
1% (v/v) nonessential amino acids (Life Technologies), 100 mM 2-mercaptoethanol (Nacalai Tesque,
Kyoto, Japan), and 1000 U/mL leukemia inhibitory factor (LIF, Millipore, Espoo, Finland).

2.2. Directed Differentiation of mESCs to UB Progenitors

Mouse ESCs were cultured as described above in MEF-coated 6-well plates in mESCs medium
up to 70%–90% confluency. The cells were passaged on 1% geltrex-coated 24-well plates at 30,000
cells/cm2 in 500 μL 50% ReproFF2 (ReproCELL, Glasgow, UK)—50% CM (conditioned MEF medium)
supplied with 10 ng/mL fibroblast growth factor (FGF) 2 (PeproTech Nordic, Stockholm, Sweden) and
10 ng/mL Activin A (Cell Guidance Systems, Cambridge, UK). After 2 days, the cells reached 60–80%
of confluency, and the medium was changed to differentiation medium: Advanced RPMI (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 8 μM CHIR99021 (Reagents Direct, Encinitas,
CA, USA) and 4–8 ng/mL Noggin (R&D systems, Minneapolis, MN, USA) for 2 days, followed by
treatment of the cells with Activin A (10 ng/mL) for 2 days and then 3 days with FGF9 (40 ng/mL)
(PeproTech Nordic, Stockholm, Sweeden) in Advanced RPMI medium (ThermoFisher Scientific).

2.3. Gene Expression Analysis

A RNeasy kit (Qiagen, Germantown, MD, USA) was used according to the manufacturer’s
recommendations to extract total RNA. cDNA synthesis (First Strand cDNA Synthesis Kit, ThermoFisher
Scientific, Waltham, MA, USA) was performed using standard protocols. qPCR was run using a CFX96
BioRad thermocycler. Brilliant III SYBR® Green QPCR Master Mix (Agilent Technologies, Santa Clara,
CA, USA) was used according to the manufacturer’s instructions. GAPDH probe served as a control to
normalize the data. The data was analyzed using the 2−ΔΔCT method. Gene expression measurements
were performed in triplicates on three independent experiments. The primer sequences are given in
Supplementary Table S1.
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2.4. Chimera 3D Kidney Organoids Formation

At day 9 of mESCs differentiation, which represents the UB progenitor cells stage, cells were
dissociated into single cell suspension using TrypLE select (Life Technologies). After three washes in
phosphate buffer saline (PBS), cells were reconstituted in organ culture medium (DMEM supplemented
with 10% fetal bovine serum, 1% penicillin–streptomycin). For generation of kidney organoids, we
mixed dissected and dissociated pMM cells (from CD-1 pregnant females, at E11.5), as described
before [21], with differentiated UB progenitors at a ratio of 3:1, respectively. Briefly, kidney rudiments
were dissected out of E11.5 embryos and treated with trypsin/pancreatin solution for 30–40 s to separate
the UB from the pMM [22]. The MM cells were dissociated using 2.0 mg/mL Collagenase IV solution
(Wortington, Lakewood, NJ, USA) in 0.1% bovine serum albumin (BSA) in 1×PBS. 10 min incubation
was interrupted by pipetting and continued until cells were separated. The reaction was stopped
by washing three times in complete organ culture medium [22]. The pMM- and mESC-derived UB
cells were mixed in a 3:1 ratio and centrifuged for 4 min at 1380× g to form a pellet (5 × 104 cells) in
Lo-Binding Eppendorf tubes. Following centrifugation, we carefully transferred the differentiated UB
and pMM pellets to filter into Trowel culture to aggregate as an organoid. The organ culture medium
was changed every 3–4 days.

For generation of whole kidney organoids, we dissected mouse kidney rudiments at E11.5
from CD-1 pregnant females. Kidney rudiments were dissociated into single cell suspension as
described previously [19]. After dissociation, the embryonic kidney cells (7 × 104) were mixed with
undifferentiated mESC or differentiated mESCs-derived UB progenitors (1 × 104) to make the pellet.
We then continued the procedure as described above.

2.5. Whole-Mount Immunohistochemistry

Kidney organoids were washed 2 times with PBS and fixed with 100% cold methanol (–20 ◦C) for
30 min at room temperature (RT) or with 4% paraformaldehyde in PBS (organoid with GFP or dye) for
30 min at RT in the dark. After fixation, the organoids were washed at least three times in PBS and
blocked in 0.1% Triton-X100 (Sigma, Lyon, France), 1% BSA, and 10% goat serum/0.02M glycine-PBS
for 1–3 h at room temperature. Incubation of the organoids with primary antibodies was performed
in a blocking buffer overnight at 4 ◦C. The samples were washed 6 times with PBS and incubated
with secondary antibodies Alexa Fluor 405, 488, 568, 546, or 647 (1:1000, Life technologies) and
fluorescein anti-LTL (Lotus Tetragonolobus Lectin, 1:350, #FL-1321, Vector Laboratories, Burlingame,
CA, USA) overnight at 4 ◦C and counter-stained with Hoechst (Thermo Fisher Scientific). The primary
antibodies used in stainings were: Wt1 (1:100, #05-753, Millipore), Pax2 (1:200, #PRB-276P, Covance,
Cambridge, MA, USA), Troma1 (1:200, DSHB, Iowa City, IA, USA), Gata3 (1:20, #AF2605-SP, R&D
Systems), E-cad (1:300, #610181, BD Biosciences, Franklin Lakes, NJ, USA), Synaptopodin (SYNPO) (1:4,
#ABIN112223, antibody on line.com, Aachen, Germany), Umod (1:25, #LS-C150268, LSBio, Seattle, WA,
USA), CD31 (1:100, #550274 BD Biosciences), Laminin (1:200, #L9393, Sigma), and Cleaved Caspase-3
(1:200, #9661s, Cell Signaling Technology, Leiden, Netherlands). Stained organoids were mounted
with Shandon™ Immu-Mount™ (Thermo Scientific™). A Zeiss LSM780 microscope and Zeiss Axiolab
(Zeiss, Oberkochen, Germany) were used for image capture and analysis.

2.6. Nephrotoxicity Assay

3D kidney organoids were cultured in organ culture medium supplemented with gentamicin at 5
mg/mL (#G1264, Sigma) for 48 h, or with cisplatin at 5, 20, or 50 μM (#P4394 Sigma) for 24 h after day 8
of organ culture. Organoids were then fixed with 100% cold methanol for 30 min for whole-mount
immunohistochemistry. The Notch inhibitor, N-S-phenyl-glycine-t-butyl ester (DAPT, #D5942, Sigma),
was used (10μM) to investigate toxicity towards proximal tubule development.
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2.7. Statistical Evaluation

All data are presented as mean ± standard deviation (SD) and represent a minimum of three
independent experiments. Student’s two-tailed t-test was used for statistical evaluation. p-value < 0.05
was considered significant.

3. Results

3.1. Direct Differentiation of mESCs into UB Progenitor Cells

During development, both the nephron and ureteric bud progenitor cells are derived from the
intermediate mesoderm (IM). To establish a protocol and direct differentiation of mESCs into UB lineage,
we first differentiated mESCs into IM (Figure 1A). We treated the mESCs with FGF2 and activin A to
differentiate mESCs into epiblast in monolayer culture (Supplementary Figure S1A). The differentiated
cells showed expression of epiblast markers such as Fgf5 and T (Brachyury) (Supplementary Figure
S1B). We then used glycogen synthase kinase-3β ( GSK-3β) inhibitor, CHIR99021 (CHIR), together with
a low concentration of bone morphogenetic protein (BMP) signaling inhibitor, Noggin (suppresses
number of cells differentiated to lateral plate mesoderm) [2], to activate differentiation of mouse
epiblast cells into primitive streak (PS). The Noggin-treated cells expressed PS markers Cdx2, T, Tbx6,
and Mixl1 (Supplementary Figure S1B). Activin A has been previously used for specification of the
mesodermal cells towards intermediate mesoderm [19]. Therefore, we followed for two days with
activin A treatment, which differentiated the cells to the IM stage and expressed Osr1, Lhx1, and Pax2
(Supplementary Figure S1B).

Previous studies have demonstrated that FGF9 is able to induce renal lineage differentiation from
the IM population [2]. Therefore, we treated these cells with a moderate concentration of FGF9 for
an additional three days, directing them to differentiate into UB progenitor cells with expression of
UB markers. These cells expressed UB tip markers: Ret, Wnt11, and Sox9, as well as other markers
of UB: Lhx1, Ecad, Hnf1b, Wnt7b, Wnt9b, Calb1, Emx2, Gata3, Hoxb7, and Tacstd2 (Figure 1B and
Supplementary Figure S1C). In addition, expression of stromal cell marker Foxd1 nephron progenitor
cell markers, Six2 and Eya1 (Figure 1B), or other epithelial segment markers, were observed at day
nine of differentiation (Supplementary Figure S1D). Immunofluorescence staining further revealed
that the use of a moderate concentration of FGF9 induced the cells to express Pax2, E-cadherin (Ecad),
and Gata3 (Figure 1C–F), which may suggest that these differentiated cells represent putative UB
progenitor cells.
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Figure 1. Differentiation of mouse embryonic stem cells (mESCs) to ureteric bud (UB) progenitor
cells. (A) Schematic of the differentiation protocol of mESCs into UB progenitor cells. AA: Activin
A; F2: FGF2; C: CHIR99021; N: Noggin; F9: FGF9. (B) Graphs of qPCR results showing the gene
expression (fold change) of ureteric bud markers relative to mESC. No expression of stroma (Foxd1)
and nephron progenitor cell markers (Six2 and Eya1) was observed at day 9 of differentiation. (n = 3).
(C–E) Immunocytochemistry of Pax2, Ecad, and Gata3 in mESCs on day 9 of differentiation. Scale
bars, 50 μm. (F) Quantification of the number of cells expressing Pax2, Ecad, and Gata3 at day 9 of
differentiation. n = 3 samples per marker (3 randomly chosen areas in 3 independent experiments).

3.2. Generation of Kidney Organoids by mESC-Derived UB Progenitor Cells and Dissociated Primary
MM Population

We and other groups previously reported that dissociation of mouse pMM into single cells
maintains the nephron progenitor stemness. The dissociated MM population develops into nephrons
when induced by the inducer such as the embryonic UB or spinal cord cells [8,21,23–27]. To establish
the potential and function of the mESC-derived UB progenitor cells, we aggregated these cells with
mouse E11.5-dissociated pMM cells to generate a kidney organoid. The cell aggregates were cultured
for up to 11 days in a traditional Trowell organ culture system, during which they spontaneously
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formed kidney organoids with complex structures (Figure 2A,B). On day three, we observed Troma1+
UB structures and the formation of renal vesicles adjacent to the UB (Figure 2C–D).

Figure 2. Generation of renal organoids by mESC-derived UB progenitors and primary metanephric
mesenchyme (pMM) cells. (A) Schematic of generation of kidney organoids from mESC-derived UB
progenitors with mouse E11.5-dissociated pMM. (B) Global bright field images of self-organizing
kidney organoids in a Trowel organ culture system. Scale bars, 500 μm. (C) Immunofluorescence of
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kidney organoids at day 3 show formation of a renal vesicle next to the Troma1+ structure generated
by mESC-derived UB progenitor cells. (D) Confocal image at day 3 showing Pax2+ renal vesicle
(yellow dotted line) surrounded by Troma+Pax2+ ureteric epithelium (white dotted line). (E–M)
Immunofluorescence of kidney organoids at day 8 or 11. (E) Glomeruli are marked with Wt1, proximal
tubules are marked with LTL, and distal tubules are marked with Pax2+LTL–. The arrowhead shows
the connection location of glomeruli with proximal tubule. (F) Immunostaining of distal tubule marked
with Pax2 and proximal tubule marked with LTL, with all nuclei stained with DAPI. The arrow shows
the proximal tubules (Pax2+LTL+) connected with distal tubules (Pax2+LTL–). (G) Glomeruli (Synpo+)
adjacent to proximal tubules (LTL+) (the arrowhead marks the place of connection). (H) Immunostaining
of proximal tubule with LTL and distal tubule with Ecad. Confocal image shows proximal tubules
(LTL+) connected with distal tubules (Ecad+LTL–) (marked with an arrow). (I) Confocal image of
Loops of Henle marked by Umod and Ecad on day 11. (J) Confocal images of Troma1+Gata3+Ecad+
collecting duct structure. (K-K’) A “T” shaped UB structure in the kidney organoid. (L) mESC-derived
UB progenitor cells-generated collecting ducts (Troma1+Ecad+) connecting with nephron’s distal
tubules (Troma1–Ecad+) (marked with an arrow). (M) Kidney organoids developed collecting duct
trunk structures. Scale bars, (B) 500 μm, (E) 50 μm, (C–D, F–M) 20 μm.

Whole-mount immunostaining of day eight chimeric organoids showed development of nephrons
with positive staining of glomerular markers Wilms tumor 1 (Wt1+) and Synaptopodin (Synpo+),
proximal tubule marker Lotus Tetragonolobus Lectin (LTL+), and distal tubules markers Pax2+LTL–
and Ecad+ (Figure 2E–H, Supplementary Figure S2A). Moreover, we found numerous Synpo+ and
Wt1+ glomeruli adjacent to LTL+ proximal tubules, which connected with Pax2+LTL–/Ecad+ distal
tubules (Figure 2E–H marked with arrowheads and arrows, Supplementary Figure S2A), indicating
a proper nephron structure with glomerulus/proximal tubule/distal tubule organization. On day 11,
the organoids also displayed Henle’s loop with the expression of uromodulin (Umod+) and Ecad+
(Figure 2I).

We also tested whether the mESC-derived UB progenitor cells have in vivo UB capacity to form
the collecting duct system. On day eight, we observed Troma1+Gata3+Ecad+Pax2+LTL– collecting
duct structures in the kidney organoids by immunocytochemistry (Figure 2J–M, Supplementary Figure
S2B). We also found some Troma1+ “T” shaped UB structures (Figure 2K, K’), indicating that the
mESC-derived UB progenitors behave in a manner similar to UB cells in vivo. Importantly, we observed
that the collecting ducts (Troma1+Ecad+) connected with the distal tubules (Ecad+Troma1–) of the
nephron structure (Figure 2L, Supplementary Figure S2C), generating an interconnection between
collecting ducts and nephrons, which is essential for urine drainage. The collecting ducts displayed
the morphology of branches and long collecting duct trunks (Figure 2M). Altogether, the in vitro
reconstructed organoids developed kidney structures that are similar to in vivo kidney, although it is
unclear if the generated UB structures form a proper network.

We have also attempted to induce vascularization of developing glomeruli in these renal organoids.
Previous studies demonstrated that rho-associated protein kinases (ROCK) are downstream effectors
of vascular endothelial growth factor (VEGF), and negatively regulate the process of angiogenesis [28].
Therefore, we used the ROCK inhibitor to enhance angiogenesis in the renal organoids. However, this
treatment did not increase the endothelial network area, and CD31+ cells could not be found in the
developing glomerular tuft (Supplementary Figure S3).

3.3. Characterization of Kidney Organoids

To rule out the possibility that the differentiated cells (mESC-derived UB progenitors) could give
rise to nephrons when induced by the embryonic UB, we aggregated day nine differentiated cells
with E11.5-dissociated UB cells and grew them in organ culture. Since UB survival and development
depend on the presence of metanephric mesenchyme, in the organ cultures, the purified UB failed to
branch in the presence of UB-differentiated cells (Supplementary Figure S4A). Next, we wanted to
verify that nephron structures in the organoids were generated via the MM population induced by
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the mESC-derived UB progenitors, and not by contamination of the MM with the primary UB cells.
To assess this possibility, we cultured E11.5 MM tissue in isolation. The tissue already underwent
apoptosis at the second day of culture and died at day three (Supplementary Figure S4B). This result
also confirmed that without a suitable inducer, the MM cells will not undergo nephrogenesis and
cannot survive for a long time under the organ culture conditions in vitro. These data suggest that we
did differentiate mESC towards UB progenitors, and that they can further develop into collecting ducts
when co-cultured with pMM.

To further confirm that the nephron structures and collecting ducts were derived from pMM-
and mESC-derived UB progenitors respectively, we used pMM population isolated from mTmG mice
(td-tomato+) to aggregate with differentiated mESCs—unlabeled (Figure 3A). The aggregates formed
well-developed nephron structures (WT1+ glomeruli, LTL+ proximal tubules, Ecad+Troma1– distal
tubules), which originated from MM cells (mTmG+) (Figure 3B) and Troma1-labeled collecting duct,
which was mTmG– and therefore originated from the mESC-derived UB progenitors (Figure 3C–E).
We also generated an mESC line with stable expression of the GFP. We differentiated these cells into
UB progenitors and used them to induce pMM cells. Immunofluorescence analysis confirmed that the
Troma1+Ecad+ collecting ducts were derived from GFP+mESCs (Figure 3F, Supplementary Figure S4C).
Altogether, these data demonstrate that the nephrogenesis occurring in generated kidney organoids is
specifically derived from an interaction between the pMM and mESC-derived UB progenitors.

3.4. mESC-Derived UB Progenitor Cells Integrated into the 3D Ureteric Bud Structures

In order to identify the mESC-derived UB progenitors from wild-type UB cells in chimeric
organoids, and to ensure that they will only generate UB cells, we generated an organoid with
an mESC-GFP line. We dissociated a whole E11.5 embryonic kidney rudiment (MM and UB) and
mixed it with undifferentiated mESC or mESC-derived UB progenitors generating chimeric kidney
organoids [19,21,27] (Figure 4A).

154



Cells 2020, 9, 329

Figure 3. UB structures in kidney organoids are specifically derived from differentiated mESCs.
(A) Schematic of generation of kidney organoids from mESC-derived UB progenitors with mouse
E11.5-dissociated mTmG (td-tomato+) pMM. (B) Confocal images of three-dimensional (3D) kidney
organoids derived from E11.5 mTmG+ pMM and mESC-derived UB progenitors. Nephron structures
such as WT1+ glomeruli and LTL+ proximal tubules were derived from mTmG+ pMM. Scale bars,
50 μm. (C) Confocal images of kidney organoids showing ureteric bud structures (Ecad+Troma1+)
being generated by mESC-derived UB progenitor cells. Scale bars, 20 μm. (D) Confocal images
showed Troma1+Ecad+ collecting duct derived from mTmg– cells (mESC-derived UB progenitors) and
connected with Troma1–Ecad+ renal tubules (connection marked with an arrow). Scare bars, 20 μm.
(E) The Troma1+ UB structures derived from mTmG– cells (mESC-derived UB progenitors). Scale bar:
20 μm. (F) Troma1+Ecad+ collecting ducts are derived from GFP+mESCs-derived UB progenitors.
Scale bar: 20 μm.
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Figure 4. Mouse ESC-derived UB progenitor cells form anembryonic UB in 3D organ culture
in vitro. (A) Schematic of kidney organoid generation from mESC-derived UB progenitors with
mouse E11.5-dissociated kidney rudiments. (B) Immunofluorescence analysis demonstrating random
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localization of undifferentiated mESCs in organ co-cultures. Scale bars, 20 μm. (C) Immunofluorescence
analysis demonstrating mESC-derived UB progenitors integrated into the UB structures and enhanced
chimeric ureteric bud formation. Scale bars, 20 μm. (D) Confocal image showing localization of
mESC-derived UB progenitor cells (GFP+) in Troma1+ UB structures of the chimeric organoid and not
in the Six2+ nephron progenitor’s region. Scale bars: 20 μm.

The undifferentiated mESCs aggregated with dissociated embryonic kidney rudiments randomly
localized within the organoids and had a negative effect on nephrogenesis. The undifferentiated mESC
had formed groups within the renal structures; however, there were only a few structures, and very few
Troma1+ ureteric buds could be observed (Figure 4B). When we aggregated the mESCs-derived UB
progenitors with the dissociated embryonic kidney, we noticed much more robust tubulogenesis and
numerous chimeric ureteric bud structures (Figure 4C). The UB progenitor cells did not interfere with
renal development, but efficiently and specifically integrated into the mouse ureteric buds, as indicated
by Troma1 and GFP+ staining (Figure 4C and D). Moreover, the immunostaining of day three organoids
with nephron progenitor’s marker, Six2, presented integration of mESC-derived UB progenitors (GFP+)
into the UB structure (Figure 4D). Together, these data demonstrate that mESC-derived UB progenitors
do integrate well into ureteric bud structures in chimeric renal organoids and are able not only to form
UB de novo, but also generate chimeric structures.

3.5. Kidney Organoids as Models to Study Kidney Development and Drug Toxicity

After transfer of the 3D chimeric organoids to organ culture, they self-organized and generated a
well-structured kidney organoid with proper nephron and collecting duct structures. As patterning of
the nephron into its different segments begins at the renal vesicle stage during development [29,30],
we postulated that developmental patterning could be changed by chemical modulation of these
endogenous signals. A previous report revealed that Notch signaling is required for proximal tubule
fate acquisition in a mammalian nephron [31]. We therefore treated the organoids (pMM cells mixed
with mESC-derived UB progenitor cells in a ratio of 3:1, Figure 2A) with a Notch signaling inhibitor,
N-S-phenyl-glycine-t-butyl ester (DAPT). DAPT leads to suppression of proximal tubules’ formation
in the human nephron organoid culture [4,31,32]. We added DAPT to the culture medium from day 3
to 11 of 3D organoid culture. Immunofluorescence analysis of the cells demonstrated that with the
DAPT treatment, formation of glomerulus and ureteric bud ducts was normal, but development of
proximal tubules was severely suppressed (Supplementary Figure S5A).

In order to use stem cell-derived kidney organoids for disease modelling and drug screening, they
need to present functional maturation of the nephrons within the organoids. To test whether these
organoids could be used to study kidney injury and toxicity in vitro, we focused on drug-induced
nephrotoxicity, which has been shown as an important cause of acute kidney injury in hospitalized
patients [33]. We treated the chimeric kidney organoids with gentamicin, a commonly used
antibiotic with well-established proximal tubular toxicity, after nine days of organ culture for
48 h [34]. We also treated organoids with another nephrotoxicant, cisplatin, from day 10 for 24 h.
Cisplatin induces caspase-mediated acute apoptosis of proximal tubular cells in the kidney [35].
Whole-mount immunostaining of control organoids with caspase 3 showed random apoptotic interstitial
cells; however, both gentamicin and cisplatin induced acute apoptosis in LTL+ proximal tubules
(Supplementary Figure S5B). The percentage of apoptotic proximal tubular cells induced by cisplatin
increased in a dose-dependent manner: the 5 and 20 μM cisplatin doses mainly affected the proximal
tubule compartment, 32% and 62% respectively, while 50 μM cisplatin led to apoptosis of almost all
of the proximal tubule cells (≈96%), but was also toxic to other cell types presenting a global type of
nephrotoxicity at this concentration (Supplementary Figure S5C).

To summarize, our work shows that mESC-derived UB progenitors induce nephrogenesis in pMM
cells, and furthermore, chimeric renal organoids generated from these progenitors show an expected
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response to toxic chemicals and drugs. We also demonstrated that the kidney organoid system can be
used to test nephrotoxicity of drugs and other chemicals in vitro.

4. Discussion

Kidney development starts from an interaction between two precursor tissues of the kidney,
UB and MM. A major part of the MM cell population comprises the nephron progenitor cells (NPCs)
which will differentiate into nephrons, and the ureteric bud will form the collecting duct tree. Protocols
for differentiation of mouse and human pluripotent stem cells to renal progenitor cells, and further
to self-organized kidney organoids containing nephrons, have been well established [2–4,13,36],
but current methods of differentiation of pluripotent stem cells, specifically to ureteric bud progenitor
cells, need further development [8,19].

Previous studies on generation of ESC-derived UB have shown derivation of a UB-like population
by selective induction with metanephric mesenchyme cells [19] or through CHIR99021 treatment for
nephron differentiation of both ureteric bud and nephron structures [2]. However, the ESC-derived
UB-like cells did not show nephron progenitor induction [19], and therefore, an inter-nephron
connection with collecting ducts was lacking [2]. Another group recently published a protocol for
derivation of UB structures from PSCs, and generation of kidney organoid composed of mESCs-derived
UB aggregated with pMM, or mESCs-derived UB combined with mESC-derived NPC and primary
stromal progenitor cells (SPs). Although successful, their protocol requires a knock-in of markers in
the PSCs, which later involves sorting of cells for the specific marker [8]. More recently, Mae and
colleagues reported a protocol for generation of branching ureteric bud tissues from human pluripotent
stem cells (hPSC) with a series of growth factors, but there was no evidence of nephrogenesis [37]
(Supplementary Table S2). While these published protocols produce functional kidney organoids, they
are technically complex. Here, we reported an establishment of a simple (directed with growth factors),
efficient (>90% of Pax2+, Ecad+ and >70% Gata3+ cells), and reproducible differentiation protocol
of mESC to ureteric bud progenitor cells. These mESC-derived UB progenitor cells induced pMM
cells to undergo nephrogenesis leading to development of well-structured nephrons. These nephrons
consisted of glomeruli, proximal tubules, loops of Henle, and distal tubules, and were connected with
collecting duct structures generated by mESC-derived UB cells. Moreover, these mESC-derived UB
progenitor cells formed a UB de novo when combined with pMM cells, and they generated chimeric
structures when combined with kidney rudiment cells (pUB and pMM) (Supplementary Table S2).

While our culturing conditions produced well-functioning kidney organoids, further studies are
needed to fine-tune the culturing conditions. Previous studies showed that ROCK kinases are VEGF
downstream effectors, which negatively regulate the process of angiogenesis [28]. We added ROCK
inhibitor (Y27) to culture expecting an increase in angiogenesis. However, we failed to see a difference
between control and Y27-treated samples. Better results could be obtained by supplementing the
medium with VEGF, which was already published by Freedman and co-workers, although they still did
not observe endothelial cells entering the glomerular tuft in their system [9]. Similarly, development of
a vascular glomeruli in organotypic kidney cultures and renal organoids was reported earlier by our
research team [38]. It seems that in the absence of the blood flow, the endothelial cells are not able to
properly interact with developing nephrons [39] and formation of glomerular vasculature does not
proceed further than migration of endothelial cells into the vascular cleft region of an S-shaped stage
nephron. Sufficient vascularization of the organoids may be achieved by treatment with angiogenic
factors, co-culture with blood vessel organoids [40], by providing flow to the system [15], or with a
combination of the aforementioned treatments.

Even though organoids generated by mESC-derived UB progenitor cells did not have a proper
vascular network, the developed nephrons did respond to toxicological tests as expected. We and
others [4] have shown that the use of gentamicin and cisplatin induces apoptosis in proximal tubular
cells. Thus, these organoids present a functional platform to test drug-induced nephrotoxicity.
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In summary, we have developed an easy and reproducible protocol for generation of UB progenitors
from mESCs. This work generates a strong foundation for in vitro kidney studies, including disease
modelling and drug discovery approaches, which are difficult to perform, and require animal models
and/or primary cells which may not faithfully recapitulate all features of developmental or disease
processes. Given the rapid progress in the field, we hope that in the near future, researchers will be able
to generate fully functional nephrons in kidney organoids where the UB and MM parts are derived
from PSC. Using these cells will enable generation of not only well-structured nephrons, but also the
collecting duct tree. This is the first step for generating high-throughput gene discovery models and
advancing tissue engineering for producing organs for transplanting. However, these organoids need
to be successfully vascularized and grown to appropriate size. The studies presented here produce
new insights into renal pathophysiology and open new avenues for developing new treatment options.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/2/329/s1.
Table S1: Primers (5′-3′) used in the study. Table S2: Summary of available protocols of differentiation of mouse
and human PSC to UB linages. Figure S1: Differentiations of mESC into ureteric bud progenitor cells. Figure S2:
Differentiated mESC induce embryonic MM to nephrogenesis. Figure S3: Vascularization of the kidney organoids.
Figure S4: Characterization of kidney organoids. Figure S5: Kidney organoids model kidney development
and injury.
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Abstract: Hematopoiesis is the main function of bone marrow. Human hematopoietic stem
and progenitor cells reside in the bone marrow microenvironment, making it a hotspot for the
development of hematopoietic diseases. Numerous alterations that correspond to disease progression
have been identified in the bone marrow stem cell niche. Complex interactions between the
bone marrow microenvironment and hematopoietic stem cells determine the balance between the
proliferation, differentiation and homeostasis of the stem cell compartment. Changes in this tightly
regulated network can provoke malignant transformation. However, our understanding of human
hematopoiesis and the associated niche biology remains limited due to accessibility to human material
and the limits of in vitro culture models. Traditional culture systems for human hematopoietic
studies lack microenvironment niches, spatial marrow gradients, and dense cellularity, rendering
them incapable of effectively translating marrow physiology ex vivo. This review will discuss the
importance of 2D and 3D culture as a physiologically relevant system for understanding normal and
abnormal hematopoiesis.

Keywords: hematopoiesis; hematopoietic stem cells; stem cell culture; 2D culture; 3D culture

1. Introduction

Blood is a connective tissue made up of approximately 34% cells and 66% plasma, transporting
nutrients, gases and molecules in general to the whole body. Hematopoiesis is the process by which
blood cells are formed, replenishing the blood system over the life of an individual. The hematopoietic
process is a highly hierarchical phenomenon, in which hematopoietic stem cell (HSCs) differentiation and
proliferation are of vital importance. Each cell within the hematopoietic hierarchy can be distinguished
based on specific surface markers, which contain epitopes that are recognized by antibodies [1–3].
Figure 1 shows the main markers in human hematopoietic hierarchy. The hematopoietic process
in humans starts in the yolk sac (mesoblastic phase). Then, it is transferred to the liver and spleen.
Finally, the bone marrow becomes the main organ responsible for hematopoiesis. In the bone marrow,
HSCs have the capacity of unlimited self-renewal, producing progeny that is the same as the original
cell. They are generally in the G0 phase of the cell cycle and have the capacity to differentiate into
specialized cells.
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Figure 1. Hierarchy of human hematopoiesis. LT-HSC: Long Term-Hematopoietic Stem Cell; ST-HSC:
Short Term-Hematopoietic Stem Cell; MPP: Multipotent Progenitor; OPP: Oligopotent Progenitor;
LRP: Lineage Restricted Progenitor; MEC: Mature Effector Cell. The markers of the most important
lineages are listed: Common Lymphoid Progenitor (CLP); Common Myeloid Progenitor (CMP);
Megakaryocyte-Erythrocyte Progenitor (MEP); Granulocyte-Macrophage Progenitor (GMP). Restricted
lineage progenitor cells: Megakaryocyte Progenitor (MkP); Erythrocytic Progenitor (EryP); Granulocytic
Progenitor (GrP); Monocyte Progenitor (MncP); Dendritic Progenitor Cell (Pro DC); Progenitor Cell-T
(Pro-T); Progenitor Cell-B (Pro-B); Progenitor Cell-Nk (Pro-Nk).

2. Hematopoietic Stem Cells

The medullary microenvironment participates in the quiescence, self-renewal, proliferation,
maturation and apoptosis of HSCs and contains several cells (i.e., mesenchymal stem cells, endothelial
cells, fibroblasts, osteoblasts, reticular cells, adipocytes). These cells are sources of cytokines,
growth factors, glycoproteins and glycosaminoglycans, among other regulators. Different combinations
of these molecules lead to the formation of specific microenvironments within the medullary cavity,
known as niches [4]. Histologically defined microenvironments are subdivided into four regions:
endosteal, subendosteal, central, and perisinusoidal. Granulocytes and monocytes are found in all
regions of the bone marrow, whereas erythroblasts proliferate preferentially in the central region [5].
Concerning the dynamics of the lymphoid lineage, B lymphocyte precursors are found in the
subendosteal region, gradually decreasing toward the central region, whereas mature B cells are
found throughout the bone marrow [6]. HSCs are located in the endosteal region, also known as
the osteoblastic niche, but studies suggest that HSCs may migrate to the perisinusoidal region or
vascular niche and remain quiescent or differentiate depending on the needs of the organism [2,5,7–9].
In fact, studies with new markers for HSCs and niche cells, new image techniques, including labeling
protocols, have shown that most HSCs reside adjacent to sinusoidal vessels, leading to the proposed
existence of a perivascular niche for HSCs [10]. It is assumed that in the bone marrow, there are at least
two different niches: the endosteal niche, which would harbor quiescent HSCs, and the perivascular
niche, which would harbor cycling HSCs [11]. Although most studies have been done on non-humans,
researchers suppose that the data reflect what happens in humans. It has previously been proposed
that HSCs are maintained in the endosteal (osteoblastic) niche; however, the available evidence does
not seem to support this model. Nevertheless, the endosteal niche seems to support the maintenance
of a subset of lymphoid progenitors [10]. Approximately 80% of dividing and non-dividing HSCs
have been described to be associated with sinusoidal vessels, with another 10% of HSCs being adjacent
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to arterioles, and almost another 10% in transition zone vessels [10]. A small percentage of HSCs are
located in the endosteum. In fact, a quantitative model of cellular components that could define these
microenvironments, and the preferential location of HSCs in the bone marrow are still lacking [12].
Obstacles to recognizing the HSCs in the bone marrow include the low frequencies at which HSCs are
found in the bone marrow and the cellular complexity of the bone marrow microenvironment.

Cell signaling in the HSC niche is a complex process and passes through an extensive signaling
network balancing self-renewal and differentiation [13]. This signaling involves several substances,
such as growth factors and cytokines that are secreted by both the medullary stroma cells and
hematopoietic stem cells and are important signaling factors for hematopoiesis, proliferation, and
differentiation [14].

The Jak/STAT, Ras/Erk, and PI3K/Akt signaling pathways have been described as important
inducers of erythropoiesis transduction by activation of the erythropoietin receptor, and these
intracellular pathways are responsible for the survival, proliferation, and differentiation of normal
erythropoietic progenitors [15].

Other intracellular signaling pathways that are important for the control of hematopoiesis have
been described, such as the Notch, Wingless-type (Wnt), and Hedgehog pathways [16], which have
been associated with self-renewal and maintenance of HSCs. Notch proteins are highly conserved
receptors on the surface of the cell membrane that regulate the development of stem cells, and mutations
in this receptor may cause leukemia [17] and breast cancer [18]. Activation of the Notch pathway
is necessary to keep HSCs undifferentiated. This pathway is more active in HSCs and less active in
differentiated cells. Inhibition of the Notch pathway potentiates the differentiation of HSCs and loss
of the bone marrow reconstitution capacity of sub-lethally irradiated animals; thus, Notch has been
used as a marker of undifferentiated HSCs [19]. Wnt protein regulates several phenomena during
fetal development, and this protein has been related to the self-renewal of stem cells [20]. Hedgehog
(Hh) protein has been described as regulating embryonic and adult stem cell activity. In mammals,
three genes are known to be responsible for this protein—Sonic Hedgehog (SHh), Indian Hedgehog
(IHh), and Desert Hedgehog (DHh) [21,22].

Soluble factors are also closely associated with the maintenance and regulation of the
undifferentiated state of HSCs in the bone marrow of adults, in addition to regulating the proliferation
and differentiation of this population. Stromal-cell-derived factor-1 (SDF-1/CXCL12) and its CXCR4
linker are activated to recruit endothelial progenitor cells (EPCs) and regulate HSCs [2,13,23]. Other
soluble factors act to promote the maintenance of HSCs in their niche; for example, the stem cell
factor (SCF/Kit-ligand) and its c-Kit receptor (CD117) are both required by HSCs for their maintenance.
SCF is an important soluble cytokine for hematopoiesis, and THE c-Kit receptor is expressed on the
HSCs surface; altered forms of this receptor have been associated with several types of cancer [24,25].
Thrombopoietin (TPO) and its MPL ligand are also important soluble factors necessary for the
maintenance of HSCs in their niche. TPO is a primary physiological regulator responsible for the
stimulation of platelet production, a primary dominant factor and megakaryocytopoiesis stimulator.
In addition, recent in vitro studies have shown that TPO alone or in combination with growth factors,
such as a c-Kit ligand, IL-3, or even Flt-3, stimulates the proliferation of hematopoietic progenitor
cells [26,27]. Many other factors also modulate the function of HSCs but are not necessarily required,
such as angiogenin, angiopoietin-1, G-CSF, IL-6, and TGFβ, among others [25].

3. Stem Cell Culture Methods

The complex microenvironment and cellular interactions are difficult to reproduce in vitro. Some
improved techniques can help researchers mimic the bone marrow architecture for hematopoiesis
studies and cell production in regenerative medicine applications.

Cell culture is the growth of cells from animal or plant in a favorable, artificial, and controlled
environment. Today, cell culture is the basis of biology techniques and essential for regenerative
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medicine procedures [28]. These cells can originate directly from the tissue or after enzymatic or
mechanically dissociated tissue or can be derived from an already established cell line.

Traditional cell culture, also known as 2D cell culture, is a very well-established method and
easy-to-use culture model (Figure 2A,C). This technique depends on adherence to a flat surface,
typically a culture flask, dish or polystyrene glass, to provide mechanical support for its growth in
monolayers and access to nutrients and growth factors present in the culture media. Cells can also
grow in suspension, as those derived from blood or bone marrow [29]. This method may present some
advantages, such as low cost and performance of the functional assays, but this type of culture may
also present some disadvantages, such as not mimicking the natural structures of the tissue and not
being able to efficiently mimic cell–cell and cell–environment extracellular interactions [29].

Figure 2. Two-dimensional (2D) and three-dimensional (3D) cell culture. (A) Schematic model of 2D
cell culture. Standard model of 2D cell culture. Cells are cultured as a single layer in a culture flask.
(B) Schematic model of 3D cell culture. 3D model of cell culture giving the notion of height, width and
depth; cells are surrounded by the medium. (C) Example of 2D culture. HEK 293 cells in 2D cell
culture; the adherence to a flat surface provides mechanical support for growth in monolayers. Scale
bar 400 μm. (D) Example of 3D culture. HEK 293 cells 3D cell culture in agarose allowing the cells to
grow or interact with their surroundings in all three dimensions. Scale bar 1000 μm.

Primary cell culture has been one of the greatest tools of cellular biology for evaluating cellular
aspects such as chemoresistance, karyotypes, cellular parameters, metabolism and in vitro modeling of
physiological and pathological models [30]. The isolated cells resemble their tissue of origin. Primary
cell culture is complex and requires specific care, including storage, thawing-freezing procedures,
or choice of enzymatic treatment, but the main problem is how to keep the primary cell in culture long
enough to be established for experimental tests [31–33]. Primary culture can be representative of the
cell types of the tissue from which they were isolated; although these cells are difficult to maintain,
they best mimic a pathological condition or physiological function.

166



Cells 2019, 8, 1628

Immortalized cells or established cell lineages are cells that can grow in vitro indefinitely
due to natural or induced transformation (e.g., embryonic stem cells or viral transformation) [34].
Immortalized cells have several advantages over primary cells, such as profitability, easy manipulation,
unlimited supply of material, and lack of ethical concerns associated with the use of animal and human
tissues [35]. Immortalized cells also provide a uniform and homogeneous population of cells [36].
Immortalized cell lines emerged as a solution to some problems that appeared with primary cell cultures,
such as misidentification of the cell line used and genotypic and phenotypic instability. Care should also
be taken to avoid the use of aged cell lines that do not maintain the original physiological characteristics.
The immortalized strains constitute a simple and representative model system for functional studies
and therapeutic targets. As each cell line may have unique characteristics, specific studies should take
these characteristics into account [37].

The co-culture technique is used for numerous applications, including the study of natural or
synthetic interactions between distinct populations of cells. Co-culture methods are of great importance
in research, as they are used to observe cell–cell interactions, how cells are organized, how they
participate in the development of diseases such as cancers, in which different types of cells are involved,
including the microenvironment [38].

Both self-renewal and differentiation are required abilities in any cell of the hematopoietic
lineage [39]. However, the expansion of these cells in vitro has been challenging for the scientific
community, as regulation of these cells depends on several mechanisms of intercellular communication
resulting from the secretion of local- and systemic-acting factors [40]. HSCs, which can also be
obtained and expanded from umbilical cord blood, should respond to and integrate events in their
microenvironment to ensure sustained production of all hematopoietic lineages [41].

Although HSCs have been extensively analyzed and characterized, their ex vivo expansion
remains a problem [42–44]. It has been shown that the cell culture of HSCs is viable for at least 169
days but very much depends on the quality of the HSCs. There are currently several approaches to
ex vivo expansion. Most first require the isolation of CD34+ or CD133+ cells from frozen or fresh
hematopoietic tissue and incubation in culture medium supplemented with cytokines, granulocyte
colony stimulating factor (G-CSF), stem cell factor (SCF), and thrombopoietin (TPO) [45].

Therefore, the cell culture of HSCs must take into account the microenvironment in which these
cells are inserted so that it can reproduce the whole framework of the hematopoietic structure. The
hematopoietic niche contains several types of cells, and mimicking this microenvironment in vitro
requires a stromal layer, which controls multiple cellular parameters, including quiescence, self-renewal,
differentiation, apoptosis and migration. Under the artificial culture conditions, HSCs undergo
differentiation and apoptosis [46]. A support layer is required so HSCs can survive and proliferate.

Co-culture of HSCs is one of the most frequently used models for understanding how the highly
specific bone marrow niche interacts ex vivo with hematopoietic cells, promoting their differentiation
and expansion. The technique can focus on the importance of non-contact culture systems on the
successful maintenance of hematopoietic cells [47] and on the use of the stroma as a cell layer to
provide support for HSC culturing, as mentioned above. Several studies have shown that contact
between HSCs and stromal cells is important for maintaining HSC function [48,49]. The stromal cells
from bone marrow include osteoblasts, macrophages, endothelial cells, and mesenchymal cells [50,51].
Mesenchymal cells are multipotent progenitor cells that can differentiate into mesenchymal cells,
such as osteoblasts, adipocytes, and chondrocytes, and also have the potential for differentiation into
cells such as neurons and lung cells [52]. These multipotent cells have interactions with hematopoietic
cells forming the framework of the HSC niche, supporting the development of hematopoiesis and
acting as immunological regulators [53,54]. In addition, recent studies have indicated that other
molecules, such as N6-methyladenosine (M6A), by modulating the expression of a group of YTHDF2
genes at the mRNA level, are important regulators of HSC self-renewal. Some authors have suggested
that although extensive efforts have led to multiple methods for in vivo expansion of HSCs, it is not
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possible for some single molecules or pathways to be manipulated simultaneously due to a large
number of essential targets for self-renewal of stem cells [55].

In this regard, there are still important challenges to overcome, including the development of
more efficient methods for the maintenance of HSCs in vitro, and methods of ex vivo expansion
for therapeutic development in regenerative medicine; then, it will be possible to have a better
understanding of the hematopoietic niche and its intrinsic and extrinsic regulators from a physiological
and pathophysiologic point of view. The ability to genetically reprogram HSCs for clinical therapeutic
use [56] still needs to be improved.

4. 3D Hematopoietic Stem Cell Culture

Cell culture in 2D format is simple and provides excellent material for studying homogeneous
populations [57]. However, it does not consider several other important parameters of cell physiology,
such as cell–cell communication or communication between the cell and microenvironment or adjacent
molecules [58]. Therefore, the major problem with 2D cell culture is its limits [59]. One of the main
criticisms of this study format is that animal physiology cannot be mimicked using only one layer
of cells, which certainly does not correspond to the original tissue considering the complexity of the
cellular microenvironment in the tissue of origin [60].

As an alternative to the technical limitations of 2D cell culture, 3D cell culture allows a better
simulation of the in vivo structural complexity, replicating several characteristics present in tissues
(Figure 2B,D), not only the interaction of cells with their microenvironment, but also morphology,
differentiation, polarity, proliferation rate, gene expression profiles, and cell heterogeneity [61–64].
In fact, 3D culture has proven to be a realer model for translating research results into
in vivo applications.

Current 3D cell culture models and methods include spheroids, organoids, microcarrier cultures,
organs-on-chips, and 3D bioprinting [65,66]. Organotypic explant culture methods are used mostly
when a technical/specific requirement of the tissue is to be studied and mimicked [67]. However,
although the complexity of the 3D system is evident, some criteria must be considered and cannot be
disregarded, such as the choice of material for the scaffold and hydrogels and cell type and culture
methods, which vary considerably according to the tissue studied [66].

Organoid culture is most commonly used to describe constructs derived from pluripotent stem
cells (embryonic or induced cells) or adult stem cells from various organs, including the hematopoietic
tissue [68]. Organoid culture is classified as either tissue organoids (i.e., organotypic) or stem cells
depending on how the cell layers are formed [69]. Organotypic tissue refers to free stromal cells without
parenchyma, and its application is mainly with epithelial cells because of their high intrinsic ability to
self-organize. With this method, it is possible to study HSCs, and Christopher et al. [70] were able to
produce mature T cells from stem cells and hematopoietic progenitors in a thymus organoid culture.

Spheroid culture models simulate the microenvironment conditions of a living cell. Compared to
the classic 2D model, the spheroid culture model emphasizes the interactions between cells and their
relationship to the extracellular matrix (ECM) [71,72]. Tissues are not composed of a homogeneous
population of cells; they are complex structures formed by several different components, with an
intricate relationship such as vessels, nerves, and stroma, which should be considered in any kind of
tissue engineering. This complex interaction between cells and the extracellular compartment requires
a 3D environment to best represent these interactions [73,74].

Spheroid cell culture can be used in scaffold and scaffold-free models. The scaffold methods
comprise hydrogel support, decellularized extracellular matrix, and resistant polymeric material
support. Hydrogel consists of polymeric groups with a water-swollen hydrophilic structure [75].
Depending on their nature, these compounds are classified into different categories, including ECM
protein–containing hydrogels (ECMPs), natural hydrogels, or synthetic hydrogels, each one with its
own properties [76,77]. The decellularization technique consists of removing cells from the native tissue
by chemical treatment, preserving the ECM. The tissue can then be replenished with cultured cells and
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grafted in vivo or used for ex vivo cell differentiation. In contrast to artificial scaffolds, decellularized
scaffolds preserve the vascular structure, tridimensional niches, and chemical composition of bone
marrow. Extracellular matrix components are directly related to several important factors for cell
survival support, including cell behavior, signaling for survival, and proliferation, among others.
Resistant polymeric material supports are structures similar to fibers or sponges. Cells maintained
in this type of support exhibit a physiological behavior close to that of native tissue (such as those
of cartilaginous tissue). Regarding the polymeric support, the most commonly used material is
polystyrene, but biodegradable supports such as polycaprolactone have also been employed.

The development of a bioprinting system for the bone marrow microenvironment is important
since it cannot be mimicked by methods such as organoids. Advanced 3D bone marrow models could
serve for several different studies, including hematopoietic regulation, BM, MSCs, HSC interaction
and expansion, interactions of hematological cancer cells, and evolution of several hematological
diseases. In addition, these models could be used as a platform for expanding HSCs for transplantation.
However, it is difficult to obtain a reliable BM model because of several critical technical challenges,
from currently available 3D printing techniques to the possibility of precisely mimicking the different
BM niches [78].

Relatively few studies have been done using hematopoietic stem cells in these methods.
Decellularization of cartilaginous tissues has been tested for ex vivo culturing of hematopoietic cells [79].
A co-culture model of hematopoietic stem/progenitor cell (HSPC) spheroids using polydimethylsiloxane
(PDMS) has shown that the effectiveness of three-dimensional culture for HSPC expansion for clinical
use is still a strategy that needs further improvement [80].

A three-dimensional collagen-based culture using HSPC, bone-marrow-derived MSCs or the
umbilical cord (UC) to mimic the main compartments of the bone marrow hematopoietic niche has
been proposed [81]. Data analysis generated the following compartments: (I) HSPC in suspension
above collagen and (II) migratory HSPC in collagen fiber matrix. The different sites were representative
of the distinct microenvironments that make up the bone marrow and have a significant impact on the
fate of HSPC. The authors suggested that this 3D culture system using collagen and BM-MSC allowed
HSPC expansion and provided a potential platform for advanced study of niches and hematopoiesis
and their regulatory mechanisms.

A bone marrow composed of two compartments, solid and liquid, that act harmoniously, has been
proposed [82]. A bone marrow structure was created using a macroporous PEG hydrogel that resembled
the macroporous 3D architecture of the trabecular bone, site of the red bone marrow, and, therefore,
where the HSPC niches are located. This bone marrow analog was found to be suitable for HSPC
culture and for enhancing HSPC expansion compared to conventional 2D cell culture. The developed
model of a perfused 3D bone marrow analogue mimicked the HSCs niche under steady-state or
activated cell conditions that favor the maintenance or differentiation, respectively, of HSCs and
allowed drug testing [82] It was concluded that the system reflected the behavior of HSPC in the niche
under physiological conditions.

Some studies have shown that the interaction of bone marrow stromal cells with leukemic cells
increases the resistance of these leukemic cells. Numerous scaffolds have been created to provide a
minimal structure based on the 3D leukemic microenvironment [73]. As 3D culture could result in
resistance to drugs, it can be a good screening tool for drug evaluation prior to the administration of
chemotherapic drugs [74,83]. A classic example of scaffolds used to recreate the leukemic niche is
polycaprolactone, which is an aliphatic and biodegradable polyester with good biocompatibility [84,85].

Recently, a scaffold of degradable zwitterionic hydrogel was tested for human HSPC expansion [86].
A 73-fold increase of long-term hematopoietic stem cells was observed (LT-HSC). The viscoelasticity
and smoothness of the highly hydrated zwitterionic hydrogels seems to be important for the creation
of cell niches, by their unique mechanical and antifouling properties.

The organs-on-chips technique was developed to study the mechanical and physiological response
of a tissue, combining concepts of tissue engineering and microfluidics [87]. A bioelectronic device
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based on a conductive polymer scaffold was integrated with an electrochemical transistor configuration
that allows 3D cell growth and the real-time monitoring of cell adhesion and growth.

This technique consists of manipulating small amounts (10−9 to 10−18 L) of fluids using small
openings with micrometer dimensions. This methodology has been widely reported because it offers
several advantages, such as using small amounts of samples and reagents, performing separations
and detections with high resolution, and a short time for analysis [61]. Such techniques allow the
precise control of fluids and particles in a given cell culture. This culture method enables the control of
such nanoliter-scale fluids as described above and further enables and facilitates the simultaneous
manipulation of cultured cells from a single cell [62]. Through precise manipulation of the components
of the microfluidic culture medium, it is possible to transport nutrients, hormones, and oxygen
growth factors to facilitate homeostasis and recreate mechanical signals that are absent in traditional
culture [88].

This cell culture system offers several advantages for basic research applications, including the
precision of micromanufacturing, which allows the presentation of a controllable and reproducible
microenvironment [64]. Another advantage of this model is that it provides complete control over the
conditions of the cell culture, including dynamic cell control, nutrient addition, removal of metabolites,
stimulation with drugs and proteins, and simultaneous image and chip format [62,89,90].

The organs-on-chips technique was described in cancer studies (cancer-on-chip), where it can
replicate the microenvironment to achieve robust and reliable results [91,92]. However, up to now,
it has been difficult to culture HSCs in an organs-on-chips model. A device with a central cavity
that successfully mimics the bone and bone marrow has been described. This device is made from
polydimethylsiloxane (PDMS) with bone inducers inserted. The central chamber of this device is
composed of porous PDMS membranes, and cytokines are added in the microfluids [93]. Although
several methods have been used, results using HSCs are generally poor [94].

5. Final Remarks

Bone marrow HSCs are the stem cell most used in medical practice. Finding effective ways
to mimic the bone marrow HSCs and microenvironment, the hematopoietic niche, in vitro is a
challenge. In addition to HSCs, several other bone marrow cell types, including megakaryocytes,
macrophages, monocytes and endothelial cells, directly or indirectly regulate HSCs and niche function.
Two-dimensional cell cultures have been widely used due to their low maintenance cost and easy
learning. However, 2D culture has several limitations. As a result, 3D cell culture techniques have been
developed. Although the current cost is relatively high, the fact that a 3D culture has characteristics much
closer to the tissue being studied is a great advantage. There are several methods currently employed
or in development, such as spheroids, organoids, 3D bioprinting and organs-on-chip, and these are
facing the challenge of culturing HSCs while maintaining their properties. This achievement will allow
ex vivo HSC expansion, bringing new medical perspectives for HSCs transplantation, drug testing,
and personalized treatment.
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