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Editorial on the Research Topic

From Single Stem Cells to Organoids, Organ Repair, and Public Health

INTRODUCTION

Teratocarcinomas were shown more than 50 years ago to harbor stem cells that differentiate into
components of all three germ layers. Soon, pluripotent cells were obtained from preimplantation
embryos andwere induced to form three dimensional structures, embryoid bodies recapitulating normal
embryonic development. Producing induced pluripotent stem cells (iPSCs) or using adult stem cells,
along with directed differentiation is used to develop organized three-dimensional bodies known as
organoids that duplicate normal tissues both biochemically and physiologically. When produced from
disease state iPSCs, organoids can be used to investigate pathogenesis and therapy. Finally, the regulated
heterogeneity of cells as they develop into organoids can now be investigated using single cell RNA
sequencing and other emerging genomic technologies. Papers contributed to this Research Topic
describe how stem cells and organoids may eventually foster public health.

POSSIBLE CONTRIBUTIONS OF ORGANOIDS TO PUBLIC HEALTH

In their review, Heremans et al. described work to study tissues comprising the human female
reproductive tract using organoids derived from healthy or diseased tissues. Biobanking, gene-
editing and multi-omics, tissue and organ regeneration, interactions with pathogens, drug testing,
and precision therapy all can be evaluated using these models. The authors describe models and
conditions needed to maintain healthy tissues or alternatively produce disease states, such as
endometriosis and endometrial cancer.

Zhang et al. consider the ways in which intestinal organoid (IO) technology provides new
opportunities to study intestinal cell differentiation, interactions, organogenesis, and function.
Moreover, IOs are used to study inflammatory bowel disease, colorectal cancers and other
malignancies, gastrointestinal infections, and genetic diseases including cystic fibrosis. These
authors also describe current shortcomings of organoid research using bibliometric analyses,
including the absence of other pertinent structures, such as the vascular system and associated
cells, and they recommend that co-culture systems be developed. The organoids block external
effectors, such as drugs, from reaching the apical side of the IOs, an important future research
direction.
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In their mini review, Sun et al. discuss skin complexity and
components, such as hair follicles and sweat glands, that are
missing from most efforts to generate functional human skin
in vitro. Human skin production in vitro is an important source of
tissues for therapy and study. Of particular interest is
regeneration of eccrine sweat glands in human skin produced
in vitro (and as discussed by Lin et al. in their review). Multiple
signaling pathways, that govern cellular differentiation into
eccrine sweat gland cells, are discussed. Sun et al. discuss the
sources of skin cells and skin organoids, the microenvironment
for these cells and the challenges and opportunities involved in
producing skin organoids that are multifunctional.

In their review, Fernandes et al. describe the use of human
and nonhuman iPSCs to generate mini-brain organoids to
probe the complexity of human-specific brain development
and human brain evolution. Organoids can be generated
representing different brain regions, allowing the study of
interactions between combinations in culture. A multiplicity
of genes important to brain development are differentially
expressed spatiotemporally in humans vs. nonhuman
primates. The transcriptome can be manipulated and
perturbed in brain organoids using gene editing
technologies. These studies will reveal not only how
mechanisms of brain development differ among species and
unique mechanisms driving brain disorder pathophysiology,
but also processes, such as neoteny, that have been employed
during human brain evolution.

In their research article, Erni et al. used cochlear organoid
cultures and other means, such as explants of the organ of Corti,
to show that two novel gamma-secretase inhibitors, termed CPD3
and CPD8, increased cochlear hair cell numbers. Their preclinical
data support the notion that CPD3 might be used to restore
hearing in clinical trials. Since hair cell degeneration is a major
contributor to hearing loss among five percent of people in the
world, successful therapeutic development would substantially
improve the health of affected individuals and public health in
general.

USE OF STEM CELLS DIRECTLY TO
PROMOTE HUMAN HEALTH

Three research articles report successful efforts to produce
and utilize stem cells clinically. First, Chakritbudsabong
et al., showed that exogenous LIN28 supports porcine
iPSC pluripotency and proliferation. Successful porcine
iPSC production has lagged that of other species and
prevented establishment of this model of human
development and differentiation. Organs derived from
porcine iPSCs might be used eventually to help to
produce organs for human transplant. Moreover, porcine
iPSCs will help improve veterinary medicine therapies and
agricultural production.

For humans, Rabesandratana et al. demonstrated that hiPSCs
can be used to generate retinal ganglion cells (RGCs). This use of
hiPSCs is important because RGCs themselves are not easily
located and grown in vitro. RGCs produced from hiPSCs survived

for nearly a month when the authors injected them into the
vitreous of mice experiencing optic neuropathy. Thus, these
RGCs might eventually be used to promote human health by
preventing or even reversing blindness.

Lan et al. describe how exosomes produced by bone marrow
stem cells (BMSCs) foster their own osteogenic differentiation on
titanium surfaces. This differentiation is essential to the successful
production of dental implants and is impeded by medical
conditions like diabetes, osteoporosis, and others. Loss of teeth
from deterioration or accident leads to malocclusion, difficulty
eating, and significant bone loss in the jaw. Ameliorating these
effects will improve the health of millions of people with obvious
impacts on the public health.

Three review papers also describe the possible use of stem
cells directly to promote human health. To treat type 1
diabetes mellitus, beta-cell function can be restored
through islet transplantation. The supply of beta-cells is, of
course, limited by donor availability. However, Szlachcic et al.
consider how an inexhaustible supply of beta-cells might be
produced from hiPSCs. These authors consider how single-
cell RNA sequencing (scRNA-Seq) could be used better to
understand normal pancreas development and, specifically,
beta-cell differentiation. This understanding might then be
used to produce better sources of beta-cells for individuals
from whom the hiPSCs were derived. The consequences of
such technology for worldwide public health could be
enormous, since the costs of diabetes, as measured both
monetarily and regarding human suffering, are extremely
large. In 2020, the cost to care for persons in the US with
type 1 diabetes was projected to be $203 billion over a ten-year
period (Sussman, M., Benner, J., Haller, M. J., Rewers, M., and
Griffiths, R. (2020). Estimated lifetime economic burden of
type 1 diabetes. Diabetes technology and therapeutics 22,
121–130).

Similarly, mesenchymal stem cells (MSCs) transplantation
could be used to treat premature ovarian failure (POF), as
described in the review by Wang et al. The incidence of POF
has increased to about ten percent of women in recent years
apparently owing, in part, to greater life stresses. MSC
transplantation in animals has restored ovarian function,
apparently through their differentiation into oocytes, and
makes us optimistic that fertility can be restored in this way in
women with POF. MSCs have already been used clinical to treat
many human diseases including blood, skin, and cardiovascular
disorders.

Liver injury, regeneration, and diseases, including cancer,
might also be fostered/treatable by properly activating
stem cells. Several types of cells are involved in liver
regeneration, and their balanced regulation is essential to
this process. For example, c-kit positive hepatocytes, oval
cells, and bile epithelial cells promote liver repair by
differentiating into different types of cells depending on
the nature of the injury. But c-kit positive mast cells are
associated with primary sclerosing cholangitis, and c-kit
overexpression may result in malignancy. Hence, Wang
et al. concluded that c-kit is “a double-edged sword in
liver regeneration and diseases.”
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Optic neuropathies are a major cause of visual impairment due to retinal ganglion
cell (RGC) degeneration. Human induced-pluripotent stem cells (iPSCs) represent a
powerful tool for studying both human RGC development and RGC-related pathological
mechanisms. Because RGC loss can be massive before the diagnosis of visual
impairment, cell replacement is one of the most encouraging strategies. The present
work describes the generation of functional RGCs from iPSCs based on innovative
3D/2D stepwise differentiation protocol. We demonstrate that targeting the cell surface
marker THY1 is an effective strategy to select transplantable RGCs. By generating a
fluorescent GFP reporter iPSC line to follow transplanted cells, we provide evidence
that THY1-positive RGCs injected into the vitreous of mice with optic neuropathy can
survive up to 1 month, intermingled with the host RGC layer. These data support the
usefulness of iPSC-derived RGC exploration as a potential future therapeutic strategy
for optic nerve regeneration.

Keywords: retinal ganglion cells, induced pluripotent stem cells, retinal organoids, cell transplantation, optic
nerve injury

INTRODUCTION

Retinal ganglion cells (RGCs) play a major role in the visual function in transmitting visual
information from the retina through the optic nerve and optic tract to the brain structures dedicated
to processing visual information. RGC impairment is a common feature in many pathologies
leading to visual loss, generally referred to as optic neuropathies such as Leber’s hereditary optic
neuropathy (LHON), and dominant optic atrophy or glaucoma, which is the second cause of
blindness in the world (Jonas et al., 2017). Elevated intraocular pressure (IOP) is considered an
important risk factor for glaucoma and most of the treatment strategies aim at reducing IOP.
However, despite treatments, RGC degeneration and visual loss still progress in some patients
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leading to irreversible blindness (Susanna et al., 2015; Greco
et al., 2016). Moreover, some patients are diagnosed at a late
stage of the disease when many RGCs have already been lost. In
hereditary optic neuropathies, RGC loss mainly occurs in young
patients, notably LHON-patients with no effective treatment to
date (Newman, 2012; Carelli et al., 2017).

Human RGCs are difficult to access and grow in vitro (Zhang
et al., 2010). Therefore, human pluripotent stem cells (hPSCs)
represent one of the most promising sources of human RGCs.
Recent development of methods guiding the differentiation of
hPSCs toward specific retinal lineages, including RGCs, has
emerged as a powerful strategy for disease modeling, drug
screening, and gene or cell therapy (Llonch et al., 2018;
Rabesandratana et al., 2018; Miltner and La Torre, 2019; Ahmad
et al., 2020). Previous studies have demonstrated the ability to
differentiate RGCs from plated hPSC-derived embryoid bodies
(Riazifar et al., 2014; Sluch et al., 2015; Gill et al., 2016; Teotia
et al., 2017). Based on initial protocols developed with mouse and
human ESCs (Eiraku et al., 2011; Nakano et al., 2012), different
groups including ours developed three-dimensional (3D) culture
systems recapitulating key steps of retinal development and
allowing the generation of self-organizing retinal organoids
containing RGCs (Reichman et al., 2014; Zhong et al., 2014;
Maekawa et al., 2015; Ohlemacher et al., 2016; Fligor et al.,
2018). Very recently, RGCs were differentiated from human
induced pluripotent stem cells (hiPSCs) using a chemically
defined medium resulting in dual SMAD and Wnt inhibition
bypassing retinal organoid formation (Chavali et al., 2020).
Patient-specific iPSCs can be useful to better characterize the
pathogenesis and molecular mechanisms of different inherited
optic neuropathies (Chen et al., 2016; Ohlemacher et al., 2016;
Wu et al., 2018; VanderWall et al., 2020). iPSC-derived RGCs
also offer opportunities to identify molecules with therapeutic
potential (Chen et al., 2016; Sluch et al., 2017) or to evaluate
the efficiency of rescue strategies (Hung et al., 2016; Wong
et al., 2017). Finally, hPSC-derived RGCs could be used for
cell therapy even if many obstacles need to be overcome before
any clinical application, such as the refractory nature of the
central nervous system to axonal regeneration that could impede
the reconnection of new RGC axons to their visual targets
(Fischer et al., 2017; Laha et al., 2017). The ability to purify
hPSC-derived RGCs from other cell types and to eliminate any
residual proliferative cells is also a critical point to obtain a
population of transplantable cells. Genetic engineering has been
used to facilitate RGC isolation employing RGC-specific reporter
gene or RGC-specific cell surface marker (Sluch et al., 2015;
Kobayashi et al., 2018).

Based on our good manufacturing practice (GMP)-compliant
retinal differentiation protocol (Reichman et al., 2017), we
demonstrate that RGCs cultured in 2D conditions after
dissociation of early retinal organoids derived from hiPSCs
strongly express the cell surface antigen THY1 (also known
as CD90). Here, we report a molecular and functional
characterization of iPSC-derived RGCs and demonstrate the
ability to enrich the RGC population using a THY1-based
magnetic-activated cell sorting (MACS) strategy. Transplantation
of enriched THY1-positive RGCs derived from a new fluorescent

GFP reporter iPSC line in a mouse model of RGC degeneration
supports the convenience of our culture and selection strategy
when studying the potential of hPSC-derived RGCs for cell
therapy for optic neuropathies.

MATERIALS AND METHODS

Animals
Eleven to 13-week-old adult female C57/BL6J mice were used
in this study (Envigo). Animals were kept on a 12-h light/12-
h dark cycle and allowed to eat and drink ad libitum (certified
animal facility of the “Institut de la Vision”; agreement number
A751202). All experiments were carried out in strict accordance
with the Association for Research in Vision and Ophthalmology
statement for animal research in ophthalmology. Moreover, all
protocols were approved by the local ethical committee (Charles
Darwin Ethical Committee for Animal Experimentation C2EA-
05) in strict accordance with French and European regulation for
animal use in research (authorization number #9061).

Human Induced Pluripotent Stem Cell
Cultures
Two established human iPSC lines, hiPSC-2 and hiPSC line-
5f, derived, respectively, from dermal fibroblasts (Reichman
et al., 2014) and retinal Müller glial cells (Slembrouck-Brec
et al., 2019) were cultured as previously described (Reichman
et al., 2017). The fluorescent reporter iPSC line adeno-associated
virus integration site 1 (AAVS1):CrxP_H2BmCherry-hiPSC
line (Gagliardi et al., 2018) has also been used for specific
experiments. Briefly, hiPSC lines were cultured on feeder-
free conditions on truncated recombinant human vitronectin
rhVTN-N (Thermo Fisher Scientific) in Essential 8TM medium
(Thermo Fisher Scientific). Cells were routinely cultured at
37◦C in a standard 5% CO2/95% air incubator with a
daily medium change.

Generation of Human Reporter
AAVS1::CAG-P_EGFP hiPSC Line
We used pX330-U6-Chimeric_BB-CBh-hSpCas9
(addgene#42230) (Cong et al., 2013) to construct the
CRISPR/Cas9 vector by annealing and ligating in BbsI sites
an oligonucleotide pairs (5′-CACCGGGGCCACTAGGGACAG
GAT-3′/3′-CCCCGGTGATCCCTGTCCTACAAA-5′) encoding
a 20-nt AAVS1 guide sequence according to the protocol
of Ran et al. (2013). We used the AAV–CAGGS–EGFP
plasmid (Addgene #22212) (Hockemeyer et al., 2009)
containing Puromycin-resistant gene and EGFP under the
control of CMV early enhancer/chicken β actin (CAG)
promoter between AAVS1 homology arms of 800 bp each
(HA-L and HA-R). Plasmids are prepared using a Plasmid
Midiprep kit (Macherey–Nagel) and verified for identity
and integrity by restriction digest and gel electrophoresis
before storage at 1–2 mg/ml in sterile Tris buffer (pH
8.0). The generation of stable cell clones was performed
as previously described (Gagliardi et al., 2018). The hiPSC
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line-5f clone was grown for 24 h in six-well plates before
overnight transfection at 37◦C with CRISPR/Cas9 and donor
plasmids using FuGene HD (ratio 1:1:5; Promega). Two
days after transfection, selection of recombinant cells was
started in the presence of 0.25 µg/ml puromycin (Thermo
Fisher Scientific) for the first 48 h; the concentration of
puromycin was then increased to 0.5 µg/ml until picking
of single colonies. Genomic DNA from puromycin-resistant
clones was extracted with NucleoSpin Tissue kit (Macherey–
Nagel) according to the manufacturer instruction. Correct
reporter integration was evaluated by PCR using a forward
primer upstream to the left arm of AAVS1 of recombination
and a reverse primer either within the reporter cassette
or in the AAVS1 right homologous arm. The PCR was
composed of 32 cycles including three successive steps at
95◦C, 60◦C, and 72◦C, respectively, for 30 s, 30 s, and
2 min. The genotype was finally visualized after migration
of the DNA in a 1.2% agarose gel. After validation by
sequencing, one homozygous reporter integration cell
line was selected, and pluripotent status was validated by
immunostaining for pluripotency markers, and the integrity
of the karyotype was verified by SNP genotyping using
Illumina’s Infinium HumanCore-24 Bead Chips (Illumina, Inc.,
San Diego, CA, United States) at Integragen (Évry, France)
(Slembrouck-Brec et al., 2019).

Retinal Differentiation
Retinal differentiation was based on our previously established
protocol with adherent human iPSCs (Reichman et al., 2017;
Slembrouck-Brec et al., 2019). After 56 days of differentiation
(D56), retinal organoids were collected and enzymatically
dissociated with papain (Worthington, WOLS03126) as
previously described (Reichman et al., 2017). Retinal organoids
were incubated with preactivated papain (1 U for 106cells)
in Ringer solution during 30 min at 37◦C, and then gently
pipetted up and down to obtain uniform cell suspension.
Dissociated retinal cell suspension was plated at a density of
100,000 cells/cm2 onto either 6-, 24- (Corning, 3528), 48-
(Greiner bio-one), or 96-well plates (Cellvis) previously coated
with poly-D-lysine (Sigma-Aldrich) and laminin (Sigma-
Aldrich), respectively, at 2 and 1 µg/cm2. Dissociated retinal
cells were cultured in retinal differentiation medium (RDM)
composed of DMEM/F12 plus B27 supplement (Reichman
et al., 2017), with medium changed every 2–3 days for 1 week
after plating.

Cryopreservation of Retinal Organoids
Up to 12 retinal organoids at D45 were suspended in 250 µl
of cold CryoStem freezing medium (CliniSciences) and frozen
in a 1.5-ml cryogenic tube (Sarstedt) placed in isopropanol-
based Mr. Frosty freezing container (Thermo Fisher Scientific)
at −80◦C for a minimum of 4 h. Frozen tubes were kept
in a −150◦C freezer for long-term storage. Frozen retinal
structures were thawed quickly at 37◦C in a water bath and
resuspended in pre-warmed dedicated media for downstream
investigations.

Magnetic-Activated Cell Sorting
One week after enzymatic dissociation at D56, dissociated retinal
cells were carefully detached from the plates by incubation with
previously activated papain protocol (1 U for 106 cells) for 15 min
at 37◦C. To remove residual aggregates, deoxyribonuclease I
from bovine pancreas (Sigma-Aldrich) was added into cell
suspensions, before filtering through a 30-mm strainer (Miltenyi
Biotec) prehydrated with 1 ml of RDM. Cell suspension was
centrifuged for 10 min at 300 g and resuspended in MACS
buffer (80 µl up to 2.107 cells) for 30 min at 4◦C to block non-
specific binding sites. Next, cells were incubated with anti-mouse
IgG1 MicroBeads (Miltenyi Biotec) coupled with human THY1
antibody for 15 min at 4◦C at a dilution of 1:5 for a ratio up
to 2.107 cells. The cells were washed by adding 2 ml of MACS
buffer, centrifuged at 10 min at 300 × g and resuspended in
500 µl of MACS buffer (MACS BSA solution) supplemented with
1:20 MACS separation buffer (Miltenyi Biotec). Cell suspension
was applied once onto a pre-equilibrated MS column (Miltenyi
Biotec) fixed to a MiniMACSTM separator (Miltenyi Biotec). The
flow-through containing unlabeled cells was collected and then
applied a second time onto the separation column to optimize
the selection. The column was washed twice with 500 µl of MACS
buffer. The positive fraction was eluted with 1 ml of MACS buffer
following removal of the column from the magnet.

Flow Cytometry
After THY1 MACS, all unsorted and sorted THY1 retinal cell
fractions were resuspended to a final volume of 1 ml in MACS
buffer. Then they were incubated with FITC-conjugated THY1
primary antibody for at least 30 min, at 4◦C, in the dark. To
exclude dead cells, propidium iodide was added to the cells at
a final concentration of 1 µg/ml, incubated for 10 min at 4◦C
in the dark. Background fluorescence and non-specific binding
were measured using unstained cells and mouse IgG1 FITC-
conjugated isotypic antibody control (R&D systems) with a
concentration of 5 µl/test up to 106 cells. Samples were analyzed
without additional washings. Analysis was performed with
FC500 Flow Cytometer (Beckman Coulter). Flow cytometry data
were analyzed using FlowJo software (TreeStar). A minimum
of four independent biological experiments were performed
for flow cytometry.

Multi-Electrode Array Recordings
Whole retinal organoids were chopped at D56 and plated onto
a multi-electrode array (MEA) chip (MEA256 100/30 iR-ITO,
Multi Channel Systems, Germany) facing the electrodes and
coated with poly-D-lysine/laminin to promote adhesion onto
the electrodes. Organoid fragments were maintained during
2–3 weeks in RDM at 37◦C in a standard 5% CO2/95%
air incubator, with medium changed every 2–3 days until
electrophysiological recordings. During MEA recordings, the
organoids were continuously perfused with oxygenized (95% O2,
5% CO2) Ames medium (Sigma-Aldrich) at 34◦C at a rate of
1–2 ml/min (Garita-Hernandez et al., 2019). Raw extracellular
RGC activity was amplified and sampled at 20 kHz. Resulting
data was stored and filtered with a 200-Hz high-pass filter
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for subsequent offline analysis using Spike2 software v.7 (CED
Co., United Kingdom). Single-unit data were obtained using a
combination of template matching and cluster grouping based on
principal component analysis of the waveforms. Each recording
lasted for at least 30 min.

Single-Cell Electrophysiological
Recordings
Patch-clamp electrodes were made from borosilicate glass
(BF100-50-10, Sutter Instruments) and pulled to 6–9 M�.
Pipettes were filled with 115 mM K Gluconate, 10 mM KCl,
1 mM MgCl2, 0.5 mM CaCl2, 1.5 mM EGTA, 10 mM HEPES,
and 4 mM ATP–Na2 (pH 7.2). An Axon MultiClamp 700B
amplifier was used for whole-cell patch-clamp and extracellular
recordings. Retinal cells were recorded 2–3 weeks after plating,
either in voltage-clamp configuration and clamped at −60 mV
(with 10 mV steps from −100 to +40 mV), or in current-clamp
configuration (with current injections from −20 to +100 pA).
Extracellular recordings were also performed, with electrodes
filled with Ames’ solution. During recordings, cells were perfused
with oxygenized (95% O2, 5% CO2) Ames’ medium (Sigma-
Aldrich) at 34◦C at a rate of 1.5 ml/min.

RNA Extractions and TaqMan Assays
Total RNAs were extracted using NucleoSpin RNA XS kit
(Macherey–Nagel) according to the manufacturer’s protocol,
and RNA yields and quality were checked with a NanoDrop
spectrophotometer. cDNA was synthesized from 250 ng
of mRNA using the QuantiTect reverse transcription kit
(Qiagen, 205313) following manufacturer’s recommendations.
Synthesized cDNA was then diluted at 1/20 in DNase-free
water before performing quantitative PCR. qPCR analysis
was performed on an Applied Biosystems Real-Time PCR
machine (7500 Fast System) with custom TaqMan R© Array
96-Well Fast plates (Thermo Fischer Scientific) and TaqMan R©

Gene expression Master Mix (Thermo Fischer Scientific)
following manufacturer’s instructions. All primers and
MGB probes labeled with FAMTM (carboxyfluorescein) for
amplification (Supplementary Table S1) were purchased
from Thermo Fischer Scientific. Results were normalized
against 18S, and quantification of gene expression was based
on the Delta Ct Method in three minimum independent
biological experiments.

Tissue Fixation and Cryosection
For eye cup collecting, animals were deeply anesthetized
by intraperitoneal injection of ketamine (Ketamidor;
Axience; 100 mg/kg) and xylazine (Nerfasin R© Vet; Axience;
10 mg/kg) before transcardiac perfusion with 100 ml of 4%
paraformaldehyde at 4◦C. Retinal organoids and mouse eye cups
were fixed (or postfixed) for 20 min in 4% paraformaldehyde
at 4◦C and washed in PBS. Structures were incubated at 4◦C
in PBS/30% sucrose solution for at least 2 h. Structures were
embedded in a solution of PBS/7.5% gelatine/10% sucrose
and frozen in isopentane at −55◦C. For further analysis, 10-
and 14-µm-thick cryosections were collected, respectively,

for retinal organoids and mouse eye cups. Dissociated retinal
cells on coverslips (WPI) or on glass-bottomed 96-well plates
(Cellvis) were fixed with 4% paraformaldehyde for 15 min
before immunostaining.

Immunostaining, Imaging, and
Quantification
After washes with PBS, non-specific binding sites were blocked
for 1 h at room temperature with a PBS solution containing
0.2% gelatine and 0.1% Triton X-100 (blocking buffer)
and then overnight at 4◦C with the primary antibody
(Supplementary Table S2) diluted in blocking buffer.
Slides were washed three times in PBS with 0.1% Tween
and then incubated for 1 h at room temperature with
appropriate secondary antibodies conjugated with either
Alexa Fluor 488, 594, or 647 (Supplementary Table S2)
diluted at 1:800 in blocking buffer with 4′,6-diamidino-
2-phenylindole (DAPI) diluted at 1:1,000 to counterstain
the nuclei. Specifically, for mouse eye cups, sections were
incubated in two drops of Mouse IgG blocking reagent
(Vector laboratories) diluted in 2.5 ml of PBS for 1 h at
room temperature to block endogenous mouse antibody
in the tissue section in anticipation of mouse antibody-
based immunostaining.

Cell death was detected using the In Situ Cell Death
Detection kit, TMR (Roche), according the to the manufacturer’s
instruction.

Fluorescent staining signals were captured with an Olympus
FV1000. Acquisitions were done with a variable step size
according to objective magnification (1.64 µm at ×20; 0.61 µm
at×40; 0.48 µm at×60). Images were analyzed with FIJI/ImageJ
software, and each illustration corresponds to a Z-projection of
all X-Y optical sections.

Quantification of cell density immunoreactive for specific
markers has been performed by automatic counting using
ArrayScan VTI HCS Reader R© station with the HCS iDev Cell R©

studio software 6.6.0. (Thermo Fischer Scientific). A minimum
of 72 areas (0.83 mm2 each) were counted for each condition
of dissociated retinal cells per experiment. For a few markers,
manual quantification was realized on the FIJI/ImageJ software.
Quantification is expressed as mean ± S.E.M and corresponds
to a minimum of four independent biological experiments for
automatic or manual counting.

Optic Nerve Crush Mouse Model
Animals were anesthetized by intraperitoneal injection of
ketamine (Ketamidor; Axience; 100 mg/kg) and xylazine
(Nerfasin R© Vet; Axience; 10 mg/kg). Buprenorphine (Buprecare,
Axience; 0.05 mg/kg) was also administrated before the surgery
to provide additional analgesia. Oxybuprocaine (THEA) was also
administered locally on the operated eye. Under a stereoscopic
microscope, the left eye ball was bulging with Dumont fine
forceps (Fine Science Tools, no 11252-30) to expose the optic
nerve. The optic nerve was crushed a few millimeters behind
the eye by compression for 5 s with Dumont #5 – mirror finish
forceps (Fine Science Tools, no 11252-23). Lubrital (Dechra) was
used to avoid dry eyes until waking up.
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Transplantation of Human-iPSC-Derived
RGCs
Mice were first anesthetized by 5% isoflurane (Isoflurin;
Axience) inhalation for 2 min and were maintained in deep
anesthesia with 2% isoflurane inhalation. Oxybuprocaine was
also administered locally before transplantation. Cell suspension
(1 µl) containing 200,000 cells in MACS buffer was delivered
by intravitreal injection. Injection was performed using a
micropump (UltraMicroPump III with Micro4 Controller;
World Precision Instruments). Cells were delivered at 150 nl/s
using a 10-µl NanoFil syringe with a 33G beveled tip (NanoFil).
From 1 week before transplantation to the end of the follow-
up, mice were maintained under immunosuppression through
cyclosporine treatment (210 mg/l) in the drinking water. A total
of 27 female mice were analyzed 1 week after transplantation
(n = 17 animals with grafted THY1-positive cells; n = 4 animals
with grafted unsorted cells) and 4 weeks after transplantation
(n = 6 animals with grafted THY1-positive cells).

Statistical Analysis
“n” corresponds to the number of organoids, animals, or
images from each independent differentiation; “N” indicates
the number of independent experiments performed (e.g., the
number of independent retinal differentiations). All statistical
analyses are based on at least three independent experiments.
Data were averaged and expressed with means± SEM. Statistical
analysis was performed using Prism 7 (GraphPad software)
with appropriate statistical tests including Mann–Whitney test,
ordinary one-way, two-way ANOVA, or Kruskal–Wallis test
followed when necessary by multiple comparison test (post hoc
analysis) such as Dunn’s (multiple comparison with one control
group) or Tukey’s test (comparison between all groups). P values
lower than 0.05 led to the rejection of the null hypothesis (H0)
and to consider the difference statistically significant.

RESULTS

Absence of THY1 Expression in
Human-Induced Pluripotent Stem
Cell-Derived Retinal Organoids
Because THY1 is considered as a specific marker of RGC in a
retinal context (Barnstable and Dräger, 1984), we first sought
to determine, using our previously GMP-compatible protocol
(Reichman et al., 2017), the expression of this cell surface
marker during the differentiation of hiPSC-derived retinal
organoids in floating conditions. RT-qPCR analysis revealed
a low increase in THY1 expression in maturating organoids
between D42 and D84 contrasting with the transient increase
in BRN3A expression that demonstrated the generation of
RGCs during this period (Figure 1A) (n ≥ 30 organoids
from N ≥ 3 differentiations; ∗∗p < 0.01, Kruskal–Wallis
test followed by Dunn’s multiple comparison). The transient
expression of BRN3A can be explained by RGC loss in
floating culture conditions (Reichman et al., 2014; Zhong
et al., 2014; Capowski et al., 2019). Immunofluorescence

analysis showed that numerous immunoreactive cells for specific
RGC markers (BRN3A, RBPMS, and HuC/D) are present
in floating retinal organoids at D56, D70, and D84, while
their density decreased at D98 (Figure 1B) and became
undetectable at later stages as previously described (Reichman
et al., 2014). By contrast, the photoreceptor population was
clearly traceable at D98 according to CRX and Recoverin
(RCVRN) expression ruling out a global and non-specific cell
loss (Supplementary Figure S1). This observation confirmed the
data obtained by RT-qPCR and revealed the progressive RGC
loss over long-term retinal organoid maturation. Surprisingly,
immunofluorescence analysis did not detect expression of
THY1 in retinal organoids between D42 and D98 (Figure 1B)
despite the gene expression detected at mRNA level by RT-
qPCR (Figure 1A).

In order to evaluate the functional maturation of presumed
hiPSC-derived RGCs, and considering that retinal cells capable
of emitting large spikes are overwhelmingly RGCs, we performed
multi-electrode array (MEA) recordings from organoids cultured
on MEA chipsets for 2 weeks (Figure 1C). Spiking activity was
recorded at the surface of four out of seven MEA chipset, and
the average spiking activity of individual cells was 0.37± 0.13 Hz
(mean ± SEM; N = 4 out of seven experiments, n = 10
responding electrodes).

Promotion of Human-iPSC-Derived RGC
Survival and Maturation in Adherent
Conditions
Since targeting THY1 would be useful to isolate the RGC
population, we aimed at inducing RGC maturation to trigger
THY1 expression at protein level. For this purpose, we developed
a two-stepwise retinal differentiation protocol to promote
survival and maturation of RGCs (Figure 2A). Retinal organoids
were dissociated after 8 weeks of differentiation (D56), and
cell suspension was seeded back onto an adherent substrate
for 1 week and maintained in RDM medium to enhance RGC
survival and maturation. After 1 week, the dissociated retinal
cells showed a typical neuronal morphology (Figure 2B). Most
cells were identified as RGCs by the co-expression of BRN3A
and THY1 (Figure 2C), or the co-expression of PAX6 with
RBPMS or βIII-tubulin (Figure 2C; Fournier and McKerracher,
1997; Zhang et al., 2010; Rodriguez et al., 2014; Li et al.,
2017). The co-expression of CRX and RCVRN in some cells
confirmed that differentiating photoreceptors were also present
(Figure 2C). RT-qPCR analysis revealed a higher expression
of BRN3A and RBPMS in retinal cells 1 week after plating
compared to D56 organoids (Figure 2D) (n ≥ 30 organoids
from N ≥ 3 differentiations; ∗p < 0.05, Mann–Whitney test)
and a weak but not statistically significant increase in THY1
expression (Figure 2D) (n ≥ 30 organoids from N ≥ 3
differentiations). All these results confirmed an enrichment of
maturating RGCs over other retinal cell populations in these
adherent conditions.

Functional maturation of RGCs was further evaluated by
single-cell electrophysiological recordings (Figure 3). Twenty
out of sixty-one RGCs, defined by morphological criteria
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FIGURE 1 | Characterization of the retinal ganglion cell (RGC) population in human induced pluripotent stem cell (hiPSC)-derived retinal organoids. (A) RT-qPCR
analysis of BRN3A and THY1 during differentiation between D42 and D84 (mean ± SEM; N = 3 differentiations per time point; n ≥ 10 organoids/differentiation).
Gene expression at each time point is indicated relative to organoids at D42. **p < 0.01, Kruskal–Wallis test followed by Dunn’s multiple comparison.
(B) Immunostaining showing the expression of BRN3A, RBPMS, HuC/D, and the absence of THY1 immunoreactivity in sections of retinal organoids, from D56 to
D98. Nuclei were counterstained with DAPI (blue). Scale bars, 100 µm. (C) Top, infrared image displaying an organoid cultured on a 256-recording site (gray dots)
MEA chipset. Electrical activity showed as superimposed waveforms is observed at the level of the organoid (N = 7 independent experiments including 10 electrodes
showing electrical activity). Scale bar, 200 µm. Bottom, raw data trace example of a recorded neuron from the same organoid exhibiting spontaneous firing activity.
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FIGURE 2 | Optimization of hiPSC-derived RGCs differentiation. (A) Schematic diagram illustrating the protocol for RGC differentiation from hiPSC-derived retinal
organoids. (B) Phase-contrast micrograph of retinal cells 1 week after plating of dissociated cells derived from D56 organoids; scale bar, 50 µm. (C) Immunostaining
on dissociated cells derived from D56 retinal organoids, showing the co-expression of BRN3A and THY1, or PAX6 with RBPMS, or βIII-tubulin allowing the
identification of RGCs 1 week after plating. Photoreceptors are also identified according to CRX and recoverin (RCVRN) expression. Nuclei staining with DAPI in blue;
scale bars, 50 µm. (D) RT-qPCR analysis of THY1, BRN3A, and RBPMS in D56 organoids and in retinal cells 1 week after plating (mean ± SEM; N = 3
differentiations per time point; n ≥ 10 organoids/differentiations). Gene expression at each time point is indicated relative to D56 organoids. *p < 0.05,
Mann–Whitney test).

and recorded extracellularly showed spontaneous spiking
(Figure 3A). The resting membrane potential was similar for all
recording cells (−43.2 ± 2.1 mV; mean ± SEM), and the mean
firing frequency was 0.31 ± 0.07 Hz (mean ± SEM; n = 20 out
of 61 recorded cells from N = 9 differentiations). Voltage-gated
sodium channels that mediate fast depolarization in neurons
are responsible for initiation of the action potential (Marban
et al., 1998). Patch-clamp recordings revealed fast inward ionic
currents in a majority of putative RGCs (Figure 3B) (n = 15
out of 22 patched cells) and a voltage-dependence of these
currents with an inward peak of activity at −20 mV. Because
the majority of recorded cells were not spontaneously spiking,

we injected positive current pulses during 500 ms leading to
firing activity in the majority of recorded cells (Figure 3C)
(n = 7 out of 10 cells). Firing response ranged from 1 to 10
action potentials per stimulation. Furthermore, in order to
check if cells expressed functional glutamate receptors, we
puffed glutamic acid (1 mM) and managed to record inward
slow currents in response to the stimulation (Figure 3D) (n = 3
technical replicates). In order to better characterize the identity
of recording cells, we performed similar experiments using
our previously described CrxP_H2BmCherry reporter hiPSC
line (Gagliardi et al., 2018). This allowed the identification of
photoreceptors according to the expression of the mCherry
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FIGURE 3 | Excitability and electrical properties of hiPSC-derived RGC-like cells after differentiation in 2D. (A) Top, infrared image of a recording electrode in contact
with a RGC 3 weeks after plating of retinal cells derived from D56 organoid Scale bar, 20 µm. Bottom, example of an extracellular recording from the same cell
displaying spontaneous firing activity (0.31 ± 0.07 Hz; mean ± SEM; N = 9; n = 20 out of 61 recorded cells). (B) Whole-cell patch-clamp recording of a
representative cell in voltage-clamp mode. Current responses to voltage steps are obtained by stepping the membrane potential from –100 to +40 mV in 10 mV
increments. Note the presence of fast inward currents (arrow head); (N = 5; n = 15 out of 22 recorded cells). (C) Whole-cell patch-clamp recording in current-clamp
mode. Injecting positive current (40 pA) in the cell (blue bars) leads to firing activity (N = 5; n = 7 out of 10 recorded cells). (D) Recording in one cell of a long inward
current evoked by glutamic acid (1 mM) application and compatible with a synaptic current; this response has been reproduced three times.

fluorescent protein (Figure 4A). As expected, patch-clamp
recordings showed that mCherry/CRX-positive photoreceptors
failed to evoke fast inward currents (Figures 4B,C) (n = 7)
and never evoked spike after current injection (Figure 4D)
(n = 7). By contrast, mCherry/CRX-negative cells (classified as
RGCs based on additional morphological criteria) displayed
fast inward currents (Figures 4B,E) (n = 4) and evoked spikes
after current injections (Figure 4F) (n = 3 out of 4). The resting
membrane potential was similar for all recording cells, ranging
from −38.3 ± 3.1 mV (mean ± SEM; CRX-positive cells)
to −42.7 ± 4 mV (mean ± SEM; RGC-like CRX-negative
cells). Based on these morphological and functional criteria, we

demonstrated that RGCs isolated from retinal organoids can
survive and mature in adherent mixed retinal cell cultures.

Enrichment of RGCs by MACS Based on
THY1 Expression in Adherent Cells From
Dissociated Organoids
Since the transplantation of hiPSC-derived RGCs represents one
objective for future applications to treat optic neuropathies, we
aimed to discard non-RGCs from the whole-cell population
even though an enrichment in RGCs was already observed
in our adherent cell culture conditions (Figure 2). For this
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FIGURE 4 | Distinct electrical properties of hiPSC-derived RGCs and hiPSC-derived CRX-positive photoreceptors. (A) Infrared image of a monolayer of retinal cells
derived from D56 organoid generated from the adeno-associated virus integration site 1 (AAVS1):CrxP_H2BmCherry hiPSC line, 3 weeks after plating.
Epifluorescence images revealing mCherry+ cells corresponding to CRX+ photoreceptors are superimposed (white arrow head on cell A; a recording electrode is in
contact with a mCherry– (CRX–) non-photoreceptor cell showing an RGC morphology (white arrow head on cell A). Scale bar: 25 µm. (B) Mean current–voltage (I–V)
relationship curve of CRX– (black curve) and CRX+ (red curve) cells, calculated as the minimum current value observed during the first 10 ms of each voltage step.
Fast inward currents peaking around –20 mV are only visible for CRX– cells (mean ± SEM; N = 3; n = 7). (C,E) Current responses to voltage steps of CRX+ (C) and
CRX– (E) representative cells by stepping the membrane potential from –100 to +40 mV in 10-mV increments (N = 3; n = 11). Only CRX– cells displayed fast inward
currents. (D,F) Voltage responses of CRX+ (D) and CRX– (F) representative retinal cells to a +40-pA current injection (blue line). Evoked action potentials were
observed only in CRX– cells (N = 3; n = 4).
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purpose, 1 week after plating of dissociated retinal organoid cells,
we performed MACS using THY1 antibody-coupled magnetic
MicroBeads. In order to evaluate the enrichment of RGCs,
unsorted and MAC-sorted fractions were submitted to flow
cytometry to quantify THY1-positive cells. Flow cytometry
analysis confirmed an RGC enrichment after 7 days in adherent
cell culture conditions, with 60.48 ± 0.14% of THY1-positive
cells in the unsorted fraction (Figure 5A) (mean ± SEM;
n = 198 organoids; N = 3 independent experiments). We showed
that the MACS-positive fraction containing 78.03 ± 1.47%
of THY1-positive cells was significantly enriched compared to
MACS-negative fraction containing 15.11 ± 3.77% of THY1-
positive cells (Figures 5B,C) (mean ± SEM; N = 3; ∗∗p < 0.01;

one-way ANOVA followed by Dunn’s multiple comparison test).
Cell viability of MAC-sorted cells was assessed by flow cytometry
using the apoptotic marker YOPRO (Figure 5D) showing a
high survival rate in both THY1-positive and negative fractions
(91.63 ± 0.62% and 92.5 ± 1.08%, respectively; N = 3; n = 308),
similar to the living cell ratio before MACS (95.1 ± 2.19% in
unsorted fraction; N = 3; two-way ANOVA).

In order to confirm the identity of sorted cells (Figure 6A),
we performed immunofluorescence analysis on cells from the
different MACS fractions 2 days after plating (Figure 6B).
As expected, the MACS-positive fraction was enriched in cells
expressing specific RGC markers (THY1, BRN3A, RBPMS,
HuC/D) (Figure 6B). Quantitative analysis revealed a significant

FIGURE 5 | Selection of hiPSC-derived RGCs by targeting THY1. (A–C) One representative THY1 flow cytometry analysis plot of the different fractions before (A)
and after magnetic-activated cell sorting (MACS) (B: THY1-positive fraction; (C): THY1-negative fraction). Fluorescence intensity indicative of FITC-conjugated THY1
primary antibody binding is shown on the x-axis. Specific staining in green; Non-specific binding was estimated by incubation with a mouse IgG1 FITC-conjugated
isotypic antibody (in gray). (D) Quantitative analysis by flow cytometry of living cells (YOPRO-negative) on unsorted, THY1-negative, and THY1-positive fractions from
retinal organoid-derived dissociated cells, 1 week after plating (min to max; N = 3 differentiations; n = 308 organoids; ns: not statistically significant two-way ANOVA
followed by Tukey’s multiple comparison test).
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FIGURE 6 | Characterization of hiPSC-derived RGCs after THY1-targeted MACS. (A) Phase-contrast and brightfield micrographs illustrate the morphology of
dissociated cells from D56 retinal organoids 1 week after plating (unsorted) and 2 days after MACS (THY1-positive and THY1-negative fractions). Scale bars: 50 µm.
(B) Immunofluorescence analysis of RGC markers (THY1, RBPMS, BRN3A, and HuC/D) and photoreceptor marker CRX in unsorted, THY1-positive, and
THY-negative fractions (cell nuclei staining with DAPI in blue). Scale bars: 50 µm. (C) Quantitative analysis using ArrayScan of RGCs and photoreceptors in adherent
cell cultures of unsorted, THY1-negative, and THY1-positive fractions, 2 days after plating (mean ± SEM; *p < 0.05, **p < 0.01, ****p < 0.0001; Dunn’s multiple
comparisons test after global Kruskal–Wallis test; N ≥ 4). Asterisks positioned above scatter plots refer to comparison with the unsorted fraction (gray line); asterisks
above square bracket refer to comparison between positive and negative fractions.
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enrichment in BRN3A-positive cells (+147% ± 38%) in
the THY1-sorted cell population compared to the unsorted
fraction and a significant depletion in the negative fraction
(−80 ± 8%) (Figure 6C) (mean ± SEM; n = 671 organoids
from N = 5 differentiations; ∗∗p < 0.01, Kruskal–Wallis test
followed by Tukey’s multiple comparison test). This enrichment
was confirmed by the increase in 55 ± 11.5% and 48 ± 7.7%
of RBPMS-positive cells and HuC/D-positive cells, respectively,
compared to the unsorted fraction (Figure 6C) (mean ± SEM;
N = 5 experiments; ∗∗∗∗p < 0.0001, Kruskal–Wallis test
followed by Tukey’s multiple comparison test). In contrast, the
MACS-positive fraction was partially depleted in CRX-positive
photoreceptor cells (Figures 6B,C) (−24 ± 8.3% compared to
the unsorted fraction; mean ± SEM; N = 6; n = 731 organoids;
∗p < 0.05, Kruskal–Wallis test followed by Tukey’s multiple
comparison test). To demonstrate that this selection strategy
was not dependent on the hiPSC line used for generation of
retinal organoids, we carried out additional immunostaining
with another previously characterized hiPSC line (hiPSC-2)
derived from human dermal fibroblasts (Reichman et al.,
2014). Using different markers of RGCs (THY1, HuC/D,
and RBPMS), we confirmed an enrichment of RGCs in the
THY1-sorted fraction (Supplementary Figure S2). In contrast,
RCVRN-positive photoreceptors detected in the unsorted
fraction were very rarely observed in the THY1-sorted fraction
(Supplementary Figure S2).

With the perspective of developing cell therapy applications
for optic neuropathies, we tested the ability to cryopreserve
dissociated cells before or after THY1-targeted MACS.
Dissociated cells before cell sorting (unsorted fraction) and
MAC-sorted cells were immediately frozen, thawed 1 week
later, and cell viability was assessed by flow cytometry using the
apoptotic marker YOPRO. Quantitative analysis demonstrated
an important decrease in cell viability in freeze–thawed cell
population, both in unsorted (51.4 ± 5.2%; N = 3) and THY1-
sorted (24.5± 0.5%; N = 3) fractions compared to corresponding
fresh-cell fractions: 99.4 ± 0.3% and 94.5 ± 1.2% for unsorted
and THY1-sorted fraction, respectively (n = 395 organoids
from N = 3 experiments; ∗∗∗∗p < 0.0001, two-way ANOVA
followed by Tukey’s multiple comparison test). These results
ruled out the possibility to use this approach for banking
THY1-targeted MACS retinal cells. Having already validated the
possibility to cryopreserve retinal organoids (around D85-D100)
without affecting photoreceptor differentiation after thawing
(Gagliardi et al., 2018), we tested the possibility, as an alternative
solution, to isolate RGCs from young freeze–thawed organoids
(Figure 7). Retinal organoids frozen at D45 of differentiation
were thawed and put back into floating culture for 1 week before
dissociation. Retinal cells were then cultured an additional
week in adherent conditions (Figure 7A). Immunostaining
demonstrated that most cells exhibited an RGC profile with
the expression of specific neuronal, retinal, and RGC markers
such as βIII-tubulin, PAX6, BRN3A, or THY1 (Figure 7B).
In these conditions, THY1-targeted MACS was still efficient
as demonstrated by immunostaining on the sorted fraction in
which a majority of the cells expressed BRN3A, RBPMS, and
THY1 (Figure 7B). One week after dissociation, quantitative

analysis of YOPRO labeling by flow cytometry demonstrated
that freeze–thawing of retinal organoids did not affect cell
viability in dissociated cells (unsorted cells) from freeze–thawed
organoids (97.43± 0.74%; N = 3) (Figure 7C) compared to fresh
organoids (95.1 ± 2.19; N = 3) (Figure 5D). A high survival
rate was also observed after MACS (Figure 7C) (93.90 ± 0.76%
in positive fraction and 93.93 ± 1.09% in negative fraction;
N = 3) even though cell viability was slightly lower compared to
unsorted cells (n = 380 organoids; N = 3 experiments; ∗p < 0.05,
two-way ANOVA followed by Tukey’s multiple comparison
test). These results suggested that performing THY1-targeted
MACS on retinal dissociated cells derived from previously
cryopreserved organoids could provide a good solution to obtain
readily transplantable cells and overcome the obstacle of direct
cryopreservation of THY1-targeted MACS retinal cells.

Generation and Retinal Differentiation of
Human Reporter AAVS1::CAG-P_EGFP
iPSC Line
For potential validation of cell replacement strategies,
we engineered a fluorescent reporter human iPSC line
(Supplementary Figure S3) from hiPSC line-5f (Slembrouck-
Brec et al., 2019) enabling the production of fluorescent retinal
cells that could be easily identified after transplantation. We
used the CRISPR-Cas9 knock-in strategy (Cong et al., 2013;
Gagliardi et al., 2018) to generate an hiPSC reporter line in which
the fluorescent protein EGFP under the control of ubiquitous
CAG promoter is inserted into the “safe harbor” AAVS1 site
(Supplementary Figure S3A). Among the five puromycin-
resistant selected clones (Supplementary Figure S3B), we
selected a clone carrying a copy of the insert in both AAVS1
loci (CAG-c2), for further retinal differentiation. The iPSC
line genomic integrity was confirmed by SNP genotyping
(Supplementary Figure S3C). As expected, the iPSC colonies
expressed GFP and the pluripotency markers OCT4, SSEA4,
SOX2, and NANOG (Supplementary Figures S3D,E). When
overgrowing AAVS1:CAG-P-EGFP iPSCs were switched to a
differentiation medium, self-forming neuro-retinal structures
could be observed 4 weeks after the initiation of differentiation
(Figure 8A). Endogenous GFP signal was visible in D56 retinal
organoids in floating cultures (Figure 8B). Immunostaining
for GFP on cryosections of retinal organoids confirmed the
expression of the transgene in all retinal cells (Figures 8C,D).
Co-immunostaining with specific RGC markers (BRN3A and
PAX6) in D56 organoids (Figure 8C) or photoreceptor markers
(CRX and RCVRN) in D130 organoids (Figure 8D) confirmed
that GFP is expressed in differentiating retinal neurons.

Applying the double-stepwise selection of RGCs (adherent
culture of dissociated cells from D56 retinal organoids combined
with THY1-targeted MACS) to GFP-positive retinal organoids,
allowed an enrichment in cells expressing RGC markers
(RBPMS, BRN3A, THY1, and ISLET1) in the MACS-positive
fraction compared to unsorted cells and MACS-negative fraction
(Figure 8E). As expected, the MACS-positive fraction was
markedly depleted in photoreceptor cells identified with both
CRX and RCVRN antibodies, while they were mainly found in
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FIGURE 7 | Selection of hiPSC-derived RGCs from cryopreserved retinal organoids. (A) Schematic diagram illustrating the protocol for the selection of
THY1-targeted hiPSC-derived RGCs from cryopreserved hiPSC-derived retinal organoids. (B) Phase-contrast and brightfield micrograph and immunostaining for
RGC markers, βIII-tubulin, BRN3A, PAX6, RBPMS, or THY1 in unsorted or THY1-sorted cells from dissociated freeze–thawed organoids (cell nuclei staining with
DAPI in blue). Scale bars: 50 µm. (C) Quantitative analysis by flow cytometry of living cells (YOPRO negative) on unsorted, THY1-negative, and THY1-positive
fractions, 1 week after plating, of dissociated cells derived from freeze–thawed retinal organoids (min to max; N = 3 differentiation; n = 380 organoids; *p < 0.05,
two-way ANOVA followed by Tukey’s multiple comparison test).

the MACS-negative fraction (Figure 8E). These results confirm
that our optimized protocol for RGC generation and enrichment
from human retinal organoids is suitable for different hiPSC lines.

Transplantation of Unsorted and
THY1-Positive Retinal Cells Into a Mouse
Model of Optic Nerve Injury
Next, we sought to study the transplantation competence of
hiPSC-derived RGCs in a host environment recapitulating
degenerative conditions of RGCs. Progressive loss of optic
nerve fibers was induced by the optic nerve crush (ONC)
model (Park et al., 2008; McKinnon et al., 2009). ONC
was confirmed after tracing RGC axons through intravitreal
injection of Alexa-555-conjugated cholera-toxin subunit B (CTB)
(Figure 9A). ONC was followed by a progressive loss of
endogenous RGCs visualized after 4 weeks (Figure 9B). Unsorted
cells (200,000) (Figure 9C) or THY1-sorted cells (Figures 9D–
F) derived from GFP-expressing retinal organoids were injected
into the vitreous space close to the host ganglion cell layer

(GCL) 4 weeks after ONC. One week after transplantation
in immunosuppressed animals, GFP-positive cells were found
in 75% of eyes injected with unsorted cells (n = 3 out
of 4) and 59% of eyes injected with THY1-sorted cells
(n = 10 out of 17 mice; N = 3 experiments). GFP-positive
injected cells in the vitreous were clearly identified by the
expression of human-specific marker hNA (Figures 9C,D).
Most human grafted GFP-positive cells co-expressed RBPMS
(Figures 9C,D), and only some expressed BRN3A and THY1
(Figure 9D and Supplementary Figure S4) in accordance with
the previous demonstration that BRN3A is expressed in an RGC
subpopulation (Badea et al., 2009). In order to exclude the
possibility that injected cells engaged in apoptosis, we performed
TUNEL assay (Figure 9D). Quantification of TUNEL-positive
cells revealed that 15.82 ± 4.98% of GFP-positive cells were
TUNEL positive demonstrating that most grafted cells were alive
(Figure 9D) (n = 9). Among the animals injected with THY1-
sorted cells and displaying human cells in the vitreous, nine
showed GFP-positive cells intermingled with the host GCL. In
these animals, some double-positive RBPMS/GFP-injected RGCs
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FIGURE 8 | Retinal differentiation and selection of THY1-positive RGCs using a AAVS1:CAG-P_EGFP hiPSC line. (A) Phase-contrast and brightfield micrograph
showing emergence of D28 retinal organoids from differentiating AAVS1:CAG-P_EGFP hiPSCs. Scale bar: 200 µm. (B) Endogenous GFP expression in D56 retinal
organoids. Scale bar: 200 µm. (C,D) Immunostaining showing the expression of GFP in all retinal organoid cells. (C) RGCs are identified at D56 according to the
co-expression of PAX6 and BRN3A. (D) Co-expression of CRX and recoverin (RCVRN) corresponds to photoreceptors in D130 organoids. Scale bars: 30 µm.
(E) RGC characterization in unsorted, THY1– and THY1+ fractions according to the expression of RBPMS, ISLET1, BRN3A, and THY1. Immunostaining for CRX
and RCVRN enables photoreceptor identification. Scale bars: 50 µm.

migrated in the remaining GCL (Figures 9C,D). Interestingly,
GFP/hNA double-positive cells were still present 4 weeks after
injection of THY1-sorted cells in half of the transplanted
animals (n = 3 out of 6) under immunosuppressive treatment.

Transplanted cells were distributed either as small cell clusters
close to the retina (Figure 9E) or as small number of
cells, intermingled with the host GCL (Figure 9F). Despite
no evidence of neurite outgrowth, the majority of surviving
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FIGURE 9 | Injection of hiPSC-derived RGCs in the vitreous of optic nerve crush mice model. (A) Alexa 555-conjugated CTB-β-labeled optic nerve crush revealing
the lesion site. Scale bar: 100 µm. (B) DAPI staining showing the RGC loss in the GCL 5 weeks after optic nerve crush. Scale bar: 100 µm. (C–F) Immunostaining in
retinal sections from mice grafted with unsorted (C) or MAC-sorted THY1-positive fractions (D) 1 week after transplantations, and MAC-sorted THY1-positive cells
(E,F) 4 weeks after transplantations. The delimitated areas indicate the location of high-magnification image below. Transplanted cells are identified according to GFP
and human marker hNA immunoreactivity (C–F). RGCs are identified according to BRN3A (D) or RBPMS expression (C–F). Notice the close apposition of
transplanted cells to GCL (D). Evaluation of cell death among engrafted cells was performed according to TUNEL labeling (D). Notice the small number of
TUNEL-positive cells. Scale bars: 100 µm (A–D) or 50 µm (E,F). GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer.
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cells were identified as RGCs according to RBPMS expression
(Figures 9E,F).

DISCUSSION

In the current study, we have developed a two-step process to
optimize the differentiation and the isolation of RGCs from
hiPSC-derived retinal organoids. As previously reported in
different retinal organoids (Reichman et al., 2014; Zhong et al.,
2014), we demonstrated an increase in the RGC population from
D42 with a peak around D56 before a progressive loss of these
cells. The RGC loss starting before their advanced maturation, as
shown by the absence of THY1 immunoreactivity, was likely due
to the absence of projection targets and to the floating culture
condition, the latter representing a strong hindrance to axon
outgrowth outside the organoids, as previously observed with
an RGC fluorescent reporter iPSC line (Capowski et al., 2019).
Beyond the morphological and molecular features of RGCs, the
functional maturation, such as the ability of RGCs to trigger
action potentials, is an important issue. By using MEA recording,
we detected relatively low spontaneous activity, which does not
exclude that more RGCs would be able to fire in response to
stimulation. Moreover, scattered distribution of RGCs in the
core of retinal organoids may limit suitable contacts with the
recording electrodes required for an optimal recording. Despite
these technical issues, the possibility to detect spiking activity
in retinal organoids suggests that RGCs initiated a maturation
process. RGCs are massively predominant among the spiking
retinal cells. However, it cannot be totally excluded that some
other retinal cells, such as a few amacrine cells, are at the origin
of some recorded spikes.

In order to promote RGC survival and functional maturation,
retinal organoids have been dissociated at D56, a stage of
development at which many RGCs are present, and retinal
cells were replated onto an adherent substrate. In agreement
with previous studies, the adherent culture of retinal cells
allowed RGCs to grow extensions showing βIII-tubulin or THY1
immunoreactivity (Ohlemacher et al., 2016; Li et al., 2017;
Fligor et al., 2018; Langer et al., 2018; Chavali et al., 2020).
The capacity of neurons such as RGCs to trigger an action
potential depends on different hallmarks including the expression
of specific voltage-gated channels and, importantly, a resting
membrane potential (Vrest) allowing their activation (Catterall,
2012). This crucial point is illustrated by a recent study showing
that only hiPSC-derived RGCs displaying an adequately negative
Vrest were able to spike (Teotia et al., 2019). In the present
study, the Vrest was approximatively −43 mV, a slightly more
depolarized value than that reported by Riazifar et al. (2014)
or Chavali et al. (2020) in hiPSC-derived RGC-like cells, but
lower than that observed by Teotia et al. (2019). Consistent with
previous studies (Teotia et al., 2019; VanderWall et al., 2019),
we demonstrated that 3 weeks after plating, the mature RGCs,
in contrast to photoreceptors, displayed voltage-gated ionic
currents enabling these RGCs to evoke spikes after stimulation
and to spontaneously fire. The ability of RGCs to trigger
action potentials is an important issue for future transplantation

applications since electrical activity has been shown to be
important for both RGC development (Assali et al., 2014) and
regeneration (Lim et al., 2016). Interestingly, MAC-sorted RGCs
displayed very weak voltage-gated fast inward currents that were
insufficient to allow the generation of an action potential (data
not shown), suggesting that functional maturation of RGCs could
be improved in the presence of other non-RGC retinal cells.
Similar observations have been nicely reported for hiPSC-derived
RGCs co-cultured with astrocytes by VanderWall et al. (2019).

The cell sorting method based on the specific expression
of a cell surface marker is useful for the enrichment of a
specific cell type, allowing for instance, transcriptomic analysis
(Daniszewski et al., 2018). In the present study, we demonstrated
that adherent culture conditions of dissociated cells from D56
retinal organoids are sufficient to enrich in RGCs more than
60%, according to THY1 expression, 1 week after plating. The
second step of RGC enrichment using THY1-targeted MACS
allowed to reach up to almost 80% of RGCs, corresponding
to a similar enrichment than previously reported with another
RGC differentiation protocol (Gill et al., 2016). To improve
MACS efficiency, retinal cell culture after plating could be
extended in order to obtain more mature RGCs expressing a
higher level of THY1. However, for future cell transplantation,
the ontogenetic stage of donor cells should be a critical point.
The ability of RGCs to integrate the host tissue according to
the specific developmental stage is poorly documented, but it
was shown in rodents that RGCs isolated from adult retina
failed to integrate the host retina after intravitreal injection
unlike RGCs isolated from early postnatal donors (Hertz
et al., 2014; Venugopalan et al., 2016). An excessive stage of
differentiation of engrafted cells could also explain integration
failure observed in normal mouse retina with RGC-like cells
derived from mouse iPSC overexpressing Atoh7 in order to
bias RGC differentiation toward RGC lineage (Chen et al.,
2010). In order to efficiently select RGCs, other strategies using
engineered reporter cell line expressing fluorescent protein or a
cell surface selection marker have been proposed (Sluch et al.,
2015, 2017). However, engineered reporter cell lines may not
be suitable for the development of clinically compatible stem
cell-based therapies.

One major advantage of the separation strategy presented here
relies on the possible transfer of our entire protocol to GMP-
compatible conditions. Indeed, our differentiation protocol is
based on a feeder-free iPSC culture system and uses exclusively
chemically defined xeno-free compounds. Furthermore, the
GMP-compliant MACS enrichment is already used in clinical
trials (Menasché et al., 2015). We also demonstrated that
MACS targeting THY1 expression could be performed using
cryopreserved organoids, ensuring the possibility to store
the organoids at the appropriate stage of differentiation for
downstream applications. Targeting other specific RGC cell
surface markers such as CD184 or CD171 (Aparicio et al., 2017)
could be an interesting alternative to improve RGC enrichment
compared to THY1 targeting.

Transplantation studies demonstrated that THY1-enriched
retinal cells survived in the vitreous up to 4 weeks after injection.
Cells were found in the eyes of 59% of transplanted animals
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1 week after intravitreal injection and 50% of transplanted
animals 4 weeks post-injection. The limited efficacy of the
immunosuppressive regimen could explain the limited number
of animals where human cells can be detected, even though
we cannot formally rule out some technical issues related to
intravitreal injections. Administration of an immunosuppressant
in drinking water is classically used and has demonstrated
its efficiency (Jensen et al., 2012; Kamao et al., 2014; Ben
M’Barek et al., 2017) but can yield partial success because
of the inconsistent blood immunosuppressant levels (Jensen
et al., 2012). However, the success ratio of transplantation
is comparable and even slightly higher to the one (43%)
reported with intravitreal injection of postnatal rat RGCs in
normal mice (Venugopalan et al., 2016). TUNEL experiments
demonstrated that the majority of injected cells were alive
and immunostaining with specific RGC markers and specific
antibodies for human antigen confirmed that most of the
injected human cells were RGCs. Many engrafted cells were
observed as trapped in the vitreous. Nevertheless, in a few
animals, the engrafted cells intermingled with host retina.
Although further experiments are needed to clearly demonstrate
their integration into the host retina, our data are consistent
with previous studies reporting 10% integration efficiency of
postnatal rat RGCs (Venugopalan et al., 2016). A recent
study suggested that retinal progenitors derived from human
embryonic stem cells (hESCs) could differentiate into RGC-
like cells in the host GCL 4 weeks after transplantation in
NMDA-injured retina, but no morphological maturation was
reported (Wang et al., 2019). However, injection of a cell
population that may contain mitotic cells seems hazardous,
with the risk of cell hyperproliferation within the vitreous.
Very recently, intravitreal injection of hESC-derived RGC-
like cells has been performed in normal, non-injured adult
rat eye showing some survival and migration of transplanted
cells into the host GCL (Zhang et al., 2019). Some donor
cells displayed β-III-tubulin labeling suggesting initiation of
maturation, but according to the authors, donor cells failed to
express specific RGC marker such as RBPMS. In our study,
transplanted cells did not harbor neurite elongation, even at
4 weeks after transplantation, in contrast to the observation
made by Venugopalan et al. (2016) with transplantation of
rat postnatal RGCs. These authors reported that 3 weeks after
transplantation, some engrafted cells harbored neurite elongation
on the retinal surface with diverse dendrite architecture
demonstrating that RGC could morphologically mature after
transplantation. Slower kinetics of human development could
explain that transplanted cells failed to harbor significant neurite
outgrowth, and increasing the delay after transplantation of
hiPSC-derived RGCs would be useful to explore the ability
of RGCs to extend axons and dendrites and to establish
synaptic contacts with bipolar and amacrine cells in our
model of optic nerve injury. RGC scattering in the vitreous
after injection has been frequently reported (Hertz et al.,
2014; Becker et al., 2016). Co-injection with trophic factors
supporting axon growth would be also useful. Interestingly,
hiPSC-derived RGCs have been shown to be responsive to
various factors such as BDNF (Fligor et al., 2018). In order

to facilitate cell migration in the vitreous to reach the
retinal surface, it would be useful to limit the aggregation of
transplanted cells with the use of specific injectable hydrogels
(Pakulska et al., 2012). The inner limiting membrane, and
more generally the extracellular matrix, could also limit cell
integration into the GCL layer. Co-injection with a specific
enzyme, such as chondroitinase, should facilitate both migration
and integration of transplanted cells, as it has been reported
for the injection of Muller glial cell-derived RGC-like cells
(Singhal et al., 2012).

Attachment of the grafted cells onto the host retina
surface is also a critical point. The absence of physical
support possibly limits the survival and differentiation of
the injected cells. Some recent studies demonstrated that
engineered scaffolds or biomaterials can stimulate RGC axon
outgrowth in vitro (Kador et al., 2014; Sluch et al., 2015; Li
et al., 2017; Yang et al., 2017). Introducing a RGC-scaffold
biomaterial into the eye would be a real progress compared
to an injection of cell suspension as reported recently in
rabbits and monkeys (Li et al., 2017). In summary, we report
the optimization of RGC generation derived from hPSCs
compatible with GMP manufacturing required for future cell
replacement therapies. To the best of our knowledge, this is
the first “proof of concept” of a successful transplantation
of isolated hPSC-derived RGCs in a mouse model of
optic neuropathy.
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Successful osseointegration involves the biological behavior of bone marrow stem cells
(BMSCs) on an implant surface; however, the role of BMSC-derived extracellular vesicles
(EVs)/exosomes in osseointegration is little known. This study aimed to: (i) explore the
interaction force between exosomes (Exo) and cells on a titanium surface; (ii) discuss
whether the morphology and biological behavior of BMSCs are affected by exosomes;
and (iii) preliminarily investigate the mechanism by which exosomes regulate cells on Ti
surface. Exosomes secreted by rat BMSCs were collected by ultracentrifugation and
analyzed using transmission electron microscopy and nanoparticle tracking analysis.
Confocal fluorescence microscopy, scanning electron microscopy, Cell Counting Kit-
8 (CCK-8), quantitative real-time polymerase chain reaction techniques, and alkaline
phosphatase bioactivity, Alizarin Red staining, and quantification were used to
investigate the exosomes that adhere to the Ti plates under different treatments as
well as the morphological change, adhesion, spread, and differentiation of BMSCs. We
found that exosomes were efficiently internalized and could regulate cell morphology
and promoted the adhesion, spreading, and osteogenic differentiation of BMSCs. These
were achieved partly by activating the RhoA/ROCK signaling pathway. Our discovery
presents a new insight into the positive regulatory effect of exosomes on the biological
behaviors of BMSCs on Ti surface and provides a novel route to modify the surface of a
Ti implant.

Keywords: osseointegration, cell–material interaction, exosomes, titanium, bone marrow stem cells

INTRODUCTION

Dental implants have become an alternative for replacing missing teeth, which are essential for
patients looking to restore dental esthetics and function. Fast and effective osseointegration is
central to the success of dental implant therapy (Cervino et al., 2019). Successful osseointegration
benefits from improved surface modification methods. Studies related to the implant surface have
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increased exponentially, largely focusing on two aspects: abiotic
methods (chemical and physical methods) based on surface
engineering (Kuroda et al., 2002; Omar et al., 2016) and
biotic methods (cells, polypeptide, covalent grafting, and etc.)
that alter the implant surface with functional biomaterials
(Zhang et al., 2011; Liu et al., 2017). The advantages of biotic
implant modification, such as high osteoinduction capability,
biocompatibility, and biodegradability, are required in many
cases for biomedical applications (Geetha et al., 2008). However,
the use of these traditional biotic implant modifications has
several disadvantages, such as explosive release, immunogenicity,
instability, and easy degradation. Recently, it has been proven
that nanoscale materials that show novel physical, chemical,
and biological properties with high stability could be efficient
alternatives to increased cell responses, bone conduction, and
osseointegration (Wang Y. et al., 2018).

Osseointegration and the maintenance of bone homeostasis
on the bone–implant contact (BIC) mostly rely on cell-to-cell
and cell-to-material communication, and this osseointegration
process is directed by complex biological mechanisms that
involve many cells and their secreted signaling factors (Nagasawa
et al., 2016). Bone marrow stem cells (BMSCs) play an
essential role in some key processes of osseointegration involving
osteoinduction, osteogenesis, and bone reparative mechanism
(Won et al., 2017). In vitro and in vivo studies suggest that various
“tiny pieces of matter” (secreted by cells) such as cytokines,
chemokines, growth factors, and others are implicated in the
regulation of BMSC biological behavior. However, little is known
about events in the interaction and regulation of cell-derived
secretome products and the biological behavior of BMSCs.

Exosomes (Exo), specifically defined as the 50- to 200-
nm vesicles that are secreted by multiple cells, have been
reported to be present in biological fluids and are involved
in multiple physiological and pathological processes. Exosomes
are now considered an additional mechanism for intercellular
communication, allowing cells to exchange proteins, lipids, and
genetic material (van Niel et al., 2018). Among the multifarious
exosomes, mesenchymal stem cell exosomes (MSC-exosomes)
have attracted great attention as they have recently been identified
as possibly functioning as regulators of various treatments,
especially tissue engineering, and tissue regeneration.

Mesenchymal stem cell-exosomes, like most exosomes that
carry informative cargo from the MSC to targeted cells, influence
fundamental cellular processes including apoptosis, proliferation,
migration, and lineage-specific differentiation (Brennan et al.,
2020). Within the field of orthopedics and dentistry, MSC-
exosomes regulate the osteogenic differentiation of MSCs
by transferring vital materials, such as osteogenesis-related
protein and microRNAs (Wang X. et al., 2018). Moreover,
many studies have shown that multiple regulatory factors
and complex signaling pathways involved in the process of
osteogenesis differentiation are regulated by MSC-exosomes.
Specific pathways including Wnt, BMP, PI3K/Akt, insulin,
TGFβ, and calcium signaling pathways may be affected by
MSC-exosomes (Cooper et al., 2019; Wei et al., 2019; Zhang
et al., 2020). In aggregate, these researches demonstrate that
MSC-exosomes carry much information that impacts key gene

activation for osteogenesis including SATB2, Runx2, Dlx5, and
Osterix (Osx; Fang et al., 2015; Huang et al., 2017). Despite
extensive research, a clear picture is yet to emerge on how MSC-
exosomes regulate cell biological behavior and differentiation,
especially in materials frequently used for implant application.

Exosomes are certainly nanoscale intercellular messengers
secreted by cells to deliver biological signals. Thus, the “if and
how” they regulate the behavior of BMSCs on titanium (Ti)
or other materials have become interesting and intriguing (Al-
Sowayan et al., 2020). Furthermore, considering the outstanding
properties of exosomes (natural origin, cargo representing a rich
source of factors, and low immunogenicity), there may be a novel
strategy to promote the activity of BMSCs in the process of
osseointegration by introducing exosomes.

Therefore, the purposes of this study were to: (i) explore
the form of the interaction force between exosomes and cells
in a Ti environment; (ii) discuss whether the morphology and
biological behavior of BMSCs are affected by exosomes; and
(iii) preliminarily trace the internal molecular mechanism of this
regulation on a Ti surface.

MATERIALS AND METHODS

Treatments With Titanium
Pure Ti plates (grade 4, 10 × 10 mm, 1-mm thickness; Guangci
Medical Appliance Company, Zhejiang, China) were polished by
grinding using silicon carbide (SiC) abrasive paper (#320 to #1600
grit sizes). Acid-etched Ti plates were treated as described in
Zhang et al. (2011). Pure Ti plates were sand-blasted, rinsed with
acetone, ultrasonic cleaned in 75% alcohol and distilled water,
and dried under nitrogen flow. Ti plates were then treated with a
solution containing hydrofluoric acid (HF) and HNO3 followed
by treatment with a solution containing HCl and H2SO4. On
the other hand, the acid–alkali Ti plates were treated as follows
(Jin et al., 2017). The Ti plates were treated with a solution
containing HF and HNO3, ultrasonically cleaned in 75% alcohol
and distilled water, and treated with a solution containing 5 M
NaOH for 30 min. Then, the Ti plates were heated to 450◦C, kept
for 1 h, and cooled to room temperature (25◦C) naturally. All
Ti plates were sterilized by ultraviolet (UV) radiation before use
in the experiment. The experiment exclusively investigated the
adsorption and biological effects of exosomes on BMSCs cultured
on a Ti surface (Figure 1).

rBMSC Extraction, Culture, and
Conditioned Medium Collection
Rats were sacrificed by an overdose of chloral hydrate to obtain
rat bone marrow stem cells (rBMSCs) for culture. These cultures
were prepared according to the protocol developed in Caplan
Laboratory and previously carried out in our laboratory (Ke
et al., 2016). The experimental procedures were approved by the
Ethics Committee for Animal Research at Zhejiang University
(ethics approval number: ZJU20200075). In brief, the tibia
and femur, without attached tissues, were excised under sterile
conditions. Subsequently, bone marrow was extracted using
an injection of basal growth medium (BGM) consisting of
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FIGURE 1 | Experimental flowchart. This workflow is divided into two steps: selecting a favorable adsorption material for exosomes and cells and investigating the
regulation of exosomes in bone marrow stem cells (BMSCs) on Ti surfaces in three different combinations. BMSC-derived exosomes (Exo).

α-MEM medium (HyClone, UT, United States) with 10% fetal
bovine serum (FBS; Gibco, New York, United States), 100 U/ml
penicillin, and 100 µg/ml streptomycin. rBMSCs from passages
3–5 were used in this experiment. When cells were needed
for differentiation into osteocytes, the rBMSCs were cultured
in an osteogenic differentiation medium supplemented with
10 mM β-glycerophosphate, 50 µg/ml ascorbic acid, and 10−8 M
dexamethasone (Sigma-Aldrich Co., St. Louis, United States).
Besides, adenoviral vectors encoding a green fluorescent protein
(Ad-GFP; GeneChem Co. Ltd., Shanghai, China) were used at a
multiplicity of transduction of 100 for a clear presentation of the
morphology of BMSCs.

Characterization of r-BMSCs by Flow
Cytometry
Attached cells were trypsinized and detached from the
polystyrene flask and separately incubated with the

phycoerythrin-conjugated anti-rat antibodies, anti-CD29, anti-
CD90, anti-CD45, and anti-CD34 (Biolegend, United States), for
30 min at room temperature. Then, the cells were washed twice
with phosphate-buffered saline (PBS), centrifuged (1,500 rpm,
5 min) at room temperature, and resuspended in PBS. The cells
were adjusted to a concentration of 5 × 105 cells/100 µl. Flow
cytometric analysis was carried out using FACScan system (BD
Becton Dickinson, United States).

Isolation of Exosomes
Before exosomes were extracted from rBMSCs, a fresh serum-free
medium was introduced after cell attachment. A cell-conditioned
medium was obtained from the rBMSCs cultured for 2 days in
a medium without added serum and subjected to differential
centrifugation (300 × g, 10 min; 2,000 × g, 10 min; and
10,000 × g, 30 min) at 4◦C and filtered through a 0.45-µm
membrane to remove large debris and dead cells. Then, the
exosomes were pelleted by ultracentrifugation at 100,000 × g for
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FIGURE 2 | Rat bone marrow stem cell (rBMSC) and exosome identification. (A) Typical photograph of spindle-shaped rBMSCs (undifferentiated) under an inverted
microscope (scale bar, 50 µm). (B) Identification of rBMSC morphology through confocal microscopy (scale bar, 200 µm). (C) Flow cytometric analysis to identify rat
BMSCs. The presence of rBMSCs was confirmed by positive staining for CD29 and CD90 as well as negative staining for CD34 and CD45. CD, cluster of
differentiation. (D) Exosome purification protocol: collect conditioned medium from rBMSCs, use low-speed centrifugation and filtration to remove dead cells and
debris, and wash contaminating proteins using an ultracentrifuge. (E) Representative image of exosome morphology as captured by transmission electron
microscopy (TEM; scale bar, 200 nm). (F) Measurement of the particle size distribution of exosomes by nanoparticle transport analysis (NTA).

140 min at 4◦C using a 70 Ti rotor (Beckman Coulter, Fullerton,
United States; Théry et al., 2006). Finally, the supernatant was
removed and the pellet resuspended in cold PBS throughout the
ultracentrifugation step trials. A schematic of the exosome sample
preparation method is shown (Figure 2D).

Characterization of Exosomes
After collecting the isolated exosomes, their morphology was
observed using transmission electron microscopy (TEM). In
brief, the exosomes were fixed with 4% paraformaldehyde
(PFA, 1:1; Alfa Aesar, United States), then loaded onto a TEM
copper grid, and washed with PBS, 1% glutaraldehyde, and
distilled water. Exosome samples were next incubated with 4%

uranyl acetate and visualized under a Tecnai 12 BioTWIN
TEM (FEI/Phillips, United States) at 100 kV. Additionally, the
number and the size distribution of exosomes were analyzed
by nanoparticle trafficking analysis (NTA) using a NanoSight
NS300 system (Malvern, United Kingdom) according to the
manufacturer’s instructions. In brief, the exosome samples were
diluted, resuspended in 1 ml PBS, and reinjected into the device
(Liao et al., 2019).

Optimal Selection of Ti Plates
The protein concentration of exosomes was determined using a
bicinchoninic acid (BCA) assay with a standard curve (Biyuntian
Biotech Company, Shanghai, China). The concentration of each
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exosome sample was measured and adjusted to 100 µg/ml using
cold PBS. One milliliter of the exosome solution was added
dropwise to the surface of different Ti plates (two groups: acid-
etched Ti and acid–alkali Ti). After 5 min of incubation at 4◦C,
the exosomes were immobilized on the surface of the Ti plates.
The remaining solution was removed, collected, and the protein
concentration determined to calculate the quantitative detection
of the adsorption of exosomes by different Ti plates. rBMSCs were
seeded at a low density (5,000 cells/plate) and grown overnight
in order to screen and quantify exosome-regulated adhesion
behavior of rBMSCs on two types of Ti surfaces.

Inoculate BMSC and BMSC-Exosome on
Ti Plates
To examine the regulatory role of exosomes on rBMSCs cultured
on Ti plates, the rBMSCs and exosomes were seeded on acid-
etched Ti plates in four different combinations (Figure 1):
Ti + Cell group: 100 µl cell suspension (2 × 105 cells/ml);
(Ti + Exo) + Cell group: 100 µl of exosome suspension
(100 µg/ml) was seeded after 12 h incubation at 37◦C, 100 µl
cell suspension; (Ti + Cell) + Exo group: 100 µl cell suspension
was seeded 12 h before, 100 µl exosome suspension; and
Ti + (Exo + Cell) group: 100 µl cell suspension and 100 µl
exosome suspension were premixed before being added on
Ti plates. The suspension was dropped onto the surface of
Ti and allowed to settle for 15 min before the addition of
a culture medium.

Confocal Fluorescence Microscopy and
Image Analysis
Purified exosomes were labeled using PKH67 green fluorescent
cell linker (PKH67GL-1KT; Sigma-Aldrich Co.) according to
the manufacturer’s instructions and then added to low-density
rBMSC suspensions (5,000 cells/10 µg exosome) in each Ti
plate. After 6 h of incubation, the Ti plates were washed
three times in PBS and then fixed with 4% paraformaldehyde.
The cell F-actin was visualized using rhodamine–phalloidin
(Cytoskeleton Inc., Denver, United States). The nuclei
were stained using DAPI (Sigma-Aldrich) following the
manufacturer’s recommended protocol.

Observation of Adherent Cells on Ti
Plates Using Scanning Electron
Microscopy
The adhesion of rBMSCs and the physical location and
interactions between the cells and exosomes on the Ti
surface were evaluated using a field-emission scanning electron
microscope (FE-SEM; SU8010, Hitachi, Tokyo, Japan). In
summary, the acid-etched Ti plates loaded with cells and exosome
samples were fixed in 2% paraformaldehyde at 4◦C for 15 min,
washed with 0.15 M sodium cocoate buffer, and stained with
1% osmium tetraoxide for 2 h. After rinsing with the buffer,
the samples were dehydrated through an ethanol series (30 min
each in 50, 60, 70, 80, 90, 95, 100%, and dry ethanol) and
dried in the air before gold sputter coating and observation
(Wang Y. et al., 2018).

ALP Bioactivity
Alkaline phosphatase (ALP) bioactivity was examined by ALP
staining and ALP activity testing after 7 days. For ALP
staining, the acid-etched Ti plates loaded with cells and exosome
samples were fixed in 4% paraformaldehyde and stained using
a BCIP/NBT ALP color development kit (Biyuntian, China),
then washed with PBS and photographed. ALP activity was
determined using the LabAssay ALP kit (Wako Pure Chemical
Industries, Japan) according to the manufacturer’s instructions.
Total cellular proteins were determined using the BCA protein
assay and the absorbance at 405 nm was measured with a
Microplate reader (Thermo Fisher Scientific).

Alizarin Red Staining and Quantification
Alizarin Red S stain was used for staining mineralized nodules.
Briefly, the Ti plates loaded with cells and exosome samples were
fixed in 4% paraformaldehyde and stained by 2% Alizarin Red
S for 30 min. For quantification of Alizarin Red S staining, the
samples were fixed in 70% ethanol for 1 h, then washed three
times with dH2O and stained with 0.5% Alizarin Red S solution
(w/v, pH 4.2). The stain was desorbed with 10% cetylpyridinium
chloride for 30 min and the absorbance at 562 nm was measured.

Cell Adhesion and Spread
Two methods were used to investigate the initial adhesion
behavior of rBMSCs on the Ti plates. One method involved
counting the attached cell numbers by counting the number
of DAPI-stained nuclei in five random fields, expressed as
the average number of the positively labeled cells per unit
area of view. Then, the numbers of adherent cells in the co-
culture setting with/without exosomes were indirectly quantified
using the Cell Counting Kit-8 (CCK-8; Dojindo Laboratories,
Kumamoto, Japan). Next, the spreading area of the cells was
calculated using ImageJ analysis software. The average cell
spreading area was calculated as S = Subtotal/Number of Nuclei,
where Subtotal is the total cell spreading area on the image.

Quantitative Real-Time Polymerase
Chain Reaction
The expression levels of cell adhesion, spreading, and osteogenic
genes were evaluated using quantitative real-time polymerase
chain reaction (qRT-PCR) for marker genes including the ras
homolog family member A (RhoA), Rho-associated coiled-coil
containing protein kinase 2 (ROCK2), Osterix (Osx), osteocalcin
(OCN), and ALP in rBMSCs. Total RNA was isolated and
purified using an RNeasy kit (Qiagen GmbH, Hilden, Germany).
Complementary DNAs (cDNAs) were synthesized using a
PrimeScript RT Master Mix (Takara Bio, Osaka, Japan). qPCR
analysis was performed in duplicate for each sample in a 10-µl
reaction using a CFX384 real-time system (Bio-Rad Laboratories,
California, United States) with an SYBR Green I kit (Takara City,
Osaka, Japan). All the expression levels of the target gene were
normalized to those of the housekeeping gene, GAPDH. The
primer sequences used are listed in Supplementary Table 1.
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Statistics
All tests were repeated three times with two parallel runs for
each assay, for a total of six runs, and the results presented as
means ± standard deviation. Independent t test statistics were
computed using SPSS version 19.0 (SPSS, Chicago, United States)
and the p value set at 0.05.

RESULTS

Characterization of rBMSC and
Exosomes
To comprehensively characterize the purified nanoparticles
derived from rBMSCs, TEM, and NTA were employed. All
exosomes are derived from donor cells (rBMSCs) in good
condition, which appeared spindle-like in shape on the tissue
culture plate (Figures 2A,B). The cell surface markers were
determined by flow cytometry analysis to identify rBMSCs.
The rBMSCs were confirmed by high percentages of positive
staining for CD29 (98.3%) and CD90 (99.6%) as well as by
low percentages of staining for CD34 (0.4%) and CD45 (0.4%;
Figure 2C). The morphology of the BMSC-derived exosomes was
first confirmed in the TEM image (Figure 2E), which revealed
that the exosomes were 100- to 200-nm spherical particles with a
complete membrane structure and similar shape to a biconcave-
discoid, fitting the recognized characteristics of exosomes. The
size distribution of the nanoparticles in exosomes is shown in a
relative-intensity three-dimensional plot, which is characterized
by NTA (Figure 2F). The concentration of exosomes was
3 × 108 particles/ml and the mean diameter of the particles was
163.7± 1.6 nm, as measured by the NTA system. Taken together,
these data suggest that the nanoparticles are exosomes.

The Different Morphologies and
Adsorption Capacity of Titanium Surface
Under Acid or Acid–Alkali Treatments
For qualitative and quantitative evaluation, the adsorption
capacities of two Ti surfaces (acid-etched and acid–alkali) were
evaluated by SEM and protein quantification analysis of the
leaching solution. Ti plates were sandblasted and acid-etched to
obtain an irregular and rough surface with macro- and micro-
pits similar to those commonly used in commercial dental
implants (Figure 3A, 1–4). SEM images of the nanostructures
were prepared using Ti wet corrosion in 5 M NaOH aqueous
solution at 450◦C. Porous nanowire networks were formed on the
acid–alkali Ti surface. The nanowire networks were entangled,
featuring a coralline-like morphology at a low magnification with
a multilayered overlapping stamen shape at a high magnification
(Figure 3A). To our surprise, such a complex morphology
was unfavorable to the adherence of exosomes and cells when
comparing with acid-etched surface (Figures 3A,B). It is clear
from the pictures that the number of adherent exosomes on the
acid-etched Ti surface was about two times greater than that
on the acid–alkali Ti surface (Figure 3D). The acid-etched Ti
surface has advantages over the numbers of cells and exosomes
per counting area (Figures 3C,E) as well as the mean spreading

area of the cells. Therefore, the acid-etched Ti plates were selected
for subsequent experiments due to this greater ability to adsorb
exosomes and cells. To sum up, acid-etched Ti has a stronger
adsorption of exosomes and is therefore more likely to lead to
the effective realization of the potential of exosomes.

Exosomes Induce Morphological
Changes in BMSCs
To understand whether the physical interactions occurred
preferentially between exosomes and cells, we next carefully
observed them when both were present on the Ti surface.
Based on our experimental results listed above and pilot
experiments, the acid-etched Ti plates were chosen for
subsequent experiments. Interestingly, as we observed in the
low-magnification SEM images of the Ti surface, the exosomes
were more likely to adhere to the surface of the cells while it
was hard to see exosomes that adhered to the Ti surface away
from the cell body. Moreover, changes in the cell morphology
induced by exosome treatment were particularly obvious in
the Ti + (Exo + Cell) group, including elongated, spindle-
shaped morphology, pseudopodia formation, and increased cell
scattering (Figure 4A). In contrast, cells showed no/decreased
microvilli or filopodia- and lamellipodia-like structures on the Ti
surface without exosomes. These results indicate that exosomes
are more inclined to bind and be internalized by cells on the Ti
surface. In addition, the adhesion and spreading of rBMSCs on
the Ti surface were stimulated with the addition of exosomes
(Figures 4B,C).

Exosomes Promote BMSC Adhesion and
Spread on Ti Surfaces
Having shown that exosomes are efficiently internalized by
cells, we then investigated whether exosomes play a role in
the adhesion and spread of rBMSCs. We first proved that an
interaction occurred between the cells and exosomes by tracing
exosomes after co-culturing for 12 h and immunofluorescent
staining in all the experimental groups (Figure 5A). Surprisingly,
approximately 80–90% of cell-endocytosed exosomes without
statistical differences were found regardless of the sequence
of exosome treatment (Figure 5B). Then, the cell adhesion
was directly and indirectly quantified by confocal microscope
counting (Figure 5D) and CCK-8 assay (Figure 5C), respectively.
Similarly, cell spread was calculated using ImageJ analysis
software (Figure 5E). Over the same culture time, when
observed by a microscope, the number of adhered cells in
the Ti + (Exo + Cell) group was significantly more than
that in the no-exosome group (Figure 5A). Also, rBMSCs
in the Ti + (Exo + Cell) group with exosomes showed a
significantly higher optical density (OD) value, which means
an increased number of live cells (Figure 5C). The consistent
results of the metabolic activity measurement and quantitative
morphological assessment of the live cells were observed in the
number of adherent rBMSCs. A similar result was obtained:
under culture conditions in the presence of exosomes, treated
rBMSCs displayed a dramatically increased adhesion to Ti
surfaces compared with the control (Figure 5D). The cell spread
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FIGURE 3 | Rat bone marrow stem cell (rBMSC) and BMSC-exosomes adhesion rates on the acid-etched Ti and acid–alkali Ti plates. (A) SEM images: Exosomes
and cells on acid–alkali Ti surfaces (scale bar: A1, 1 µm; A2, 400 nm; A3, 100 µm; and A4, 40 µm). (B) SEM images: Exosomes and cells on acid-etched Ti
surfaces (scale bar: B1 1 µm; B2, 400 nm; B3, 100 µm; and B4, 40 µm). (C) The number of exosomes was counted under SEM. (D) The adherence intensities of
exosomes were quantified. The protein concentration indicated the quantity of exosomes adhering to the Ti surface. (E) The number of rBMSC cells was counted
under SEM. (F) The average steady-state spreading area of each rBMSC was quantified using ImageJ. The results are presented as the mean ± standard error of
the mean, n = 3. *p < 0.05; **p <‘0.01, ***p < 0.001. The black arrow indicates exosomes adhering to the Ti surface.

was evaluated by measuring the mean spreading area of each
cell (Figure 5E). The cell spreading area was significantly greater
on exosomes than on the control Ti surface. In summary,
the consistent results of the metabolic activity and quantitative
morphological of cells were observed in the number of adherent
rBMSCs, which indicated that exosomes had obvious cell tropism
and contributed to the adhesion of rBMSCs on Ti surfaces.

The Expression of Selected Adherence
and Osteogenic Differentiation Markers
in rBMSCs on Ti Surfaces Were
Upregulated by Exosomes
We next asked whether exosomes could contribute to
the osteogenic differentiation of BMSCs and whether
cytoskeletal changes were relevant. Exosomes significantly

upregulated the rBMSC expression of cell adhesion, spread,
and migration compared to those on the control Ti
(Figures 6A,B). Especially in the Ti + (Cell + Exo) group,
the effect was more pronounced. In comparison with the Ti
group, the expression levels of RhoA and its downstream
molecule ROCK2 were both up to nearly 2 and 1.5 times
higher, respectively.

Osteogenesis-related genes’ (Osx, OCN, and ALP) mRNA
expressions in rBMSCs co-cultured with exosomes were
determined by real-time PCR (Figures 6C–E). At 6 days,
all selected osteogenic genes were upregulated on the Ti
with exosomes. Increases of Osx, OCN, and ALP ranging
from 1.5 to 2 times in the Ti + (Cell + Exo) group were
observed when compared with the other three groups. To
summarize, exosome treatment promoted the upregulation
of RhoA and ROCK2, which indicates activation of the
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FIGURE 4 | SEM images of adherent rat bone marrow stem cells (rBMSCs) under different treatments of exosomes. (A) No exosomes appear on the control surface
and adherent cells. In the Ti + (Exo + Cell) group, rBMSCs with longer and more numerous microvilli are detected in the presence of exosomes compared with the
other three groups. The high-magnification image shows the endocytosis of exosomes by BMSCs (scale bar: A1, A4, A7, and A10, 100 µm; A2, A5, A8, and A11,
40 µm; A3, A6, A9, and A12, 2 µm). (B) The number of attached cells was counted under SEM. (C) The average steady-state spreading area of each rBMSC was
quantified using ImageJ. The results are presented as the mean ± standard error of the mean, n = 3. *p < 0.05; **p < 0.01, ***p < 0.001. ns, not significant; Exo,
exosomes.
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FIGURE 5 | Exosomes specifically bind to rat bone marrow stem cells (rBMSCs) and promote the adherence of rBMSCs onto Ti surfaces. The cells with or without
exosome treatment were imaged using a confocal microscope. (A) rBMSCs incubated with or without PKH67-labeled exosomes (green) for 12 h. The nuclei of
rBMSCs were stained using DAPI (blue), while the actin cytoskeleton was stained using phalloidin–rhodamine (red). Scale bar, 100 µm. (B) Bars represent the
exosome endocytosis rates given as (number of cells containing exosomes/number of cell in each region) × 100. (C) The cell viability of adherent cells was
measured using a CCK-8 assay after 12 h. (D) The number of attached cells was counted under a microscope. (E) The average steady-state spreading area of each
rBMSC was quantified using ImageJ. The results are presented as the mean ± standard error of the mean, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. ns, not significant; Exo, exosomes.
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RhoA–ROCK pathway. Moreover, exosomes promoted
significant ALP, Osx, and OCN temporal upregulation
by day 6 in the osteogenic differentiation medium,
especially when they were premixed with rBMSCs in the
Ti+ (Cell+ Exo) group.

Bone mineralization resulting from calcium deposition is
known as a late marker in osteogenic differentiation. The
results of the Alizarin Red and ALP staining and quantitation
(Figures 6F,G′) illustrated that there were more calcified
nodules and higher ALP staining intensity when co-cultured

FIGURE 6 | Exosomes induce elevated expressions of genes related to cell adhesion (RhoA and ROCK2), improving osteogenesis in rat bone marrow stem cells
(rBMSCs). The levels of gene expression of the cell adhesion markers RhoA (A) and ROCK2 (B) and the osteogenic differentiation markers Osterix (C), ALP (D), and
OCN (E) in rBMSCs on Ti surfaces at different treatments of exosomes were analyzed. (F) The formation of mineralized nodules was then observed by Alizarin Red S
staining. (G, G′) The quantitative alkaline phosphatase (ALP) assay was a parallel experiment to ALP staining. (F, F′) Alizarin Red staining was measured and
quantification is shown on the right. The results are presented as the mean ± standard error of the mean, n = 3. *p < 0.05; **p < 0.01, ***p < 0.001. ns, not
significant; Exo, exosomes.
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with exosomes. These effects were most apparent in the
Ti+ (Cell+ Exo) group. The ALP and Alizarin Red quantitations
were elevated around 1.8- and 2.2-fold, respectively.

DISCUSSION

Effective integration of dental implants requires the
chronological processes of osteoinduction, osteoconduction, and
osseointegration (Albrektsson and Johansson, 2001). Cell-to-cell
and cell-to-material communications are indispensable to these
osseointegration processes, especially in the early stages (Smeets
et al., 2016). Of interest in this study, we investigated the exosome
trafficking between cells that take part in the regulation of the
biological behaviors of BMSCs on the Ti surface. Here, cell
adherence, spread, and osteogenic differentiation, which are
crucial biological behaviors in the process of osseointegration,
were evaluated. The main finding of the present work was that
exosomes efficiently internalized and modulated cell biological
behaviors on the Ti surface, most likely by activating the
RhoA–ROCK pathway.

Firstly, we observed that exosomes have preferences for a
special landing position. Our results suggest that the affinity
of exosomes was strongest for cells, weaker with an abiotic
surface, and quite reduced on an acid–alkali Ti surface compared
to acid-etched Ti. The authors concluded that better adhesion
might result from the physicochemical properties of materials
and, more specifically, the different affinity with water and
surface charge. One possible reason is that the acid–alkali Ti
surface usually shows a lower water contact angle, which means
higher surface energy, better wettability, and, thus, stronger
hydrophilicity (Hoshino et al., 2015). However, exosomes have
an intrinsic favorable lipid and surface protein composition,
leading to an easier adherence to hydrophobic followed by
super-hydrophilic substrates. Another possible reason is that the
exosomes which demonstrated negative zeta potential values of
about −10 to −50 mV (Maroto et al., 2017) tend to be more
attracted to the positively charged surface and might be more
prone to trapping on the acid-etched Ti surface (with a large
number of protons) easily. Experiments show that the acid–
alkali Ti, which is widely accepted and clinically used, has better
performance in exosome adhesion. The results of the study
support the use of acid–alkali Ti as a good system to study
exosome-based modification of Ti surfaces.

In our following study, we found that exosomes and cells
produced a very interesting attractive interaction when there
were coexisting BMSC–exosomes in the cell milieu. We observed
that the sequence of addition of exosomes and cells led to a
different cell behavior promoted by exosomes. Compared to the
other two sequences, the premix maximizes the effect of adhesion
and spreading, wherein the full contact and interaction between
the exosomes and cells are feasible. More interestingly, a common
point in these observations is that this interaction appears to be
cell tropism. Exosomes present where the cells reside, but are not
sufficient to affect the positions the cells adhered to. However,
Wang et al. (2020) found that exosome-triggered effects mainly
occur when the exosomes are immobilized on the surface, but do

not occur when exosomes are provided in suspension. This may
be partially explained by the direct exposure of the assembled
exosomes on the smooth surface of titanium. In contrast to the
previous work, titanium with an acid-etched surface and three-
dimensional structure was examined in the present study, which
is more commonly used in clinical practice. These exosomes
likely stuck to cells to mediate the cell adhesion and migration
to the Ti surface. The spatial location relation between the
exosomes and cells was determined for the cellular uptake
of exosomes (Figures 4, 5). This phenomenon that exosomes
are easily internalized by cells was first identified in cancer
studies and is called “efficient cellular internalization.” This same
feature (with four other features: long circulation, enhanced
tumor accumulation, deep tumor penetration, and drug release)
makes exosomes a novel tool in non-invasive anticancer therapy
(Yong et al., 2020). However, this phenomenon exists not only
in the tumor microenvironment but also on the Ti surface.
Although the mechanisms of the processes remain unclear,
they might shed light on previous studies in the field of
tumor biology. The proposed mechanism of enhanced efficient
cellular internalization can be attributed to the following three
aspects: (i) as Smyth et al. (2014) have shown, in addition
to the lipid component, the unique protein composition of
exosomes promotes their internalization in cancer cells. Evidence
indicated that ligand–receptor binding played an important role
in promoting cellular internalization (van Dongen et al., 2016).
(ii) There are some targeting ligands expressed on exosomes
that are responsible for efficient cellular internalization. For
example, it has been demonstrated that glycans and the soluble
ligand CCL18 on extracellular vesicles (EVs) derived from cells
mediated the interaction between exosomes and cancer cells
(Islam et al., 2019). (iii) Extracellular matrix remodeling (ECM) is
another cytosolic protein that plays an important role in efficient
cellular internalization. Hoshino et al. have pointed out that the
unique exosome integrin interaction with the cell-related ECM
could mediate exosome uptake in specific target organ cells. In
this case, ECM can be treated as a “zipper” between the exosomes
and integrin on target cells (Hoshino et al., 2015). We set out
to understand the efficient cellular internalization of exosomes.
Exosomes also play an important role at the interface between the
implant and bone tissue. The finding implies that exosomes may
have advantages of targeting and specificity as bioactive-based
materials (Zhou et al., 2020).

Of great importance is that exosomes are not only internalized
by cells but also possess a robust capacity to affect the cell
morphology and cell adhesion on the Ti surface (Wei et al.,
2019). The number of mast cells was significantly higher on
the Ti surface with the treatment of exosomes. Adherent
rBMSCs on the Ti surface with exosomes appeared more
stretched and larger than those on the control Ti surfaces.
Concurrently, significant morphological characteristics (more
triangular or polygonal and branched and filopodia-rich) of
the rBMSCs were observed. Cell morphology contributes as a
descriptor, indicator, or intermediate factor in characterizing
cell material interactions and reflects the integrative effect of
many distinct processes and signaling pathways across different
scales, and it may be a valuable descriptor of cell behaviors
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in differentiation and function (Marklein et al., 2016; Islam
et al., 2019). For example, the study of Marklein et al.
(2016) found that cell morphology could also serve as a
predictor of the fate of progenitor cells. This beneficial effect
is promoted by the exosome-mediated factor communication,
which led to cell cytoskeleton rearrangement, adhesion, spread,
and differentiation. However, the precise mechanisms for the
enhanced exosome-related MSC spreading and adhesion are not
clear yet. One possibility is the exosome-mediated transfer of
molecular signaling among cells. A candidate may be RhoA,
a molecule facilitating cytoskeleton remodeling and formation
of adherens junctions. Through its effect on ROCK-mediated
cytoskeletal tension, RhoA directly mediates the shape-related
control of lineage stereotypes. As McBeath et al. (2004) said,
controlling RhoA activity could even replace the need for
soluble differentiation factors that caused osteogenesis. We did
find that the expressions of RhoA and ROCK2 significantly
increased under the treatment of exosomes, which is in line
with our hypothesis. Furthermore, as suggested by previous
studies, the phenomenon can be further explained by the
transfer of an important signaling molecule. Wang et al.
(2020) using proteomic analysis, suggested that MSC-exosomes
carry a robust profile of cell adhesion molecules and signaling
molecules, such as integrins, cadherins, and fibronectins. In
the present study, we demonstrate that exosomes can regulate
cell behaviors by upgrading the activation of the RhoA–ROCK
pathway, but what triggers the signaling pathway requires
further exploration.

Besides its adhesion impact, compelling evidence indicates the
great potential of BMSC-exosomes for bone tissue engineering.
The mechanism of the effect of exosomes on the increase
of BMSC spreading and adhesion is still unclear. It is
reasonably believed that osteogenic differentiation is related
to the development of cell density (Pena et al., 2019),
especially as we have previously shown that exosomes promote
BMSC adhesion and cell–cell contact. Several studies suggest
that cell density, which impacts cell–cell contacts and the
concentration of paracrine factors, plays a role (Kempf et al.,
2014). Moreover, a positive combined effect of adhesion and
proliferation was found in some previous in vitro studies
on different biomaterial surfaces (Reher et al., 2017). As
the metal implants persist for the long term, the progress
of dental implant osseointegration is distinct from normal
bone defect repair. Highlighted as a key in this study is the
efficient cell adhesion and spreading on the Ti surface. The
secretion and the reciprocal exchange of exosomes between
adherent cells and free cells in the bone/implant interface
are also noteworthy. Therefore, another tentative role we
present here is this exosome-dependent control of lineage
commitment that is mediated by RhoA activity, and specifically
via its effects on ROCK-mediated cytoskeletal tension. RhoA
GTPase and RhoA/ROCK signaling, as a central regulator of
contractility in many cells, has been proven to be critical
to proliferation and differentiation in numerous studies.
RhoA GTPase is even sufficient to mediate the switch in
human mesenchymal stem cell (hMSC) commitment between
adipogenic and osteogenic fates. The activation of RhoA can

facilitate cytoskeleton remodeling (cell spreading), formation of
adherens junctions, and downstream integrin signaling, such
as TGF-β (Wang et al., 2012), ERK/Runx2, and the Wnt/PCP
signaling pathway, which serve notable roles in osteogenic
differentiation (Khatiwala et al., 2009; Li et al., 2015). All
these imply that the activation of the RhoA/ROCK signaling
pathway supports the preferential commitment of the progenitor
cells to osteogenic differentiation, which may elucidate the
mechanism of exosome treatment for new bone formation from
a novel perspective.

Despite the interesting attraction between exosomes and
cells and the obvious changes in the behavior of MSCs on Ti
surfaces, these results are limited to the conventional single-cell
model, especially considering that implant osseointegration is a
complex process that involves osteogenesis, osteoinduction,
osteoconduction, and remodeling of bone (Qin et al.,
2016; Li et al., 2017). This complicated process involves
multiple cells such as stem cells, osteoclasts/osteoblasts,
and monocytes/macrophages (Sima and Glogauer, 2003).
As the recruitment of monocytes/macrophages is crucial
in the early stage of osseointegration, studies on the
function of exosomes in monocyte–macrophage systems
would be critical and interesting (Kang et al., 2020).
Another issue that merits further study is whether the
same exosomes have different roles in various cellular
contexts: for example, whether the exosomes derived from
BMSCs have different effects on stem cells, osteoblasts,
and osteoclasts.

Even though exosome-based modification of implant surfaces
is in its infancy, it exhibits promising prospects to enhance
bone–implant integration, especially for patients with preexisting
systemic illnesses. In order to achieve exosome implant
coating and successful assembly on the titanium surface,
the coating technique should be investigated and improved.
More research is required to determine the optimum exosome
concentration for coatings. The initial binding of exosomes
might be stabilized by the antibody/ligand binding, like a
covalent bond on the chemically modified titanium surfaces
via intentional biological modification. Patients with systemic
diseases such as diabetes and osteoporosis, having a lower
implant survival, might benefit from these implants coated
with exosomes due to the docking of exosomes to their parent
cells, which suggests a more precise approach to treatment
(Tsolaki et al., 2009).

Overall, we demonstrated the ability of exosomes to target cells
and change their biological behaviors, which is an opportunity
that opens up new ways to devise targeted therapies to facilitate
the osseointegration of a dental implant. Our research described
three important findings (Figure 7): (i) BMSC-exosomes derived
by either adherent cells or suspension cells can be internalized
efficiently by cells and to change the biological behaviors of
cells. (ii) When exosomes are ingested by suspension cells,
they advance cell attachment to the Ti surface. (iii) When
exosomes are ingested by adherent cells or have been bound
to cells as a whole and adhered to a Ti surface, they promote
cell spreading and osteogenic differentiation. All these findings
present new insights into the regulatory role of exosomes on
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FIGURE 7 | Schematic of the multiple effects of exosomes on rat bone marrow stem cells (MSCs) on a Ti surface. Free/adhered BMSCs release exosomes. These
BMSC-exosomes identify homologous cells, aid in efficient cellular internalization, and promote the adhesion, spread, and osteogenesis differentiation of BMSCs on
the Ti surface.

cells on a Ti surface and provide a novel way to modify the
surface of Ti implants.

CONCLUSION

To conclude, we report that exosomes exhibit efficient cellular
internalization and take part in the regulation of cell morphology
as well as biological behaviors. Our results demonstrate the novel
insight that exosomes can promote the activity of BMSCs in
the process of implant osseointegration and could be used for
implant surface modification. Further experiments are required
to investigate the functional roles of exosomes derived from
diverse cells in a more complex model system to study the
dynamics and regulation of multicellular populations.
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Previous studies have reported an important role of c-kit in embryogenesis and
adulthood. Activation of the SCF/KIT signal transduction pathway is customarily linked
to cell proliferation, migration and survival thus influence hematopoiesis, pigmentation,
and spermatogenesis. The role of c-kit in the liver is controversial, it is however argued
that it is a double-edged sword in liver regeneration and diseases. First, liver c-kit+

cells, including oval cells, bile epithelial cells, and part of hepatocytes, participate in
liver tissue repair by regenerating target cells according to the type of liver injury. At
the same time, c-kit+ mast cells, act as immature progenitors in circulation, playing a
critical role in liver fibrosis. Furthermore, c-kit is also a proto-oncogene. Notably, c-kit
overexpression regulates gastrointestinal stromal tumors. Various studies have explored
on c-kit and hepatocellular carcinoma, nevertheless, the intricate roles of c-kit in the
liver are largely understudied. Herein, we extensively summarize previous studies geared
toward providing hints for future clinical and basic research.

Keywords: c-kit, liver regeneration, stem cell, liver disease, HCC

INTRODUCTION

C-kit also known as CD117, is a type III receptor tyrosine kinase coded by the KIT gene. It has
a stem cell growth factor (SCF) as its ligand, hence referred to as the stem cell growth factor
receptor (SCFR) (Fujio et al., 1996). C-kit is encoded by white spotting (W) locus with more than
30 mutations while SCF is encoded by steel (Sl) locus also with natural mutations (Lev et al., 1994).
In mice, total loss of c-kit or SCF function causes embryonic lethal, however, mice with one of these
mutations (W or Sl mice) can survive.

Previous studies have demonstrated the fundamental role of c-kit in embryogenesis and
adulthood. C-kit can be detected in several normal cells including, hematopoietic stem cells (HSCs),
oval cells, intestinal cells of Cajal, germ cells, melanocytes among others. Activation of the SCF/c-
kit signal transduction pathway is usually linked to cell proliferation, migration, and survival, and
thus regulate crucial functions in hematopoiesis, pigmentation, and spermatogenesis (Besmer et al.,
1993). The liver is the only visceral organ that possesses the capacity to regenerate. As long as
30–35% of the liver remains, the remnant liver will undergo hyperplasia until the normal liver is
re-established. Approximately 20% of hepatocytes located mainly at the periportal and pericentral
regions express c-kit located with a weak staining intensity participates in liver regeneration
(Yushkov et al., 2011). Hepatic resident stem cells and bone marrow-derived stem cells (BMSCs),
both of which express c-kit, can differentiate into various cells according to the specific injuries.
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Moreover, transplantation of c-kit positive (c-kit+) oval cells, and
BMSCs is a potential factor of improving liver regeneration.

Under pathological conditions, excessive c-kit signaling is
often associated with tumor formation and progression in
gastrointestinal stromal tumors (GISTs), melanoma, small cell
lung carcinoma, testicular carcinoma, etc. Imatinib, a relatively
selective tyrosine inhibitor, is a target particularly of BCR-
ABL, platelet-derived growth factor receptor (PDGFR), and
c-kit. Imatinib is commonly used in the treatment of GIST.
Piebaldism is a rare autosomal dominant disorder in which
interstitial cells of Cajal are lost due to the loss-of-function
mutation of c-kit (Giebel and Spritz, 1991). In liver, c-kit+
oval cells malignant transformation might be one of the
possible mechanisms of hepatocarcinogenesis (Fang et al.,
2004). Moreover, c-kit mutation or overexpression has been
reported in hepatocellular carcinomas (HCC) (Potti et al.,
2003; Yan et al., 2018). Besides, c-kit+ mast cells play a key
role in fibrogenesis, specifically in cholestatic/biliary diseases
associated with fibrosis.

Nonetheless, the complex roles of c-kit and liver are
largely understudied, therefore, this review broadly summarizes
previous research to provide clues for future basic and
clinical studies.

IDENTIFICATION OF C-KIT+ CELLS IN
THE LIVER

Several cell surface markers have been utilized to identify
stem/progenitor cells of the liver, such as c-kit, CD34, Thy-
1 (Lemmer et al., 1998; Petersen et al., 1998; Baumann et al.,
1999; Crosby et al., 2001). Even without a characteristic marker
for liver progenitor cells, previous studies used c-kit as a
potential marker for liver stem/progenitor cells (Fujio et al.,
1994; Fujio et al., 1996; Baumann et al., 1999). Adult hepatic
stem cells, also termed oval cells, express both SCF and c-kit
(Fujio et al., 1994). While the proliferation of hepatocytes
is inhibited, KIT-mediated signal transduction activates oval
cells which then produce hepatocytes and bile epithelial cells
(BECs) (Matsusaka et al., 1999). Besides, c-kit is expressed in
oval cells and BECs (Fujio et al., 1996), whereas only 20% of
hepatocytes located mainly at the periportal and pericentral
regions express c-kit with a weak staining intensity (Yushkov
et al., 2011). Moreover, liver sinusoidal endothelial cells (LSECs)
are known to express c-kit (Luna et al., 2004). On the other
hand, c-kit can be detected in early hematopoietic cells, mast
cells, and dendritic cells. And c-kit+ mast cells are closely
related to primary sclerosing cholangitis (PSC) (Metcalfe et al.,
1997; Ishii et al., 2005; Ray et al., 2010). Kupffer cells and
hepatic stellate cells are negative for c-kit (Ikarashi et al., 2013;
Fu et al., 2015).

C-KIT AND LIVER REGENERATION

The liver is the only visceral organ with the capacity to regenerate.
Liver c-kit+ cells, including part of hepatocytes, BECs, and

oval cells participate in liver regeneration by differentiating
into different types of cells depending on the type of the
injury. Moreover, c-kit+ hematopoietic stem/progenitor cells
(HSCs/HPCs) participate in liver regeneration. SCF/KIT signal
transduction system regulates cell proliferation and survival.
This review explains the relationship between c-kit and liver
regeneration based on different types of cells (Figure 1).

Hepatocytes
Stem cell growth factor is localized in hepatocytes surrounding
the BECs. And c-kit expressed with a weak staining intensity
in 20% of hepatocytes located mainly at the periportal and
pericentral regions (Yushkov et al., 2011).

Partial hepatectomy (PH) is the most common model used
to study liver regeneration. After PH, mature hepatocytes
proliferation leads to liver regeneration. Following PH, there is
a significant decline in liver SCF levels and an increase in serum
SCF levels during the first 24 h (Ren et al., 2003). The level of
liver SCF mRNA was upregulated from the 24th hour to the
7th day (Meng et al., 2012). The number of c-kit+ hepatocytes
increased after PH, including medium and high staining intensity
(Yushkov et al., 2011). In addition, exogenous SCF promotes
the proliferation of primary hepatocytes in humans and mice
(Meng et al., 2012). Moreover, a study by Ren et al. linked
the interleukin-6 (IL-6) enzyme and tumor necrosis factor-
α (TNF-α) with the SCF/C-kit in mice in 70% PH model.
Results suggested that IL-6 stimulates the production and release
of SCF, then SCF interacts with c-kit in activating the signal
transducer and activator of transcription 3 (stat3) signal pathway
thereby inducing hepatocyte proliferation (Ren et al., 2003;
Figure 2). Besides, TNF-α-induced hepatocyte proliferation was
partially mediated via SCF/c-kit, and the SCF-induced hepatocyte
proliferation might also be mediated by the stat3 signal pathway
(Ren et al., 2008; Figure 2). The possible mechanism occurs after
acute injury where solubilized SCF is released and interact with
c-kit, causing proliferation of the surrounding hepatocytes.

Acetaminophen or Tylenol overdose has become the most
prevalent cause of acute liver failure in the United States (Larson
et al., 2005). Overdose produces serious acute liver toxicity,
leading to hepatocyte necrosis, acute liver failure, and even
death. Acetaminophen (APAP) model is a widely used animal
experimental model of drug-induced hepatic injury. Data from
an examination by Hu and Colletti et al. on the c-kit and SCF
expression of C57BL/6J mice, shows that c-kit mRNA increase
begins at 6 h and peaks after 48 h of overdose APAP treated,
while SCF mRNA increase begins at 6 h and peaks at 16 h post-
administration. Treatment with exogenous SCF significantly
reduces the mortality of mice in 750 mg/kg APAP model. These
findings suggest that SCF/KIT’s function in the APAP model
might be mainly through increasing proliferation of hepatocyte
and inhibiting hepatocyte apoptosis. Exogenous SCF activating
c-kit and Akt, results in an increase in B cell lymphoma-2 (Bcl-
2) protein and inhibiting hepatocyte apoptosis (Hu and Colletti,
2008; Figure 2). In contrast, inhibiting c-kit will increase the
mortality of the lethal dose APAP-treated model (Nassar et al.,
2009; Shaker, 2014). In summary, these results indicate that c-kit
is an important molecule in liver recovery according to the APAP
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FIGURE 1 | The relationship between c-kit and different type of cells in liver regeneration and cancer. (1) C-kit express in 20% hepatocytes. After acute injury,
solubilized SCF released and interact with c-kit, leading surrounding hepatocytes prolifer8ation. (2) In young rats after BDL, SCF bind to c-kit, leading to activation of
the MAPK pathway; finally, BECs proliferation. (3) C-kit play a vital role in HCC. On the one hand, oval cells transformed to LCSCs are related with the c-kit gene
overexpression. On the other hand, c-kit might associate with HCC by participating in angiogenesis. PH, Partial Hepatectomy; BEC, Bile Epithelial Cell; BDL, Bile
Duct Ligation; 2AAF/PH, 2-Acetylaminofluorene/Partial Hepatectomy; LCSC, Liver Cancer Stem Cell; HCC, Hepatocellular Carcinoma.

model. Activation of the SCF/KIT system causes an increase in
hepatocyte proliferation and a decrease in hepatocyte apoptosis.

Bile Epithelial Cells
Studies argue that the proliferation of BEC is associated with
c-kit. A study by Fujio et al. (1996) reported that SCF and c-kit
are co-expressed in BEC during the embryonic and adult stages
of rat’s liver. Elsewhere, Omori et al. demonstrated that BECs
in young liver react differently with adult liver in the bile duct
ligation (BDL) model. In the liver of a young rat with 5 weeks of
age, there is an upregulation in the expression of SCF and c-kit
after BDL is performed. But in the adult liver of rats after BDL,
no upregulation of SCF and c-kit is observed. And the pattern of
BECs in young liver response to bile stasis is similar to that of the
early stage of oval cell activation (Omori et al., 1997). Evidence
reported by Satake et al. show that both SCF and c-kit are up-
regulated in BECs in young rats after BDL, SCF binds to c-kit,
causing the activation of the Ras/Raf/mitogen-activated protein
kinase (MAPK) pathway, hence the proliferation of bile epithelial
cells (Figure 2). Nevertheless, in the adult rats, KIT-mediated
signal transduction plays a mirror role due to the low expression
of SCF/c-kit (Satake et al., 2003).

Oval Cells
Oval cells are the progenitor cells of the liver with c-kit
as one of its markers (Crosby et al., 2001). Normally, after

PH, mature hepatocytes proliferate causing liver regeneration.
However, if PH is performed when the replicative ability of
mature hepatocytes is impaired, there will occur proliferation and
differentiation of oval cells (Thorgeirsson, 1996). PH integrated
with 2-acetylaminofluorene (2-AAF)/PH is the model utilized to
investigate the liver regeneration capability via oval cells. Further
reports by Fujio et al. (1994) showed that in the embryonic and
adult rats, both SCF and c-kit were expressed in oval cells. After
2-AAF/PH, the level of SCF transcripts increased within 12 h and
reached a peak at day 4, the level of c-kit mRNA was upregulated
from 12th hour to 11th day (Fujio et al., 1994). Additionally,
Matsusaka et al. used Ws/Ws rats with 2-AAF/PH model to
evaluate the role of SCF/KIT in the development of oval cells.
Their results demonstrated that in at least one rat under the 2-
AAF/PH model, KIT-mediated signal transduction activates the
oval cells. However, in the proliferative activity and determining
the phenotype of oval cells, the SCF/KIT signal transduction
system plays a minor role (Matsusaka et al., 1999).

Circulating Progenitor Cells
Circulating endothelial progenitors (CEPs) originated from bone
marrow with markers c-kit or CD133. By combining bone
marrow transplant with 70% PH, the investigators concluded
that CEPs contribute to liver regeneration by differentiating
into liver vasculature, and exogenous VEGF accelerates liver
regeneration by increasing the recruitment of CEPs in 70%
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FIGURE 2 | A scheme showing the SCF/KIT signal transduction. (1) SCF/KIT function in the APAP model might be mainly through increasing proliferation of
hepatocyte and inhibiting hepatocyte apoptosis. Exogenous SCF activating c-kit and Akt, results in an increase in Bcl-2 protein and inhibiting hepatocyte apoptosis.
(2) IL-6 stimulates the production and release of SCF, then SCF interacts with c-kit in activating the stat3 signal pathway thereby inducing hepatocyte proliferation. (3)
Both SCF and c-kit are up-regulated in BECs in young rats after BDL, SCF binds to c-kit, causing the activation of the Ras/Raf/MAPK pathway, hence the
proliferation of bile epithelial cells.

PH model (Beaudry et al., 2007; Figure 3A). Moreover, a
study by Si et al. found that there were relatively more
CD45+Lin−C-Kit+ HSCs/HPCs recruited in wide type (WT)
liver than chemokine (C-C motif) receptor2 knock out
(CCR2−/−) after APAP-induced injury. More importantly, after
administration with exogenous CD45+Lin−C-Kit+ HSCs/HPCs,
WT had greater resolution of APAP-induced injury than
CCR2−/− mice, and these HSCs/HPCs express the macrophage
M2 (repair phenotype) genes characteristic (Si et al., 2010;
Figure 3B).

In summary, liver regeneration is a complex process, with
multiple mechanisms and pathways, current literatures suggest
that c-kit regulates liver regeneration. On the one hand, activation
of the SCF/KIT signal transduction system leads to hepatocytes
proliferation and apoptosis inhibition, BECs proliferation and
oval cells activation. On the other hand, c-kit+ progenitor cells
contribute to liver regeneration by differentiating into liver
vasculature or alternatively activated macrophages.

C-KIT AND LIVER DISEASES

C-kit is expressed on HSCs/HPCs and mast cells, and several
liver diseases are relevant to c-kit. A strong relationship was
observed between c-kit and primary liver cancer, besides, c-kit+
mast cells also participate in fibrogenesis. This section extensively
summarizes the relationship.

Primary Liver Cancer
Liver cancer is the fourth leading cause of cancer death among
sexes combined globally (Bray et al., 2018). Evidence shows
that liver stem/progenitor cells are the potential source of HCC,
also called liver cancer stem cells (LCSCs) (Dumble et al.,
2002; Fujii et al., 2008). It is believed that the liver stem cells
transformed into LCSCs are linked with the overexpression of
the c-kit gene (Chen et al., 2007; Yan et al., 2018). The SCF/c-
kit signal transduction system participates in the activation and
proliferation of oval cells. On the other hand, overexpression
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FIGURE 3 | The role of c-kit+ circulating progenitor cells in liver diseases. (A) By combined bone marrow transplant with 70% PH, the investigators conclude that
CEPs contribute to liver regeneration by differentiating into liver vasculature. (B) In APAP model, c-kit+ HSCs/HPCs were recruited into liver and these HSCs/HPCs
express the macrophage M2 (repair phenotype) genes characteristic. (C) Cholestatic/biliary diseases-associated fibrosis. Damaged BECs express and secrete SCF
to recruit mast cells, then mast cells migrate to the damage area and contribute to fibrogenesis. C-kit+ mast cells play a key role in fibrogenesis mainly through
expressing fibrosis-associated factors including tryptase, b-FGF and TNF-α. HSCs/HPCs, Hematopoietic Stem/Progenitor Cells; CEPs, Circulating Endothelial
Progenitors.

of c-kit is relevant with micro-vessel density, therefore, c-kit
might be associated with HCC by participating in angiogenesis
(Yan et al., 2018). Concerning the hepatitis B virus (HBV)
or hepatitis C virus (HCV) induced HCC, c-kit is involved.
PreS1 protein of HBV stimulates the appearance and self-
renewal of LCSCs by activating the expression of c-kit and is
confirmed in human hepatoma cells and HCC tissues (Liu et al.,
2017). And in HCV infection patients, c-kit overexpression is
observed (Kwon et al., 2015; Nazzal et al., 2020). Data shows
that HCV core protein upregulates the expression of c-kit in
hepatocytes, inducing the epithelial-mesenchymal transition, and
extends the life span of cells (Kwon et al., 2015). Further,
evidence recommends that liver stem/progenitor cells are the
potential source of intrahepatic cholangiocarcinoma (ICC) and
SCF/c-kit system might contribute to ICC by promoting cell
proliferation and survival (Nomoto et al., 2006; Komuta et al.,
2008; Mansuroglu et al., 2009b). Again, several lines of evidence
attest that liver stem/progenitor cells are the potential source
of HCC-ICC (Tanaka et al., 2005; Zhang et al., 2008). And the
recent classification of digestive system tumor (5th edition) by the
World Health Organization (WHO) also agrees with this concept.
A different follow-up model indicates that the recurrence of

HCC-ICC after hepatectomy is associated with the expression of
c-kit in both tumor and non-tumor livers (Cai et al., 2012).

HCC is the most prevalent primary liver cancer, accounting
for 85∼90% of primary liver cancers. However, the positive rate
of HCC has not been precisely clarified. A research executed by
Chung et al. (2005) examined the protein expression of c-kit
in 86 human HCC specimens. The results demonstrated that
among the 86 specimens, 22 (25.6%) were positive. According
to an article published by Yan et al. (2018), the percentage of
positive c-kit expression is 48.1% in 206 HCC cases. Nevertheless,
Becker et al. (2007) collected 258 human HCC samples and
c-kit immunohistochemistry was performed, results reported
that only 6 (2.3%) samples were positive. There are many reasons
attributed to these results among them, antibody specificity
(Went et al., 2004), cellular heterogeneity, different stages of cell
differentiation, etc. In summary, more cases need to be included
and more detailed etiology should be classified. Epidemiological
data shows that ICC accounts for 15% of primary liver cancer,
second to the HCC (Shaib et al., 2005). Clinicopathological
study on c-kit positive immunohistochemistry staining of human
ICC sample (1/32), suggesting that ICC originates from hepatic
stem cell (Liu et al., 2004). Certainly, only one c-kit positive
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among 32 samples could not clarify the origin of ICC, implying
that other mechanisms might also exist. Therefore, more cases
need to be collected in future studies before a single-cell RNA
sequence can be performed, this might solve the problem of
origin. A study by Xu et al. (2018) showed that NCAM+
c-kit+ subset cells in RBE cell lines might have properties
of hepatic progenitor cells. And NCAM combined with c-Kit
might be a valuable marker for isolating and purifying ICC
stem/progenitor cells. Therefore, c-kit can be a candidate marker
of ICC stem/progenitor cells used in single cell RNA sequence in
the future. HCC-ICC is a rare subtype of primary liver cancer
with poor prognosis, comprising <1% of all liver carcinomas,
and epidemiological data shows it accounts for 1.6–6.5% of
surgically resected primary liver cancer (Koh et al., 2005; Yu
et al., 2011; Akiba et al., 2013). Unlike the low c-kit positive
rate of HCC, the presence of the c-kit in HCC-ICC is 71.4%
(10/14), which might explain the poor prognosis of HCC-ICC
(Yu et al., 2011).

In addition, it is reported that there is positive feedback
in transforming growth factor β (TGF-β) and c-kit, which
induce carcinogenesis in HepG2 cells. TGF-β activated SMAD2
transcriptionally induces SCF expression, SCF expression and
secretion result in stimulation of the c-kit receptor, followed by
activation of JAK1/STAT3 signaling. pTyr705STAT3 trans-locates
to the nucleus where it binds directly to the TGF-β ligand
gene, positively regulating its expression. Following activation of
secreted TGF-β precursor, it can activate the TGF-β receptor.
Disruption of the TGF-β/KIT signaling loop on the level of the
SCF/STAT3 axis restores TGF-β tumor suppressor function by
inhibition of epithelial-mesenchymal transition (EMT), tumor
cell migration, and invasion, and restoration of its cell cycle
inhibitory functions (Rojas et al., 2016). Besides, a recent
study showed that in HCV-infected patients, their c-kit gene
mutation in exons 9 but not 11, are often bound up with high-
viremia HCV. And these patients might be resistant to TGF-
β, thus promoting the development of HCC (El-Houseini et al.,
2019). These studies indicate that TGF-β/KIT signaling plays an
important role in the development of HCC and is a key target for
the prevention and treatment of HCC.

Hepatic Fibrosis
Hepatic fibrosis is a wound healing process involving multiple
cell types. There are many causes of liver fibrosis, including viral,
alcoholic, cholestasis, etc. The role of c-kit in liver fibrosis is
quite complex. Mast cells increase in liver fibrosis, but decrease
in other chronic liver diseases, suggesting that mast cells take
part in fibrogenesis particularly in cholestatic/biliary diseases
(Weiskirchen et al., 2019).

Cholestatic/Biliary Diseases-Associated Fibrosis
Most of hematopoietic cells lose expression of c-kit when
they mature, except mast cells and dendritic cells. Mast
cells are derived from the bone marrow, and they act as
immature progenitors in circulation. In the liver, mast cells
are primarily located in the periportal area. Primary sclerosing
cholangitis (PSC) or primary biliary cirrhosis is an autoimmune
disease characterized by infiltration of mast cell (Nakamura

et al., 1997; Ishii et al., 2005). In contrast, there is no
significant increase in acute viral or drug-induced hepatitis
(Yamashiro et al., 1998).

PSC is a disease characterized by infiltration of mast cell,
biliary damage, and liver fibrosis. SCF/KIT signaling plays a
critical role in the development of mast cell, survival and
homing. Animal models have shown that inhibiting the c-kit
system releases allergic reactions in the lungs (Berlin et al.,
2004). In the liver, data suggests that c-kit+ mast cells play
a key role in fibrogenesis from the early stage of PSC (Ishii
et al., 2005; Meadows et al., 2019). First, damaged BECs express
and secrete SCF to recruit mast cells. Secondly, mast cells
migrate to the damaged area and cause fibrogenesis. Therefore,
c-kit+ mast cells contribute to fibrogenesis primarily through
expressing fibrosis-associated factors including tryptase, basic
fibroblast growth factor (b-FGF), and TNF-α (Kanbe et al.,
2000; Gaca et al., 2002; Figure 3C). BDL-induced biliary
hyperplasia, hepatic injury, and fibrosis are reduced in KitW−sh
mice, which are mast cell deficient (Hargrove et al., 2017).
As for ameliorating progression of PSC, targeting mast cell
infiltration might be an efficient option. Furthermore, in systemic
mastocytosis, mastocytosis-derived extracellular vesicles transfer
c-kit to liver stellate cells, causing activation, proliferation,
cytokine production, and differentiation of liver stellate cells
(Kim et al., 2018). This might be an alternative mechanism of
c-kit+ mast cells-induced fibrogenesis.

Additionally, mast cells take part in the progress of biliary
atresia (BA). It is reported that the increased mast cells
adversely affects liver function, perhaps through type I allergic
reaction (Uddin Ahmed et al., 2000). However, there is no
specific study about the SCF/c-kit system and BA. Given
the relationship between mast cells and BA, SCF/c-kit system
should be considered.

Other Chronic Liver Diseases-Associated Fibrosis
The number of mast cells in other chronic liver diseases-
associated fibrosis is increased, and the intensity of c-kit
immunostaining is slightly higher in cirrhotic non-tumorous
liver than in non-cirrhotic non-tumorous liver, but the
relationship between c-kit and fibrosis has not been extensively
evaluated (Mansuroglu et al., 2009a). C-kit expressed in
fibroblasts and SCF/c-kit plays a vital role in scar pathogenesis,
thus we can use a c-kit selective inhibitor to block it
(Mukhopadhyay et al., 2011).

In summary, the role of c-kit in liver fibrosis is obscure.
In cholestatic/biliary diseases-associated fibrosis, c-kit+ mast
cells regulate fibrogenesis. However, in other chronic liver
diseases-associated fibrosis, despite the increase of mast cells, the
relationship between c-kit and fibrosis is largely understudied.
Therefore, further studies are necessary to elaborate on the
relationship between c-kit and hepatic fibrosis.

Other Liver Diseases
The roles of c-kit+ cells in chronic hepatitis B and C have been
described in HCC (Kara et al., 2008; Kwon et al., 2015; Liu et al.,
2017; Nazzal et al., 2020). Also, it is reported that there is an
increase of mast cells in alcoholic hepatitis, but reports on the
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relationship between c-kit and alcoholic hepatitis are insufficient
(Farrell et al., 1995). Alcoholic hepatitis impairs intestinal barrier
and activate the mast cell causing fibrogenesis (Ferrier et al.,
2006). Besides, a study by Hisada et al. (2017) mentioned that
the percentage of c-kit+ cells was dramatically decreased in
alcohol-fed rats compared to non-alcohol-fed rats. These findings
indicate that BMSCs might be damaged by the consumption of
alcohol. Nonetheless, the relationship between c-kit+ cells and
alcohol has not been fully elucidated, hence this represents an
important topic for future research.

In summary, c-kit is relevant to primary liver cancer. It
is believed that liver stem cells transformed into LCSCs are
linked with the overexpression of the c-kit gene, causing liver
cancer. Besides, c-kit+ mast cells participate in fibrogenesis
particularly in cholestatic/biliary diseases. C-kit+ mast cells
contribute to fibrogenesis primarily through expressing fibrosis-
associated factors.

CLINICAL IMPLICATIONS OF C-KIT
IN LIVER

The Role of C-Kit in Diagnosis and
Prognosis
Few reports are suggested that c-kit can be used as a diagnostic
factor in liver diseases. For instance, Kara et al. (2008)
recommended that c-kit can be used as an early diagnostic
factor for HBV-related HCC. However, it is unclear whether
c-kit can be used as an indicator in HCC caused by other
factors. Furthermore, it is reported that c-kit+ mast cells increase
after liver allograft rejection (El-Refaie and Burt, 2005), but the
increased c-kit+ mast cells cannot distinguish rejection from
recurrent HCV infection in transplantation of liver (Doria et al.,
2006). Seemingly, c-kit is a good prognostic parameter in several
diseases. First, one article has mentioned that c-kit can be used
as a prognostic factor for HCC (Chung et al., 2005). Moreover,
Yan et al. suggested that c-kit is an independent prognostic
indicator for HBV-related HCC patients. In addition, Kaplan–
Meier survival analysis shows that the c-kit expression was
linked to poor disease-free survival (DFS) (P < 0.001) in HBV-
related HCC patients (Yan et al., 2018). Besides, in a cohort of
70 HCC-ICC patients who underwent resection for treatment,
overall survival (OS) and DFS were associated with expression
of c-kit in both tumor and non-tumor livers (Cai et al., 2012).
Secondly, the increased number of c-kit+ mast cells in chronic
HCV patients might be used as an indicator of liver fibrosis
(Koruk et al., 2011). Thirdly, it is reported that the number of
mast cells adversely affects liver function in biliary atresia, but
the authors did not stain mast cells with c-kit. Therefore, more
patients should be enrolled when conducting c-kit+ mast cell
statistics (Uddin Ahmed et al., 2000). Finally, due to the role
of c-kit+ mast cells in fibrogenesis among PSC patients and
animal models, the number of c-kit+ mast cells might reflect the
prognosis of PSC patients (Ishii et al., 2005; Meadows et al., 2019).
However, only 4 samples were observed, therefore more clinical
data need to be counted.

The Role of C-Kit+ Cell in Stem
Cell Therapy
Oval cell transplantation after liver transplantation might be
useful for liver regeneration. A study by Li et al. (2013) isolated
oval cells, of which 99.8% were positive for c-kit. After primary
culture, oval cells were injected into the rats who underwent
liver transplantation. Data shows that compared to controls, oval
cell transplantation significantly improved the liver function,
prolonged median survival time and reduced acute allograft
rejection (Li et al., 2013).

BMSCs are closely related to liver fibrosis. In carbon
tetrachloride (CCl4)-induced liver fibrosis mice, the
differentiation potential of circulation of endothelial progenitor
cells (EPCs) is attenuated due to the impairment of the
endothelial lineage differentiation potential of bone marrow-C-
kit+, Sca-1+, and Lin−(BM-KSL) cells (Shirakura et al., 2011).
Transplantation of HSCs has been reported to be effective in
mice. Some authors proved that CCl4 treated liver fibrosis mice
administered with the HSCs (Lin−Sca-1+c-kit+) had less fibrosis
and better liver function compared with the group not inject (Cho
et al., 2011). Moreover, King et al. arrived at the same conclusion
and pointed out that HSCs (Lin−Sca-1+c-kit+) participate
in anti-fibrotic by promoting the recruitment of endogenous
macrophages and neutrophils. And the retention of HSCs can be
increased by reducing sphingosine-1-phosphate (S1P) signaling
to antifibrosis (King et al., 2017). Furthermore, it has been
reported that in CCl4-induced liver injury, transplantation of
very small embryonic-like stem cells (VSELs), which express
c-kit, directly into the liver can significantly lower the levels
of serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) (Chen et al., 2015). Transplantation of
BMSCs has been reported to be effective in humans. Research by
Terai et al. reported 9 patients with liver cirrhosis that received
the therapy of autologous bone marrow cell infusion (ABMI).
The cell characteristics were confirmed by fluorescence-activated
cell sorting analysis (CD34+, CD45+, c-kit+). And after infusing,
significantly improved serum albumin levels and total protein
were witnessed. Besides, significant improvements in Child-Pugh
scores were observed (Terai et al., 2006; Figure 4).

By and large, we can speculate that c-kit+ oval cell
transplantation might be useful in therapeutic liver regeneration
after orthotopic liver transplantation. And c-kit+ BMSCs or
HSCs transplantation is a promising treatment of patients
with liver cirrhosis. Nevertheless, considering the role of c-kit
in liver cancer, further studies are essential to evaluate the
relationship between c-kit+ cell, hepatic fibrosis, and liver cancer.
Additionally, we summarized the clinical implications of c-kit in
liver (Table 1).

Targeted Inhibition of C-Kit in Liver
Diseases
Besides its implication in prognosis and stem cell therapy,
overexpression of c-kit in liver primary cancer has potential
therapeutic implications because it can inhibit the kinase activity
of c-kit. Imatinib mesylate (STI-571 or Gleevecs) is a relatively
selective tyrosine inhibitor of BCR-ABL, PDGF-R, and c-kit,
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FIGURE 4 | The role of c-kit+ cell in stem cell therapy. (A) CCl4 treated liver fibrosis mice administered with the HSCs (Lin−Sca-1+c-kit+) had less fibrosis and better
liver function compared with the group not inject. (B) Compare to controls, oval cells transplantation significantly improved the liver function, prolonged median
survival time and reduced acute allograft rejection. (C) After infusing, significantly improved serum albumin levels and total protein were observed. ABMI, Autologous
Bone Marrow cell Infusion.

which is usually used in the treatment of chronic myelocytic
leukemia (CML) and GIST. Animal experiments point out that
imatinib treatment can inhibit c-kit-expressing liver progenitor
cells proliferation and early fibrosis induced by short-term
choline-deficient, ethionine-supplemented (CDE) diet. In the
long run, imatinib treatment can reduce the degree of fibrosis
and significantly inhibit the formation of tumor (Knight et al.,
2008). Furthermore, Nazzal et al. recently showed that HCC-
patient-derived xenograft (PDX) tumors respond well following
imatinib treatment. Treatment of HCC-PDX xenograft tumor-
bearing mice with imatinib significantly reduced tumor growth
and c-kit downstream molecules expression (Nazzal et al., 2020).
In clinical, Becker et al. (2007) discovered that the positive rate
of c-kit is 2.3% and that there was no role for imatinib. Similarly,
in a clinical phase II trial of imatinib, Eckel et al. (2005) found
no positive case for c-kit among 15 HCC patients, and imatinib
showed no therapeutic effect. Another phase II study of imatinib
in unresectable HCC concluded that imatinib is unsuitable as

a monotherapy in the treatment of unresectable HCC (Lin
et al., 2008). Interestingly, Ramadori et al. (2004) effectively
treated one HCC patient with imatinib. Sorafenib is a multi-
kinase inhibitor that is broadly applied in unresectable HCC as
a first-line treatment. C-kit is among the molecular targets of
sorafenib. In one case report, a patient diagnosed with HCC-
ICC and highly c-kit positive, responded to sorafenib (Seino
et al., 2014). As we know, sorafenib targets c-kit, and the high
concentration of soluble c-kit group has a greater response to
sorafenib than the low concentration group (Llovet et al., 2012).
Since primary liver tumors are regulated by multiple signaling
pathways, imatinib is hardly used in patients with HCC. But
going by the results of sorafenib and imatinib, the c-kit pathway
should be of concern. Additionally, we summarized c-kit signal
involved drugs and clinical trials in unresectable hepatocellular
carcinoma(uHCC)(Table 2).

On the other hand, due to the role of c-kit+ mast
cells in cholestatic/biliary diseases-associated fibrosis, c-kit
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receptor tyrosine inhibitor can be used to prevent fibrosis.
It is reported that a c-kit/PDGF receptor tyrosine kinase
inhibitor-masitinib, plays an effective role in the treatment
of corticosteroid-dependent asthma by inhibiting c-kit+ mast
cells (Humbert et al., 2009). However, to validate these findings,
further in vitro and in vivo experiments are essential.

SUMMARY AND FUTURE
PERSPECTIVES

The role of c-kit in the liver is conflicting, it is a two-edged
sword in liver regeneration and diseases. First, as a liver stem
cell marker, c-kit+ cells, such as oval cells, BECs, and part of

TABLE 1 | Clinical implications of c-kit in liver.

Clinical
implications

References

Diagnosis/
prognosis

Conclusions

C-kit can be used as an early diagnostic factor for HBV-related HCC. Kara et al., 2008

C-kit+ mast cells increase after liver allograft rejection, but the increased c-kit+

mast cells cannot distinguish rejection from recurrent HCV infection in
transplantation of liver.

El-Refaie and Burt, 2005; Doria et al., 2006

C-kit can be used as a prognostic factor for HCC.
Moreover, c-kit is an independent prognostic
indicator for HBV-related HCC patients.

Chung et al., 2005; Cai et al., 2012; Yan et al., 2018

The increased number of c-kit+ mast cells in chronic HCV patients might be
used as an indicator of liver fibrosis.

Koruk et al., 2011

The number of c-kit+ mast cells might reflect the prognosis of PSC patients. Ishii et al., 2005; Meadows et al., 2019

Treatment Species/model Stem cell therapy Results

Rats/underwent liver
transplantation

Oval cells (99.8% c-kit+) Significantly improved the
liver function, prolonged
median survival time and
reduced acute allograft
rejection

Li et al., 2013

Mice/CCl4 induced liver fibrosis HSCs (Lin−Sca-1+c-kit+) Less fibrosis and better liver
function compared with the
group not inject

Cho et al., 2011

Mice/CCl4 induced liver fibrosis HSCs (Lin−Sca-1+c-kit+) Participate in anti-fibrotic by
promoting the recruitment
of endogenous
macrophages and
neutrophils.

King et al., 2017

Mice/CCl4-induced liver injured VSELs
(Lin−Sca-1+c-kit+CD45−)

Lower the levels of ALT and
AST

Chen et al., 2015

Humans/Liver cirrhosis Bone marrow cell (CD34+,
CD45+, c-kit+)

Significantly improved
serum albumin levels and
total protein

Terai et al., 2006

TABLE 2 | C-kit signal involved drugs and clinical trials in unresectable hepatocellular carcinoma.

Drug Targets Trial for uHCC References

Status Phase

Sorafenib VEGFR1-3, PDGFR-β, c-KIT, RET, FLT-3, RAF First-line treatment Llovet et al., 2008; Cheng
et al., 2009; Pressiani et al.,
2013

Lenvatinib VEGFR1-3, FGFR1-4, c-kit, RET, PDGF-β First-line treatment Kudo et al., 2018

Regorafenib VEGFR1-3, c-Kit, TIE-2, PDGFR-β, FGFR-1, RAF-1, BRAF, p38 Second-line treatment Bruix et al., 2017

Anlotinib VEGFR2/3, FGFR1-4, PDGFRα/β, c-kit, Ret Ongoing II Clinicaltrials.gov

Sunitinib PDGFR, VEGFR1-2, c-kit, FLT3, RET Unsuccessful II Faivre et al., 2009

Dovitinib FGFR1&3, VEGFR1-3, PDGFR-β, c-kit Unsuccessful II Cheng et al., 2016

Axitinib VEGFR1-3, c-kit, PDGFR Unsuccessful II Kang et al., 2015

Imatinib Bcr-Abl, PDGFR, c-kit Unsuccessful II Lin et al., 2008
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hepatocytes are closely linked to liver regeneration. And
c-kit signaling participates in cell proliferation, migration, and
survival based on different types of cells. At the final stage
of chronic liver cirrhosis, liver transplantation is the most
effective treatment. But there are many challenges such as
limited donors, surgical complications, etc. And c-kit+ BMSCs
or HSCs transplantation is a potential treatment of patients in
the final stage of chronic liver cirrhosis. Nevertheless, further
research is crucial to explore the relationship between c-kit+ cell,
hepatic fibrosis, and liver cancer. Secondly, mast cells express
c-kit, and damaged BECs express and secrete SCF to recruit
c-kit+ mast cells, resulting in fibrogenesis. Eventually, c-kit
also is a proto-oncogene, and its overexpression is associated
with primary liver cancer. Sorafenib, a multi-kinase inhibitor
with c-kit included, is used as a first-line treatment for HCC.
Since primary liver tumors are regulated by multiple signaling
pathways, imatinib is hardly used in patients with HCC. But
going by the results of sorafenib and imatinib, the c-kit pathway
should be of concern.

Conventional research methods cannot reveal the dynamic
process of stem cell differentiation in vivo, but genetic
lineage tracing can address this challenge. Previously, we used
Kit-CreERxRosa26-RFP mouse to trace the role of c-kit+
stem/progenitor cells in vascular injury-induced neointimal
lesions, and found that c-kit+ cells are majorly converted
to immune-inflammatory cells during neointima formation

(Chen et al., 2018). Another laboratory utilized KitMerCreMer/+x
Rosa26-eGFP lineage-tracing mouse to examine endothelial cell
formation in the heart (Vagnozzi et al., 2020). Furthermore,
several laboratories used single-cell RNA sequences to reveal the
cell heterogeneity of the liver, including all liver cells, immune
cells, and cancer stem cells (Zheng et al., 2018; Aizarani et al.,
2019; Zhang et al., 2019). Recently, lineage-tracing combine RNA
sequence analysis has revealed the mechanisms of endothelial
repair by progenitors (Deng et al., 2020). In future research, this
technology can be adopted in the liver to expose the role of c-kit+
cells in various liver diseases.
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The pelviperineal organs of the female reproductive tract form an essential cornerstone
of human procreation. The system comprises the ectodermal external genitalia,
the Müllerian upper-vaginal, cervical, endometrial and oviductal derivatives, and the
endodermal ovaries. Each of these organs presents with a unique course of biological
development as well as of malignant degeneration. For many decades, various
preclinical in vitro models have been employed to study female reproductive organ
(patho-)biology, however, facing important shortcomings of limited expandability, loss
of representativeness and inadequate translatability to the clinic. The recent emergence
of 3D organoid models has propelled the field forward by generating powerful research
tools that in vitro replicate healthy as well as diseased human tissues and are amenable
to state-of-the-art experimental interventions. Here, we in detail review organoid
modeling of the different female reproductive organs from healthy and tumorigenic
backgrounds, and project perspectives for both scientists and clinicians.

Keywords: organoids, gynecology, reproduction, cancer modeling, women’s health

INTRODUCTION

The female reproductive system serves a unique purpose as it harbors the beginning of life, but,
conversely, also risks to bring about the very end of it. The embryonic etiology of these closely
related tissues are threefold (Brauer, 2009; Mutter and Robboy, 2014). The vulva and lower third
of the vagina arise from ectoderm. The tissues making up the actual female reproductive tract
(FRT), including upper two-thirds of the vagina, cervix, uterus, endometrium and fallopian tubes
(FT), are mesodermal derivatives whereas the ovaries originate from the endoderm. Each of these
tissues is epitomized by its unique patterns of development, proliferation and differentiation.
Importantly, to serve their reproductive purpose, these tissues rely on the self-renewing capacity
of their constituents (Patterson and Pru, 2013). However, it is in their efforts that allow for life
to begin, by fulfilling transportation functions, supporting implantation and serving as barriers
from internal and external stressors and pathogens, that its constituents risk cellular deregulation
due to threatening impacts such as hormonal dysregulation, infections or auto-immune diseases,
which may ultimately result in carcinogenesis (Hanahan and Weinberg, 2011; Visvader, 2011).
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In general, insight in tissue development, homeostasis and
disease has been obtained from several research models
that throughout the years have become more complex and
representative, and even personalized (Schutgens and Clevers,
2020). For many years, hypothesis testing for tissues of the
FRT has relied on two-dimensional (2D) models (such as cell
lines) that have stood alongside short-term three-dimensional
(3D) in vitro cell-culture (such as spheroids) and in vivo explant
systems [such as patient-derived xenografts (PDXs)] (Adissu
et al., 2007; Gargett et al., 2016; Figure 1). It took until 2009,
however, for the prospect of a complete transition into use of
long-term 3D in vitro cell-culturing methods to be envisioned.
The intestine was the first of many organs to have its stem cell
niche analyzed and have expansion and differentiation pathways
charted by means of a self-forming and -organizing, tissue stem
cell-derived culturing system called “organoids” (Ootani et al.,
2009; Sato et al., 2009). The insights brought about by this
novel technology, reliant on the use of a gel-based substitute
for the local extracellular matrix (ECM) and supplementation
of feeder- and serum-free stem cell niche-supporting factors,
were manifold (Kleinman et al., 1986). This system was the
first to show defined use of growth and regulatory factors
required by the stem cell niche, thereby discarding the need for
highly variable and ill-defined serum supplements (Clevers et al.,
2014). Contrary to 2D cell lines, organoids proved to remain
morphologically, genomically and transcriptomically stable over
a long period of time and serial passaging. This novel culturing
method thereby allowed for spatiotemporal tracking (i.e., how
various specific cell types occupy different positions within
tissues and how their positions alter through time) of developing
organs, requiring only the bare minimum of starting (patient)
material. Rapidly and effectively, the complex biology of the
epithelial compartment of the intestine was analyzed for the
entire spectrum spanning healthy to diseased conditions (Sato
et al., 2009, 2011; van de Wetering et al., 2015; Hibiya et al.,
2017). Although revolutionizing human research, organoids
were only replicating the tissue’s epithelium. This drawback of
lacking the organ’s stromal, vascular and immune cells and their
interplay was readily overcome by the development of various
in vitro co-culturing as well as in vivo transplant modalities
(Nozaki et al., 2016; Roper et al., 2017; Dijkstra et al., 2018).
Overall, more reliably than other experimental models, organoids
enable a wide variety of basic, translational and clinical research
prospects such as deciphering the heterogeneous make-up of
tissues via multi-omic analyses, unraveling host tissue-pathogen
interactions, and advancing precision and regenerative medicine
using cryopreserved and biobanked organoid lines (Figure 2).
Organoids are also amenable to cutting-edge experimental
technologies such as CRISPR-Cas9 gene editing, and can be
efficiently subjected to live imaging (Kim et al., 2021).

In this review, we aim to systematically list the efforts made
in the field of organoid research for the tissues that make
up the human FRT. We provide a systematic overview of the
organoid models developed and the growth media that detail
the niche requirements ranging from healthy to diseased states.
We critically appraise their validity and scrutinize reports for
investigated applications. Taken together, we aim to highlight the

specific benefits of organoid technology in the setting of desired
and unwelcome processes of the human FRT.

VULVA

The vulva, that consists of labia majora, mons pubis, labia minora,
clitoris and vestibulum, acts as a gatekeeping structure and
serves as a first line of defense in order to protect the FRT
against extracorporeal stressors. Being an ectodermal derivative,
the vulva is shaped as urogenital or cloacal folds through
cellular expansion of its underlying mesodermal compartment
(Brauer, 2009). As in other tissues (Sato et al., 2011), this
epithelium serves not only as a mechanical scaffold, but also as a
source for paracrine crosstalk that shapes the specialized cellular
niche, thereby anchoring and supporting resident stem cells. To
date, no organoids have been derived from appendages of the
human perineal or vulvar region (Table 1 and Supplementary
Table 1). Insights on vulvar homeostasis and disease can,
however, be inferred from organoid studies exploring skin
because the vulva, forming the exterior ending of the FRT, is
largely covered with skin epithelium (Lei et al., 2017; Gupta
et al., 2018; Boonekamp et al., 2019; Diao et al., 2019). Lei
et al. (2017) elucidated the spatiotemporal component in mouse
epidermal development using organoids, thereby unveiling which
transcriptional pathways are consecutively activated during
each phase of skin development. Boonekamp et al. (2019)
established an organoid system for long-term expansion of
murine keratinocytes and were able to initiate and maintain
cultures from stem cells with various gene signatures. The fact
that these organoids were amenable to genetic manipulation may
draw a parallel toward prospective vulvar organoids in which
gene alterations may be studied as, for instance, occurring during
chronic inflammation (e.g., lichen sclerosus or lichen planus)
or infection (e.g., candidosis or herpes genitalis) or in driver
genes involved in blistering diseases (e.g., epidermolysis bullosa
or pemphigus vulgaris) and carcinogenesis (e.g., basocellular or
squamous vulvar cancer). Organoids may also be particularly
useful for drug screening in order to find (new) drug targets
and drugs that can mitigate the undesired vulvar diseases. On
the vulva like on skin, sweat glands serve as gatekeepers for
bacterial colonization, waste excretion and body-temperature
maintenance. These glands are therefore important elements
to explore when trying to understand vulvar (microbial)
homeostasis. Diao et al. (2019) generated an organoid culture
system for epidermal sweat glands, which may pave the way to
vulvar sweat gland-derived organoids. Gupta et al. (2018) studied
epithelial–mesenchymal interactions in composite organoids
obtained by co-culturing human dermal papilla spheroids,
hair follicle keratinocytes and stem cells in a hydrogel-based
microenvironment. Taken together, vulva-derived organoids will
be powerful tools to help understanding normal epithelium
biology and microbiome interaction, and specific vulvotropic
diseases such as genital infections and cancers (e.g., vulvar
squamous cell carcinoma), as well as to provide a potential
means for tissue regeneration after debilitating surgery (e.g.,
radical vulvectomy).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 April 2021 | Volume 9 | Article 66147257

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-661472 April 13, 2021 Time: 22:12 # 3

Heremans et al. Organoids of the Female Reproductive Tract

FIGURE 1 | Research models for the female reproductive tract. Starting from healthy or diseased tissue from the site of interest within the female reproductive tract
(from distal to proximal: vulva, vagina, cervix, endometrium, fallopian tube, ovary and peritoneum/endometriosis), (patho-)physiology can be studied using various
preclinical 2D or 3D in vitro, or in vivo models.

FIGURE 2 | Applications of organoid model systems. Organoids are stable 3D in vitro representations of the tissue of origin that adequately recapitulate tissue
(patho-)biology, and are amenable to manifold basic and (pre-)clinical research applications such as multi-omic scrutiny and gene-editing, host–pathogen interaction
mapping and regenerative medicine, biobanking and high-throughput drug testing toward patient-tailored treatments.
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TABLE 1 | Main findings and applications of human female reproductive tract organoid studies.

Organoids of human
. . .

Author, year Main findings Applications

VULVA NA NA NA

VAGINA NA NA NA

CERVIX Chumduri et al., 2018, 2021 • Differential niche requirements for squamous and columnar cervical
organoids suggest cervical homeostasis is determined by stromal Wnt
signaling rather than epithelial transition.
• Squamous cancers probably originate from CK5+, adenocarcinomas

from CK7+CK8+ cells.

Characterization,
biobanking

Maru et al., 2019a Establishment of cervical clear cell carcinoma organoids Characterization,
biobanking, xenografting,
drug screening

Maru et al., 2020 Establishment of normal and metaplastic cervical organoids from the
squamocolumnar junctional zone

Characterization,
biobanking

ENDOMETRIUM

Healthy endometrium Turco et al., 2017 • Establishment of endometrial organoids of all phases of menstrual cycle
and decidual changes.
• Endometrial organoids are clonogenic and bipotent.

Characterization,
optimization, biobanking,

Boretto et al., 2017 Establishment of endometrial organoids of all phases of menstrual
cycle.
• Human endometrial organoids express LGR4 and LGR5 and WNT

ligands are endogenously expressed.
• Endometrial organoids mimic the menstrual cycle in a dish.

Characterization,
optimization, biobanking

Haider et al., 2018 • Establishment of trophoblast organoids.
• Wnt signaling promotes villous but not extravillous trophoblast

formation.

Characterization,
optimization, biobanking

Turco et al., 2018 Establishment of trophoblast organoids Characterization,
optimization, biobanking

Fitzgerald et al., 2019 • Validation of endometrial organoid model.
• Deepened understanding of gene expression upon hormonal

stimulation.
Characterization,
biobanking

Hennes et al., 2019 • Validation of endometrial organoid model.
• Mechanosensitive ion channels (e.g., PIEZO1) are expressed in

endometrial organoids.

Characterization,
mechanical stimulation,
patch clamping, calcium
imaging, drug screening,

Haider et al., 2019 • Validation of endometrial organoid model.
• Estrogen and NOTCH signaling drive ciliogenesis.

Characterization,
biobanking, drug screening

Luddi et al., 2020 • Validation of endometrial organoid model.
• Receptivity marker glycodelin A differs between healthy and

endometriosis-affected endometrium.
Characterization

Cochrane et al., 2020 • Validation of endometrial organoid model.
• Differentiation of secretory and ciliated epithelial cell populations in

endometrial organoids.

Marinić et al., 2020 Endometrial gland organoid derivation from term placentas Characterization

Adenomyosis and
endometriosis

Boretto et al., 2019 • Establishment of endometriosis organoid model.
• LGR6 is upregulated in endometriosis organoids.
• Inflammatory and cancer-associated genes/traits are found in

endometriosis organoids.

Characterization,
optimization, biobanking,
xenografting, drug
screening

Esfandiari et al., 2021 Validation of endometriosis organoid model Characterization

Endometrial
hyperplasia and cancer

Dasari et al., 2017 Verteporfin as promising therapeutic agent for endometrial cancer. Characterization, drug
screening

Girda et al., 2017 • Establishment of endometrial cancer organoid model.
• Novel STAT3 inhibitors as potent anticancer agent.

Characterization, drug
screening

Pauli et al., 2017 Combination of buparlisib with olaparib as optimal treatments in
endometrial organoid and PDX models.

Characterization,
biobanking, drug screening,
xenografting

Boretto et al., 2019 • Establishment of endometrial cancer (-predisposed) organoid models.
• Significant differences compared to healthy endometrium in PIEZO1

and transient receptor potential channels.

Characterization,
optimization, biobanking,
xenografting, drug
screening, calcium imaging,
patch clamping

(Continued)
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TABLE 1 | Continued

Organoids of human
. . .

Author, year Main findings Applications

Maru et al., 2019b Establishment of endometrial cancer organoid model. Characterization, optimization,
biobanking, drug screening

FALLOPIAN TUBES Kessler et al., 2015 • Establishment of healthy fallopian tube organoid model.
• Fallopian tube stemness is Wnt- and NOTCH-dependent.

Characterization, optimization,
biobanking

Kessler et al., 2019 Chlamydia infection can be mimicked in oviductal organoids and
increases DNA hypermethylation and stemness.

Characterization

Kopper et al., 2019 • Establishment of healthy fallopian tube organoid model from BRCA
germline mutation carriers.
• Strong Wnt dependency in fallopian tube organoids.

Characterization, optimization,
biobanking, drug screening,
gene-editing

de Witte et al., 2020 • Fallopian/ovarian cancer organoid response matches patient’s clinical
response.
• Intra- as well as inter-patient drug response heterogeneity.

Characterization, optimization,
biobanking, drug screening,
clinical correlation

Hoffmann et al., 2020 • Triple knock-down oviductal organoids show ovarian cancer traits.
• Medium optimized for ovarian cancer organoids promotes stemness in

modified oviductal organoids.
• Modified organoids thrive in Wnt-free environment.

Characterization, optimization,
biobanking, drug screening,
clinical correlation

Rose et al., 2020 • Fimbrial ends of the oviducts possess the highest organoid-forming
capacity.
• Aldehyde dehydrogenase-positive cells replicate with higher frequency

and form larger structures.

Characterization,

OVARIES Hill et al., 2018 • Establishment of short-term ovarian cancer organoids.
• Functional assays of homologous repair deficiency outperform isolated

assessment of mutational profiles.

Characterization, drug
screening

Kopper et al., 2019 • Establishment of (predisposed) healthy and diseased ovarian organoid
model.
• Importance of heregulin-β1 (neuregulin-1) and low WNT environment.

Characterization, optimization,
biobanking, drug screening,
xenografting

Maru et al., 2019b Establishment of ovarian cancer organoid model Characterization, optimization,
biobanking, drug screening

de Witte et al., 2020 • Fallopian/ovarian cancer organoid response matches patient’s clinical
response.
• Intra- as well as inter-patient drug response heterogeneity.

Characterization, optimization,
biobanking, drug screening,
clinical correlation

Hoffmann et al., 2020 Ovarian cancer organoids require low-Wnt environment Characterization, optimization,
biobanking, drug screening,
clinical correlation

Maenhoudt et al., 2020 • Establishment of ovarian cancer organoid model.
• Importance of heregulin-β1 (neuregulin-1).

Characterization, optimization,
biobanking, drug screening

Chen et al., 2020 Establishment of short-term organoids/spheroids model from malignant
effusion fluids

Characterization, biobanking,
drug screening

Nanki et al., 2020 Establishment of ovarian cancer organoid model Characterization, drug
screening

Zhang et al., 2020 Establishment of ovarian cancer organoid model Characterization, drug
screening

VAGINA

Like for the vulva, most of our current understanding on
vaginal development and regeneration is construed from 2D
primary cell culture and animal experiments (Bulmer, 1957;
Mutter and Robboy, 2014). Mouse studies have been essential in
conveying the importance of a transformative interplay between
the epithelium and its underlying stroma, revealing that the
stroma eventually induces cytodifferentiation of pseudostratified
columnar to squamous epithelium and shapes the morphology
of the overlying epithelium (Cunha, 1976; Robboy et al., 1982;
Iguchi et al., 1983; Tsai and Bern, 1991; Miyagawa and Iguchi,
2015). Several mouse-derived 2D cell culture and in vivo studies
later underscored the role of hormone receptor genes and hinted

on the possible contribution of the Wnt/β-catenin pathway to
vaginal proliferation and differentiation (Iguchi et al., 1983; Tsai
and Bern, 1991; Nakamura et al., 2012; Miyagawa and Iguchi,
2015; Mehta et al., 2016; Li et al., 2018). Only recently, the pivotal
function of the latter pathway in vaginal epithelium became
elegantly clear. After discovering new bona fide markers of
different subpopulations in mouse vaginal epithelium, including
potential stem cell populations, Ali et al. succeeded in establishing
an expandable, genomically stable 3D organoid culturing system
(Ali et al., 2020). After embedding single-cell suspensions in
basement membrane extract, the sole requirements appeared to
be the addition of epidermal growth factor (EGF), transforming
growth factor β receptor (TGF-βR) kinase inhibitor, and Rho-
associated protein kinase (ROCK) inhibitor (ROCKi). EGF
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and TGF-βR kinase inhibitor were important throughout the
whole culturing process and served as (stem cell) mitogens,
whereas ROCKi was used mainly during passaging and seeding
steps to prevent anoikis of the single cells. The importance
of Wnt and BMP signaling in maintenance of the stem cell
niche was accentuated by the positive correlation between
organoid-forming capacity and concentrations of supplemented
Wnt3a and R-Spondin-3 (RSPO3), both Wnt pathway activators,
and of Noggin, a BMP inhibitor. Inversely, inhibiting Wnt
O-acyltransferase Porcupine (PORCN) activity, needed for Wnt
ligand maturation and secretion, via IWP-2 halted organoid
growth and multiplication. Pulse labeling of cells expressing
Wnt target and regulator axis inhibition protein 2 (AXIN2)
in doxycycline-inducible AXIN2rtTA/tetOCre/lacZfl/+ mice led
to understand that these cells give rise to all other epithelial
cell lineages of vaginal epithelium in mice. Unfortunately, to
the best of our knowledge, no data on vaginal epithelium stem
cells are available in humans (Table 1 and Supplementary
Table 1). Considering that vaginal epithelium, together with
the vulva, represents the first line of defense against pathogenic
colonization or infection of the reproductive organs, human
vaginal organoids would allow us to gather better understanding
of how these human cells interact with micro-organisms on a
(sub-)cellular level. In addition, by co-culturing organoids with
associated stroma, a more thorough comprehension could be
obtained of the signaling cascade that causes and maintains
vaginal atrophy. If eventually applied in a system that also
encompasses the immune and vascular system, a more purposeful
narrative could be written for pathogenesis and drug discovery
in vaginal cancers. Owing to their rarity and proximity of the
vulva and cervix, vaginal cancers are either treated as cervical
or vulvar entities and not a single treatment algorithm is set
out to deal with vaginal cancers focusing on their intrinsic
characteristics. Therefore, a model that allows understanding,
expanding and biobanking these rare cancers would be invaluable
to gynecological cancer research (de Martel et al., 2017). Once
more, organoid technology may prove here to bridge the gap
between bench and bedside.

CERVIX

The uterine cervix is the final frontier between a stressor-
laden, entropic external environment and the well-organized,
homeostatic internal conditions at the locus of implantation.
Yet, more than any other compartment of the FRT, the focus
of cervical research lies not in its impact on fertility, but
in its risk of oncogenic transformation. It is still the most
prevalent gynecological cancer worldwide. It is infection-driven,
most notably with oncogenic strains of human papillomavirus
(HPV) (zur Hausen et al., 1974; de Sanjose et al., 2010; de
Martel et al., 2017; Bray et al., 2018). However, not all tissue-
resident cells are equally prone to malignant transformation.
The cervix initially comprises two distinct native epithelia
with a dynamic interface that give rise to an area consisting
of a third, transformative epithelium that displays traits of
both precursors (Figure 3). The ectocervix is marked by

a stratified, non-keratinizing epithelium similar to that of
the vagina. The endocervix is an evident extension of the
endometrium consisting of a single line of columnar, mucus-
secreting cells, sparsely interspersed with ciliated cells. Starting
from the original squamocolumnar junction (SCJ) and due
to the acidity of the vaginal compared to the endocervical
environment, transformative pathways are activated in bipotent
progenitor, so-called “reserve” cells, subjacent to columnar cells
to replace and replenish the exposed surface with metaplastic
squamous epithelium (Herfs et al., 2013; Malpica, 2014). Even
though carcinomas arising from both epithelia display only
minute differences in clinical risk factors and majority of
dedicated HPV types, much is still to be elucidated on how
they pathogenetically diverge (Berrington de González et al.,
2004; Bray et al., 2005; de Sanjose et al., 2010; Patterson and
Pru, 2013; Deng et al., 2018; Stewart et al., 2019). It has
been postulated that cytokeratin (CK-) 7-positive stem cells
residing at the SCJ, may represent a cell population in which
cervical carcinogenesis originates (Herfs et al., 2012, 2013).
Current understanding of cervical cancer cells has been acquired
owing to the efforts of Gey et al. (1952) who established the
renowned “HeLa” cancer cell line from an aggressive clone of
cervical adenocarcinoma, named after its patient donor Henrietta
Lacks. In general, the establishment of cervical cancer cell
lines provided important stepping stones toward more insight
into molecular and genetic cancer pathways, but these 2D
cell-line models suffer from major shortcomings. First, only
highly aggressive tumors can be readily established in cell lines
(Gartler, 1968; Sandberg and Ernberg, 2005). Second, the tumor
niche is only poorly recapitulated, using undefined supplements
such as chicken plasma, bovine embryo extract and human
placental cord serum, or more in general, serum (Gartler,
1968; Sandberg and Ernberg, 2005). Third, clonal selection
(with loss of tumor original heterogeneous composition),
genetic drift and contamination by other cell lines, all severely
compromise their use as representative cancer research models
(Gartler, 1968; Sandberg and Ernberg, 2005). Since cervical
cancer is a predominantly infection-mediated disease, scientists
turned to HPV-transfected (immortalized) keratinocytes and
direct (epi-)genetic analysis on patient samples to study its
pathogenesis, thereby unveiling roles for pathways impacting
apoptosis and cell-cycle inhibition (Dyson et al., 1989; Scheffner
et al., 1990; Tsuda et al., 2003; Cancer Genome Atlas Research
Network, 2017). The importance of three-dimensionality in
studying HPV life cycle was underpinned by the application
of a raft culture method encompassing immortalized human
foreskin keratinocytes on a dermal-equivalent support at air–
liquid interface, allowing to study short-term events in the non-
productive stages of HPV transmission, as well as impact of viral
persistence and replication in the process of tissue stratification
and differentiation (Flores et al., 1999). Co-culturing with
immune cells allowed for a still better approximation of the
genital mucosal microenvironment (Delvenne et al., 2001).
A further advanced 3D set-up, using ECM-bound virions to
infect primary foreskin keratinocytes and subsequently culturing
these ensembles as rafts, recapitulated the earliest events of HPV
infection as well as viral persistence, disease progression and
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FIGURE 3 | Epithelial histology of the cervix. Coronal section of the cervix with a detailed visualization of epithelia, from vagina to isthmus: ectocervix, original
squamocolumnar junction (SCJ), new SCJ, endocervix.

viral invasion, thereby providing invaluable insights in the first
steps of viral infection and unveiling which viral transcripts are
sequentially activated (Bienkowska-Haba et al., 2018). However,
a specific fibroblast feeder cells providing stromal signals were
used in these models which may be overcome by applying 3D
organoid technology (Table 1 and Supplementary Table 1).
Recently, Maru et al. (2020) succeeded in establishing cervical
organoids from a limited number of patient-derived biopsies
in a medium supplemented with RSPO1, Noggin, EGF, ROCKi
and the Notch ligand Jagged-1. The organoid cells expressed
validated SCJ markers more robustly than classic cell lines and
displayed both differentiated endo- and ectocervical cell types.
Chumduri et al. (2018, 2021) generated endocervical-like, long-
term expandable organoids from ecto- and endocervical patient
samples, dependent on the presence of Wnt agonists (RSPO1
and WNT3A). They showed differentiation potential toward
an ectocervical phenotype by activating the cAMP pathway
and hinted toward different originating cells (i.e., squamous
cancers from CK7+ and adenocarcinomas from CK7+CK8+
cells). Maru et al. (2019a,b) were also able to establish organoids
from a cervical clear cell carcinoma using their previously
published culture conditions for other gynecological cancers.
This organoid line, as well as endometrial and ovarian cancer
organoids, were subjected to tailored drug therapy and grown as
xenografts in the dorsal skin of immunocompromised nude mice
(Maru et al., 2019a,b). However, although orthotopic xenograft
models have previously been advocated as promising tools to
model cervical cancer (Hoffmann et al., 2010), there are main

limitations including lack of translatability because of species
differences in stromal and immune cell interactions (in the PDX
model, originating from mouse), the take rate mostly limited to
aggressive subtypes, and the highly time- and animal-consuming
aspects. Organoid technology may overcome some of these
hurdles, as an impetus to still more advanced co-culture systems
including immune cells. For instance, much remains to be
learned about the effect of the genital mucosal microenvironment
on virus-specific effector and suppressor immune responses and
their impact on lesion pathogenesis.

ENDOMETRIUM

Healthy Endometrium
The multilayered inner lining of the uterus plays a pivotal
role in human reproduction. Its make-up is tightly regulated
by the hypothalamic-pituitary-gonadal axis and, in order
to serve its primordial purposes of embryonic implantation
and nourishment, it undergoes monthly reiterative cycles
of proliferation, differentiation and menstrual shedding (Yin
and Ma, 2005). This mucosal lining lies in continuity with
that of the endocervix at the proximal side and FT at
the distal end, and consists of glands, stroma, blood vessels
and immune cells. Histologically subdivided, the endometrium
consists of the - durably present - lamina basalis deeply
and adjacent to the myometrium, and the - menstrually
shed - lamina functionalis more superficially (Figure 4). The
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FIGURE 4 | Schematic overview of the endometrium. The cyclically replenished lamina functionalis divides into the superficial stratum compactum and the deeper
stratum spongiosum. The persistent lamina basalis lies between the lamina functionalis and the uterine myometrium. Both lamina contain epithelial cells interspersed
with varying densities of stromal cells. LE, luminal epithelium, GE, glandular epithelium.

lamina functionalis, containing luminal epithelium (LE) and
glandular epithelium (GE), organizes into both a deeper lying
stratum spongiosum, marked by numerous glands and ensuing
loose stromal organization, and a superficial, less glandular
and thereby stromally dense, stratum compactum. Whether
the monthly regeneration of the endometrium is driven by
endometrial stem cells, remains unclear and actively debated.
Several epithelial and stromal stem cell candidates have been
proposed, including long-term label-retaining cells, endometrial
side population cells, perivascular CD146+, platelet-derived
growth factor receptor-β (PDGFR-β+) and sushi domain
containing-2 (SUSD2+) cells, and AXIN2+ cells, the latter
identified by lineage tracing in mice and found responsible for
tissue regeneration (Cunha, 1976; Robboy et al., 1982; Gray et al.,
2001; Patterson and Pru, 2013; Gargett et al., 2016; Tempest
et al., 2018; Syed et al., 2020). In addition, contribution of
bone marrow-derived (endometrial progenitor) cells has also
been suggested during the cyclic regeneration. Many questions
and controversies remain regarding potential (hierarchical)
relationship between the various stem cell candidates, and several
of these findings in mice have not been translated into human.
Apart from comparative ungulate, rodent or primate studies,
understanding of regeneration-involved signaling pathways
between cells, or between cells and ECM, sprouted from
direct immunohistochemical (IHC) time-point analyses in
human tissue (Snijders et al., 1992; Thiet et al., 1994; Jones
et al., 1998; Aflatoonian et al., 2007). Also here, 3D models,
cultured in basement membrane mimics, would be highly

interesting to decipher these cellular processes and crosstalks.
Iguchi et al. (1985) were able to dissociate luminal mouse
endometrium from its fibromuscular stromal surroundings
and seed these cells on collagen gel matrices in serum-free
conditions. Cultures were short-lived, but the endometrial cells
demonstrated apicobasal polarity and were characterized by
spherical outgrowth and sheet- and/or duct-like extrusions,
reminiscent of adenogenesis in vivo. Rinehart et al. (1988)
seeded 3D endometrial glands in 50% Matrigel on Matrigel-
coated plates. However, the 3D structures spread out into 2D
monolayer colonies with columnar aspect, apicobasal polarity
and preserved intercellular connections, but were not deeply
characterized. Moreover, the medium, albeit serum-free, was
not entirely chemically defined as 10% was made up of
conditioned medium of the RL95-2 endometrial carcinoma cell
line. Efforts by other groups showed persistent requirement
of low amounts of serum, were hampered by the inability of
long-term maintenance or expansion, and did not adequately
recapitulate the endometrium as observed in vivo (Bentin-Ley
et al., 1994; Bläuer et al., 2005, 2008). Only recently, human
endometrium-derived organoids were successfully derived, using
a defined culture medium (Boretto et al., 2017; Turco et al.,
2017; Haider et al., 2019) (Table 1 and Supplementary
Table 2). Activation of Wnt/β-catenin signaling with RSPO1
(or CHIR99021, an inhibitor of β-catenin degradation) proved
indispensable. This is in line with the proposed role of Wnt in
uterus development and adenogenesis (uterine gland formation),
recently supported by in vivo lineage tracing of AXIN2+ cells,
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assigning these cells as plausible stem cell candidates in mouse
uterus (Syed et al., 2020).

Different from mouse endometrial organoids, development
and culture of human organoids did not require exogenous
WNT3A. Inhibition of BMP (Noggin) and TGF-β/Alk (A83-01)
pathways was indispensable, plausibly quenching differentiation
of the organoid-driving stem cells (Boretto et al., 2017). Cultures
furthermore benefited from the mitogens EGF and fibroblast
growth factor 10 (FGF10), the endometrium-proliferative
hormone 17β-estradiol (E2), insulin transduction activation
(insulin-transferrin-selenium, ITS), and inhibition of p38 MAPK
(SB202190 [p38i]), of reactive oxygen species (N-Acetyl-L-
Cysteine [NAC]), of ROCK (Y-27632 [ROCKi]) and of sirtuin
(nicotinamide [NAM]). By exposure to a specific hormone
treatment protocol encompassing E2 and progesterone (P4),
organoids mimicked the full menstrual cycle as well as incipient
decidualization (Table 1 and Supplementary Table 3). The
robustness of the endometrial organoid platform has been
validated by IHC, electron microscopy, array Comparative
Genomic Hybridization (aCGH) and transcriptome analysis
and, in addition, ion channel functionality and ciliogenesis was
demonstrated using these organoid systems (Fitzgerald et al.,
2019; Haider et al., 2019; Hennes et al., 2019; Cochrane et al.,
2020; Bui et al., 2020; Luddi et al., 2020; Syed et al., 2020). Two
groups achieved to derive organoids from trophoblasts, offering
the appealing possibility to study trophoblast-endometrium
crosstalk in vitro (Haider et al., 2018; Turco et al., 2018). Organoid
medium of both studies only showed minimal differences,
highlighting the importance of EGF, Wnt activation (RSPO,
CHIR99021, and prostaglandin E2 [PGE2]) and inhibition of
TGF-β signaling (A83-01) (Haider et al., 2018; Turco et al.,
2018; Table 1 and Supplementary Table 3). Interestingly, Noggin
was not required, but Haider et al. (2018) retained it to limit
differentiation. With only few medium alterations compared to
trophoblast organoid culturing, Marinić et al. (2020) were able to
derive endometrial gland organoids from term placentas which
showed proper hormone responsiveness and molecular patterns
distinct from the endometrial stromal cells, initially also present
in the term placenta samples.

Taken together, these recent realizations have provided an
interesting new port of entry in pregnancy research. The
organoid models may generate unprecedented insight in the
signal transduction cascade at both maternal and fetal side
during embryo apposition, implantation and outgrowth, may
impart in-depth understanding of the pathways leading to fetal
growth restriction and pre-eclampsia, and may lead us to a better
apprehension of genetic placental aberrations found at chorionic
villus sampling (such as confined placental mosaicisms). Also, the
organoid platform may provide insight in developmental biology
of iatrogenically arrested pregnancies nesting in cesarean scar
tissue or uterine niches, and shed light on unsolved questions in
infertility research such as non-receptive endometria or recurrent
implantation failure.

Adenomyosis and Endometriosis
Adenomyosis and endometriosis have been put forward as two
distinct entities within the same continuum. Both conditions

essentially display benign endometrial epithelium and stroma
outside the uterine cavity, but affect different patient groups and
are thought to arise through different pathogenic mechanisms.
Adenomyosis boils down to the presence of ectopic endometrial
tissue within the uterine wall that is fully confined within
hypertrophic myometrium, supposedly owing to invagination
(Frankl, 1925; Emge, 1962; Leyendecker et al., 2009). In
endometriosis, endometrial tissue and cells are believed to
translocate toward the peritoneal cavity by means of retrograde
menstrual flow, after which they generate ectopic deposits
on peritoneum and/or internal organs (Sampson, 1921, 1927;
Leyendecker et al., 2009). For both diseases, however, alternative
explanations - among which metaplasia is the most notable
-, have been considered to remedy few remaining clinical
shortcomings of the translocation theories (Gruenwald, 1942;
Vannuccini et al., 2017; García-Solares et al., 2018; Koninckx
et al., 2019). Valuable insights on mechanisms underlying
pathogenesis and progression of both diseases have been obtained
from non-human primate studies given that endometriosis
naturally occurs only in this species with histopathological
features consistent with the human disease (D’Hooghe et al.,
1991, 1992; Fazleabas, 2010; Donnez et al., 2013). Although
providing longitudinal insights in important primary endpoints
such as fertility and pain-related behavior, this research approach
suffers from multiple limitations including strong ethical
concerns, labor-intensity and costliness, and still faces species-
specific translatability restraints. Again, a myriad of mouse and
in vitro cell culture models have been used to study endometriosis
(Habiba, 2016; Greaves et al., 2017), however, encountering
clear shortcomings including the inability to reproduce patient
variability as well as phenotypic heterogeneity between different
stages and types of endometriosis, and logically also species
differences with endometriosis not natively occurring in mouse.
The establishment by our group of robustly expandable 3D
organoids from human endometriotic lesions, as well as from
the (eutopic) endometrium of the same patients, provides more
appropriate study models (Boretto et al., 2017, 2019; Table 1
and Supplementary Table 2). Organoid development efficiency
appeared somewhat lower than from healthy endometrium, likely
secondary to the harsher experimental conditions needed to
dissociate the endometriotic lesion. Medium components were
similar. Organoids were developed from different endometriosis
types (including superficial and deep peritoneal lesions) and
different severity stages. Transplantation of the endometriotic
organoids into the renal capsule of immunocompromised mice,
or more orthotopically by intraperitoneal injection, resulted
in outgrowth of representative lesions (Boretto et al., 2019).
Recently, Esfandiari et al. (2021) also developed organoids from
endometriotic biopsies and showed that methylation patterns
from the primary tissue were robustly recapitulated. Now, to
fully recapitulate the inflammatory character and immunological
dysregulation of endometriosis, epithelial organoid cultures
should be enriched with stromal cells that also play a role in
endometriosis, and further with endothelial and immune cells,
while provided with a scaffold that allows for angiogenesis,
neurogenesis and immune cell influx. Such efforts should also be
applied to adenomyosis, for which epithelial organoids have not
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yet been described. Before, a co-culture model of adenomyotic
epithelial cells, stromal cells and myocytes has been reported
(Mehasseb et al., 2010).

Endometrial Hyperplasia and Cancer
Endometrial cancer (EC) is the second most common tumor of
the FRT and its incidence is rising incessantly in industrialized
countries, subjecting women to cancer- and therapy-related
risks (Bray et al., 2018; Zhang et al., 2019b). EC is a
heterogenic constellation of diseases for which etiopathogenesis
has historically been dichotomized into two groups based
on clinico-histological characteristics (Bokhman, 1983). Type
I tumors were postulated to be estrogen-mediated, well-to-
moderately differentiated endometrioid lesions on a background
of juxtaposed hyperplasia in younger women. Type II EC
referred to poorly differentiated tumors of endometrioid or
non-endometrioid histology arising in a milieu of endometrial
atrophy and were claimed to be estrogen-independent. There
is also an important role for hereditary syndromes such as
Lynch syndrome, that can result in endometrial cancers of both
categories as well as a multitude of extra-uterine malignancies
(Lynch et al., 2015). Sequencing efforts by The Cancer Genome
Atlas (TCGA) Research Network later fine-tuned the knowledge
of EC-related mutations and allowed for a more precise (i.e.,
resulting in superior distinction of low- versus high-risk EC)
molecular classification that is outside the scope of this review
(Cancer Genome Atlas Research Network, 2013).

To date, the identity of the primordially affected cells
in humans is still unknown. Syed et al. (2020) advanced
AXIN2+ (stem) cells in mice to be EC-initiating cells upon
oncogenic transformation. Before, most insights were drawn
from patient EC-derived cell lines such as Ishikawa and ECC-1
(well-differentiated), RL95-2, HEC1A and HEC1B (moderately
differentiated), and KLE and AN3CA (metastatic, poorly
differentiated) (Van Nyen et al., 2018). Genomic profiling
showed their comparative and temporal stability with respect
to copy number aberrations and EC-associated point mutations,
but intra-tumor heterogeneity was lost in cell lines. Mouse
xenograft models, starting from these cell lines or primary
tumors (105–107) showed fair engraftment rates of about 60%
although aggressive subtypes are more efficient in growing out
(Wang et al., 2010; Cabrera et al., 2012; Korch et al., 2012).
The xenografts showed 90% genetic similarity with the tumor
(Depreeuw et al., 2015), displaying only low numbers of newly
acquired SCNAs, but genetic drift was still observed (Ben-David
et al., 2017). Further limitations of EC PDX are the inability
to replicate full intra-tumor heterogeneity, to mimic the tumor
micro-environment as mouse stroma gradually replaces the
human stroma present in the transplanted tumor, the absence
of immunomodulatory responses and difficulties to correctly
simulate patient drug-responses (Depreeuw et al., 2015). With
respect to representativeness, another step in this direction was
taken by implementing 3D culturing techniques, as exemplified
by spheroid cultures which were instrumental to uncover altered
metabolism, polarity and drug susceptibility (Chitcholtan et al.,
2012, 2013). Spheroid constructs have been applied to study
carcinogenesis, either in isolation or as element in a co-culture

or explant model (Hashimoto et al., 2017; Goad et al., 2018; Al-
Juboori et al., 2019). To provide a more accurate rendering of
EC, research groups embarked on establishing organoids from
EC tumor samples (Dasari et al., 2017; Girda et al., 2017; Pauli
et al., 2017; Turco et al., 2017; Boretto et al., 2019; Table 1 and
Supplementary Table 2). Organoid development was achieved,
reliant on the typical factors such as RSPO1, Noggin, EGF, FGF2,
FGF10, A83-01, NAC, and NAM, further promoted by addition
of insulin-like growth factor 1 (IGF1), hepatocyte growth factor
(HGF) and lipids. Importantly, it was necessary to lower p38i
concentration to favor organoid growth from tumor cells above
growth from healthy cells, also often present in the original
biopsy. Interleukin-6 (IL6) and (non-)essential amino acids were
also tested, but proved less important (Boretto et al., 2019).
In addition to IHC and gene-expression characterization of the
tumor organoids for endometrium/EC markers like estrogen
receptor-α (ERα), progesterone receptor (PR), CK AE1/AE3,
CK7, CK20, mucin 1 (MUC1), SRY-Box transcription factor
17 (SOX17), cluster of differentiation 10 (CD10), CD44 and/or
aldehyde dehydrogenase 1 (ALDH1), two studies also defined
and validated genomics and transcriptomics of the EC-derived
organoids (Pauli et al., 2017; Boretto et al., 2019). Based
on recapitulated mutations in AT-rich interaction domain 1A
(ARID1A), β-Catenin (CTNNB1), F-box and WD repeat domain
containing protein 7 (FBXW7), human epidermal growth factor
receptor 2 (HER2), Polymerase-ε exonuclease domain (POLE)
and phosphatase and tensin homolog (PTEN), organoids were
tested for sensitivity to classic chemotherapeutics (5-fluorouracil,
carboplatin, paclitaxel and doxorubicin), phosphoinositide 3-
kinase (PI3K) inhibitors (apitolisib, buparlisib), inhibitors of
mammalian target of rapamycin (mTOR) (everolimus), and
histone deacetylase (HDAC) inhibitors (vorinostat, belinostat).
Our group showed the organoids’ ability to reproduce the
phenotype of the spectrum of endometrial states, i.e., from
healthy, over simple and complex hyperplasia with and without
atypia, to cancerous endometrium, and to recapitulate mutations
of Lynch syndrome patients (Boretto et al., 2019). Now that the
necessary backbone is provided, next-generation organoid-based
models can be developed including co-culture systems, which will
lend themselves to extensive, or rather focused, drug testing and
cutting-edge gene-editing exploration.

FALLOPIAN TUBES

The FT (or oviducts), functioning as relay between uterus
and ovaries, consist of four zones with distinct histological
architecture, i.e., the fimbriated and funneled infundibulum,
the tortuous ampulla, the muscular isthmus and the circular
and myometrialized interstitial/intramural portions (Figure 5A).
In order to provide an appropriate environment for gamete
conditioning, fertilization and ovum nutrition, and to allow
proper transit of the zygote, secretory, ciliary and muscular
functions of the different parts are aligned (Jarboe, 2014).

Since the first in vitro culturing of oviductal cells (McComb
et al., 1986), several tactics have been applied to overcome
their rapid senescence, loss of polarization, fibroblast overgrowth
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FIGURE 5 | Schematic overview of fallopian tube and ovary. (A) The fallopian tube consists of four zones with distinct histological architecture, from distal to
proximal: infundibulum with its fimbriae (*), ampulla, isthmus and interstitial/intramural portion. (B) The ovary is divided into a cortical region in which the
oocytes/follicles develop and the medulla that contains the larger blood vessels. ***Refers to “Fimbriae”.

and deciliation/dedifferentiation (Henriksen et al., 1990; Ando
et al., 2000; Levanon et al., 2010; Karst et al., 2011). Karst et al.
(2011) immortalized 2D-grown oviductal cells, and showed their
tumorigenicity upon injection in immunocompromised mice.
Using a transwell approach, the same group also cultured non-
immortalized fimbrial FT epithelial cells at air/liquid interface,
thereby replicating typical structural, proteomic and secretomic
features, and providing insight into DNA damage repair kinetics
(Levanon et al., 2010). To surmount the yet limited propagation
of this system, and the failure to simulate the oviducts’
tubular folded architecture, further advanced 3D constructs
were generated by placing minced mouse or baboon oviducts
in alginate matrix, exposed to a precisely defined cocktail of
hormones and growth factors (King et al., 2011). The immersed
cells expressed the FT markers oviductin (OVGP1), paired box 8
(PAX8), E-cadherin, CK8 and acetylated tubulin (in cilia), and
phenocopied the normal cell proliferation rate of the healthy
donor. The main drawback was the limited culturing capacity
(only for 7 days). The identification of label-retaining, putative
stem cells in the distal oviduct of mice formed the impetus
toward 3D organoid modeling using Matrigel (Wang et al.,
2012). Grown under serum-free conditions, requiring only FGF2
and EGF, the organoid cells remained in an undifferentiated,
slow-proliferative state for at least 10 weeks. Adding serum
nudged cells to differentiate into various Müllerian derivatives, as
exemplified by different expression patterns of ERα, PR, CD44,
and progestagen associated endometrial protein (PAEP), and by
the formation of hollow tubal structures through budding-out of
the differentiating organoids. Kessler et al. (2015) were the first to
develop organoids from human epithelial (epithelial cell adhesion
molecule (EpCAM+) FT cells (Table 1 and Supplementary
Table 4). Wnt potentiation was indispensable for organoid
propagation, and the Wnt-boosting LGR6 emerged as potential
FT stem cell marker. Interestingly, LGR6 expression was also
found upregulated in endometriotic organoids when compared
to healthy endometrium organoids (Boretto et al., 2019). Optimal
expansion of FT organoids required WNT3A, RSPO1, EGF,

FGF10, TGF-βr kinase inhibitor (SB431542) and Noggin. Both
secretory and ciliated cells were present, giving credence to
the possible existence of a common bipotent stem cell. Notch
inhibition by use of a γ-secretase inhibitor propelled ciliogenesis
(Kessler et al., 2015), as later also found in endometrial organoids
(Haider et al., 2019). It was also demonstrated that the fimbrial
ends of the oviducts possess the highest organoid-forming
capacity, both in mouse (Xie et al., 2018) and human (Rose
et al., 2020), and that human fimbrial ALDH+ cells replicate
with higher frequency and form larger structures (Rose et al.,
2020). Co-culturing of FT epithelial cells with FT stromal cells
and endothelial (HUVEC) cells formed more complex organoid
structures (Chang et al., 2020). FT epithelial cells could also be
derived from induced pluripotent stem cells (iPSC) in which
first an intermediate mesoderm state was induced, subsequently
differentiated toward a FT phenotype via suppletion of WNT4
(or WNT3A), follistatin, E2 and P4 (Yucer et al., 2017).

The FT organoids were applied to explore the origin of
ovarian cancer (OC) and to model infections with specific
pathogens. Kopper et al. (2019) defined the optimal culture
conditions to obtain organoids from both healthy FT and
ovarian surface epithelium (OSE), alongside organoids from a
broad spectrum of OC subtypes including high-risk patients
with germline mutations in breast cancer types 1 and 2
susceptibility genes (BRCA1/2), thus allowing to study how
their (unaffected) FT-derived organoids relates to OC. Organoid
formation from FT, OSE, and OC required equal amounts of
RSPO1, Noggin, NAC, NAM, A83-01, and ROCKi. Organoid
derivation from healthy FT as compared to healthy OSE asked
for less Wnt, but similar EGF levels. Maintenance of OSE
organoids additionally needed forskolin, hydrocortisone, E2 and
the tyrosine kinase activator heregulin-β1 in amounts equivalent
to OC organoids. Kopper et al. (2019) were able to further
optimize OC organoid formation efficiency by reducting of
EGF and adding FGF10. Moreover, it was observed that only a
subset of OC benefited from Wnt supplementation, moreover
added at lower concentrations than for organoid derivation
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from FT and OSE. Hoffmann et al. (2020) knocked down p53,
PTEN and retinoblastoma (RB) tumor suppressor genes in FT
organoids resulting in genomic instability, reduced apicobasal
polarity, and larger and polymorphic nuclei compared to healthy
controls. The modified organoids showed similarity to organoids
derived from high-grade serous OC (HGSOC). In addition
to sharing prominent morphological characteristics (such as
nuclear atypia, increased DNA damage and altered epithelial
organization) and transcriptomic traits (such as congruent
upregulation of proto-oncogenes and downregulation of Wnt
signaling), the medium optimized for HGSOC-derived organoids
also promoted stemness in the modified FT organoids. Head-
to-head comparisons between genetically rewired mouse FT
and ovarian organoids supported that HGSOC can be derived
from both cell populations, which may underlie HGSOC
clinical heterogeneity, evidenced by differences in transcriptome,
tumor kinetics and drug responses (Zhang et al., 2019a;
Lõhmussaar et al., 2020). It has been proposed before that
fimbrial ends of the FT form an equally important site of
ovarian tumorigenesis (Dubeau, 1999; Karnezis et al., 2017).
Thus, the FT organoids platform will allow researchers to
delve deeper into the minimal (epi-)genetic requirements for
oviductal tumorigenesis, using, amongst others, modern gene-
editing techniques.

Acute and chronic salpingeal infections may cause progressive
pelvic inflammatory disease and subsequent ectopic pregnancies
and/or subfertility. With the emergence of multidrug-resistant
sexually transmitted diseases, it is of paramount importance to
have preclinical models to study host-microbe interplay, query
treatments for infections, and develop regenerative therapies in
case of surgical resections (Harris et al., 2018). Infection with
Chlamydia trachomatis has recently been modeled in human FT
organoids as well as in mouse endometrial organoids (Kessler
et al., 2019; Bishop et al., 2020). Acute infection triggered a
sustained response of inflammation and homeostatic repair.
Infected cells containing bacterial inclusions extruded into
the organoid lumen, after which adjacent cells compensatorily
repleted their inlet. Owing to organoid longevity, also chronic
chlamydiosis, known for its subclinical presentation, could be
studied. Chronic infection of the organoids could model trace
effects of infection, convalescence and reinfection, resulting in
significantly increased organoid-forming capacity and increased
EpCAM expression, even after successful treatment and curation
of the chronic infection. A shift toward a less differentiated,
secretory phenotype and epigenetic rewiring akin to aging are
features reminiscent of OC.

OVARIES

The ovaries, consisting of a central medulla, peripheral cortex
and overlying serosa, serve two main purposes: steroidogenesis
and iterative oocyte maturation with subsequent transmission
into the FT. The cortical region houses the developing
oocytes/follicles (White et al., 2012; Figure 5B). It has been
speculated many times that oogonial stem cells (“cortical
reserve”) may exist, but this hypothesis remains controversial

and heavily debated. Cells expressing extracellular DEAD-
box polypeptide 4 (ecDDX4) have been advanced as stem
cell candidates, but recent single-cell omics identified these
ecDDX4+ cells as perivascular cells (Fan et al., 2019; Wagner
et al., 2020). To date, the Zuckerman axiom that a fixed number
of oocytes is present and available throughout a woman’s lifetime
still stands (Zuckerman, 1951). Regarding the cortex-bordering
OSE, organoid studies, as described above, may eventually lead
to the identification of the OSE stem cells, which may also lie
at the origin of epithelial ovarian cancer (EOC). With more
than half of affected women succumbing to this disease, EOC
is considered the most lethal gynecological cancer. This high
death-to-incidence ratio is attributable to the fact that the
majority of cases are diagnosed in advanced stages of disease,
and due to rapid recurrences (Prat and FIGO Committee on
Gynecologic Oncology, 2014; Lheureux et al., 2019). EOC is
more than a single entity and comprises serous, mucinous,
endometrioid and clear cell histological signatures. Exact origin
and downstream pathobiology remain debated. As previously
mentioned, both FT epithelium and OSE have been proposed and
validated as originating tissues for EOC (Dubeau, 1999; Jarboe,
2014; Coscia et al., 2016; Karnezis et al., 2017; Zhang et al.,
2019a; Hoffmann et al., 2020; Lõhmussaar et al., 2020). One-
fifth of the patients are genetically predisposed (Walsh et al.,
2011; Toss et al., 2015), and advancements in genetic testing,
biomarker discovery and preclinical models are enabling the
application of personalized therapies. Cell lines of EOC, used as
preclinical models, suffer from genetic drift, cross-contamination
and misidentification (Sandberg and Ernberg, 2005; Korch et al.,
2012; Domcke et al., 2013). In particular, SK-OV-3 and A2780,
the two most utilized cell lines to emulate HGSOC, lack its
typical TP53 mutation and distinctive somatic copy number
alterations (SCNA). Instead, they harbor mutations typical for
other histotypes (e.g., ARID1A and PTEN) (148). Given this
incongruity as well as poor translatability with regards to clinical
response, these cell lines are not highly apt as preclinical model
of HGSOC (Matsuo et al., 2010). Xenografts grown from the
cell lines face the same dire fate (Bobbs et al., 2015). Transgenic
mouse models, although allowing to query early events in
ovarian tumorigenesis, insufficiently recapitulate the full genomic
landscape of HGSOC (Bobbs et al., 2015). Patient-derived
xenografts in immunodeficient mice reproduce relevant HGSOC
complications such as tumor invasion, expansion and metastasis,
and retain histologic and genomic characteristics (at least at
early passage), but lack the immune component (Dobbin et al.,
2014; Weroha et al., 2014; Bobbs et al., 2015). In order to better
reproduce tumor complexity, in vitro 3D spheroid models have
been developed. Differentially expressed genes, altered tumor
kinetics and more translatable drug responses have been noted
using spheroids as compared to 2D cell lines (Zietarska et al.,
2007; Raghavan et al., 2015). Immune and stromal components
were added to scrutinize cancer stem cell pathways and cellular
interactions (Raghavan et al., 2019). Spheroids were also used to
study progression from normal OSE to preinvasive phenotypes
(e.g., by tracking depolarization, disorganized stratification,
overexpression of cancer markers and ultimately degradation
of the subjacent basement membrane) (Kwong et al., 2009).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 April 2021 | Volume 9 | Article 66147267

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-661472 April 13, 2021 Time: 22:12 # 13

Heremans et al. Organoids of the Female Reproductive Tract

Studying these first steps from normal to invasive phenotype
required OSE cells to be cultured in Matrigel-coated wells while
suspended in a serum-containing medium supplemented with
2% Matrigel and continuously exposed to tumor necrosis factor
α (TNF-α). The importance of TNF-α supports the association
of tumorigenesis with chronic inflammation. The spheroids
arose by aggregation, not by self-organization, and could not
be maintained beyond 40 days. Nevertheless, the short-term 3D
spheroid cultures were more representative than 2D setups when
assessing OC drug sensitivities (Jabs et al., 2017).

Significant progress in OC modeling was generated by
the development of organoids from OC as mentioned above.
Organoid lines were established from a wide variety of OC,
ranging from borderline tumors to invasive OC of various
grades, stages and histologies (Kopper et al., 2019; Table 1
and Supplementary Table 4). A preceding study showed
that organoid establishment was feasible without forskolin,
hydrocortisone, E2, heregulin-β1 and ROCKi but required FGF2,
PGE2 and p38i, although organoid maintenance was only short-
term and the study focused mainly on HGSOC (Hill et al., 2018).
Subsequent studies emphasized the importance of heregulin-
β1 (neuregulin-1) and low WNT environment for long-term
EOC organoid expansion (Hoffmann et al., 2020; Maenhoudt
et al., 2020). The OC-derived organoids mirrored the (epi-
)genomic and transcriptomic landscape of their native tissue and
exemplified tumor heterogeneity at different sites of metastatic
disease (Kopper et al., 2019). Organoid gene transcript clustering
provided arguments for the hypothesis that borderline tumor
may transition into OC. Organoids were amenable to gene-
editing, xenografting and drug-sensitivity profiling (Hill et al.,
2018; Kopper et al., 2019; Maru et al., 2019b; Phan et al., 2019;
Chen et al., 2020; Hoffmann et al., 2020; Lõhmussaar et al., 2020;
Maenhoudt et al., 2020). Hill et al. (2018) functionally studied
HGSOC-specific homologous recombination deficiency (HRD)
and replication fork instability, and observed that functional
assays (i.e., drug-testing) systematically outperformed the data
obtained from mutational profiles alone, moreover in keeping
with the parallel clinical reality. Further developments were
achieved to circumvent the possible interference of the gel-
based scaffold with drug diffusion (using resuspended organoids)
and to apply the organoid platform in high-throughput settings
(Maru et al., 2019b; Phan et al., 2019). Drug sensitivity
was linked to well-recapitulated individual (epi-)genomic and
transcriptomic profiles (Phan et al., 2019; Chen et al., 2020;
de Witte et al., 2020; Nanki et al., 2020; Zhang et al., 2020).
To a further extent, the organoids reliably simulated intra-
and inter-patient drug response heterogeneity and were able
to predict useful therapeutic agents in the majority of cases,
longitudinally compared to patient-wide clinical outcomes albeit
retrospectively (de Witte et al., 2020). These findings put us
at the brink of a new era in which the predictive value of
OC-derived organoids will be prospectively tested in clinical
trials. The prospect of more complex organoid models also
encompassing immune, stromal and/or vascular cells, raises
the hope to in the future test clinically relevant drugs that
tackle neo-angiogenesis and tumor immunology. Indeed, short-
term 3D spheroid co-cultures of HGSOC cells with immune

cells have shown sensitivity to immune checkpoint inhibitors
(Wan et al., 2020).

CONCLUDING REMARKS

Over the past decades, we have witnessed an important paradigm
shift in preclinical modeling of healthy and diseased tissues.
With respect to the organs of the female reproductive system
concentrated in and near the pelvis, organoids have gradually
assumed a pivotal position in research. Considering their efficient
establishment and propagation, their amenability to state-of-
the-art techniques (such as gene-editing and single-cell omics),
their in vivo transplantability and their positive translational
power, this promising technology has spurred an invaluable
amount of in vitro and in vivo realizations. Organoids provide
an unprecedented opportunity to practice personalized medicine.
The most important hurdle that lies ahead is to further enrich
the established organoid culturing systems, by adding stromal,
vascular and immune components to still better mimic real-
life conditions. Rightfully wielding this momentum by means of
parallel clinical trials (Vlachogiannis et al., 2018; Ooft et al., 2019)
will now be of paramount importance to further close the gap
between bench and bedside.
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Supplementary Table 1 | Recruitment details and medium compositions of
human vulvar, vaginal and cervical organoid studies.

Supplementary Table 2 | Recruitment details and medium compositions of
human endometrial organoid studies.

Supplementary Table 3 | Recruitment details and medium compositions of
pregnancy-related organoid studies.

Supplementary Table 4 | Recruitment details and medium compositions of
human ovarian organoid studies.
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A chronic inability to maintain blood glucose homeostasis leads to diabetes, which can
damage multiple organs. The pancreatic islets regulate blood glucose levels through
the coordinated action of islet cell-secreted hormones, with the insulin released by
β-cells playing a crucial role in this process. Diabetes is caused by insufficient insulin
secretion due to β-cell loss, or a pancreatic dysfunction. The restoration of a functional
β-cell mass might, therefore, offer a cure. To this end, major efforts are underway to
generate human β-cells de novo, in vitro, or in vivo. The efficient generation of functional
β-cells requires a comprehensive knowledge of pancreas development, including the
mechanisms driving cell fate decisions or endocrine cell maturation. Rapid progress in
single-cell RNA sequencing (scRNA-Seq) technologies has brought a new dimension
to pancreas development research. These methods can capture the transcriptomes of
thousands of individual cells, including rare cell types, subtypes, and transient states.
With such massive datasets, it is possible to infer the developmental trajectories of
cell transitions and gene regulatory pathways. Here, we summarize recent advances in
our understanding of endocrine pancreas development and function from scRNA-Seq
studies on developing and adult pancreas and human endocrine differentiation models.
We also discuss recent scRNA-Seq findings for the pathological pancreas in diabetes,
and their implications for better treatment.

Keywords: single-cell RNA sequencing, pancreas development, stem cell pancreatic differentiation, beta cell
development and maturation, diabetes

PANCREAS AND DIABETES

The pancreas is a glandular organ with crucial roles in digestion (exocrine activity) and glucose
homeostasis (endocrine activity). The main mass of the exocrine compartment consists of the
acini. The acinar cells secrete enzymes involved in the digestion of proteins (trypsinogen,
chymotrypsinogen), fats (lipase, phospholipase, cholesterol esterase), and carbohydrates (amylase).
These enzymes are produced in an inactive form, stored as granules known as zymogens, and are
released into the ducts as required; these ducts eventually converge into the main duct, via which
the pancreatic juice drains directly into the duodenum (Alexandre-Heymann et al., 2019).
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The exocrine cells occupy a large proportion of the
pancreas, whereas the endocrine compartment consists of cell
clusters known as the islets of Langerhans (about 100 µm in
diameter) dispersed throughout the organ. Crosstalk between
the different cell types comprising the islets (α-, β-, δ-, ε-,
and PP-cells) regulates glucose homeostasis, by controlling
the secretion of cell-specific hormones (Benitez et al., 2012).
The most abundant cells in the pancreatic islets (up to 90%
per islet) are the α- and β-cells. The β-cells secrete insulin
in response to an increase in serum glucose concentration.
Insulin facilitates the uptake of glucose from the blood by
cells in peripheral tissues, for use as an energy source (in
muscles), or storage as glycogen (in hepatocytes) and thus
the insulin decreases serum glucose levels. By contrast, the
α-cells secrete glucagon, which increases blood sugar levels by
stimulating the release of glucose from glycogen in hepatocytes
(Benitez et al., 2012). The hormones secreted by the other
islet cells regulate the function of α- and β-cells, and their
own functions, in a paracrine manner. The δ-cells secrete
somatostatin, which regulates the functions of both α- and β-cells
by binding to the somatostatin receptors expressed on their
membranes (Braun et al., 2010; Benitez et al., 2012; Gromada
et al., 2018). The PP-cells produce and release pancreatic
polypeptide, which reduces the secretion of glucagon from
α-cells (Aragón et al., 2015). The ε-cells, a rare population
within the islet (<1% in adult human islets), release ghrelin to
stimulate somatostatin secretion and inhibit insulin secretion
(Dominguez Gutierrez et al., 2018). Insufficient paracrine
regulation within the islets may lead to the long-term disruption
of glucose balance, resulting in a chronic metabolic disease,
diabetes mellitus.

Diabetes is considered a disease of civilization. It affected
over 425 million people worldwide in 2017, and the number of
people with diabetes is predicted to increase to 642 million by
2040 (idf.org, Velazco-Cruz et al., 2019). The various types of
diabetes differ in etiology and molecular background. However,
the hallmark of this disease is insufficient insulin secretion due
to β-cell loss resulting from autoimmune attack, as in type 1
diabetes (T1D), or an impairment of the β-cell function or
insulin resistance built up by peripheral tissues, as in type
2 diabetes (T2D) (American Diabetes and Association, 2013;
Johannesson et al., 2015). Most patients with diabetes have type
1 or type 2 disease, but there is also another rare type of
diabetes (accounting for 1–2% cases): maturity-onset diabetes of
the young (MODY), which is caused by a single gene mutation.
MODY patients are usually diagnosed in late childhood or
early adulthood, have a strong family history of diabetes, lack
autoantibodies against pancreatic antigens, and have normal
body weight. MODY manifests as various abnormalities of β-cell
function and can be further classified into subtypes on the basis
of the gene mutated (Gardner and Tai, 2012). Many of the
causal genes for MODY encode factors involved in pancreas
development, suggesting that this form of diabetes may be a
developmental disease.

Current therapeutic strategies for diabetes aim to control
carbohydrate homeostasis, mostly through the delivery of
exogenous insulin, the use of drugs to stimulate insulin

production and secretion by the diminishing β-cell mass, and
therapeutic agents inhibiting glucagon secretion (Marín-Peñalver
et al., 2016). A healthy lifestyle, including an appropriate
diet and physical activity, is also promoted in addition to
pharmacological treatment. These approaches might stabilize
blood glucose levels but are often imprecise and burdensome
for patients. For example, insulin treatment requires multiple
injections per day of an exact amount of insulin (Tan et al., 2019),
making it challenging to maintain correct glucose homeostasis
over long periods. Therefore, patients with diabetes often
develop secondary diseases affecting multiple organs, including
cardiovascular or renal functions, which may reduce their
lifespan and quality of life. There is, thus, a pressing need to
identify a cure for diabetes, or better treatments, to free patients
from the inconvenience and risks associated with this highly
prevalent disease.

One attractive idea is the restoration of a functional β-cell
pool in the patient (Zhou and Melton, 2018). Proof-of-principle
studies have shown that islet transplantation can lead to
independence from exogenous insulin in people with diabetes
(Bellin et al., 2012; Moore et al., 2015). Ready-to-transplant islets
containing insulin-secreting cells are obtained from cadaveric
donors. However, this source of cells is limited, due to a
shortage of donors and suboptimal islet isolation procedures
(Shapiro et al., 2006; Bellin et al., 2012). Xenotransplantation
with immunocompetent porcine islets, a potentially unlimited
source of β-cells, has been proposed as a means of solving this
problem. However, the risk of transmitting endogenous porcine
retroviruses to patients and the high inflammatory response to
animal islets have prevented the transfer of this approach into
clinical practice (van der Windt et al., 2012; Rashid et al., 2014;
Moore et al., 2015).

Recent advances in regenerative medicine based on the use
of β-cells differentiated in vitro from pluripotent stem cells
(PSCs) have raised the possibility of an inexhaustible source of
β-cells (Johannesson et al., 2015). Application of the knowledge
obtained in classical biology studies, including knockout or
lineage tracing experiment has led to the de novo derivation
of β-cells, resulting in improvements in glucose homeostasis in
diabetic mice (Pagliuca et al., 2014; Rezania et al., 2014; Russ et al.,
2015; Nair et al., 2019).

Moreover, in addition to their possible use in cell replacement
therapies for diabetes, PSC-derived β-cells could be used as
a platform for disease modeling and drug screening. The
in vivo transdifferentiation of other cell types into β-cells
has also been proposed as an alternative to transplantation.
In mouse T1D models, almost complete β-cell loss triggered
the transdifferentiation of α- or δ-cells into insulin-producing
cells (Thorel et al., 2010; Bru-Tari et al., 2019). Furthermore,
pancreatic acinar cells and endocrine cells in the intestine or
stomach can be transdifferentiated into insulin-secreting cells
(Zhou et al., 2008; Li et al., 2014; Ariyachet et al., 2016). However,
the transdifferentiation efficiency is low, the long-term stability of
newly formed β-cells is uncertain, and our understanding of this
process remains incomplete (Collombat et al., 2009; Courtney
et al., 2013; Wilcox et al., 2013; Chera et al., 2014; Li et al., 2017;
Furuyama et al., 2019).
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Significant progress has been made toward the efficient in vitro
or in vivo production of clinically relevant, functional β-cells, but
this aim has yet to be achieved. In vitro pancreatic differentiation
or in vivo transdifferentiation require an understanding of
pancreas development, derived from extensive and meticulous
research on transgenic animal models and cell lines.

PANCREAS DEVELOPMENT

The pancreas develops from the endoderm-derived primitive
digestive tube. The gut tube separates into the foregut, midgut
and hindgut, and pancreatic specification occurs in the duodenal
loop, at the border between foregut and midgut (Wells and
Melton, 2000; Lawson and Schoenwolf, 2003). Approximately
29–33 days post-conception (dpc) in humans, and at embryonic
day 9.5–10 (E9.5-E10) in mice, the primary transition begins
with gut tube budding, leading to the appearance of two
pancreatic buds on the dorsal and ventral sides of the duodenal
loop. The expression of pancreatic and duodenal homeobox
1 (PDX1) (Offield et al., 1996; Burlison et al., 2008), SRY-
box transcription factor 9 (SOX9) (Lynn et al., 2007), and
pancreas associated transcription factor 1A (PTF1A) (Krapp
et al., 1998; Kawaguchi et al., 2002; Burlison et al., 2008)
marks the multipotent pancreatic progenitors (MPs) within
the buds. These MPs give rise to all pancreatic cell types.
Subsequently, in the 6th week of human development and at
E11-12 in mice, the buds bulge, and the ventral bud flips
to the other side of the gut tube and fuses with the dorsal
bud (Jeon et al., 2009). Progressive branching morphogenesis
establishes the trunk (ductal body) and the tip (ductal termini)
domains between the 10th and 14th weeks in humans, and
at E13.5 in mice. This event marks the start of the so-called
secondary transition in pancreatic development. The PTF1A+
and PDX1+ cells in the tip domain are initially multipotent,
but they acquire an acinar fate bias during secondary transition
(Zhou et al., 2007). The trunk domain contains PDX1+, SOX9+,
and NKX6.1+, bipotent progenitors (BPs) that generate duct-
like structures and endocrine progenitors (Jennings et al., 2015).
The endocrine progenitors (EPs) arise from trunk domain cells
lacking SOX9 and expressing neurogenin-3 (NEUROG3). The
NEUROG3 transcription factor is necessary and sufficient for
endocrine cell lineage specification (Gradwohl et al., 2000; Gu
et al., 2002; Sheets et al., 2018) and activates downstream
transcription factors essential for endocrine specification, such
as neuronal differentiation 1 (NEUROD1), INSM transcriptional
repressor 1 (INSM1), Iroquois homeobox 1 (IRX1), regulatory
factor X6 (RFX6), and paired box 4 (PAX4). In mice, NEUROG3
is expressed in a biphasic manner. The first wave of NEUROG3
expression is associated with the emergence of pro-α-cells, from
E8.5 to E11 (Larsson, 1998; Villasenor et al., 2008). The second
wave of high NEUROG3 expression, from E13.5 to E17.5, leads to
the generation of multiple endocrine cell types (Gradwohl et al.,
2000; Schwitzgebel et al., 2000; Villasenor et al., 2008). In humans,
NEUROG3 expression increases at 47–52 dpc, coinciding with
the appearance of the first insulin-expressing cells, and peaks
at 8–10 weeks of development (Jennings et al., 2013). All five

types of pancreatic endocrine cells arise from NEUROG3+ EPs.
A unique combination of transcription factors triggers islet cell
type-specific gene regulatory networks in EPs and represses
alternative networks, resulting in the formation of cells producing
specific hormones.

SINGLE-CELL RNA SEQUENCING
TECHNOLOGY

Tremendous efforts have been made to identify the principal
transcription factors and signaling pathways driving pancreas
development. However, conventional research methods may
miss subtle molecular events, such as cell state transitions,
and cellular heterogeneity, a knowledge of which is necessary
for the fine-tuning of β-cell production and for understanding
the molecular mechanisms underlying diabetes. These gaps in
our knowledge can be bridged by the use of rapidly evolving
single-cell transcriptomics (scRNA-Seq) and other single-cell
omics technologies.

Global gene expression analysis by RNA-Seq became a very
common technology in studies on pancreas development and
disease. Yet, bulk gene expression analysis by RNA-Seq provides
information about average levels of gene expression for all
cells. Thus, with bulk RNA-Seq, it is almost impossible to
detect continuous cell-state transitions, the cell fate bifurcations,
transient molecular events, or rare cell types and subpopulations.
In contrast, scRNA-Seq enables to define the transcriptome
of individual cells within the studied tissue, organ, or in cell
cultures. Cells are grouped into clusters based on transcriptomic
similarities. The extraction of a cell type of interest from a larger
dataset makes it possible to identify discrete cell subtypes of
subpopulations, potentially reflecting subsequent also maturation
steps. Individual cells can also be ordered in pseudotime,
reflecting their putative sequential appearance, and aligned along
linear developmental trajectories (Cannoodt et al., 2016; Qiu X.
et al., 2017; Street et al., 2018; Tritschler et al., 2019; Van den
Berge et al., 2020). Within these trajectories, it is possible to
identify branching points for cell fate decisions. Moreover, the
dynamics of cell state transitions can be inferred from RNA
velocity (La Manno et al., 2018; Bergen et al., 2020). For each
cell state or pseudotime point, transcripts, signaling pathways,
and gene ontology terms displaying enrichment can be identified.
A pseudodynamics method, in which whole cell populations
are placed along pseudotime trajectories, was also proposed
for the inference of developmental population dynamics from
scRNA-Seq data (Fischer et al., 2019). Alternatively, a gene-
centric approach can be used to align each gene expression over
pseudotime, and cluster genes with similar patterns of behavior
into regulons (Van de Sande et al., 2020). Each cell type can
then be defined by its regulons. The strengths and limitations
of pseudotime analyses have been recently discussed in detail
elsewhere (Tritschler et al., 2019). Therefore, the principal
advantage of scRNA-Seq is that it facilitates creation of novel
scientific hypotheses, depending on the research goal, through a
plethora of rapidly evolving bioinformatics tools (Efremova and
Teichmann, 2020; Wu and Zhang, 2020). Yet, these hypotheses
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are based on a glimpse into complex biological systems, might
be an artifact of bioinformatic analysis and have to be further
validated by other methods.

Since the first publication relating to scRNA-Seq in 2009
(Tang et al., 2009), single-cell techniques have rapidly evolved,
and a multitude of sequencing platforms and bioinformatics
tools for data analysis have been developed (Svensson et al.,
2018). The platforms that initially dominated this sector, such
as Smart-Seq (Ramsköld et al., 2012; Picelli et al., 2013), used
flow-activated cell separation (FACS) to separate individual cells.
A C1 Fluidigm microfluidics system was subsequently adapted
to separate cells into reaction chambers on a chip. These low-
throughput methods enabled to sequence hundreds of cells at
a time and were relatively costly because of limited sample
pooling. In more advanced platforms, such as the widely used
Drop-seq (Macosko et al., 2015), inDrops (Klein et al., 2015),
and 10× Genomics Chromium (Zheng et al., 2017), single
cells are encapsulated in microfluidic drops. The mRNAs of
individual cells are then tagged with a unique barcode sequence,
allowing multiplexing. Droplet-based methods generally enable
to sequence hundreds of thousands of cells in parallel and
generate a number of reads similar to that for bulk RNA
sequencing. However, the total read number must then be
divided by the number of cells used in the experiment, and
the use of larger numbers of cells results in a lower sequencing
depth (Zhang et al., 2020). The detection limit for scRNA-
Seq is, thus, much lower than that for bulk RNA-Seq (Mawla
and Huising, 2019). Low-abundance RNAs therefore frequently
remain undetected, due to technical noise, sequencing depth,
or an actual biological effect (Lähnemann et al., 2020). Fewer
than 100 transcripts are commonly detected in all β-cells, for
example (Mawla and Huising, 2019). Nevertheless, a β-cell pool
can be constituted based on a reasonable correlation with the
corresponding bulk RNA-Seq data. The overrepresentation of
highly abundant transcripts, such as that for insulin (INS) in the
endocrine pancreas, for example, may also hinder the detection
of less abundant transcripts. High-abundance transcripts might
also be a source of biological contamination when free-floating
mRNA is captured in a droplet (Macosko et al., 2015) and
for example endocrine gene transcripts have been found to
be abundant even in non-endocrine cells, probably due to
contamination (Marquina-Sanchez et al., 2020). The use of
cross-species spike-ins in samples can overcome this problem.
The examples mentioned, and multiple other experimental and
analytical limitations of scRNA-Seq have been discussed in
detail elsewhere (Luecken and Theis, 2019; Mawla and Huising,
2019; Tritschler et al., 2019; Lähnemann et al., 2020). Despite
these challenges, scRNA-Seq has already established itself as a
valuable tool for developmental biology. A growing number
of scRNA-Seq studies on endocrine pancreas development
(summarized in Supplementary Table 1) have shown that at
different developmental stages cell types, traditionally identified
by a few markers, consist of heterogeneous cell populations
reflecting continuous maturation or transitions between stages,
and cell fate bias (Figure 1). Below, we will discuss examples
of the corroboration and extension of our understanding of
pancreas development by scRNA-Seq.

NOVEL INSIGHT INTO ENDOCRINE
PANCREAS DEVELOPMENT FROM
SINGLE-CELL RNA-SEQ

Epithelial Multipotent Progenitors
Numerous knockout studies in mice have suggested that
MPs expressing Pdx1, Sox9, and Ptf1a form a homogeneous
population, in which each MP has a similar developmental
potential. Recently, the scRNA-Seq of E9.5–E17.5 pancreas
revealed the existence of three consecutive subpopulations of
Pdx1+ Sox9+ MPs: MP−early, MP−late, and tip-like cells (Yu
et al., 2019). Previously undetected MP−early cells, expressing
Nr2f2 but not Ptf1a, were found at E9.5 and, by E10.5,
were succeeded by a Ptf1a+ Nr2f2− MP-late population.
Immunofluorescence staining confirmed the expression of
NR2F2 in PDX1+ cells in the E9.5 pancreas, but not E10.5. The
scRNA-Seq identify MP-early cells as a direct source of the first
wave of Neurog3+ cells at E9.5, with these cells developing into
α-cells (Yu et al., 2019). Consistent with this finding, lineage
tracing and single-cell qPCR (sc-qPCR) showed that Ptf1a+
cells were rarely ancestors of the first Neurog3+ cells in the
E9.5 pancreas (Larsen et al., 2017). Thus, the MP-early cells are
probably the first pancreatic cells and serve as a branching point
for cell fate decisions.

After MP expansion, branching morphogenesis begins at
E12.5 driven by tip cells, self-renewing progenitors present
at the ductal termini. Tip progenitors display stage-dependent
multipotency (Zhou et al., 2007; Larsen et al., 2017; Sznurkowska
et al., 2018). scRNA-Seq revealed that, by E11.5, the MP-
late cluster gives rise to the tip-like progenitors expressing
Cpa1, a marker of tip and acinar cells, and Sox9, a marker
of the trunk and ducts (Yu et al., 2019). The Cpa1+ cells
remain multipotent until E12.5-E13.5, yielding trunk and acinar
cells, while from E13.5-E14.5 are restricted to the acinar
lineage (Sznurkowska et al., 2018; Bastidas-Ponce et al., 2019;
Yu et al., 2019). The identification of Cpa1+ multipotent
tip cells in these scRNA-Seq experiments thus confirmed
and extended a discovery made in an extensive in situ
hybridization screen of over 1,100 transcription factors in mouse
embryonic pancreas, followed by lineage tracing of Cpa1+
progeny (Zhou et al., 2007). Interestingly, a rare population
of multipotent PDX1+/ALK3+/CAII- progenitors was recently
identified by scRNA-Seq in adult human ducts (Qadir et al.,
2020). Upon transplantation under the mouse kidney capsule,
these progenitors differentiated into acinar, ductal, and endocrine
cells. The resemblance of these cells to the human and mouse
MPs present during development remains unclear and could have
implications for their therapeutic application.

Bipotent Progenitors
scRNA-Seq analyses supported by embryonic pancreas staining
identified new markers of trunk BPs: Anxa2 in mice (Yu et al.,
2019) and Dcdc2a in both mice and humans (Scavuzzo et al.,
2018). Furthermore, scRNA-Seq revealed that early trunk cells
arise between E11.5-12.5 and bifurcate at E14.5 to generate either
pro-ductal or pro-EP trunk cell intermediate subpopulations, the
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FIGURE 1 | sc-RNA-Seq insight into murine pancreatic development. (A) Three major morphogenesis transitions in pancreatic development are shown. Cell types
with cell specific markers are listed in the legend below. The black arrow indicates the developmental trajectory. MP, multipotent progenitors; BP, bipotent
progenitors; EP, endocrine progenitors. (B) Developmental trajectory of Pro-EP trunk and EP cells as they differentiate at e13.5–e14.5 preferably into α-cells, and at
e15.5–e16.5 preferably into β-cells. Time point-specific markers are listed above the scheme.

cells of this latter population already displaying low levels of
Neurog3 expression (Yu et al., 2019). Simultaneously, the pro-
EP E14.5 BPs develop into either EPs or transcriptionally distinct
BPs at E16.5 (Scavuzzo et al., 2018). The change in BPs between

E14.5 and E16.5 may already reflect a bias toward either an
α- or a β-cell fate, as observed in scRNA-Seq experiments (see
section “Endocrine Progenitors”). If this is indeed the case, then
the change in endocrine cell type must be decided before the
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onset of Neurog3 expression. This scenario is supported by a
another scRNA-Seq study revealing that methylation patterns in
the UR2 promoter region of the Arx gene, encoding transcription
factor determining β- vs. α-cell fate (Dhawan et al., 2011), are
established before the expression of its regulator, Neurog3 (Liu
et al., 2019). When highly methylated by the Dnmt1 DNA
methyltransferase, UR2 adopts an α-cell fate (Liu et al., 2019).
Another example supporting for pre-Neurog3 priming is the
Amotl2 gene, which is enriched in pro-β-fate E16.5 compared to
pro-α- E14.5 BPs (Scavuzzo et al., 2018), and which is expressed
in similar pattern as Neurog3 (Scavuzzo et al., 2018; Bastidas-
Ponce et al., 2019; van Gurp et al., 2019). Amotl2, a Hippo
pathway component, inhibits the Notch and canonical Wnt
pathways, induces a loss of polarity, and promotes endothelial
cell motility (Wang et al., 2011; Zhao et al., 2011; Li et al., 2012;
Mojallal et al., 2014). The Notch and canonical Wnt pathways
block EP specification (Jensen et al., 2000; Cebola et al., 2015;
Rosado-Olivieri et al., 2019; Sharon et al., 2019a). Amotl2 may,
therefore, regulate EP specification upstream from Neurog3.
AMOTL2 knockdown in human ESC-derived BP stage cells
increases the GCG and decreases INS expression at the endocrine
cell stage. The early differences in Amotl2 expression between
pro-α and pro-β BPs may reflect differences in behavior between
developing endocrine lineages during delamination, reflecting
further spatial organization within islets.

The Wnt, Notch, and Bmp pathways are key regulators of
pancreatic endocrine cell development. However, we still do
not fully understand signaling pathways regulating endocrine
lineage specification. The ERK pathway, for example, was not
known to be involved in this process, but scRNA-Seq revealed
ERK signaling downregulation when BPs developed into early
EPs (Yu et al., 2019). Immunostaining confirmed that pERK
was expressed in Neurog3low pro-EP trunk cells but not in
Neurog3high EP cells in E14.5 pancreas. Furthermore, transient
MAPK/ERK pathway suppression by a small molecule (U0126)
in E13.5 pancreatic explants increased the proportion of Ins1+
and Gcg+ cells (Yu et al., 2019). Thus, scRNA-Seq has identified
the MAPK/ERK pathway as a regulator of mouse endocrine
specification. Further studies are required to confirm that ERK
signaling enhances human β-cell differentiation in vitro.

Endocrine Progenitors
A combination of lineage tracing and sc-qPCR revealed that
as many as 50% of E9.5 pancreatic cells are biased toward the
endocrine lineage (Larsen et al., 2017), corresponding to the
first wave of endocrine differentiation. By scRNA-Seq, endocrine
differentiation from Ptf1a− MP-early cells has been observed at
E9.5, with the emergence of Neurog3+ progenitors (“pre−α−first
cells”), which further mature from the α−first−early cells at
E10.5 to a diverse population of more mature α−first−late cells
by E11.5-E13.5 (Yu et al., 2019). The α-first-cells were also
identified at E12.5 in a separate study (Bastidas-Ponce et al.,
2019). These α−first-cells differ significantly from those of the
second wave and have a specific gene signature (Bastidas-Ponce
et al., 2019; Yu et al., 2019). The role of the first-wave α-like
cells remains unclear, as these cells are not found at later stages
in mice. It remains to be determined whether they acquire the

characteristics of second-wave α-cells, or undergo apoptosis.
A combination of lineage tracing and scRNA-Seq could address
some of these questions.

During the second wave at E13.5-E17.5, EPs rapidly transit
toward distinct endocrine fates, but multiple subpopulations
representing subsequent maturation stages have consistently
been identified by scRNA-Seq (Byrnes et al., 2018; Scavuzzo et al.,
2018; Bastidas-Ponce et al., 2019; Yu et al., 2019). Importantly,
cells with low levels of Neurog3 expression were detected within
the tip, trunk/BPs, and ductal clusters, suggesting that EPs
emerge in different domains within the pancreas. The earliest
EPs give rise to other EP subpopulations as Neurog3 expression
peaks, followed by late subpopulations with the extinction of
Neurog3 expression. The identification of early, Neurog3-Low
EPs corroborates lineage-tracing results, showing that these
cells as proliferating, long-lived cells (Schonhoff et al., 2004;
Bechard et al., 2016). Lineage tracing also indicated despite the
priming of Neurog3-Low cells for an endocrine fate, they may
sometimes acquire a ductal or acinar fate. Thus, Neurog3-Low
cells must either retain some multipotency or dedifferentiate
(Bechard et al., 2016).

On their route to becoming endocrine islet cells, EPs
delaminate from the epithelium into the surrounding
mesenchyme. It is generally thought that individual delaminated
EPs cross the mesenchyme, maturing into endocrine cells, and
then aggregate into islets (Larsen and Grapin-Botton, 2017).
An alternative model was recently proposed, in which EPs do
not fully delaminate from the epithelial cord, instead forming
budding peninsula-like structures attached to the cord (Sharon
et al., 2019b). In this model, α-committed EPs arise first, lining
the peninsula border, followed by β-committed EPs, which
bud into the interior of the peninsula. This model is consistent
with the final architecture of mouse and small human islets. It
has been suggested that large human islets are formed by the
coalescence of smaller islets. Peninsula-like buds have also been
observed at the EP stage of human ESC differentiation (Sharon
et al., 2019b). We have captured a small transient early EP
subpopulation of Neurog3+ cells from E14.5 mouse pancreas.
This N14_2 subpopulation displays a strong enrichment in the
expression of epithelial-to-mesenchymal (EMT) genes, including
vimentin (Vim), possibly reflecting the delamination process
(Scavuzzo et al., 2018). These markers are lost in late-EPs and
endocrine cells (Scavuzzo et al., 2018; Sharon et al., 2019b).
Early EPs undergo a remodeling of adherens and tight junctions.
Expression of the epithelial marker E-cadherin therefore
transiently decreases but is not entirely abolished (Bakhti et al.,
2019; Sharon et al., 2019b). This finding provides conclusive
support for the hypothesis that EPs turn on delamination and
EMT programs only partially, to enable them to move out of the
epithelial cord whilst retaining epithelial characteristics ensuring
their attachment to the epithelial cord during islet formation,
without individual cells traveling through the mesenchyme.

A Procr+ pancreatic population was recently identified by
scRNA-Seq in 8 week-old adult mice (Wang D. et al., 2020).
These Procr+ cells have a transcriptional profile similar to
that of the E14.5 N14_2 subpopulation, with similar EMT
characteristics and Procr expression (Scavuzzo et al., 2018), and to
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a subpopulation identified by another E14.5 pancreas scRNA-Seq
study (Byrnes et al., 2018). Procr is a surface marker of adult stem
cells in other mouse tissues, but not in the pancreas (Wang et al.,
2015; Yu et al., 2016; Fares et al., 2017). The Procr+ cells in adult
mouse pancreas no longer express Neurog3 but are pre-endocrine
descendants of Neurog3+ progenitors and can give rise to α-,
β-, δ-, and PP-cells in adult mice (Wang D. et al., 2020). When
cocultured with endothelial cells, Procr+ cells expand in vitro,
forming 3D clusters and differentiating into functional islet-
like organoids. Upon transplantation, these organoids rescue
streptozotocin-induced hyperglycemia in mice. The Procr+ cells
were the first EP-like adult cells to be cultured long-term in vitro.
It would be interesting to delineate the ancestry relationship
between the fetal Neurog3+Procr+ and adult Neurog3−Procr+
pancreatic cells and identify their human counterparts.

The late EPs, in which Neurog3 expression is decreasing,
are marked by high levels of Fev expression (Byrnes et al.,
2018; Scavuzzo et al., 2018; Bastidas-Ponce et al., 2019; van
Gurp et al., 2019; Yu et al., 2019). Fev is a transcription factor
activated downstream from Neurog3 in the developing pancreas
(Miyatsuka et al., 2009). The FEV+ population in present in the
fetal pancreas, human ESC-derived EPs, and immature endocrine
cells (Krentz et al., 2018; Ramond et al., 2018; Veres et al.,
2019; Augsornworawat et al., 2020). The Fev+ late-EPs display an
activation of endocrine cell genes including the Chga, Isl1, Irx2,
and Mafb (Scavuzzo et al., 2018; Yu et al., 2019). Fev+ cells may,
therefore, represent an intermediate cell state between Neurog3+
EPs and more mature endocrine cells.

scRNA-Seq studies have collectively shown that the pancreatic
EP subcluster based on developmental stage can be broken
down into at least four subpopulations: from early to late EPs.
Moreover, these studies have revealed that EPs differ in terms of
development potential, displaying a distinct propensity for the
generation of α- or β-cells. Several markers have been proposed
for the identification of EPs biased toward a specific endocrine
cell type. For example, it has been suggested that Peg10 and
Gng12, which are expressed in Fev+ cells at E14.5, could be used
to characterize pro-α- and pro-β-EPs, respectively (Byrnes et al.,
2018). Myt1 was recently identified as a marker with enhanced
expression in a late EP developmental trajectory branch leading
to a β-cell fate (Liu et al., 2019). Lineage-tracing experiments have
shown that Neurog3+/Myt1+ cells are less likely to differentiate
into α-cells. However, neither Neurog3 promoter-driven Myt1
overexpression nor knockout has a major effect on the β- to α-cell
ratio. Interestingly, scRNA-Seq studies of Neurog3+/Myt1+ and
Neurog3+/Myt1− EPs led to the discovery of a Dnmt1-driven
increased in the methylation of the UR2 promoter of the Arx as
a functional characteristic of Neurog3+/Myt1+ EPs inhibiting the
α-cell fate acquisition (Liu et al., 2019).

EPs are formed continually during the secondary transition,
with differences between those formed on different embryonic
days (Scavuzzo et al., 2018; Bastidas-Ponce et al., 2019). We have
shown that EPs born at E14.5 differ from those born at E16.5
in terms of their transcriptome and epigenome, with the latter
revealed by ATAC-Seq (Scavuzzo et al., 2018). This heterogeneity
reflects the bias of E14.5 EPs toward α-cells, whereas E16.5 EPs
preferentially differentiate into β-cells. This finding is consistent

with that of a previous report, in which a conditional, tamoxifen-
induced reconstitution of Neurog3 in Pdx1+ cells in Neurog3−/−

mice revealed an age-dependent shift in the EP fate from a pro-
α to a pro-β bias (Johansson et al., 2007). Other scRNA-Seq
have also shown a temporal bias in the formation of α- and
β-cells during the second wave of endocrinogenesis (Bastidas-
Ponce et al., 2019; Yu et al., 2019). Moreover, E14.5 early EPs
are present in the tips, whereas, after plexus-to-duct transition at
E16.5, early EPs are found almost exclusively in the trunk domain.
It remains unclear whether the tip-derived EPs are biased toward
an α-cell fate, whereas trunk-derived EPs are biased toward a
β-cell fate, which would be consistent with the timeline of EP and
endocrine cell emergence.

Importantly, scRNA-Seq identified genes with similar patterns
of expression throughout the generation, maturation and
transition of EPs into specific endocrine lineages, revealing new
candidate regulators of pancreas development. The use of single-
cell technology also made it possible to capture rare early born
rare endocrine cell types (i.e., δ-, ε-, and PP-cells) (Byrnes et al.,
2018; Krentz et al., 2018; Bastidas-Ponce et al., 2019; Sharon
et al., 2019b), and decipher the molecular blueprints of these
populations. Moreover, scRNA-Seq confirmed a progressive loss
of proliferation capacity and exit from the cell cycle in EPs
and their progeny (Krentz et al., 2018; Scavuzzo et al., 2018;
Bastidas-Ponce et al., 2019; van Gurp et al., 2019; Yu et al.,
2019). The intriguing connection between the neuronal and
pancreatic endocrine cell development programs (Arntfield and
van der Kooy, 2011) has also been further extended by scRNA-
Seq, through the identification of genes with previously known
roles in the developing brain but not in the pancreas (Krentz et al.,
2018; Bastidas-Ponce et al., 2019).

Endocrine Cell Maturation
Newborn endocrine cells mature to become fully functional adult
cells. Two scRNA-Seq-based studies focused on endocrine cell
maturation, analyzing β-cells (both studies) and α-cells (one of
these studies) from Ins1 and Gcg reporter strains, respectively,
in E17.5—P60 mice (Qiu W.-L. et al., 2017; Zeng et al., 2017).
A progressive maturation of β- and α-cells was observed, with
the expected loss of known markers of immature endocrine cells
and gain of mature endocrine cells markers, together with a
decrease in the proportion of proliferative cells. However, these
two cell types appear to have different maturation dynamics.
β-cells mature steadily over time, with a progressive loss of
immature cells, the acquisition of more mature states, and
the generation of different postnatal subpopulations. A small
population of immature β-cells is retained in adult mice, as
revealed by both lineage tracing and scRNA-Seq (Bader et al.,
2016; Sachs et al., 2020). By contrast, all postnatal α-cells (P9–
P60) cluster together, indistinguishably, separately from E17.5-
P0 cells, suggesting that the maturation end-state is acquired
earlier in α-cells (Qiu W.-L. et al., 2017). Human endocrine cells
display a similar differential pattern of maturation, as shown
by a comparison of β- and α-cells from a newborn, toddlers
(10 months–4 years old), adolescents, and adults (Avrahami
et al., 2020). Newborn β-cells clustered separately from maturing
β-cells from toddlers or older individuals. These results for
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newborns were obtained with cells from a single donor, but they
may nevertheless indicate that β-cells do not become functional
until after birth. This may be because blood glucose levels are
regulated directly by the mother’s cells during gestation. The
β-cells of toddlers retain multiple characteristics of immature
cells, such as activated TNF and Notch signaling. By contrast,
α-cells from the islets of individuals of all ages, from toddlers to
adults, were indistinguishable, and displayed a pattern of gene
expression common to immature, newborn α-cells, suggesting
that maturation involves less pronounced transcriptomic changes
in α-cells than in β-cells. This finding may also reflect the greater
plasticity and regeneration potential of α-cells in vivo. Indeed,
α-cells can transdifferentiate into β-cells, in a process driven
by FOXO1 inhibition (Chera et al., 2014), or the activation
of GABA receptor signaling, which can also be induced by
artemisinins, a class of antimalarial drugs (Li et al., 2017). ScRNA-
Seq provided evidence of α-cell dedifferentiation in mouse and
human islets ex vivo, when these islets were treated with FOXO
inhibitor, GABA or artemisinin drug, artemether (Marquina-
Sanchez et al., 2020). However, FOXO inhibition is not specific
to α-cells. It also induces β-cell dedifferentiation, preventing the
use of this pathway to restore β-cell mass in situations in which
not all β-cells are lost. Detailed comparison of transcriptomes
during α- and β-cell maturation might identify cell type-specific
maturation factors for the refinement of induced maturation and
transdifferentiation.

The markers of immature β-cells include retinol binding
protein 4 (Rbp4) (Qiu W.-L. et al., 2017; Zeng et al., 2017), which
is also highly abundant in the β-cell subpopulations present
in the adult human pancreas (Segerstolpe et al., 2016; Mawla
and Huising, 2019; Camunas-Soler et al., 2020). A combination
of single-cell patch-clamp electrophysiology and scRNA-Seq
(Patch-Seq) revealed that the RBP4-rich β-cells in the adult
human pancreas have reduced functionality, which manifests in
lower levels of Na+ channel activity and exocytosis (Camunas-
Soler et al., 2020). As revealed by another scRNA-Seq study,
Rbp4 levels are also high in surviving β-cells in a multiple-low-
dose model of streptozotocin-induced diabetes (mSTZ) in mice
(Sachs et al., 2020). Together with the observed alterations to
other pathways in these mSTZ-β-cells, these findings suggest
that β-cells dedifferentiate to generate the Rbp4+ population in
pharmacologically induced diabetes.

Maturing β-cells display a decrease in mTORC1 signaling and
pro-proliferative gene expression, and changes to amino-acid
metabolism, mitochondrial respiration, and reactive oxidative
species response gene expression (Zeng et al., 2017). Similar
changes in mTORC1 and mitochondrial metabolism are
associated with the poor proliferation capacity of immature
β-cells, due to a misfolding mutation in proinsulin, responsible
for neonatal diabetes (Balboa et al., 2018).

The Developing Pancreatic Niche
The embryonic pancreas receives mechanical and chemical
signals from surrounding tissues and non-epithelial cells within
the pancreas. These signals jointly drive development, regulating
the expansion and differentiation of progenitors (reviewed
in detail by Cozzitorto and Spagnoli, 2019). For example,

mesenchyme was shown to be required for pancreas development
as long ago as the 1960s (Golosow and Grobstein, 1962). More
recently, the use of sophisticated transgenic mouse models has
made it possible to separate out the various developmental roles
of the mesenchyme at different timepoints (Landsman et al.,
2011) and to identify mesenchyme subpopulations with different
pro-endocrine potentials (Cozzitorto et al., 2020). Mesenchymal
niche-derived factors are beneficial for hPSC differentiation into
pancreatic endocrine cells (Guo et al., 2013; Russ et al., 2016;
Mamidi et al., 2018; Cozzitorto et al., 2020). Finally, coculture
with mesenchyme promotes the self-renewal of mouse ESC-
derived Ngn3+ progenitors (Sneddon et al., 2012).

scRNA-Seq studies focused initially on the pancreatic
epithelium, but also have shed light on the mesenchymal
compartment, revealing its heterogeneity at E12.5-E18.5 (Byrnes
et al., 2018; Krentz et al., 2018; Scavuzzo et al., 2018). These
studies (Byrnes et al., 2018; Scavuzzo et al., 2018) identified
similar mesenchymal populations in the E14.5 pancreas: the
largest cluster, consisting of archetypal proliferating mesenchyme
cells, a few smaller mesenchymal clusters, myofibroblast-like
stellate cells, and proliferating and non-proliferating mesothelial
populations. Mesenchymal clusters were differentially enriched
in secreted factors. One cluster is enriched in Wnt signaling
agonists, chemokines, and ACE2, and another expresses TGFβ,
Hippo, and Id pathway components, suggesting different
functions for these two clusters. Another mesenchymal cluster
in the E12.5-E14.5 pancreas is enriched in the NKX2-
5 transcription factor and represents the splenopancreatic
mesenchyme surrounding the pancreatic buds showed to be
essential for endocrine lineage specification (Hecksher-Sørensen
et al., 2004; Cozzitorto et al., 2020). Pseudotime analysis from
E12.5-E17.5 suggested that mesothelial cells are the progenitors
of mesenchyme subpopulations and stellate cells (Byrnes et al.,
2018). This function had already been demonstrated in other
organs but had never before been shown for the pancreas.
A comparison of E12.5, E14.5, and E17.5 scRNSeq datasets
revealed that the mesenchymal subpopulations changed, through
differentiation and maturation, or simply disappeared during
the course of development (Byrnes et al., 2018), corroborating
earlier findings for transgenic models. Between E15.5 and E18.5,
the mesenchyme also becomes less heterogeneous (Krentz et al.,
2018). It would be interesting to elucidate the developmental role
of each mesenchymal subtype, by studying the interactions of
each subtype with other pancreatic cell types.

INSIGHT INTO HUMAN PANCREAS
DEVELOPMENT FROM PLURIPOTENT
MODELS

The sequence of developmental events is highly conserved
between species, but there are nevertheless interspecies
differences in pancreatogenesis (Nair and Hebrok, 2015).
For example, NEUROG3 is transiently and robustly expressed,
in two waves, in mice (Gradwohl et al., 2000; Schwitzgebel et al.,
2000; Gu et al., 2002), whereas human NEUROG3 expression
occurs in single wave (Lyttle et al., 2008; Jennings et al., 2013;
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Salisbury et al., 2014). The embryonic islet cells of mice are
mostly monohormonal, whereas a large proportion of human
islet cells are initially polyhormonal (Bocian-Sobkowska et al.,
1999; Herrera, 2000; Riedel et al., 2012). Moreover, a comparison
of scRNA-Seq of mouse and human β- and α-cells revealed
differential expression of multiple genes between these species
(Xin et al., 2016). These examples highlight the need to confirm
any findings obtained in mice in human models.

Ethical restrictions limit studies on human embryos. As a
result, the in vitro hPSC differentiation has become a powerful
tool to study human pancreatic development. Current hPSC
differentiation protocols focus on the generation of functional
β-cells, but other endocrine cell types and polyhormonal cells
also arise during differentiation (Pagliuca et al., 2014; Rezania
et al., 2014; Cogger et al., 2017; Nair et al., 2019; Velazco-
Cruz et al., 2019). The in vitro differentiation aims to mimic
the subsequent embryogenesis stages of β-cell development,
by modulating the signaling pathways triggered during this
process, including signals arising from non-epithelial pancreatic
niche cells not directly incorporated into protocols. The use of
suspension (3D) protocols results in a microenvironment more
closely resembling in vivo embryogenesis than that generated
by the planar (2D) cultures initially used. This approach also
increases the functionality of hPSC-derived β-cells (Russ et al.,
2015; Millman et al., 2016; Velazco-Cruz et al., 2019). In vitro
differentiation as 3D spheroids is also widely used for the
generation of other endoderm derivatives, such as intestine or
lung cells (Workman et al., 2016; Múnera et al., 2017; Yamamoto
et al., 2017; Miller et al., 2019).

The outcome of hPSC pancreatic differentiation is usually
assessed by determining the proportion of cells expressing a
limited number of stage-specific markers. As an endpoint assay,
the β-cell functionality is evaluated either in vitro (in terms
of glucose-stimulated insulin secretion) or in vivo (the ability
to restore glucose homeostasis in diabetic mice). However,
scRNA-Seq on the developing pancreas have revealed progenitor
heterogeneity, including early acquired biases toward progeny
lineages and continuous changes in cell state. The use of single-
cell omics approaches to study subsequent steps of human in vitro
pancreatic development more closely would improve the control
of pancreas engineering, paving the way for clinical applications.

To this end, scRNA-Seq has been used to specify populations
at different stages during 2D and 3D β-cell differentiation (Krentz
et al., 2018; Sharon et al., 2019a; Veres et al., 2019). The 3D
protocols used in these studies included six stages, with PDX1+
pancreatic progenitors (PP1) forming at the end of stage 3
(8 days of differentiation, efficiency > 90%), PDX1+/NKX6-
1+ progenitors (PP2) at the end of stage 4 (5 more days,
∼60% efficiency), and immature NKX6-1+/C-PEP+ endocrine
cells (EN) forming at the end of stage 5 (7 more days),
followed by reaggregation to promote maturation into functional
β-cells (SC-β) after seven or more additional days. At the PP1
stage, the PDX1+ population was rather homogeneous, with
the exception of a discrete PDX1+ subpopulation undergoing
mitosis, corresponding to high differentiation efficiency at this
stage (Veres et al., 2019). At the PP2 stage, PDX1+/NKX6-
1+ progenitors constituted the largest population, including

a proliferating subpopulation, followed by EPs (NEUROG3+
and FEV+ISL− populations), first α-like cells, and a rare
SST+/HHEX+ δ-like population. The presence of EPs and their
derivatives at this early stage indicates a precocious induction,
before the NKX6-1 expression (Russ et al., 2016; Sharon et al.,
2019a), and the initiation of an α-like differentiation, probably
leading to bihormonal GCG+/INS+ cells. NEUROG3+NKX6-
1− and NKX6-1− endocrine cells were also detected early in 2D
pancreatic differentiation by sc-qPCR and scRNA-Seq (Petersen
et al., 2017; Krentz et al., 2018). The endpoint endocrine cells
were mostly polyhormonal and immature relative to adult human
islet cells. It would be interesting to determine whether these cells
correspond to the first wave of α-cells from mouse early MPs,
which has yet to be clearly demonstrated in human pancreas
development, or to the second wave of endocrine differentiation,
in which α-cells precede β-cells.

scRNA-Seq revealed that PP2 stage progenitors express
BMP pathway genes. BMP blocks the precocious induction of
NEUROG3, whereas BMP inhibition promotes this induction
(Sharon et al., 2019a). BMP inhibitors were widely included
in the early 2D and 3D differentiation protocols. scRNA-
Seq also revealed an enrichment in canonical Wnt pathway
components in PPs relative to endocrine-committed cells.
By contrast, endocrine cell clusters display an enrichment
in APC, which inhibits Wnt, suggesting that Wnt signaling
may suppress endocrine induction (Sharon et al., 2019a).
Indeed, the preservation of Wnt activity in Neurog3+
cells, via conditional Cre-mediated APC KO, blocks their
differentiation into endocrine cells in mice (Sharon et al., 2019a).
Conversely, the Wnt inhibition at the EN stage substantially
increases the efficiency of C-PEP+/NKX6.1+ cell derivation
(Sharon et al., 2019a).

Unexpectedly, scRNA-Seq identified a novel endocrine
population arising from NEUROG3+ progenitors during the EN
stage, along with immature β-, α- and rare δ-like cells (Veres
et al., 2019). The cells of this SC-EC population, resemble
enterochromaffin cells, a serotonin-producing chemosensor gut
cell type (Grün et al., 2015; Haber et al., 2017). SC-ECs have a
frequency similar to that of SC-β cells (Veres et al., 2019) and
can be identified by scRNA-Seq in 2D differentiation (Krentz
et al., 2018; Augsornworawat et al., 2020). SC-ECs appear
to be closely related to SC-β cells, which can also produce
serotonin in vivo (Almaça et al., 2016). They also have a similar
developmental program to common NEUROG3+ progenitors,
suggesting possible misdifferentiation in vitro, as these cells
do not seem to arise in the pancreas in vivo (Veres et al.,
2019; Augsornworawat et al., 2020). Moreover, enterochromaffin
marker genes were induced in a β-cell dedifferentiation model
(Lu et al., 2018; Veres et al., 2019), again pointing to a close
relationship between the two cell types. SC-ECs express CHGA,
NKX6-1, and low levels of INS, but they do not express GCG
(Veres et al., 2019), suggesting possible misalignment with
β-cells in immunostaining-based assays. The depletion of SC-
ECs with the CD49a surface marker, identified by scRNA-Seq
as characteristic of SC-β population, results in an enrichment
in SC-β cells and promotes their maturation (Veres et al.,
2019). Other groups have similarly observed that reaggregation
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(based on the INS-GFP reporter) or simple cluster resizing
promotes the in vitro β-cell maturation (Nair et al., 2019; Velazco-
Cruz et al., 2019). As enrichment for β-like cells based on
a surface marker or reporters cannot be applied to clinical-
grade preparations, it would be desirable to block SC-EC
during differentiation. Single-cell transcriptomics has provided
insight into the bifurcation event, during which common
NEUROG3+ progenitors split into two groups destined to
become either SC-EC or SC-β cells; over 300 genes displaying
enriched expression in one particular branch were identified
(Veres et al., 2019), providing a possible starting point for
protocol refinement.

Interestingly, scRNA-Seq also revealed that significant
proliferative non-endocrine populations appear first at the EP
stage and then at the endocrine maturation stage. These non-
endocrine cells develop into ductal, acinar and mesenchymal
cell-like populations (Veres et al., 2019), implying that some
of the PDX1+/NKX6-1+ cells at the PP2 stage retain or regain
multipotency. This hypothesis is supported by lineage-tracing
in mice showing that early progenitors with Neurog3 low
expression retain a small degree of multipotency (Bechard et al.,
2016). The 3D sphere dissociation and reaggregation at EP
stage purifies endocrine cells from non-endocrine populations
(Veres et al., 2019). However, protocol refinement to block
non-endocrine commitment would probably increase the yield
of functional β-cells.

Mechanosignaling from the mesenchyme is critical
for PP fates (Mamidi et al., 2018). During development,
the mesenchymal extracellular matrix triggers F-actin
depolymerization, leading to the recruitment of YAP1 to
the cytoplasm, impeding its nuclear function in the blocking of
NEUROG3 expression together with Notch. scRNA-Seq was used
to investigate the involvement of cytoskeleton remodeling in EP
induction (Hogrebe et al., 2020). In the experimental conditions
used, almost all the adherent multipotent PDX1+ progenitors
developed into PDX1+/NKX6-1 BPs within 5 days. However,
F-actin depolymerization by latrunculin A greatly decreases
the proportion of PP2 (about 20% of all cells) and stimulates
precocious EP differentiation (about 50%) without the NKX6-1
induction, and leads to the an undefined endodermal fate (about
26%), probably non-pancreatic. Conversely, reinforcement of the
F-actin skeleton by nocodazole treatment shifted differentiation
toward exocrine-like progenitors (about 66% of all cells). The
application of latrunculin A during the first day of a seven-
consecutive day stage in which BPs differentiate into EPs and
immature endocrine cells leads to the efficient generation
of functional β-cells from various cell lines, mostly in 2D
protocols. Lantrunculin-induced cytoskeleton alterations also
affect differentiation into other primitive gut descendants,
such as intestine and liver cells, suggesting that the possible
mechanosignaling mechanisms common to the development
of other endodermal organs (Hogrebe et al., 2020). The SC-β
cells generated by planar protocols are functional in vitro and
rescue STZ-induced diabetes in mice similarly to human islets.
However, these SC-β cells retain multiple transcriptomic and
functional features of juvenile, immature β-cells, and are thus
different from human adult islets (Augsornworawat et al., 2020;

Hogrebe et al., 2020). In vivo, SC-β cells further mature toward a
more human islet-like state, as revealed by scRNA-Seq 6 months
after transplantation (Augsornworawat et al., 2020). A closer
look at the pathways active in grafted SC-β, might reveal novel
candidate regulators of maturation.

The advent of CRISPR technology has increased the
accessibility of genetically engineered hPSCs, allowing the
manipulation of known or putative regulators of development for
their function assessment in the human context. Again, scRNA-
Seq may facilitate characterization of the mutation consequences.
Russell et al. recently assessed the developmental role of MAFB
(Russell et al., 2020), a transcription factor that binds to crucial
β-cell genes, including INS and PDX1 (Nishimura et al., 2006;
Vanhoose et al., 2008). This is particularly interesting given the
differential expression of MAFB between species. It is expressed
in human adult α-, β- and δ-cells (Fang et al., 2019; Avrahami
et al., 2020), whereas it is expressed solely in α-cells in adult
mice, its expression in β-cells being lost upon maturation of these
cells (Qiu W.-L. et al., 2017; Zeng et al., 2017). MAFB murine
KO results in a quantitative and functional α-cell deficiency,
whereas β-cell development is only delayed (Katoh et al., 2018).
As demonstrated by scRNA-Seq, MAFB KO does not affect hPSC-
to-EP differentiation; instead, it blocks α- and β-cell specification,
leading to the induction of rare endocrine lineages, such as δ-cells,
PP-cells, gastrin+ and peptide YY+ cells (Russell et al., 2020). No
link has been established between MAFB mutations and diabetes,
but many other genes have been shown to cause monogenic
forms of diabetes. Thus, hPSC lines with KOs of these genes,
and patient-derived iPSCs are potentially invaluable models for
research into pancreas development and diabetes pathogenesis.

β-cells initially proliferate, exiting the cell cycle once they
have matured (Kulkarni et al., 2012). However, a low level of
proliferation is maintained in adulthood, to allow for β-cell
mass maintenance (Bader et al., 2016). The identification of rare
adult β-cells capable of proliferating, and the characterization of
triggers and signaling pathways via which β-cells re-enter the cell
cycle are of considerable interest, as a way of replenishing these
cells in diabetes patients in vivo, and of increasing the yield of
in vitro-derived β-cells. The YAP pathway was shown to induce
SC-β cell proliferation (Rosado-Olivieri et al., 2019). Rosado-
Olivieri made use of this discovery to force SC-β-cells to re-enter
the cell cycle, and then used scRNA-Seq to identify the enriched
pathways, as putative proliferation drivers (Rosado-Olivieri et al.,
2020). One of the identified drivers was the leukemia inhibitory
factor (LIF) pathway, acting through JAK/STAT and the CEBPD
transcription factor. LIF induces the proliferation of mouse
β-cells in vivo, human islets grafted into murine kidneys, and
SC-β-cells. Interestingly, LIF receptor (LIFR)-positive β-cells
constitute a small (less than 20%) subpopulation of cells with a
distinct transcriptomic profile among SC-β cells or adult human
islets (Rosado-Olivieri et al., 2020).

In addition to β-cell degeneration, α-cell dysfunction may
also underlie diabetes progression (Gromada et al., 2018;
Yosten, 2018). In the T1D treatment, α-cells are essential
for the tight control of islet hormone secretion, and for
the regulation of glucose levels, but most studies to date
have focused on the generation of β-cells. Early NEUROG3
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induction in PDX1+/NKX6-1− progenitors leads exclusively to
the generation of α-like bihormonal cells. BMP inhibition has
therefore been used to enhance this induction, resulting in the
efficient generation of functional α-like cells, known as SC-α
cells (Peterson et al., 2020). The bihormonal α-like cells (pre-
α cells) express both GCG and INS, but pro-insulin is not
processed to generate mature insulin in these cells (Peterson
et al., 2020). Bihormonal α-like cells are transiently present
during human pancreatic development and in diseases, such
as diabetes (Riedel et al., 2012; Md Moin et al., 2016). The
pre-α cells eventually mature into monohormonal GCG+ cells.
In vitro, the functional maturation of these cells is efficiently
promoted PKC activator treatment during stage 6. By contrast,
the pre-α-cells maturation into monohormonal SC-α cells was
rare in prior protocols for β-cell maturation. A comparison of
the transcriptomes of individual pre-α-cells and mature SC-α
cells revealed a subtle maturation process, with the silencing of
stress-related and insulin secretion pathways and the induction
of glucagon release [(Peterson et al., 2020). Studies based on
pre-α-cell transplantation (Augsornworawat et al., 2020) have
suggested that SC-α cells undergo further maturation in mice.
Such a transplantation model could be used to identify regulators
of α-cell maturation, leading to further refinement of the in vitro
derivation protocol.

DIABETES

scRNA-seq provides insight into the diabetes-induced
dysfunction of each islet cell type and subtype, making it
possible to identify pathway dysregulations undetectable with
bulk RNA-seq. Main studies that used scRNA-Seq to identify
pathways involved in diabetes or obesity are summarized in
Supplementary Table 2. In the initial studies, T2D-related
transcriptional alterations were found not only in β-cells, but
also in other islet and non-endocrine cells (Segerstolpe et al.,
2016; Xin et al., 2016; Lawlor et al., 2017). In addition, there is
growing evidence to suggest that adult endocrine cell populations
are not homogeneous (Supplementary Table 2) and that the
ratios of the various subpopulations change in pathogenic
situations. Adult β-cells differ in terms of their phenotypic,
proliferative, and functional characteristics, and these cells
may have different sensitivities to glucose. Multiple molecular
markers have been proposed for the characterization of β-cell
heterogeneity (Dominguez-Gutierrez et al., 2019). For example,
a small population of β-cells with pacemaker properties, called
hub cells, has been identified (Johnston et al., 2016). These cells
with immature characteristics are indispensable for the islet-wide
coordinated response to glucose and are specifically targeted by
diabetic stress. scRNA-Seq could, therefore, potentially reveal
alterations in specific subpopulations.

A comparison of the transcripts dysregulated in T2D from
multiple studies revealed a minimal overlap of genes, possibly
due to the limited numbers of donors and of sequenced cells
(Wang and Kaestner, 2019). As only a fraction of the cells
may be affected by disease, and changes in the expression of
individual genes may be subtle, transcriptional dysregulation

may be masked by natural variation between individuals. Fang
et al. therefore developed the RePACT (regressing principal
components for the assembly of continuous trajectory) strategy,
in which changes in cellular heterogeneity in a context of
obesity or T2D were treated as a development-like pseudotime
trajectory (Fang et al., 2019). The combination of this approach
with high-throughput scRNA-Seq resulted in the identification
of discrete affected β-cell subpopulations, the comparison of
which increased statistical power and made it possible to detect
changes in gene expression common to obesity and T2D and
changes specific to each of these conditions. The common
alterations included an upregulation of hypoxia-related genes and
a downregulation of aerobic respiration-related genes. INS was
also one of the genes deregulated, displaying upregulation in
obesity but downregulation in T2D, confirming previous scRNA-
Seq findings (Segerstolpe et al., 2016). Other genes with inverse
patterns of expression in obesity and T2D included two ferritin
genes, FTL and FTH1, encoding proteins involved in intracellular
iron metabolism (Fang et al., 2019). This finding is consistent
with the observation that obese patients have low serum iron
levels, whereas high serum iron levels are a risk factor for T2D
(Simcox and McClain, 2013). In addition, a combination of
the RePACT approach and a CRISPR screen identified known
and unknown insulin regulators in T2D and obesity trajectories,
including Mau2-Nipbl cohesin loading complex, a new INS gene
transcription regulator, and the NuA4/Tip60 HAT complex, a
new insulin secretion regulator, with possible roles in diabetes
development (Fang et al., 2019).

Another insight into compensatory mechanisms related to
β-cell physiology in T2D was provided by a powerful multimodal
approach, in which single-cell transcriptomes for endocrine cells
were coupled with exocytosis measurements, for the estimation of
glucose-dependent insulin secretion with Patch-Seq technology
(Camunas-Soler et al., 2020). Multiple genes with expression
patterns positively or negatively correlated with exocytosis
in healthy cells were inversely correlated with exocytosis in
individuals with T2D. These results suggest that damaged islet
cells display changes in functionality-related transcript levels with
increases in blood glucose levels, but that their response is weak.
One of the mechanisms thought to underlie this phenomenon is
an increase in inflammation due to the insufficient degradation
of ETV1 and STAT3 by COP1 ubiquitin ligase (Suriben et al.,
2015; Nordmann et al., 2017). Indeed, ETV1 knockdown
increases exocytosis β-cells from T2D patients, but not in healthy
β-cells (Camunas-Soler et al., 2020). It has been suggested
that hyperglycemia-induced inflammation triggers endocrine cell
dedifferentiation in T2D and T1D (Talchai et al., 2012; Cinti
et al., 2016; Nordmann et al., 2017; Bensellam et al., 2018; Seiron
et al., 2019). In support of this dedifferentiation model, single-cell
studies performed by the group of Kaestner have shown that the
gene expression patterns of α- and β-cells from T2D individuals
are similar to that of juvenile, immature cells, suggesting that
damage to endocrine cells triggers dedifferentiation (Wang
et al., 2016; Avrahami et al., 2020). Furthermore, a comparison
of the transcriptome of immature or mature β-cells from
healthy, developing mice with that of β-cells surviving mSTZ,
revealed a reversion to an embryonic immature β-cell-like state
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(Sachs et al., 2020). Years after the onset of T1D, only a few β-cells
prevail in most patients (Keenan et al., 2010; Oram et al., 2015),
suggesting that β-cell redifferentiation is a promising strategy for
the treatment of T1D and T2D.

Dedifferentiation probably involves epigenetic mechanisms.
Based on CHIP-Seq and scRNA-Seq in mice, Lu et al. recently
identified a loss of polycomb repressor complex (PRC2) function
as the underlying cause of adult β-cell identity loss (Lu et al.,
2018). They confirmed the PRC2 dysfunction in T2D islets.
Mechanistically, the dysregulation of PRC2 in β-cells triggers
epigenetic remodeling at specific loci in the β-cell genome in
the context of a high-fat diet, in mice with a loss of PRC2
function, resulting in an increase in transcriptional entropy, with
the ectopic expression of bivalent loci and an explicit loss of the
acetylation of β-cell-specific transcription factors (Lu et al., 2018).
The re-activation of bivalent loci characteristic of immature
β-cells in human newborns has also been observed in T2D β-cells
(Avrahami et al., 2020).

Diabetes induced by stress-activated β-cell dedifferentiation
may be reinforced by the inhibition of FOXO1 signaling
(Talchai et al., 2012). scRNA-Seq in ex vivo mouse and
human islets treated with FOXO1 inhibitor demonstrated β-cell
dedifferentiation revealed as similar dedifferentiation of α-cells
(Marquina-Sanchez et al., 2020). In juvenile mice depleted of
β-cells, FOXO1 inhibition also results in δ-cell dedifferentiation
to such an extent that these cells can undergo endocrine
lineage specification (Chera et al., 2014). A recent study
by Sachs and colleagues showed that combined treatment
with PEGylated-insulin and GLP-1-estrogen conjugate reverses
STZ-induced diabetes, mainly by inducing the proliferation
and redifferentiation of dedifferentiated β-cells (Sachs et al.,
2020). The FOXO1 and MAPK pathways were implicated
in this process.

iPSCs derived from diabetic patients are a powerful tool
for studies of pathogenesis and efforts to develop effective
treatments. In T2D or monogenic diabetes, patient iPSC-derived
β-cells or islets can be used for autologous transplantation
(after genetic correction in the case of monogenic diabetes).
For studies on the mechanisms underlying disease, candidate
gene mutations can be introduced into healthy PSCs. Progress
in diabetes research through studies using human PSC models
has been described in detail elsewhere (Balboa et al., 2018).
More recently, scRNA-Seq has been used to determine the
precise effects on β-cell differentiation of mutations in patient-
derived iPSCs (Balboa et al., 2018; Maxwell et al., 2020). Notably,
iPSCs carrying mutations have been compared to genetically
corrected isogenic lines, a method of decreasing intra-iPSC line
variability. In a first study, iPSCs with a heterozygous INS
C96Y mutation resulting in proinsulin misfolding and neonatal
diabetes differentiated into β-like cells less efficiently than their
counterparts with a corrected mutation. scRNA-Seq revealed
high levels of endoplasmic reticulum (ER) stress, low levels
of mTORC1 signaling, and mitochondrial alterations, which
together resulted in early proliferation defects in cells with
misfolded C96Y proinsulin, where were validated following the
transplantation of these cells into mice (Balboa et al., 2018). The
restoration of mTORC1 signaling in a mouse model of insulin

misfolding, the Akita mouse, rescued neonatal β-cell proliferation
defects and aggravated the diabetic phenotype (Riahi et al.,
2018). These studies together identify mTORC1 signaling as a
potential treatment target in neonatal diabetes, although any
treatment would need to be applied very early in life to be
effective. In another study, the CRISPR-Cas9 system was used
to correct a diabetes-causing pathogenic variant of the Wolfram
syndrome 1 (WFS1) gene in iPSCs derived from a patient with
Wolfram syndrome (WS) (Maxwell et al., 2020). This correction
improved the differentiation and maturation of SC-β cells relative
to uncorrected isogenic cells, including their ability to secrete
insulin in a dynamic manner following stimulation with glucose
in vitro, and it reversed diabetes following the transplantation
of corrected cells into a diabetic mouse. A comparison of
scRNA-Seq transcriptomes from corrected and uncorrected
iPSCs at the mature endocrine cell stage revealed substantial
misdifferentiation, with an expansion of the non-pancreatic and
acinar lineages at the expense of SC-β, α-, and δ-cells, and
most of the remaining endocrine cells being enterochromaffin
cells. Patient SC-β cells experienced higher levels of ER and
mitochondrial stress than corrected cells, and displayed higher
levels of expression for apoptosis markers, as generally observed
in cases of WFS1 gene deficiency (Fonseca et al., 2005, 2010;
Yamada et al., 2006) and consistent with a previous Wolfram
Syndrome iPSC study (Shang et al., 2014). Collectively, scRNA-
Seq has greatly extended our knowledge of the mechanisms
involved in endocrine cell dedifferentiation in diabetes, paving
the way for β-cell mass restoration.

NON-DIABETIC DISEASES OF
PANCREAS

In this review we mainly focus on endocrine pancreas, however,
diabetes is often strictly linked to other prevalent pancreatic
conditions, like cancer and pancreatitis. These conditions share
a common feature—the long-term pancreatic inflammation and,
together with obesity, significantly increase risk to develop
each other (Paternoster and Falasca, 2020). Pancreatic ductal
adenocarcinoma (PDAC) is one of the leading death-causing
cancer types worldwide, yet early malignancy markers allowing
detection and treatment at pre-metastatic stage and prior to drug
resistance acquisition are missing (Storz and Crawford, 2020).
PDAC develops from benign lesions through a complex interplay
between transformed exocrine cells and microenvironment, as
it has been thoroughly reviewed elsewhere (Bulle and Lim,
2020; Storz and Crawford, 2020). The two essential components
for PDAC development are: (1) acquisition of an oncogenic
mutation by acinar or ductal cells, with KRAS oncogene counting
for 90% of cases; (2) inflammation within microenvironment
which drives early lesion development. Multiple scRNA-Seq
studies in PDAC mouse models and human tumor samples
shed light on tumor cell identity and heterogeneity, as well
as tumor microenvironment (TME), including role of cancer
associated fibroblasts (CAFs) and immune landscape, and cross-
talk between tumor and TME (Ting et al., 2014; Bernard et al.,
2019; Elyada et al., 2019; Hosein et al., 2019; Ligorio et al., 2019;
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Peng et al., 2019; Dominguez et al., 2020; Hwang et al., 2020;
Lee et al., 2020; Schlesinger et al., 2020; Steele et al., 2020;
Zhou et al., 2021). These studies showed that intra-tumor
heterogeneity identified by scRNA-Seq is reliable as a prognostic
marker and can be used for personalized treatment choice.
Importantly, scRNA-Seq on samples collected by fine-needle low-
input biopsies is sufficient as diagnostic tool (Lee et al., 2020;
Steele et al., 2020). Moreover, these studies revealed acquisition of
immunosuppressive TME during neoplastic progression, which
allow to further focus on mechanisms beyond this phenomenon.

PDAC can develop when control over a physiological
regeneration of exocrine pancreas fails (Storz, 2017). The
regeneration is driven by a reversible process of acinar cells
dedifferentiation into duct-like exocrine progenitors (acinar-
to-ductal metaplasia, ADM), and the transitional, plastic
populations were observed in adult human pancreata and PDAC
samples by scRNA-Seq (Qadir et al., 2020; Zhou et al., 2021)
and single-nucleus RNA-Seq (sNuc-Seq) (Tosti et al., 2021). The
irreversible dedifferentiation and unrestrained proliferation of
these progenitors leads to pancreatic intraepithelial neoplastic
lesions (PanIN) and eventually PDAC (Storz, 2017). Regenerating
gene protein (REG) family-enriched acinar cells were identified
as promoting ADM and PanIN growth (Gironella et al., 2013;
Liu et al., 2015). A small proportion of REG+ population
was identified by scRNA-Seq also in non-disease pancreata
(Muraro et al., 2016; Tosti et al., 2021), and enriched in low-
grade lesions (Bernard et al., 2019) and PDAC (Schlesinger
et al., 2020). A recent sNuc-Seq study identified REG+ cells
as the only exocrine cluster in a pancreatitis sample, whereas
they were minority in healthy pancreas and not present in
neonatal pancreas (Tosti et al., 2021). In situ sequencing revealed
that these cells reside near macrophages, possibly modulating
immune response (Tosti et al., 2021). Moreover, research on
PDAC, pre-metastatic PanIN and intraductal papillary-mucinous
neoplasms, identified transition of KRT19+ ductal populations
along tumor development, where MUC5AC-rich clusters are
present in benign lesions, and MUC5B+metaplastic populations
marks pancreatitis and PDAC (Bernard et al., 2019; Peng et al.,
2019; Schlesinger et al., 2020; Tosti et al., 2021).

Several recent scRNA-Seq studies focused on role of TME
components, for example CAFs, in PDAC development. CAFs
are actively involved in tumor growth, metastasis and drug
resistance in various types of cancers (Bulle and Lim, 2020;
Hosein et al., 2020). Myofibroblastic myCAFs and inflammatory
iCAFs were recently described as two subtypes present in PDAC
and originating from activated pancreatic stellate cells (Öhlund
et al., 2017). These cells were robustly identified at different
stages of lesion development by multiple scRNA-Seq studies
(Bernard et al., 2019; Elyada et al., 2019; Hosein et al., 2019;
Ligorio et al., 2019; Peng et al., 2019; Dominguez et al., 2020).
Moreover, a novel subpopulation of antigen presenting CAFs
(apCAFs) was discovered by scRNA-Seq study (Elyada et al.,
2019) and further confirmed by others (Hosein et al., 2019;
Dominguez et al., 2020; Lee et al., 2020; Zhou et al., 2021). The
scRNA-Seq data led to further insights into CAFs roles in tumor
development, e.g., changes the subtypes proportions during
lesion progression and after drug treatment (Bernard et al., 2019;

Dominguez et al., 2020; Zhou et al., 2021), immunosuppressive
roles of iCAFs and apCAFs (Bernard et al., 2019; Elyada et al.,
2019), identification of CAF-specific prognostic markers like
LRRC15+ (Dominguez et al., 2020), identification of TGFβ as
CAF-released signal inducing metastatic and proliferative PDAC
phenotype run by MAPK and STAT3 pathways (Ligorio et al.,
2019), and suggested CAFs plasticity as a potential therapeutic
target (Feldmann et al., 2021). These advanced scRNA-seq studies
together provided valuable input into the molecular mechanism
of PDAC, and provided novel candidate targets for treatment.

DISCUSSION: CONCLUDING REMARKS
AND FUTURE PERSPECTIVES

Many studies have shown that scRNA-Seq technology has the
power to confirm and extend the fundamental findings obtained
with traditional research approaches. Moreover, the datasets
generated by different research groups, with platforms using
advanced and less advanced technologies, or different patterns of
cell-type enrichment, have generally been similar, after variability
in sensitivity, technical noise, and data processing methods has
been taken into account. Multiple datasets for the developing
pancreas have made it possible to identify equivalent, previously
unknown pancreatic subpopulations. Furthermore, the use of
novel bioinformatic tools to re-analyze existing datasets and
integrate them into a single model may reveal details that had
previously been missed. For example, the integration of adult
pancreas datasets resolved clusters of sporadic populations, such
as ε, Schwann, mast and macrophage cells, that had remained
undetected in the individual datasets (Stuart et al., 2019).

The ultimate aim of endocrine pancreatic research is the
development of better treatments or cures for diabetes. In
this context, an increasing number of scRNA-Seq studies are
identifying candidate regulatory genes and pathways beyond the
development and pathogenesis of diabetes, for which further
validation is required. The curated data for the developing
pancreas will make it possible to refine in vitro and in vivo
methods for manipulating pancreatic endocrine cell identity and
expansion. For example, ligand-receptor connectome analyses
can be performed on existing time-series datasets including
pancreatic niche components, to identify time-dependent,
specific niche-derived signals influencing cell-fate decisions
(Byrnes et al., 2018; Scavuzzo et al., 2018). The power of
such systems biology approaches was recently demonstrated
in an elegant study by Han et al., in which the authors
used scRNA-Seq to reveal complex interactions, including some
involving signaling pathways, between the gut tube endoderm
and mesoderm at E8.5-E9.5 (Han et al., 2020). In the human
context, scRNA-Seq has highlighted a number of obstacles to the
robust generation of functional human β-cells, including: (1) the
precocious differentiation of NKX6-1− pancreatic progenitors,
(2) the incomplete commitment of PDX1+NKX6-1+ cells to an
endocrine fate, and (3) misdifferentiation into enterochromaffin-
like cells (Figure 2A). An analysis of the bifurcation events
underlying these unwanted fates, even with existing datasets,
might yield sufficient candidate regulators for the improvement
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of in vitro differentiation. For example, the discovery of
precocious α-cell specification led to the development of a
protocol for functional SC-α cell generation (Peterson et al.,
2020). The combination of α- and β-cells derived from cell-
specific protocols into single islets could also improve in vivo
maturation and function.

Single-cell research on tissues from diabetic patients, and
in human and mouse genetic models, has identified multiple
pathways involved in endocrine failure in the pancreas. In
particular, such studies have highlighted the occurrence of stress-
related mature cell identity loss in surviving endocrine cells,

resulting in dysfunctional β-cells unable to respond correctly to
glucose stimulation (Figure 2B). The use of single-cell omics
approaches has shown that treatment with PEGylated-insulin and
GLP-1-estrogen conjugate stimulates β-cell redifferentiation and
restores β-cell mass by proliferation, rendering this approach
potentially very promising for the treatment of T1D and
T2D. Immature endocrine cells have been observed in post-
mortem tissues from patients, diabetic mouse models and
following specific dedifferentiation-inducing treatments in cell
and mouse models. But what if, in some cases of diabetes,
the observed immature endocrine cells result from defective

FIGURE 2 | scRNA-Seq insight into in vitro hPSC differentiation toward human pancreatic β-cells (A) and endocrine cell maturation (B). (A) (Top) Stages of
differentiation protocols (arrows), which recapitulate consecutive pancreas development steps in vivo (circles). Denoted are: a length of each stage (above arrows, in
days), genes commonly used to estimate differentiation efficiency (% + for stage markers out of all cells), and pathways that are inhibited (“_i”) or activated (“_a”)
during each stage (below arrows). Pathways without brackets are essential for the process and applied in all commonly used protocols, while brackets indicate
pathways regulated in a fraction of protocols. PSC—pluripotent stem cells, MP—multipotent progenitors, BP—bipotent progenitors, EN—endocrine lineage
(endocrine progenitors and immature endocrine cells), β—β-cells, GSIS—glucose stimulated insulin secretion. (Bottom) A detailed view on the differentiation based
on scRNA-Seq reveals the origin of non-β-cell specific populations that deteriorate differentiation efficiency and points to branching at which the protocols could be
refined. Factors identified in scRNA-Seq studies that improve specific lineage choices are denoted. SC—stem cell-derived, EC—enterochromaffin cells.
(B) Maturation of β- and α- cells including molecular changes and marker genes along the process. Dedifferentiation (reverse arrows), transdifferentation, and
re-entering cell cycle are possible as physiological compensatory mechanisms, in pathology and when artificially forced by identified factors, with potential use in
medicine.
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pancreas development rather than dedifferentiation? Studies of
iPSCs from neonatal diabetes and WS1 patients pointed to
defective differentiation in vitro and multiple MODY-causing
genes. Indeed, defects of pancreatic development have recently
been implicated in the pathogenesis of T2D (Perng et al., 2019;
Stein et al., 2019) and T1D (Phillips et al., 2017). It may
appear counterintuitive to attribute a developmental character
to diseases of adulthood, but late-onset neurodegenerative
diseases provide an example supporting the consideration of
similar hypotheses for diabetes. There are multiple lines of
evidence to suggest that neurodegenerative diseases of adults,
such as Huntington’s disease (Wiatr et al., 2017), Parkinson’s
disease (Schwamborn, 2018) and Alzheimer’s disease (Arendt
et al., 2017), are not solely neurodegenerative, but also have
a neurodevelopmental component. In Huntington’s disease,
abnormal neural development is observed during the hPSC
differentiation (Conforti et al., 2018; Smith-Geater et al., 2020)
and in affected fetuses and children, years before the disease
onset (van der Plas et al., 2019; Barnat et al., 2020). These
findings suggest that the disease persists in a latent phase
for years, during which compensatory mechanisms within the
organ prevent the onset of disease. Similarly, for diabetes,

immature or misdifferentiated islets might be more prone to
environmental stress induced by an unhealthy lifestyle and
impaired glucose homeostasis. Indeed, the pacemaker-like hub
β-cells, are preferentially targeted by diabetic stress, leading to
functional failure of the whole islet (Johnston et al., 2016).
Limited self-renewal of β-cells might lead to a temporary
replenishment of the β-cell pool, but the number of these
cells gradually declines, eventually leading to diabetes, with an
onset earlier or later in life, depending on the strength of
the developmental deficits and environmental stress. Research
in presymptomatic patients is almost impossible, but these
subtle changes in endocrine cell maturity could be evaluated
with single-cell approaches in mouse or human PSC-derived
pancreatic models. If such developmental defects are found to
underlie diabetes, it may be possible to develop a pre-onset
treatment for patients with a known genetic or environmental
predisposition to diabetes.

The ongoing development of scRNA-Seq technologies is
improving sequencing yields and depths, facilitating more
accurate biological inference (Ding et al., 2020). It is particularly
difficult to study individual cells in the pancreas, due to the
high hydrolytic enzyme content of the exocrine cells. The almost

TABLE 1 | Insights into endocrine pancreas development and cellular identity maintenance from scRNA-Seq studies.

Key questions In vitro In vivo

First wave endocrine differentiation – Human α-cells (SC-α) arise prematurely from
NKX6-1-/NEUROG3+ progenitors during Stage 4

– SC-α cells can be efficiently enriched and matured in vitro
and in vivo

– Mouse first wave α-cells arise from early
Pdx1+/Sox9+/Ptf1a-/Nr2f2+ MPs

– Fate and function unknown

Cell fate determination – Subpopulations of progenitors are present during
differentiation

– Regulation at identified bifurcation points increase efficiency
of differentiation

– Subpopulations of progenitors (MPs, BPs, EPs) are
present, representing subsequent developmental stages as
well as cell fate biases

– Progenitors can be primed for a specific cell fate choice
earlier than expected (e.g., for endocrine before Neurog3
expression)

Islet formation – Peninsula-like structures arise during human PSC 3D
differentiation

– The peninsula theory: in mice primary islets are formed by
emerging endocrine cells, adjacent to epithelium, without
individual cells undergoing complete EMT

Pancreatic niche – Mesenchymal-like cells present during human endocrine
differentiation

– Mesenchyme is molecularly and functionally heterogeneous
during mouse development

– Heterogeneity is lower in adulthood but raises in stress and
disease

Polyhormonal cells – GCG+/INS+ immature α-cells from Stage 4 – Transiently present in human developing pancreas and in
diabetes

– Not confirmed yet by scRNA-Seq

– TPH1+/INSlow/GCG-enterochromaffin-like cells (SC-EC)
from Stage 5

– Not observed in developing/adult human pancreas

Functional maturation – Transcriptomic changes correlate with functional maturation – Transcriptomic changes correlate with age

Progenitors in adulthood – LIFR+ SC-β cell subpopulation re-enters cell cycle upon LIF
exposure

– Mouse Procr+ cells can be expanded ex vivo

– LIFR+ β-cell subpopulation capable of re-entering cell cycle
present in mice and human

– Multipotent progenitors present in mouse endocrine
compartment (Procr+ cells) and human ducts
(PDX1+/ALK3+/CAII- cells)

Adult cells plasticity – Dedifferentiation can be pharmacologically induced in vitro
and ex vivo

– Adult endocrine and exocrine cells can dedifferentiate upon
chronic stress (e.g., inflammation), upon pharmacological
induction and in disease

Specificity of endocrine differentiation – Fine-tuning of specific endocrine cell type derivation
through signaling regulation at identified bifurcation points
(see Figure 2)
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exclusive removal of the exocrine pancreas hinders scRNA-
Seq research on acinar and ductal cells in the adult pancreas.
Methods for overcoming these limitations are emerging, such
as snap-freezing of the dissected pancreas followed by single-
nucleus RNA-Seq (Tosti et al., 2021). This is also important in
the context of a limited availability of biological material, from
T1D patients for example, as the use of frozen tissues extends
this availability. Also, pancreatic differentiation of patient-
specific iPSCs offers alternative platform to study transcriptomes
of T1D specific single islet cells. Moreover, single-cell omics
techniques other than scRNA-Seq have been developed and their
application in combination with scRNA-Seq adds additional
layers of information to the existing data (Efremova and
Teichmann, 2020), as for Patch-Seq, for example (Camunas-
Soler et al., 2020). Furthermore, scRNA-Seq can be combined
with scDNA barcoding, using CRISPR for lineage tracing (Raj
et al., 2018; Spanjaard et al., 2018), or with sc-epigenetics
(Ai et al., 2019; Chen et al., 2019; Li et al., 2019; Rooijers
et al., 2019; Zhu et al., 2019). Single-cell proteomics is also
being extensively developed (Goltsev et al., 2018; Gut et al.,
2018; Saka et al., 2019; Labib et al., 2020). In situ single-cell
sequencing methods can identify spatial connections between
cell types of interest that may be particularly useful for
further inferences concerning the structural development of
the pancreas or niche and pancreas crosstalk. The in situ
sequencing of cytoplasmic transcripts can be performed on
the same tissue preparations as used for single-nucleus RNA-
Seq (Tosti et al., 2021). In summary, pancreas research has
already greatly benefited from scRNA-Seq (Table 1). The refined
analysis of already curated datasets and the use of emerging
technologies will boost progress toward the development of new
therapies for diabetes.
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Porcine species have been used in preclinical transplantation models for assessing
the efficiency and safety of transplants before their application in human trials.
Porcine-induced pluripotent stem cells (piPSCs) are traditionally established using four
transcription factors (4TF): OCT4, SOX2, KLF4, and C-MYC. However, the inefficiencies
in the reprogramming of piPSCs and the maintenance of their self-renewal and
pluripotency remain challenges to be resolved. LIN28 was demonstrated to play a vital
role in the induction of pluripotency in humans. To investigate whether this factor is
similarly required by piPSCs, the effects of adding LIN28 to the 4TF induction method (5F
approach) on the efficiency of piPSC reprogramming and maintenance of self-renewal
and pluripotency were examined. Using a retroviral vector, porcine fetal fibroblasts were
transfected with human OCT4, SOX2, KLF4, and C-MYC with or without LIN28. The
colony morphology and chromosomal stability of these piPSC lines were examined and
their pluripotency properties were characterized by investigating both their expression
of pluripotency-associated genes and proteins and in vitro and in vivo differentiation
capabilities. Alkaline phosphatase assay revealed the reprogramming efficiencies to be
0.33 and 0.17% for the 4TF and 5TF approaches, respectively, but the maintenance
of self-renewal and pluripotency until passage 40 was 6.67 and 100%, respectively.
Most of the 4TF-piPSC colonies were flat in shape, showed weak positivity for alkaline
phosphatase, and expressed a significantly high level of SSEA-4 protein, except for one
cell line (VSMUi001-A) whose properties were similar to those of the 5TF-piPSCs; that is,
tightly packed and dome-like in shape, markedly positive for alkaline phosphatase, and
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expressing endogenous pluripotency genes (pOCT4, pSOX2, pNANOG, and pLIN28),
significantly high levels of pluripotent proteins (OCT4, SOX2, NANOG, LIN28, and SSEA-
1), and a significantly low level of SSEA-4 protein. VSMUi001-A and all 5F-piPSC
lines formed embryoid bodies, underwent spontaneous cardiogenic differentiation with
cardiac beating, expressed cardiomyocyte markers, and developed teratomas. In
conclusion, in addition to the 4TF, LIN28 is required for the effective induction of
piPSCs and the maintenance of their long-term self-renewal and pluripotency toward
the development of all germ layers. These piPSCs have the potential applicability for
veterinary science.

Keywords: LIN28, reprogramming, induced pluripotent stem cells, porcine, self-renewal, pluripotency,
differentiation, cardiomyocytes

INTRODUCTION

The development of genetic reprogramming tools for generating
induced pluripotent stem cells (iPSCs) from somatic cells is a
promising strategy in regenerative medicine. The iPSC cultures
can provide limitless sources of cells for biomedical research,
disease modeling, drug discovery and screening, toxicity testing,
and patient-specific cell transplantation (Takahashi et al.,
2007; Yu et al., 2007; Singh et al., 2015). However, iPSC
transplants must undergo various stages of animal testing
of their efficiency and safety before they can be applied
to humans. Because Sus scrofa species (domestic pigs) have
similar anatomical, physiological, and immunological attributes
to humans (Hall, 2008; Groenen et al., 2012; Moradi et al.,
2019), they have been widely used as test models in preclinical
transplantation medicine (Harding et al., 2013) and especially
in myocardial therapy (Li et al., 2013). Moreover, piPSCs would
produce available cell resources to study embryonic development
and cell differentiation of these species for screening and
establishing desired traits for sustainable agricultural production
for veterinary medicine. Therefore, piPSCs are innovative
therapies for veterinary medicine (Su et al., 2020).

Porcine iPSCs (piPSCs) are typically generated using both
viral-based integration and non-integration methods. Although
most piPSCs are established using four transcription factors
(4TF)–octamer-binding transcription factor 4 (OCT4), SRY-box
transcription factor 2 (SOX2), Kruppel-like factor 4 (KLF4),
and MYC proto-oncogene, basic helix–loop–helix transcription
factor (C-MYC)–which are introduced via retroviral vector
transduction, the reprogramming efficiency is lower than that
for mouse iPSCs (miPSCs) and human iPSCs (hiPSCs) (Esteban
et al., 2009; Ezashi et al., 2009; Wu et al., 2009). It was
previously found that hiPSCs could be efficiently reprogrammed
using a viral method expressing the 4TF OCT4, SOX2, Lin-
28 (LIN28), and Nanog homeobox (NANOG) (Yu et al., 2007).
Subsequently, Tanabe et al. (2013) combined LIN28 with the
4TF approach for generating hiPSCs and reported a significant
increase in the number of colonies produced and that LIN28
had supported complete cell reprogramming. The endogenous
LIN28 was activated later during the reprogramming of the
hiPSCs while maturation was taking place and therefore also
improved the maturation of the cells (Tanabe et al., 2013). Aside

from improving hiPSC colony formation, LIN28 overexpression
could enhance the efficiency of hiPSC derivation. Conversely,
the depletion of endogenous LIN28 decreased the efficiency
of miPSC reprogramming (Zhang J. et al., 2016). Moreover,
LIN28 promoted high reprogramming efficiency during miPSC
generation by inducing an increase in the rate of cell division
(Hanna et al., 2009).

LIN28, an RNA-binding protein found in nucleolus precursor
bodies during embryogenesis (Vogt et al., 2012), has two
paralogs: LIN28A and LIN28B. The expression of LIN28 in
an embryo is restricted to some differentiated cells, such as
cardiomyocytes, epithelial cells of the lung and kidney, and
neuroepithelial cells (Yang and Moss, 2003). In adult cells, LIN28
remains expressed in kidney epithelial cells, cardiomyocytes,
skeletal myocytes, and red blood cells (Tsialikas and Romer-
Seibert, 2015). LIN28 plays an essential role in both embryonic
stem cell (ESC) and iPSC self-renewal and also promotes the
number of ESCs and their proliferation (Xu et al., 2009). When
LIN28 is highly upregulated, it binds to both pri- and pre-
let-7 microRNAs, thereby inhibiting the maturation of let-7
and restraining the differentiation of iPSCs (Shyh-Chang and
Daley, 2013). When mouse ESCs differentiate, the expression of
LIN28 is downregulated. It was demonstrated that LIN28 could
regulate glucose and amino acid metabolism in both ESCs and
iPSCs, where the lack of LIN28 decreased nucleotide and glucose
metabolism in the stem cells and inhibited their proliferation
(Nguyen and Zhu, 2015).

LIN28 has already been used together with core embryonic
TFs to generate miPSCs and hiPSCs. In 2017, our group
registered the establishment of one piPSC line reprogrammed
from porcine fetal fibroblasts (PFFs) with the addition of
LIN28 to OSKM (hOCT4, hSOX2, hKLF4, and hC-MYC) TF
(Chakritbudsabong et al., 2017). However, no comparison was
performed to understand the reprogramming advantages
of 5TF (OSKM with Lin28) over 4TF (OSKM without
Lin28). Hence, a comparative study is deemed necessary.
This current study was carried out to investigate the effects
of LIN28 addition to the traditional 4TF on the efficiencies
of piPSC generation and reprogramming. Additionally,
the biological effects of LIN28 on piPSC self-renewal
and pluripotency were evaluated. Our findings provide a
solution for improving the induction and reprogramming
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efficiencies of piPSCs and the maintenance of their self-
renewal and pluripotency and allow for the effective
scale-up production of piPSC-derived cardiomyocytes
for application in research studies on cardiovascular
diseases and treatments.

MATERIALS AND METHODS

Ethics Statement
The Institutional Animal Care and Use Committee at the Faculty
of Veterinary Science, Mahidol University, Thailand, approved
the experimental use of animals (Approval ID: VSMU-2012-57).

Animals
A male porcine fetus (at embryonic day 28) from a crossbred
pig (Large White/Landrace × Duroc) was procured from a
certified farm at Ratchaburi Province, Thailand. Pregnant ICR
mice at 13–14 days post-coitum were used for the generation
of feeder cells, and 6-weeks-old female nude mice (BALB/cAJcl-
nu/nu) were used for testing the formation of teratomas. All
mice were purchased from Nomura Siam International Co., Ltd.,
Bangkok, Thailand.

Reagents
All cell culture reagents and chemical compounds were obtained
from Thermo Fisher Scientific (Waltham, MA, United States) and
Sigma-Aldrich (St. Louis, MO, United States), respectively, unless
otherwise stated.

Cell Culture
Porcine fetal fibroblasts from the porcine fetus were prepared
using standard procedures (Cheng et al., 2012). The GP2-293
cells (a HEK 293-based retroviral packaging cell line), PFFs, and
mitomycin C-inactivated mouse embryonic fibroblasts (iMEFs)
were maintained in fibroblast medium made up of Dulbecco’s
modified Eagle’s medium (DMEM)-high glucose supplemented
with 10% fetal bovine serum (cat. no. SV30160, Hyclone,
Logan, UT, United States), 1% GlutaMAXTM, and 1% antibiotic-
antimycotic solution. The piPSC lines were cultured in piPSC
medium made up of DMEM/F-12 supplemented with 10%
KnockoutTM serum replacement, 10% fetal bovine serum (cat no.
SH30070, Hyclone, Logan, UT, United States), 1% GlutaMAXTM,
1% antibiotic-antimycotic solution, 0.1 mM non-essential amino
acids, 0.1 mM 2-mercaptoethanol, 1,000 U/mL mouse leukemia
inhibitory factor (LIF; ESG1107, Millipore, Burlington, MA,
United States), and 10 ng/mL human basic fibroblast growth
factor (bFGF; 233-FB-025/CF, R&D Systems, Minneapolis, MN,
United States). The piPSCs were maintained on iMEF and
passaged using 1% TrypLETM Select every 2 days. The cells
were cultured in differentiation medium (piPSC medium without
LIF and bFGF) to induce their differentiation into all three
germ layers and cardiomyocytes. All cells were incubated in
a humidified incubator under 5% CO2 at 37◦C. The piPSC
medium was changed daily, whereas the differentiation medium
was changed every 2 days.

Retroviral Vector Transduction and
piPSC Generation
The retroviral vector transduction and piPSC generation were
performed according to the protocols described in a previous
report (Esteban et al., 2009). Two different reprogramming
factor combinations were used: 4TF, and 4TF plus LIN28
(i.e., 5TF). In brief, GP2-293 cells were seeded at 2 × 106

cells in 100 mm dishes. After 24 h, pMX plasmids carrying
the human monocistronic reprogramming factors (4TF or
5TF) were transfected into the GP2-293 cells using the
calcium phosphate transfection protocol. The supernatant
with virus particles was collected at 48 and 72 h after
transduction, filtered through a 0.45 µm membrane (Millipore),
and then directly used to infect the PFFs. At day 2 post-
reprogramming, the PFFs were dissociated with 0.25% trypsin-
EDTA solution and re-seeded in six-well plates containing
iMEFs and piPSC medium. At days 9–15 post-reprogramming,
primary colonies with an ESC-like morphology were separated
mechanically into small fractions using a Pasteur pipette
and transferred to a Falcon R© IVF one-well dish with iMEFs
(Figure 1A). After the colonies had redeveloped, they were
routinely passaged with TrypLETM Select. The reprogramming
efficiency was calculated as the number of AP positive
colonies divided by the total number of transfected cells
(Setthawong et al., 2019).

Alkaline Phosphatase and
Immunofluorescence Staining
The piPSCs and differentiated cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 15 min
and then washed three times with cold PBS. The piPSCs were
subjected to the alkaline phosphatase (AP) assay by staining with
a Leukocyte AP Kit (86R-1KT) according to the manufacturer’s
protocol. The immunofluorescence (IF) assay was used for
detecting pluripotency and cardiac differentiation markers. In
brief, the fixed cells were incubated with a cell permeabilization
solution (0.25% Triton-X 100 in PBS) for 10 min and then
incubated with a blocking solution (2% bovine serum albumin)
for 1 h. Then, the cells were treated with the primary antibodies
at 4◦C overnight and subsequently incubated with the secondary
antibodies at 37◦C for 1 h (see Supplementary Table 1 for
the list of primary and secondary antibodies used). The cell
nuclei were counterstained with 4′-6-diamidino-2-phenylindole.
All cells were visualized using a Leica DMi8 inverted fluorescence
microscope, and images were captured with an attached Leica
DFC7000 camera (Leica Microsystems, Wetzlar, Germany). At
least 30 z-stacks were obtained for each sample, with 0.6–0.7 µm
intervals. Leica Application Suite X (LAS X) imaging software
was used for the analysis of all images and for the quantitative
measurement of the IF signals. The IF intensities of the
immunoreactive pixels of OCT4, SOX2, LIN28, NANOG, stage-
specific embryonic antigen (SSEA)-1, and SSEA-4 were measured
in 20 randomly selected fields per piPSC line under ×400
magnification. At least three slides per group were scanned for the
expression of these markers. Data are presented as the mean IF
intensity value± SEM after subtraction of the background signal.
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FIGURE 1 | Establishment of porcine-induced pluripotent stem cells (piPSCs). (A) Schematic diagram of the establishment of piPSCs. (B) The process of generation
of 4TF-piPSC and 5TF-piPSC; scale bar, 50 µm. 4TF, induction using OCT4, SOX2, KLF4, and C-MYC; 5TF, induction using OCT4, SOX2, KLF4, C-MYC, and
LIN28.

G-Banding Karyotype Analysis
Karyotype analysis was performed using a previously published
protocol, with slight modifications (Phakdeedindan et al., 2019).
In brief, the various piPSCs (passage 20) were incubated with
5 µg/mL colcemid (KaryoMAXTM ColcemidTM Solution in PBS)
at 37◦C for 1 h. Then, the cells were dissociated and treated with
75 M KCl at 37◦C for 15 min. Thereafter, the cells were fixed
three times in a cold fixative solution (1:3 acetic acid:methanol
concentration) for 10 min each time with gentle inversion to
allow mixing. The fixed cells were then dropped onto cold glass
slides and incubated at 37◦C overnight. Finally, the cells were
observed under a Nikon Eclipse Ni microscope equipped with a
DS-Ri2 camera (Nikon Instruments, Tokyo, Japan). In total, 50
G-banded metaphases per piPSC culture were analyzed using the
LUCIA Cytogenetics System (Nikon Instruments).

Spontaneous Cardiogenic Differentiation
of the piPSCs via Embryoid Body
Formation
Spontaneous cardiogenic differentiation of the piPSCs was
induced as described in a previously published report

(Rungarunlert et al., 2013). In brief, floating embryoid bodies
(EBs) were formed in the poly(2-hydroxyethyl methacrylate)-
coated wells of 96-well plates using 5,000 piPSCs per well and
maintained in differentiation medium for 21 days. On days 7 and
21 of culture, the floating EBs were collected for morphological
characterization and for determination of their gene expression
levels by reverse transcription polymerase chain reaction (RT-
PCR) assay. To obtain adherent EBs, the EBs at day 3 were plated
onto 0.1% gelatin-covered coverslips placed in the wells of a
24-well plate (1 EB/well) together with differentiation medium.
The morphology of the differentiated cells and their cardiac
beating were checked daily. Cells were collected at days 7, 14,
and 21 for analysis of their gene expression profiles using RT-
PCR. Additionally, cells were fixed with 4% paraformaldehyde
for IF staining.

Teratoma Formation
For each piPSC line, two nude mice (8 weeks old) were
subcutaneously injected with 8 × 106 cells into the right flank.
After 35 days, the mice were euthanized and the teratomas
were collected, fixed with PBS containing 10% neutral buffered
formalin, and embedded in paraffin. Sections sliced from the
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paraffin blocks were then stained with hematoxylin and eosin
to confirm the capacity of the cells to differentiate into all three
embryonic germ layers in vivo. Images of the teratomas were
captured using an Axioskop 40 microscope equipped with an
AxioCam MRc camera (Carl Zeiss, Oberkochen, Germany).

RT-PCR Analysis of Transgene and
Endogenous Gene Expression
The expression of transgenes and endogenous genes by the
various piPSCs and differentiated cells was examined by RT-PCR
assay. Cells were lysed for RNA extraction using the RNeasy
Mini Kit (Genaid Biotech Ltd., New Taipei City, Taiwan). Then,
1 µg of total RNA was reverse transcribed to cDNA using
the SuperScriptTM III First-Strand Synthesis System. The PCR
mixture contained 50 ng of template cDNA, 12.5 µL of GoTaq
PCR master mix (Promega, WI, United States), and 0.2 µM
of each primer. The PCR-amplified products were separated on
2% agarose gels and then visualized with GelRed R© nucleic acid
staining (Biotium, Fremont, CA, United States). The primer
oligonucleotide sequences are shown in Supplementary Table 2.

Capillary Western Blot Analysis
Cell samples were lysed by sonication in
radioimmunoprecipitation assay buffer and the protein
quantity was then detected using a protein assay kit (Bio-
Rad Laboratory, Hercules, CA, United States). Next, capillary
western blot analysis of the proteins was performed in 25
capillary cartridges according to the 12–230 kDa Jess and Wes
Separation Module protocol (SM-W004, ProteinSimple, San
Jose, CA, United States). In brief, a mixture of total protein with
a fluorescent dye (4:1 ratio) was heated at 95◦C for 5 min. After
this denaturation step, the biotinylated ladder, protein sample,
blocking reagent, primary antibodies (Supplementary Table 1),
horseradish peroxidase-conjugated secondary antibodies, and
chemiluminescent substrate were dispensed into a Jess assay
plate according to the kit manual instructions. Thereafter, the
separation and immunodetection of the proteins were performed
with the Jess automated western blotting system (ProteinSimple).
The results were analyzed using Compass for Simple Western
version 5.0.1 software (Build 0911; ProteinSimple).

Flow Cytometric Analysis
The piPSCs were harvested and dissociated into single cells using
1% TrypLETM Select. Thereafter, the cells were incubated with
BD Cytofix/CytopermTM (BD Biosciences, Franklin Lakes, NJ,
United States) at 4◦C for 20 min and then washed three times
with PBS. A blocking solution (3% bovine serum albumin) was
then added and the cells were incubated for 30 min at ambient
temperature. Then, the cells were stained with primary antibodies
against the various markers at 4◦C overnight. After washing with
PBS, the cells were stained with fluorescence-labeled secondary
antibodies at 37◦C for 1 h. All samples were single-color stained,
with 20,000 cells used for each marker. Samples incubated with
IgG isotype antibodies were used as a negative control. The results
were analyzed using FACScalibur and Cell Quest software (BD

Biosciences). The list of primary and secondary antibodies used
is shown in Supplementary Table 1.

Statistical Analysis
All experiments were repeated three times. Quantitative data
are presented as the mean ± SEM from three independent
experiments. One-way analysis of variance was used for the
comparison of more than two groups, and Tukey’s test was
used as a post hoc test. All statistical analyses were performed
using SPSS version 25.0 (IBM, Armonk, NY, United States), with
statistical significance set at P < 0.05.

RESULTS

Establishment of the Various piPSC Lines
To test the role of LIN28 in cell reprogramming, PFFs were
transduced with retroviral vectors designed to express either
4TF or 5TF. The schematic diagram of the establishment of the
piPSCs is shown in Figure 1A. The ESC-like colonies generated
through the 4TF and 5TF approaches were first observed on
day 9 after retroviral transduction. On day 15 after transduction,
the colonies were picked and mechanically passaged on iMEFs
(Figure 1B). The 4TF− and 5TF-induced clones were designated
as 4TF-piPSCs and 5TF-piPSCs, respectively. AP staining of the
cells revealed the reprogramming efficiency (i.e., as reflected by
the percentage of AP-positive colonies) of 4TF to be 0.33% and
that of 5TF to be 0.17%. We obtained approximately fifteen
4TF-piPSC-like colonies from 4,500 initial transfected cells and
three 5TF-piPSC-like colonies from 1,800 initial transfected cells
(Supplementary Table 3). The percentage of cells maintaining
self-renewal and pluripotency until passage 20 was 13.33% with
the 4TF system but increased to 100% with 5TF induction.
Moreover, the percentage of cells maintaining self-renewal and
pluripotency until passage 40 increased from 6.67% with the
4TF system to 100% with 5TF induction. The induced day of
4TF and 5TF system was 11.5 ± 2.65 and 12 ± 3, respectively.
In total, we generated three 5TF-piPSC and two 4TF-piPSC
lines. We selected only two cell lines from each induction group
based on their unlimited self-renewal ability and pluripotency
(AP positive staining), namely, VSMUi001-A and VSMUi001-B
from the 4TF group and VSMUi001-C and VSMUi001-E from
the 5TF group as observed in Figure 2A. The discarded cell
lines with limited self-renewal ability and pluripotency are shown
in Supplementary Figure 1 and on our previous publication
(Chakritbudsabong et al., 2017).

Morphology and Proliferation of the
piPSCs
Except for VSMUi001-A, all the 4TF-piPSC lines had flat-
shaped colonies. By contrast, the VSMUi001-A colonies were
tightly packed and dome-like in shape with clear edges and
were indistinguishable from the 5TF-piPSC lines and mouse
ESCs in terms of morphology. Moreover, the cells had a high
nuclear-to-cytoplasm ratio, with dominant nucleoli (Figure 2A).
VSMUi001-A and all the 5TF-piPSC lines were strongly positive
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FIGURE 2 | Characterization of piPSCs. (A) Colony morphology and alkaline phosphatase (AP) staining of various piPSC lines; scale bar, 20 µm. (B) Karyotypes of
the various piPSC lines. 4TF, induction using OCT4, SOX2, KLF4, and C-MYC; 5TF, induction using OCT4, SOX2, KLF4, C-MYC, and LIN28. AP, alkaline
phosphatase; piPSCs, porcine-induced pluripotent stem cells.

for AP staining (Figure 2A), whereas the rest of the 4TF-piPSC
lines were weakly positive in this regard. The proliferative
activity of the piPSC lines was determined from their population
doubling times, which were calculated by quantifying the cell
count at every 12 h over a 48 h period. The VSMUi001-C cell line
had the lowest population doubling time (∼9–10 h) compared
with all the other piPSC lines (∼12 h) (Supplementary Figure 2).
Moreover, only the VSMUi001-A and 5TF-piPSC lines could be
passaged continuously for more than 40 passages (a maximum
passages) as followed: VSMUi001-A (P47), VSMUi001-C (P42),
and VSMUi001-E (P42). By contrast, all the other 4TF-piPSC
lines could not be maintained beyond 20 passages owing to
their low expansion rates and morphological changes. Both
the 4TF-piPSCs and 5TF-piPSCs carried the normal porcine
diploid karyotype (38, XY) throughout the extended culture
periods (Figure 2B).

Pluripotency in the Various piPSC Lines
Reverse transcription polymerase chain reaction analysis
confirmed the re-activation of the human exogenous genes
and the activation of the porcine endogenous genes in the
piPSCs. The 4TF-piPSCs displayed high expression levels of
the endogenous pluripotency-associated transcription factors
pOCT4, pSOX2, and pNANOG, whereas the 5TF-piPSCs
expressed pOCT4, pSOX2, pNANOG, and pLIN28 at a high level.
By contrast, the PFFs and parent cells did not express any of
the human exogenous and porcine endogenous pluripotency-
associated genes (Figure 3A, Supplementary Figure 3). To
confirm the RT-PCR data, capillary western blot analysis was
performed to detect the endogenous OCT4, SOX2, and LIN28

proteins. Quantitative analysis of the protein levels relative to
that of β-actin (an internal control) revealed that the expression
of OCT4 was similar in the 4TF-piPSC and 5TF-piPSC lines
(1.1± 0.14, 1± 0.11, 1.3± 0.12, and 1.1± 0.29 in VSMUi001-A,
VSMUi001-B, VSMUi001-C, and VSMUi001-E, respectively).
Moreover, in VSMUi001-A, VSMUi001-C, and VSMUi001-E,
the expression levels of the SOX2 (0.29 ± 0.05, 0.21 ± 0.07,
and 0.1 ± 0.03, respectively) and LIN28 proteins (0.06 ± 0.005,
0.045 ± 0.006, and 0.039 ± 0.006, respectively) were higher
than those of VSMUi001-B. The PFFs expressed the lowest
level of OCT4 (0.12 ± 0.006) and did not express SOX2 and
LIN28 at all (Figure 3B and Supplementary Figure 4). After
IF staining, only the VSMUi001-A and 5F-piPSC colonies
were found to express proteomic pluripotency markers: OCT4,
SOX2, NANOG, and LIN28 in their nuclei, and SSEA-1 on
their surface. None of these colonies expressed SSEA-4. By
contrast, a few colonies of VSMUi001-B expressed LIN28
and SSEA-1, and some also expressed OCT4 and SSEA-4
(Figure 4A). Additionally, the quantitative analysis of the IF
staining under identical optical conditions confirmed that the
mean fluorescence intensities of the immunoreactive pixels of
OCT4, SOX2, LIN28, NANOG, and SSEA-1- were significantly
brighter in the VSMUi001-A and 5TF-piPSC colonies than in
the VSMUi001-B colonies. By contrast, that of SSEA-4 was
significantly brighter in VSMUi001-B than in the other cell
lines (Figure 4B). Furthermore, the flow cytometric analysis of
the VSMUi001-A, VSMUi001-C, and VSMUi001-E cell lines
revealed the percentage of OCT4+ cells to be greater than 89%
(88 ± 1.63, 91.3 ± 1.50, 91.1 ± 1.78%, respectively) and that of
SOX2+ cells to be greater than 80% (84.5 ± 1.49, 79.6 ± 2.15,
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FIGURE 3 | Expression of pluripotency markers in various piPSC lines. (A) Expression of exogenous pluripotency genes (hOCT4, hSOX2, hKLF4, hC-MYC, and
hLIN28) and endogenous pluripotency genes (pOCT4, pSOX2, pNANOG, and pLIN28) in the PFFs and various piPSC lines. (B) Western blot images of endogenous
pluripotent protein (OCT4, SOX2, and LIN28) expression and quantification of the western blot results. β-Actin was used as an internal control. Means with different
lowercase letters are significantly different at P < 0.05. PFF, porcine fetal fibroblast; piPSCs, porcine-induced pluripotent stem cells; h, exogenous human gene; p,
endogenous porcine gene; OCT4, octamer-binding transcription factor 4; SOX2, SRY-box transcription factor 2; KLF4, Kruppel-like factor 4; C-MYC, MYC
proto-oncogene, basic helix–loop–helix transcription factor; LIN28, Lin-28 homolog A; NANOG, Nanog homeobox.

77.1 ± 2.29%, respectively). By contrast, the percentage of
OCT4+ and SOX2+ VSMUi001-B cells was significantly lower
(69.3 ± 1.11 and 4.9 ± 0.13%, respectively). Moreover, the
percentage of LIN28+ cells was greater than 95% (96.9 ± 0.82,
97.9 ± 0.63, 96 ± 0.93%, respectively) and that of SSEA-1+ cells
was 92% (92.1± 1.90, 92.7± 2.39, 92.1± 0.80%, respectively) in
the VSMUi001-A, VSMUi001-C, and VSMUi001-E cell lines. By
contrast, in the VSMUi001-B cell line, the percentages of LIN28+
and SSEA-1+ cells were also significantly lower (67.2 ± 1.27 and
0.5 ± 0.07%, respectively), whereas the percentage of SSEA-4+
cells (67.6 ± 0.67%) was significantly higher than that in the
other cell lines (Figure 5).

Spontaneous Cardiogenic Differentiation
All four piPSC lines were tested for EB formation to determine
their differentiation capability in vitro. VSMUi001-A and the
two 5TF-piPSC lines were able to form floating EBs, which

were homogeneous in size and shape on day 7 and displayed
cystic cavities on day 21 (Figure 6A). These three cell lines were
therefore evaluated for spontaneous cardiogenic differentiation.
However, because VSMUi001-B could not form floating EBs
after day 3 and the ones that it did form in the first
3 days showed a limited ability to differentiate (Supplementary
Figure 5), it was not evaluated for spontaneous differentiation.
Spontaneously beating cardiomyocytes were visible on day 6,
with the VSMUi001-C line being significantly faster than the
other two cell lines in developing into these cardiac cells,
displaying 100% of cardiac beating on day 8 and maintaining
this percentage until day 14 (P < 0.01). VSMUi001-A and
VSMUi001-E showed approximately 80% of cardiac beating
on day 10 (78 ± 2.78%) and day 12 (77.78 ± 11.11%),
respectively (Figure 6C). Moreover, the area of spontaneous
cardiac beating appeared to be smaller for VSMUi001-E than
for VSMUi001-A and VSMUi001-C (2.58 ± 0.59 × 105,
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FIGURE 4 | Immunofluorescence analysis of pluripotency markers in various piPSC lines. (A) Detection of pluripotency markers in 4TF-piPSC and 5TF-piPSC lines
using fluorescence microscopy; scale bar: 50 µm. (B) Quantitative analysis of the pluripotency markers in the various piPSC lines. The mean fluorescence signals for
OCT4, SOX2, LIN28, NANOG, SSEA-1, and SSEA-4 were measured in 20 randomly selected fields per piPSC colony under identical optical settings. Means with
different lowercase letters are significantly different at P < 0.05. 4TF, induction using OCT4, SOX2, KLF4, and C-MYC; 5TF, induction using OCT4, SOX2, KLF4,
C-MYC, and LIN28. OCT4, octamer-binding transcription factor 4; SOX2, SRY-box transcription factor 2; LIN28, Lin-28 homolog A; NANOG, Nanog homeobox;
SSEA, stage-specific embryonic antigen.
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FIGURE 5 | Flow cytometric analysis of pluripotency markers expressed by various porcine-induced pluripotent stem cell lines. 4TF, induction using OCT4, SOX2,
KLF4, and C-MYC; 5TF, induction using OCT4, SOX2, KLF4, C-MYC, and LIN28. OCT4, octamer-binding transcription factor 4; SOX2, SRY-box transcription factor
2; LIN28, Lin-28 homolog A; SSEA, stage-specific embryonic antigen.
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2.86 ± 0.26 × 105, and 3.39 ± 0.19 × 105 µm2, respectively)
(Figures 6A,B, and Supplementary Videos 1–3). All three
piPSC lines expressed cardiac troponin T (cTnT), a specific
cardiomyocyte marker (Figure 6A).

The abilities of VSMUi001-A, VSMUi001-C, and VSMUi001-
E to express differentiation-related genes specific for the
three germ layers were confirmed by RT-PCR. All three
piPSC lines used for in vitro differentiation expressed
the endogenous pluripotency markers pOCT4, pSOX2, and
pNANOG. VSMUi001-A expressed the marker troponin T2,
cardiac type (TNNT2) at day 7 and 21 of floating EB formation
as well as at days 7, 14, and 21 of adherent EB formation.
VSMUi001-C consistently expressed pSOX2 at days 7 and 21 of
floating EB formation and pOCT4 at days 7 and 21 of floating
EB formation and at days 14 and 21 of adherent EB formation.
Moreover, VSMUi001-C also expressed differentiation-related
gene markers for all three germ layers; namely, SRY-Box
Transcription Factor 17 (SOX17) (endoderm) and Neuronal
Differentiation 1 (NEUROD1) (ectoderm) at days 14 and 21
of adherent EB formation and Enolase 3 (ENO3), troponin
T2, cardiac type (TNNT2) and troponin I1, slow skeletal type
(TNNI1) (mesoderm) at days 7 and 21 of floating EB formation
and days 7, 14, and 21 of adherent EB formation. By contrast,

VSMUi001-E expressed only pSOX2 at day 7 of floating EB
formation and day 14 of adherent EB formation (Figure 7A and
Supplementary Figure 6).

Teratoma Formation
VSMUi001-A, VSMUi001-C, and VSMUi001-E were tested for
their abilities to form teratomas as part of their in vivo
differentiation capability. VSMUi001-B was excluded as it was
undergoing apoptosis. At 35 days after piPSC injection, all
nude mice developed solid tumors in each of the three
germ layers, as shown by hematoxylin and eosin staining
(Figure 7B). The teratomas contained a broad range of
tissue types, including keratinized squamous epithelia and
immature neuroepithelia forming rosettes (ectoderm), cartilage
and skeletal muscle (mesoderm), and respiratory-like epithelia
(endoderm) (Figure 7B).

DISCUSSION

In this study, we successfully generated piPSC colonies via the
induction of PFFs by both four and five reprogramming factors
using retroviral biotechnology. The reprogramming efficiency of

FIGURE 6 | In vitro cardiogenic differentiation of various porcine-induced pluripotent stem cell lines. (A) Morphology of floating embryoid bodies (fEB) at days 7 and
21, area of cardiac beating (scale bar, 100 µm), and cTnT expression of VSMUi001-A, VSMUi001-C, and VSMUi001-E; scale bar, 50 µm. (B) Area of cardiac
beating per embryoid body. (C) Percentage of spontaneous cardiac beating. 4TF, induction using OCT4, SOX2, KLF4, and C-MYC; 5TF, induction using OCT4,
SOX2, KLF4, C-MYC, and LIN28; cTnT, cardiac troponin T.
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FIGURE 7 | Expression of differentiation-related genes and in vivo differentiation of the various porcine-induced pluripotent stem cell (piPSC) lines. (A) Expression of
differentiation genes specific for the three germ layers: pOCT4, pSOX2, and pNANOG (pluripotency genes); SOX17 (endoderm); NEUROD1 (ectoderm); and ENO3,
TNNT2 and TNNI1 (mesoderm). fEB, floating embryoid body; aEB, adherent embryoid body. (B) Teratoma formation; all nude mice developed teratomas.
Hematoxylin and eosin staining of the teratoma section generated by piPSCs showing a broad range of tissues of the three germ layers: keratinized squamous
epithelia (VSMUi001-A and VSMUi001-E) and immature neuroepithelia forming rosettes (VSMUi001-C; ectoderm), cartilage (VSMUi001-A and VSMUi001-C), and
skeletal muscle (VSMUi001-E; mesoderm), and respiratory-like epithelia (VSMUi001-A, VSMUi001-C, and VSMUi001-E; endoderm); scale bar, 25 µm. 4TF, induction
using OCT4, SOX2, KLF4, and C-MYC; 5TF, induction using OCT4, SOX2, KLF4, C-MYC, and LIN28; pOCT4, endogenous porcine octamer-binding transcription
factor 4; pSOX2, endogenous porcine SRY-box transcription factor 2; pNANOG, endogenous porcine Nanog homeobox; SOX17, SRY-box transcription factor 17;
NEUROD1, neuronal differentiation 1; ENO3, enolase 3; TNNT2, troponin T2, cardiac type; TNNI1, troponin I1, slow skeletal type.
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the 4TF approach was quite low, resulting in only 0.002–2.7% AP-
positive cells (Ruan et al., 2011; Gao et al., 2014; Setthawong et al.,
2019). Furthermore, although the reprogramming efficiency of
the 4TF system was higher than that of the 5TF system (0.33
versus 0.17%), its maintenance of self-renew and pluripotency
(6.67%) was significantly lower than that of 5TF (100%). Taken
together, this comparison study showed for the first time that the
addition of Lin28 to OSKM TFs is more effective than OSKM
alone for the following reasons: (1) 5TF can consistently establish
self-renewal and pluripotency in all cell lines until passage 40 with
100% efficacy, whereas 4TF achieves this with 6.67% (1 out of 15
cell lines); and (2) further, all 5TF piPSC lines have the ability
to differentiate into the three germ layers. Thus, the addition of
LIN28 to 4TF was critical in enhancing the pluripotency and self-
renewal capacity of piPSCs. In mammalian blastocysts, LIN28 is
highly expressed in pluripotent cells of the inner cell mass and
epiblast, which correlates with the intrinsic self-renewal ability of
ESCs (Shyh-Chang and Daley, 2013). Moreover, LIN28 represses
the maturation of let-7 and prevents premature differentiation of
the pluripotent cells of the inner cell mass and epiblast (Melton
et al., 2010). Several studies have demonstrated that high LIN28
expression can improve the self-renewal capacity of ESCs in vitro
(Bin et al., 2012; Shyh-Chang and Daley, 2013; Parisi et al.,
2017; Mens and Ghanbari, 2018). Furthermore, models of LIN28
knockdown led to proliferative defects in mouse ESCs (Peng
et al., 2011; Pan et al., 2018). LIN28, together with a cocktail of
core reprogramming factors (OCT4, SOX2, and NANOG), was
shown to promote hiPSC self-renewal (Hanna et al., 2009). In
other studies, LIN28 promoted the self-renewal of mouse and
human ESCs during reprogramming by upregulating numerous
cell-cycle and cell growth regulators via let-7 family repressors,
such as Ras, Myc, high-mobility group A2 (Hmga2), insulin-
like growth factor-2 mRNA-binding proteins (Igf2bps), and
insulin–phosphoinositide 3-kinases (Pi3K)–mechanistic target
of rapamycin (mTOR) pathways as well as other mRNAs
encoding enzymes relevant to cell metabolism (Xu et al., 2009;
Peng et al., 2011).

In this study, one of the 4TF-piPSC lines (VSMUi001-A)
and two 5TF-piPSC lines revealed a typical mouse-like ESC
morphology characterized by dome-shaped compact colonies
with large nuclei and clear nucleoli and had SSEA-1 expression
patterns similar to those reported in other piPSC studies (Cheng
et al., 2012; Kwon et al., 2013; Zhang W. et al., 2015; Yuan
et al., 2019) and our previous reports (Chakritbudsabong et al.,
2017). As indicated in a previous report, LIN28 overexpression
can enhance the derivation efficiency of miPSCs, where the loss
of endogenous LIN28 facilitated the conversion of miPSCs from
naïve to primed pluripotent cells through the induction of the
FGF/activin signaling pathway (Zhang J. et al., 2016). Most of the
4TF-piPSCs exhibited low levels of SSEA-1 and LIN28, whereas
they expressed high levels of SSEA-4. However, piPSCs have
been shown to display varied expression patterns of the surface
pluripotency markers SSEA-1, SSEA-3, and SSEA-4 (Ruan et al.,
2011; Liu et al., 2012; Gao et al., 2014; Chakritbudsabong et al.,
2017). This is of concern because it shows the high heterogeneity
of the cells being generated by the different induction and
maintenance methods (Koh and Piedrahita, 2014). Although

the 4TF-piPSC line VSMUi001-A and the two 5TF-piPSC lines
required both bFGF and LIF for maintaining pluripotency, the
surface of all piPSCs expressed SSEA-1. Moreover, VSMUi001-A
could express a high level of LIN28 as a result of the activation of
core pluripotency TFs. OCT4, SOX2, and NANOG could regulate
the transcription of LIN28 in mammalian ESCs (Marson et al.,
2008) and SOX2 has been found to be the most critical factor
for regulating LIN28A expression during iPSC reprogramming
(Buganim et al., 2012). SOX2 is closely related to LIN28A in
pluripotency because it binds directly to LIN28A to form a
nuclear protein–protein complex (Cox et al., 2010).

In human and mouse iPSCs, retroviral vectors are
transcriptionally silent as the endogenous genes maintain
the pluripotent during iPSC induction, known as a fully
reprogrammed iPSC state. On the contrary, partially
reprogrammed iPSCs express both the viral transgenes and
endogenous pluripotency genes (Maherali et al., 2007; Okita
et al., 2007; Wernig et al., 2007; Hotta and Ellis, 2008). Substantial
obstacles remain in the establishment of piPSCs, including the
lack of transgene silencing of plasmid DNA integrated into
the genome and the inability of cells to proliferate in the
absence of transgene expression. These challenges suggest that
reprogramming of these piPSCs is not fully complete (Esteban
et al., 2009; Cheng et al., 2012; Liu et al., 2012; Zhang W. et al.,
2015). Similarly, all piPSC lines in our study do not fully undergo
reprogramming, expressing viral transgenes and endogenous
pluripotency genes from the retrovirus-mediated gene delivery
approach. Up to now, only one study in the literature has
described silenced retroviral transgene expression (Zhang S.
et al., 2015). To try to overcome this issue, researchers have made
efforts to establish transgene-free piPSCs using integration-free
reprogramming approaches such as episomal vectors (Telugu
et al., 2010; Du et al., 2015; Li et al., 2018; Yuan et al., 2019).
However, from these latter four reports, three demonstrated
genome integration of the plasmid DNA into the piPSC genome
(Telugu et al., 2010; Du et al., 2015; Yuan et al., 2019), and one
described persistent exogenous gene expression in most piPSC
lines with partial reprogramming (Li et al., 2018). Regarding
reprogramming techniques using Sendai-viral vectors, only one
study showed integration-free reprogramming though this group
still reported strong exogenous transgene (hsOCT4) expression
(Congras et al., 2016). Our reprogramming approach using
monocistronic vectors can cause random expression of TFs in
cells and partial reprogramming of piPSCs, which may potentially
lead to partial reprogramming of piPSCs (Esteban et al., 2009).
This is a limitation that can be overcome by using polycistronic
vectors in future studies. Recently, polycistronic vectors have
recently enabled the simultaneous delivery and expression of
numerous genes, as well as the efficient co-expression of TFs
(Shaimardanova et al., 2019).

Numerous previous studies have demonstrated that human
and mouse TFs are capable of reprogramming porcine somatic
cells to form piPSCs (Ma et al., 2014; Fukuda et al., 2017;
Setthawong et al., 2019; Yuan et al., 2019). Similarly, in our
study, piPSCs were successfully generated using factors associated
with human reprogramming. Additionally, a previous report
observed no differences in the morphology, AP staining, or
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expression of pluripotency markers between piPSC generated
from mouse or human TFs (Esteban et al., 2009). Contrary
to other studies, only piPSCs reprogrammed with human
TFs were capable of completely reprogramming porcine cells
to piPSCs (Zhang S. et al., 2015) and developing live
chimeric offspring (West et al., 2010). At the moment, the
researchers are using porcine TFs to generate piPSCs. The
reprogramming of piPSCs with porcine TFs has the potential
to generate both embryonic and extraembryonic cells (Gao
et al., 2019; Xu et al., 2019). In terms of DNA methylation,
the previous study indicated that while piPSCs had a higher
proportion of methylation at the OCT4 promoter, blastocyst
and PFFs had a low rate of methylation. It demonstrated
that the OCT4 gene was substantially expressed in piPSCs
when compared to blastocysts and PFFs (Fujishiro et al.,
2013). In this study, the methylation patterns in porcine
OCT4 promoter region were not established using bisulfite
sequencing as published previously (Choi et al., 2016) and require
further assessment.

For in vitro differentiation, VSMUi001-A and the two 5TF-
piPSC lines had the capability to differentiate into the three
embryonic germ layers and toward a specific cardiac lineage,
during which the SOX2 gene was continuously upregulated.
SOX2 is expressed not only in pluripotent stem cells but
also in neural stem cells, which are maintained during the
expansion of neural precursors throughout the development
of the central nervous system and into adulthood (Pevny and
Nicolis, 2010; Mercurio et al., 2019). Hence, the expression of
SOX2 in the EBs as well as the in vitro spontaneous cardiogenic
differentiation suggested that our piPSCs could also differentiate
toward the neural lineage. For in vivo differentiation, teratoma
development was slightly faster after 5TF-piPSC injection than
after 4TF-piPSC injection. According to another study, high
LIN28 expression generates higher-grade teratomas, whereas
LIN28 knockdown induces smaller tumors (West et al., 2009).
The chimera formation assay is the gold standard for determining
the pluripotency of stem cells in vivo. Gao et al. (2019) generated
extended pluripotent stem cells (EPSCs) that differentiate into
both embryonic and extra-embryonic tissue in the pig blastocyst.
Until now, this was the only report describing the production of
a live chimeric pig in which piPSCs were discovered in the ears
and tails (West et al., 2010).

Porcine iPSCs are a promising cellular source for the three-
dimensional reconstruction of human-like organoids mimicking
organ/system homeostasis or diseases, especially those related
to the cardiovascular system. Cardiomyocytes derived from
piPSCs can fulfill the application of PSCs in cardiac regenerative
medicine and especially provide a porcine model for the
evaluation of the efficiency, safety, and side effects of iPSC
transplants (Zhou et al., 2012, 2014). Gu et al. (2012) revealed that
piPSC-derived endothelial cells could induce neovascularization
and important paracrine factors for myocardial healing, making
them an effective treatment for myocardial infarction. However,
there are not many studies that have reported the differentiation
of piPSCs into cardiomyocytes (Montserrat et al., 2011;
Chakritbudsabong et al., 2017). In this study, the cardiac lineage
markers (TNNT2 and TNNI1) were visible since day 7 of floating

EB formation. The three piPSC lines could differentiate into
cells with mature cardiac phenotypes that expressed cTnT and
cardiac contractile protein and displayed a high percentage of
spontaneous cardiac beating. Xiang et al. (2019) have shown
that LIN28 plays a critical role in the tumor necrosis factor
receptor-2 (TNFR2)-mediated differentiation of hiPSC-derived
cardiac stem cells by inducing the expression of TNFR2,
which is usually found in mature cardiomyocytes, vascular
endothelial cells, and hematopoietic cells. Conversely, LIN28
inhibition significantly reduced cardiac stem cell differentiation
and activation (Xiang et al., 2019). In summary, our study
demonstrated an effective method for inducing the spontaneous
differentiation of piPSCs into cardiomyocytes via EB formation.
In ongoing research, we aim to develop a robust biotechnology
culture platform to (1) increase the number of piPSC-derived
cardiomyocytes for future scalability, (2) develop organ-on-
dish cardiac models for studying cardiovascular diseases and
screening novel compounds for drug discovery; and (3) study
the efficiency of piPSC-derived cardiomyocytes for use as
a swine model for studying human cardiovascular diseases.
Besides, these piPSCs are an innovative tool that can be
used for study of disease pathologies and drug discovery for
veterinary science.

CONCLUSION

The addition of LIN28 to the 4TF-induced reprogramming of
piPSCs promoted the long-term maintenance of piPSC self-
renewal and pluripotency and enhanced both the in vitro and
in vivo differentiation capabilities of the cells toward all three
embryonic germ layers and the cardiac lineage. Additionally, the
spontaneous beating of the differentiated cardiomyocytes was
augmented under the 5TF induction approach. This study proves
that the vital role of LIN28 in the induction of pluripotency
applies not only to hiPSCs but to piPSCs as well, thereby resolving
the current challenges faced over the long-term maintenance of
piPSC self-renewal and pluripotency. Importantly, our findings
allow for the efficient scale-up of piPSC-derived cardiomyocytes
for application in research studies on cardiovascular diseases
and treatments. Further, the application of piPSCs and their
differentiated cells are also great valuable in veterinary research.
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Eccrine sweat glands (ESGs) play an important role in temperature regulation by
secreting sweat. Insufficiency or dysfunction of ESGs in a hot environment or during
exercise can lead to hyperthermia, heat exhaustion, heatstroke, and even death, but the
ability of ESGs to repair and regenerate themselves is very weak and limited. Repairing
the damaged ESGs and regenerating the lost or dysfunctional ESGs poses a challenge
for dermatologists and bum surgeons. To promote and accelerate research on the repair
and regeneration of ESGs, we summarized the development, structure and function
of ESGs, and current strategies to repair and regenerate ESGs based on stem cells,
scaffolds, and possible signaling pathways involved.

Keywords: eccrine sweat gland, regeneration, stem cells, scaffolds, signaling pathways, methods

INTRODUCTION

As warm-blooded animals, humans regulate body temperature through various regulatory
mechanisms. Among them, ESGs play an important role in cooling down body temperature by
secreting primarily water that contains electrolytes (Saga, 2002). Human skin has two major types
of sweat glands: eccrine and apocrine. The apocrine sweat glands are appendage of the hair follicle
and release a cloudy, viscous fluid through the follicle orifice, which exclusively present in highly
localized hairy axillary regions, and they are non-thermoregulatory (Sato et al., 1989). Some patients
lack ESGs due to severe burns or genetic factors, while some patients suffered from congenital or
acquired factors resulting in ESG dysfunction. If the human body has no way to sweat, it means that
any hot weather or acute activity can cause them to get heatstroke or even die. Therefore, we focus
on the wound repair and regeneration of ESGs in this review.

First, it is necessary to understand the normal structure and functions of ESGs. On the surface
of the body, ESGs are small but very numerous (Sato et al., 1989), which directly open to the skin
surface. During exercise, fever or hot environments, humans are able to dissipate heat through
sweat to maintain body temperature within the optimal range (Shibasaki et al., 2006). In contrast,
for most domestic mammals, most of their body surface lack ESGs. Mouse is the common model for
ESG study because of the similarity of human ESG structure and function, which has ESGs solely
present in the pads of their paws (Lu et al., 2012).

The ESGs are small tubular structures situated in epidermis and dermis. They comprise a
relatively straight duct led to the skin surface and a secretory coil deep in the dermis. The duct
of the ESG is a straight channel, and the secretory portion of the ESG is a distinctive, coiled tubular
structure (Figure 1).
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There are three types of cells in the secretory coil: clear
cells, dark cells, and myoepithelial cells. Myoepithelial cells
provide power support for sweat secretion and support the
glands mechanically (Sato, 1977; Sato et al., 1989). The secretory
cells can be classified into clear cells and dark cells based on
their affinities to basic dyes and granule contents (Montagna
et al., 1953; Munger, 1961). The clear cells are without secretory
granules but have many mitochondria and membrane villi,
which contribute to generate water, electrolytes, and inorganic
substances in the sweat. By contrast, the dark cells contain many
Schiff-reactive granules, which are mainly in charge of generating
macromolecules such as glycoproteins (LobitzJr., and Dobson,
1961; Munger, 1961; Yanagawa et al., 1986). Furthermore, sweat
also contains various proteolytic enzymes (Horie et al., 1986),
IgA (Okada et al., 1988), active interleukin-1 (Sato and Sato,
1994) and several antimicrobial peptides (Schittek et al., 2001;
Niyonsaba et al., 2009), which likely to be conducive to the barrier
function of the skin.

The development of electron microscopy (EM) and the
ultrastructure that it revealed accelerated the studies of ESGs.
Ultrastructural observations on the development of ESG in
human embryos have been reported since the 1960s (Hashimoto
et al., 1965). From the perspective of embryonic development,
at 3 about months, the epidermal ridges on the palms begin to
form epithelial cell cords, which are the starting point for the
development of ESGs, and at 5 about months, ESGs in other parts
of the body begin to develop (Sato et al., 1989). By the eighth
month of the fetus, ESGs are morphologically mature (Sato et al.,
1989). In mice, ESG germs were spotted at E17.5 and the coiling
of secretory portions was at P1, and ESG formation was in essence
completed by P5 (Kunisada et al., 2009; Figure 1). In rats, ESG
germs were first detected at E19.5, straight ducts first appeared
at E21.5, and secretory coils began to form at P1 (Li et al.,
2017). During the ESG morphogenesis, the progenitor properties
change from multipotency to unipotency, and ultimately, they
form four unipotent adult stem cell populations: basal duct,
suprabasal duct, myoepithelial, and glandular luminal stem cells
(Lu et al., 2012). Proliferation is almost undetectable in the
mature glands and remain active only in the basal cells of the
sweat duct and the epidermis of the paw skin (Lu et al., 2012).

FEASIBILITY OF REGENERATION OF
ESG

Engineered skin is certainly developing rapidly today, while
it still lacks skin appendages. As skin appendages, ESGs play
important roles in the temperature regulation and maintenance
of homeostasis (Huang et al., 2010). So far, patients with
irreversible loss of functional ESGs still cannot receive effective
treatment. Current strategies for repair and regeneration of ESGs
are mainly based on stem cells, scaffolds, bioactive cytokine and
growth factors, and involved signaling pathways (Figures 2, 3).

ESG Regeneration by Stem Cells
Adult tissue-specific stem cells are distributed in various tissues
and organs. In the skin, stem cells have long been found in

the epidermis and hair follicles, but it was not known until
recently that ESGs are also rich in stem cells (Lu et al., 2012). As
judged from immunohistochemical staining of nucleotide analog
incorporation and cell proliferation markers, proliferation occurs
rarely in the secretory coil cells, but frequently in the basal cells
of sweat ducts during homeostasis of adult ESGs (Morimoto and
Saga, 1995; Li et al., 2008, 2016b; Chen et al., 2014). With the use
of lineage tracing and pulse-chase studies, ESG stem cells have
been identified from both developing and mature mouse ESGs by
Lu et al. (2012). The multipotent K14+ bud progenitors in the
basal layer of embryonic ectoderm is the starting point of ESG
formation, which then develops into transient multipotent K14+

basal progenitors and K18+/lowK14 suprabasal progenitors (Lu
et al., 2012). Finally, in mature ESGs, the progenitor properties
change from multipotency to unipotency in the form of four
unipotent adult stem cell populations: basal duct, suprabasal duct,
myoepithelial, and glandular luminal stem cells (Lu et al., 2012).

Basal cells in paw epidermis and sweat ducts proliferate can
renew and replenish cells of scuffed suprabasal epidermis and
intraepidermal duct during homeostasis (Lu et al., 2012; Chen
et al., 2014; Li et al., 2016b). When epidermis is severely damaged
or excised, neighboring basal cells of epidermis and sweat duct,
not including secretory coil cells, rapidly proliferate to repair the
injured area (Lu et al., 2012; Chen et al., 2014; Li et al., 2016b).
The basal and suprabasal duct stem cells also contribute to repair
the skin epidermis and epidermal sweat ducts wound (Lu et al.,
2012; Chen et al., 2014; Li et al., 2016b).

There have been many studies that have shown the quiescent
nature of both luminal and myoepithelial cells of the secretory
coil in adult ESGs (Li et al., 2008, 2016b; Lu et al., 2012). Only
when localized injury occurs, do myoepithelial and glandular
luminal progenitors replenish their own descendants, and the
remarkable thing is that they act as unipotent progenitors during
repair (Lu et al., 2012). Luminal cells can proliferate to repair
neighboring injured luminal cells, and myoepithelial cells can
proliferate to repair neighboring injured myoepithelial cells (Lu
et al., 2012). Many studies have shown that the myoepithelial cells
of adult ESGs are quiescent (Li et al., 2008, 2016b; Lu et al., 2012).

There are also studies showing that ESG secretory cells not
only participate in their own repair, but also participate in
the repair of the epidermis, and their regeneration and repair
ability is stronger than that of sweat duct luminal cells (Rittie
et al., 2013; Pontiggia et al., 2014; Diao et al., 2019). As for
myoepithelial cells, it is not clear whether they are involved
in epidermal repair under physiological conditions. However,
studies have shown that engrafting purified myoepithelial cells to
back skin can generate epidermis (Lu et al., 2012). Investigators
also isolated cells with typical characteristics of mesenchymal
stem cells, from myoepithelial cells of secretory coils in adult
human ESGs, which may contribute to the study of wound repair
and ESG regeneration (Kurata et al., 2014; Ma Y. et al., 2018).

As is mentioned above, the stem cell populations in mature
ESGs are unipotent. However, some unipotent stem cells tend
to regain multipotency when leaving the original environment.
Based on cell-surface markers, Lu et al. (2012) exploited
fluorescent activating cell sorting (FACS), purified different cell
populations from mouse secretory coils and sweat ducts, and
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FIGURE 1 | Structure and cellular constituents of ESGs. The ESG is comprised of a relatively straight duct led to the skin surface and a secretory coil deep in the
dermis (left panel). The duct is formed of two layers of cells: the basal (outer) and luminal (inner) cells, where ions are partially reabsorbed (right upper panel). There
are three types of cells in the secretory coil: clear cells, dark cells, and myoepithelial cells (right lower panel).

FIGURE 2 | Schematic representation of regeneration of ESGs. With the 3D scaffolds, specific cells can be induced by specific cytokines and growth factors to
differeniate into sweat gland-like cells. There are three main types of cells that may be used to repair and regenerate ESGs: ESG-derived stem cells, non-sweat
gland-derived stem cells, and induced pluripotent stem cells. This process can take place in vivo or in vitro.
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FIGURE 3 | Cells and factors involved in ESG regeneration and their relationships. Stem cells are often used in the study of wound repair and regeneration of various
tissues due to their ability to self-renew and differentiate into multiple lineages. To date, eight types of cells have been reported to have the potential to regenerate
ESGs (Shikiji et al., 2003; Li et al., 2006, 2015b; Nolte et al., 2008; Sheng et al., 2009; Vierbuchen et al., 2010; Lu et al., 2012; Xu et al., 2012, 2016; Wang et al.,
2013, 2019; Hassan et al., 2014; Tao et al., 2014; Liang et al., 2016; Kolakshyapati et al., 2017; Sun et al., 2018; Yao et al., 2018, 2019, 2020; Chen et al., 2019;
Hu et al., 2019). Cytokines and growth factors play a role in inducing cells directed to differentiate into sweat gland-like cells during the process of ESG regeneration,
and the discovery of these factors involves research on the determination and development of ESGs (Shikiji et al., 2003; Cai et al., 2011; Zhao et al., 2015; Liang
et al., 2016; Xu et al., 2016; Kolakshyapati et al., 2017; Sun et al., 2018; Yao et al., 2018, 2019, 2020; Chen et al., 2019; Hu et al., 2019; Wang et al., 2019).
Selecting appropriate cells and appropriate factors to induce the differentiation of sweat gland-like cells makes the regeneration of ESGs possible.

studied their individual regenerative capacities in engraftment
experiments. Grafting the myoepithelial or basal duct stem cells,
but not luminal or suprabasal duct stem cells, into cleared
mammary fat pads or shoulder fat pads can regenerate de novo
ESGs (Lu et al., 2012). Notably, there have been many studies
that have shown the quiescent nature of myoepithelial cells
in adult ESGs (Li et al., 2008, 2016b; Lu et al., 2012; Leung
et al., 2013). Based on these findings, it is interesting that
adult progenitors show single-function nature in their native
environmemt. Therefore, further experiments will be needed to
analyze the molecular causes.

In a previous in vitro study, Li et al. (2013) demonstrated
that human ESG cells cultured in Matrigel not only build three-
dimensional (3D) tubular-like structures with lumens, but also
express α-SMA, epithelial membrane antigen (EMA), CK7, and
CK19, and then, they did in vivo experiment on this basis,
Matrigel-embedded ESG cells were subcutaneously implanted
into nude mice (Li et al., 2015a). Compared with ESGs formed
in vitro, ESGs formed in nude mice were more similar to natural
ones (Li et al., 2015a). Reconstituted 3D ESGs recapitulated
the polarization at the appropriate time points during spheroid
differentiation, and secreted fluid similar to native human ESGs
(Li et al., 2016a). In addition to the above, the authors also
demonstrated that the 3D-reconstituted ESGs were nourished by
blood vessels and mediated by both cholinergic and adrenergic
innervation (Zhang et al., 2018). Thus, the 3D-reconstituted ESGs

have the completeness of structural components, the prerequisite
for full functionality, from which the authors inferred that the
3D-reconstituted ESGs may function as the native ones do.
However, the secretory function of the 3D-reconstituted ESGs
remains to be fully established. All in all, it is an intriguing
development in the process of questing treatments burn patients.

The difficulty of using isolated ESG cells to reconstruct sweat
gland-like (SGL) structures is that ESG cells are dispersive in
the dermis and difficult to gather. Further, with extensive severe
burns, the ESGs of patients are destroyed and autologous mature
ESG cells and ESG stem cells are insufficient. The optimized cell
culture of Diao et al. (2019) can provid the appropriate cells in
sufficient quantity for mouse ESGs and skin regeneration, and
offers a new strategy for regenerating SGL structures.

In skin tissues, epidermal stem cells (EpiSCs), as the specific
stem cell type, can regenerate skin tissue, repair wound
and re-modeling (Boehnke et al., 2012). During embryonic
development, both ESGs and hair follicles (HFs) originate from
EpiSCs, so EpiSCs are the common progenitor cells of both ESGs
and HFs. Research has shown that young human keratinocytes,
including EpiSCs, can invade collagen gels and differentiate
into/toward ESG duct-like structures in vitro with fibroblasts,
epidermal growth factor (EGF) and fetal bovine serum (FBS)
(Shikiji et al., 2003). EGF, interferon regulatory factor 6 (IRF6)
and bone morphogenetic protein 4 (BMP4) have also been shown
to play a role in inducing EpiSCs to transform into ESG cells
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(Shikiji et al., 2003; Yao et al., 2018; Hu et al., 2019). Therefore,
EpiSCs can be induced directly and differentiate into ESG cells,
and is one of the most common means of ESG regeneration.
However, in the adult body, the number of EpiSCs is limited,
for merely 1–10 percent of basal stem cells (Cotsarelis et al.,
1999). As a result, producing a large number of SGL cells (SGLCs)
by epidermal cell reprogramming may be another method for
ESG regeneration. Yao et al. (2019) showed that overexpressing
the transcription factor FoxC1 can directly reprogram epidermal
cells to induce functional SGLCs. Since the epidermis of patients
with extensive severe traumatic burns is damaged and autologous
mature epidermal cells and EpiSCs is scarce, this method
of regeneration is more suitable for anhidrotic/hypohidrotic
ectodermal dysplasia patients (Yao et al., 2019).

Bone marrow-derived MSCs (BM-MSCs) are characterized by
lower immunogenicity and rarely destroyed in the event of skin
damage, so they have great potential for development (Zhang
et al., 2015). Although the mechanism of using BM-MSCs to
regenerate ESGs remains unclear, multiple cytokines appear to
play an important role in ESG regeneration and development.
Li et al. (2006) directly co-culture BM-MSCs with heat-shocked
ESG cells and found that it can differentiate BM-MSCs into
SGLCs. Then, transplanting SGLCs into the wounds of nude
mice showed a significantly promotion of damaged ESG repair
and regeneration (Sheng et al., 2009). Li et al. (2015b) have also
demonstrated that 3D co-culture of BM-MSCs and ESG cells in
Matrigel can help the transdifferentiation of BM-MSCs into ESG
cells, with the transdifferentiated BM-MSCs potentially able to
function as ESG cells. There are other ways to directly induce
BM-MSCs to differentiate into SGLCs, and involves various
cytokines and scaffolds, which will be described in the following
chapters. Even though there is a distinct advantage using BM-
MSCs for ESG regeneration, the number of BM-MSCs is limited
and it is difficult to maintain pluripotency after extensive passage
(Zhang et al., 2015). Recently, investigators have reported that
severely burned skin contains viable, undamaged cells that show
characteristics of human MSCs, and can be used to promote
wound healing without adverse side effects (Amini-Nik et al.,
2018). These findings provide an ideal source of MSCs for
treatment of severely burned patients.

3D Reconstitution Model of ESG
in vitro/vivo
The extracellular matrix (ECM), often used to refer to all the
substances surrounding cells in a multicellular organism except
for circulating fluids, is a 3D structural scaffold made of non-
cellular, fibrous, and non-fibrin proteins that exists in all tissues
and is a major component of the cellular microenvironment
(Theocharis et al., 2016). The ECM does more than provide
physical support for organizational integrity and resilience: it
is a dynamic structure that is constantly reshaped to control
organizational homeostasis and organ development, as well
as tissue repair and regeneration (Bonnans et al., 2014).
A highly dynamic 3D ECM provides environmental signals
that influence basic cell behaviors, such as cell proliferation,
adhesion, migration and differentiation, impact cell mechanics,

and regulate the fate of stem cells (Watt and Huck, 2013).
Therefore, the ECM plays essential roles not only in embryonic
development and homeostasis, but also in tissue engineering and
regenerative medicine (Blankenship, 1990; Watt and Huck, 2013;
Bonnans et al., 2014). 3D scaffolds are manufactured by removing
cellular content from source tissues while retaining the original
structural and functional molecular units of the ECM, and it
has been widely applied to the field of tissue engineering and
regenerative medicine (Costa et al., 2017).

So far, the studies on isolated sweat gland stem cells/progenitor
cells cultured in traditional monolayers have always rapidly
differentiated into keratinocytes and lost their specific phenotypic
characteristics (Rittie et al., 2013; Pontiggia et al., 2014).
Compared with the traditional 2D culture models, 3D culture
models recapitulate the function and physiological architecture
of the body (Kleinman and Martin, 2005; Kozowski et al.,
2011). Under 2D culture conditions, cells undergo proliferation
but have difficulty in inducing directional differentiation, but
under 3D culture conditions, they could be induced directional
differentiation (Petrakova et al., 2012; Li et al., 2015b). Therefore,
culturing cells under 3D conditions is a useful model for studying
cell proliferation and differentiation. To date, researchers have
developed several kinds of 3D organoid culture matrices for ESG
regeneration, aiming to achieve the enrichment and amplification
of cells while maintaining the specific characteristics of ESG cells.

The Matrigel basement membrane matrix (abbreviated as
Matrigel) is a dissolved basement membrane preparation that
contains fetal collagens, laminin, entactin, heparan sulfate
proteoglycans, and several matrix-bound growth factors, which
help cell growth as organoids (Kleinman and Martin, 2005; Li
et al., 2015a). Using 3D culture method to culture cells in a gel
basement membrane matrix, many cells will differentiate into
tissue-specific structures, and vascular endothelial cells are one
of the earliest cell types showing morphological differentiation
(Kleinman and Martin, 2005; Arnaoutova et al., 2009). The
differentiation of endothelial cells in Matrigel mimics the process
of angiogenesis in vivo, which indicates that Matrigel can be
used to obtain a large amount of information about angiogenesis
regulators, genes that play an important role in angiogenesis
in endothelial cells, and the characterization/identification of
endothelial progenitor cells (Auerbach et al., 2003). Besides this,
Matrigel has been widely used to study tumor cell invasion,
and an altered ECM has been shown to promote tumorigenesis
(Bissell and Labarge, 2005). Salivary gland cell lines cultured on
Matrigel are widely used to study cell differentiation, such as
glandular-like morphogenesis, acinus formation and branching
morphogenesis (Barka et al., 2005). Maria et al. (2011) obtained
cells from parotid and submandibular glands, expanded in vitro,
and then cultured on Matrigel. On Matrigel-coated substrates,
cells formed 3D acinar-like units, adopting a large number
of secreted granular acinar phenotypes, expressing α-amylase
and the water channel protein, aquaporin-5. Experiments by
Kozowski et al. (2011) show that the bovine mammary epithelial
cell line BME-UV1 cultured on Matrigel could form 3D acinar
structures with a hollow lumen in the center, which is similar to
the mammary gland alveoli in a functionally active mammary
gland. To study ESG progenitor/stem cells, Lu et al. (2012)
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suspended four sorted ESG cells in Matrigel and injected them
individually into cleared mammary or shoulder fat pads from
female Nu/Nu mice. In rare cases, purified adult ductal basal
cells produce glands and ducts, while purified myoepithelial cells
continue to form ESGs, and luminal or suprabasal duct cells did
not show this diverse behavior (Lu et al., 2012). Subsequently,
Matrigel was applied to the regeneration of ESGs. Li et al.
(2013, 2015a) inoculated ESG cells into the tissue structure
formed by a Matrigel basement membrane matrix in vitro or in
nude mice to simulate the growth microenvironment of natural
ESGs, and successfully reconstructed SGL structures using the
isolated ESG cells. These studies indicate that the interactions
between Matrigel and ESG cells play important roles in the 3D
reconstruction of SGL structures. On this basis, Diao et al. (2019)
added some growth factors and small molecules, such as EGF,
bFGF, and EDA, in order to increase the differentiation efficiency.
Although there are some differences between the reconstructed
SGL structures and the original ESGs, these studies demonstrated
that Matrigel can induce ESG cells to reconstitute SGL structures.
Maybe subsequent work could implant Matrigel-embedded ESG
cells subcutaneously into burn victims to reconstitute ESGs.
However, in practice, the implanted ESG cells do not reconstruct
ESGs with complete structure and function as we had hoped.
Therefore, in the following scientific research work, there are still
many problems for us to explore and solve.

Three-dimensional bioprinting has become a promising
technology for manufacturing complex tissue structures
with tailor-made biological components and mechanical
properties (Murphy and Atala, 2014). By using this revolutionary
technology, bio-inks, including growth factors, cells, and
hydrogels, can be precisely positioned to create 3D in vitro
culture environments (Ma X. et al., 2018). Pati et al. (2014)
decellularized adipose, cartilage and heart tissue to make bioink,
and adopted a 3D bioprinting technique to construct a 3D
structure in vitro, successfully inducing adipose-derived MSCs
to express specific markers of cardiomyocytes and chondrocytes.
By building 3D printing scaffolds that continuously release a
variety of growth factors, Lee et al. (2014) successfully treated
sheep with damaged menisci by inducing endogenous MSCs
to differentiate into menisci in vivo. The findings strongly
suggest that 3D bioprinting has great potential in simulating
the microenvironment to induce stem cell differentiation and
promote tissue regeneration. Through 3D bioprinting, Fu’s
research team successfully induced EpiSCs to differentiate into
ESG cells using gelatin-alginate hydrogels and mouse ESG-ECM
protein components (Huang et al., 2016; Liu et al., 2016; Li et al.,
2018). They subsequently adopted 3D bioprinting to mimic
the regenerative microenvironment to direct of MPCs or MSCs
to specifically differentiate into ESGs, and ultimately guide
the formation and function of glandular tissue (Wang et al.,
2019; Yao et al., 2020). Alginate/gelatin hydrogel can serve as
bio-ink due to its good cell compatibility, printability, and stable
structure during long-term culture (Huang et al., 2009). Wang
et al. (2019) used gelatin-alginate hydrogels to combine with
ESG-ECM protein to form a characteristic bio-ink, which made
it possible to induce the transformation of mammary progenitor
cells to ESG cells (Yao et al., 2020). Although its mechanism still

needs further exploration, it may be used as an effective tool
to induce ideal cells or tissues in vitro through an engineered
microenvironment in the future.

Gelatin is not only an irreversible form of denatured
collagen, it has the ability to form a scaffold suitable for
dermal regeneration without adding any other polymers,
but also has the ability to control the release of growth
factors for a long time (Shevchenko et al., 2014). Therefore,
Huang et al. (2009, 2010) developed gelatin microspheres
containing EGF as multifunctional vehicles on which ESG cells
could be cultured, and delivered these ESG cell-microsphere
complexes into an engineered skin for wound repair. Later, they
delivered BM-MSCs by an EGF microsphere-based engineered
skin model to repair ESGs and improve cutaneous wound
healing (Huang et al., 2012). Analogously, Kolakshyapati et al.
(2017) combined the collagen-chitosan porous scaffold with
Lipofectamine 2000/pDNA-EGF complexes to yield a gene-
activated scaffold (GAS) on which BM-MSCs are cultured.
Such GAS/BM-MSCs could accelerate the wound healing and
induce full-thickness skin regeneration with SGL structure in situ
(Kolakshyapati et al., 2017). These engineered skin constructs are
promising tools for ESG regeneration in skin repair and are a
valuable engineering strategy for constructing engineered skin
models containing appendages.

MECHANISM OF ESG DEVELOPMENT
AND REGENERATION

Up to now, studies have revealed involvement of Wnt, EDA,
Shh, BMP, and ERK signaling pathways in ESG determination
and development (Figure 4). These findings lead to a series of
explorations into the regeneration of ESG.

Wnt/β-Catenin Signaling Pathway
Wnt/β-catenin signaling pathway is a relatively conservative cell-
cell communication system in evolution, which is very important
for embryogenesis, stem cell renewal, cell proliferation and cell
differentiation (Steinhart and Angers, 2018). When cytokines
activate the Wnt signaling pathway, β-catenin accumulates and
enters the nucleus, associates with DNA binding factors of the
TCF/LEF family, and activates the expression of target genes
(Xu et al., 2017). The Wnt/β-catenin signaling pathway is active
in the appendages of embryonic ectoderm and is necessary for
their formation. Whether the Wnt signaling is upstream or
downstream of the EDA signaling is controversial in the basal
formation process of the ectodermal appendage, but now, there is
mounting evidence that Wnt signaling is an upstream regulator
of EDA signaling (Cui et al., 2014). As ESG germs start to form,
Wnt activity declines quickly in the dermis and rises strongly
in the basal layer of epidermis, and then stays active at the tip
of the growing ducts until it disappears when the sweat ducts
starts to coil (Cui et al., 2014). According to reports, Wnt10a
mutations account for 16% of human hyperhidrosis ectodermal
dysplasia (HED) patients (Cluzeau et al., 2011). After further
study, researchers have found that Wnt10a/β-catenin signaling
is necessary for ESG germ development and postnatal ESG duct

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 July 2021 | Volume 9 | Article 667765117

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-667765 July 22, 2021 Time: 16:59 # 7

Lin et al. Eccrine Sweat Gland Regeneration

FIGURE 4 | The signaling pathways involved in ESG development and regeneration. From left to right are the Wnt, EDA-A1, Shh, BMP, and ERK signaling pathways.
Wnt signaling pathway (Nusse and Clevers, 2017; Routledge and Scholpp, 2019): in the absence of Wnt signals, GSK-3β/Axin/APC/β-catenin/CK1 is a destruction
complex. GSK-3β phosphorylates β-catenin, thereby inhibiting its activity and then β-catenin is degraded by ubiquitination. When Wnt proteins bind to a receptor
complex, it induces the association of Axin and Dvl with LRP5/6 and Frizzled. Dvl inhibits GSK-3β and the destruction complex falls apart, and thus prevents the
degradation of β-catenin, permitting β-catenin accumulation, leading to binding TCF/LEF in the nucleus to upregulate target genes. EDA signaling pathway
(Oeckinghaus et al., 2011; Sisto et al., 2016): in the absence of EDA-A1 signals, NF-κB dimers (P50–P65) are bound to inhibitory IκB proteins, which sequester
inactive NF-κB complexes in the cytoplasm. When EDA-A1 binds to EDAR, stimulation of EDAR leads to the binding of EDARADD, for IKK activation. Shh signaling
pathway (Fattahi et al., 2018; Xin et al., 2018): in the absence of Shh signals, Ptc inhibits the activity of Smo by affecting its localization to the cell surface, and protein
kinases (PKA, CK1, and GSK3β) constitutively phosphorylate Gli proteins to inhibit the Gli. The secreted active Shh ligand binds to Ptc and relieves the repressive
effect of the Ptc on Smo, activating the Smo, which then translocates to the cell membrane to inhibit PKA, CK1, and GSK3, providing an assembly platform for the
recruitment of Kif7, Sufu and Gli, thus activating the Gli. Subsequently, the activated Gli forms (GliAs) translocate into the nucleus and activate Shh target genes.
BMP signaling pathway (Gonzalez and Medici, 2014): when BMPs bind to BMPRs, intracellular Smad1 becomes phosphorylated. The phosphorylated Smad1 binds
to Smad4 and then translocates into the nucleus and activates BMP target genes. ERK signaling pathway (Calvo et al., 2010; Gallo et al., 2019): Phosphorylated
RTK binds to GRB2, and GRB2 binds to SOS, which stimulates RAS. RAS initiates activation of the MEK-ERK cascade by converting a molecule from GDP to GTP.

development (Xu et al., 2017). It will be interesting in the future
to apply Wnt10a to ESG regeneration.

EDA/EDAR/NF-κB Signaling Pathway
Hypohidrotic ectodermal dysplasia is a well-characterized human
disease characterized by absent or malformed HFs, teeth, and
ESGs (Cui and Schlessinger, 2006; Mikkola, 2009). Much
of the information known about ESG determination and
development related to signaling pathways originated from
research on HED patients. As a member of the TNF family of
signaling molecules, ectodysplasin-A (EDA) exists as two highly
homologous isoforms, EDA1 and EDA2, and the EDA-A1 gene,
specific for the type I transmembrane protein EDA receptor
(EDAR), is one of the genes that regulates the determination
and development of ESGs (Srivastava et al., 2001). The main
axis of the pathway comprises EDA (encoded in mice by tabby),
EDAR (encoded by downless), and EDAR-associated death
domain (EDARADD, encoded by crinkled) (Srivastava et al.,
1997; Monreal et al., 1999). Any mutation in the components of
these pathways will cause HED, which is phenocopied in mice
(Headon et al., 2001; Cui and Schlessinger, 2006). In addition,

mice deficient for nuclear factor-κB (NF-κB) activity also showed
a phenotype identical to HED, leading researchers to realize that
EDA/EDAR sends signals through the NF-κB pathway during
skin appendage development (Doffinger et al., 2001; Kumar et al.,
2001; Schmidt-Ullrich et al., 2001). Studies have found that EDA
mainly regulates ESG maturation through activating NF-κB after
binding to EDAR in the early stages of embryonic development
(Doffinger et al., 2001; Kumar et al., 2001).

The almost complete restoration of ectodermal appendages
(including ESG) is caused by the transgenic expression of the
mouse EDA-A1 isoform in Tabby (EDA-less) (Srivastava et al.,
2001), but wild-type mice overexpressing EDA-A1 showed larger
ESGs with greater activity (Mustonen et al., 2003). Furthermore,
Gaide et al., found that treating pregnant Tabby mice with EDA-
A1 recombinant protein can permanently rescue the tabby defect
in the offspring (Gaide and Schneider, 2003). Thus, researchers
have hypothesized that activation of the EDA gene could induce
the regeneration of ESGs. In support of this, the reprogramming
of BM-MSCs to SGLCs was successfully induced by the high
expression of EDA gene in BM-MSC (Cai et al., 2011). In
addition, the findings of Sun et al. (2018) demonstrate that
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induction of EDA gene overexpression via transfection with an
RNA-guided dCas9-effector could promote the transformation of
BM-MSCs into SGLCs. These results indicate that the potential of
EDA-modified MSCs for the repair and regeneration of ESGs.

As downstream effectors of EDA and EDAR signaling,
IKK pathway activates the NF-κB transcription factors for
development of skin appendages, and the activated NF-κB
transcription factors can enter the nucleus to promote the
expression of NF-κB target genes, such as keratins, cyclin D1, Shh
and fox family genes (Schmidt-Ullrich et al., 2006). In different
stages of ESG development, these genes are essential (Kunisada
et al., 2009). Thus, researchers have sought to determine whether
NF-κB could induce the regeneration of ESGs in vitro. Zhao
et al. (2015) found that human fibroblasts could be directly
reprogrammed into SGLCs by introducing NF-κB and Lef-
1 (a downstream transcription factor of β-catenin signaling)
genes into human fibroblasts. Chen et al. (2019) also noted
increased expression of NF-κB during the reprogramming of
BM-MSCs into SGLCs by determining the differential expression
of miRNAs between BM-MSCs and SGLCs. These results indicate
that EDA/EDAR/NF-κB signaling is not only associated with
the occurrence and development of ESGs but also plays a vital
role in ESG regeneration. However, many other aspects of the
EDA/EDAR/NF-κB pathway for ESG regeneration still need
to be thoroughly explored, such as receptor activation, ligand
binding sites, desensitization, and transportation. It indicates
that EDA/EDAR/NF-κB signaling are not only related to the
determination and development of ESGs, but also important in
ESGs regeneration.

Shh Signaling Pathway
The Shh signaling pathway plays a vital role in embryonic
development and tissue regeneration (Xu et al., 2015). The
Shh signaling pathway is downstream of the EDA/EDAR/NF-κB
signaling pathway. Some studies have shown that Shh signaling
is involved in the development of ESG, especially in the process
of ESG induction and/or early development, but not in the
process of maturation and/or maintenance (Kunisada et al.,
2009; Lu and Fuchs, 2014; Lu et al., 2016). Conversely, many
studies have also shown that Shh signaling inactivation does
not affect the formation of ESG germ or subsequent ducts,
but the secretory coil formation is still blocked in the primary
stage (Cui et al., 2014; Cui and Schlessinger, 2015). In the
process of ESG cells regeneration, it is unclear whether there
is a specific connection between the two experimental results.
Liang et al. (2016) reported that Shh is an important factor in
conditioned medium that influences the differentiation and the
formation of ESG tubule-like structures during the differentiation
of amniotic fluid stem cells into SGLCs. However, the underlying
mechanism is unknown and the exact role of Shh signaling in
ESG morphogenesis remains to be clarified.

BMP Signaling Pathway
Bone morphogenetic proteins (BMPs) are multi-functional
growth factors belonging to the transforming growth factor
(TGF)-β superfamily (Botchkarev and Sharov, 2004). Previous
experiments have shown that the ESGs in the mouse paws can

be converted into HFs by suppressing the BMP signaling (Plikus
et al., 2004). Lu et al. (2016) investigated it further and found that
the selection of appendages depends on the antagonism between
Shh signaling and BMP signaling in different skin areas in the
mesenchyme after epidermal bud formation. When the BMP
signaling is in the active state, it determines the formation of
ESGs. When BMP signaling is weaker than Shh, it determines
the formation of HFs. Hu et al. (2019) cocultured EpiSCs
with embryonic paw pad tissue, which demonstrated glandular
structure. Moreover, BMP4 concentration was detected in the
medium and a BMP receptor inhibitor could effectively block
the EpiSC differentiation to ESGs (Hu et al., 2019), implying the
possibility of BMP4 application in the regeneration of ESGs.

ERK Signaling Pathway
Epidermal growth factor and FGF, as cytokines, can activate the
ERK signaling pathway. EGF can specifically trigger proliferation
or differentiation by leading to population-averaged transient
or sustained ERK (Marshall, 1995; Santos et al., 2007). By
activating ERK through FGFRs, FGF can regulate development,
wound healing, and angiogenesis (Ornitz and Itoh, 2015). Some
studies have shown that EGF or KGF (also called FGF7) could
induce stem cell differentiation into SGLCs (Xu et al., 2016;
Kolakshyapati et al., 2017). All of these show that the ERK
pathway is important in ESG regeneration.

CONCLUSION AND FUTURE
PERSPECTIVES

Recently, skin tissue engineering research has been greatly
developed. However, current skin substitutes do not contain skin
appendages. Therefore, current skin substitutes can only be used
to cover the wound, but cannot play physiological functions
of normal skin, which is far from enough for patients with
severe burns. Studies on the development, structure and function
of ESGs have been intensively conducted. On this basis, ESG
regeneration has been studied and great advances have been
made. The study of skin tissue engineering is often divided into
several aspects of cells, scaffolds and biomolecules, and ESG
regeneration research is also similar. In this review, ESG and its
regeneration have been systematically reviewed. There are three
main categories must be considered in ESG regeneration: stem
cells, scaffolds, and possible signaling pathways involved.

It is clear from the works herein reviewed that ESG
regeneration research involves combination of different types of
stem cells, scaffolds, and signaling pathways. So far, researchers
successfully reconstructed SGL structures via a variety of
methods. However, whether the 3D-reconstituted ESGs can
perform physiological functions needs further verification.
In addition, the detailed mechanism of how a variety of
biomolecules induces ESG differentiation remains to be further
studied. Current methods of regenerating ESGs are inefficient,
mainly due to the limited number of stem cells, low cell
differentiation efficiency and other unpredictable factors. In
conclusion, ESG regeneration research is still at a very early
stage. We expect to be able to regenerate ESGs to compensate
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for the inability of tissue-engineered skin to secrete sweat. With
the development of stem cells study, molecular biology and
biomaterials, ESG regeneration will be achieved in future.
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Currently, research on intestinal diseases is mainly based on animal models and cell lines
in monolayers. However, these models have drawbacks that limit scientific advances in
this field. Three-dimensional (3D) culture systems named organoids are emerging as a
reliable research tool for recapitulating the human intestinal epithelium and represent
a unique platform for patient-specific drug testing. Intestinal organoids (IOs) are crypt–
villus structures that can be derived from adult intestinal stem cells (ISCs), embryonic
stem cells (ESCs), or induced pluripotent stem cells (iPSCs) and have the potential to
serve as a platform for individualized medicine and research. However, this emerging
field has not been bibliometric summarized to date. Here, we performed a bibliometric
analysis of the Web of Science Core Collection (WoSCC) database to evaluate 5,379
publications concerning the use of organoids; the studies were divided into four clusters
associated with the current situation and future directions for the application of IOs.
Based on the results of our bibliometric analysis of IO applications, we systematically
summarized the latest advances and analyzed the limitations and prospects.

Keywords: organoid, intestinal stem cell, bibliometric analysis, overview, preclinical models

INTRODUCTION

Recent progressive improvements in personalized medicine as a result of substantial developments
in molecular biology and genetic research indicate the need for preclinical studies. Cell lines
grown in monolayers, patient-derived tumor xenografts (PDTXs), and genetically engineered
mouse models (GEMMs) are commonly used in experimental research. However, most of these
models fail to phenocopy the response of diseases and drugs directly (see Table 1); human
cell lines originate from a single type of cancer or embryonic cells due to strong selection
bias (e.g., normal epithelium-derived cell lines are immortalized by virus transformation),
which cannot recreate complex cell–cell interactions, heterogeneous environments, and gene
mutations or chromosomal abnormalities (Bein et al., 2018; Fujii and Sato, 2021); the associated
costs, animal ethics, and species differences between experimental animals and humans are
major issues that must be resolved (Sato and Clevers, 2013; Hickman et al., 2014; Liu
et al., 2016; Bein et al., 2018; Kapalczynska et al., 2018; Pereira et al., 2018; Yin et al.,
2019). Thus, identifying simpler, more robust, and widely available preclinical models for
basic gastrointestinal research has rapidly become a subject of interest in recent decades.
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TABLE 1 | Advantages and disadvantages of research models.

Features In vitro In vivo

Cell lines Organoid CDX/PDX GEMM

Advantages • Homogenous
• Ease of passage and

maintenance
• Simple media
• Immortalization
• High-throughput drug screens
• Lowest cost

• 3D structure
• Parental heterogeneity
• Self-renew and self-organization
• Original genetic and histological

profiles
• High-throughput drug screens
• Fast expansion

• Tumor–stroma interaction
• Angiogenesis
• Integrated TME
• Original genetic and

histological profiles

• Amenable to relevant
genetic modification
• Immune competent
• In situ cancer research

Disadvantages • Fails to reflect the physiological
environment
• Tissue morphology
• Lacks stromal and infiltrating

cells andmicroenvironment
• Does not represent

heterogeneity
• Gene mutation or chromosomal

abnormality

• Only epithelial origin
• Lacks tumor–stroma interaction

• Time- and resource-consuming
• Immune suppression
• Complex ethical issuesComplicated

operation
• Fail to reproduce species-specific effect

of human
• Large scale experiments not possible

To address the associated challenges, Sato et al. (2009) cultured
self-organizing three-dimensional (3D) epithelial-like structures
termed intestinal organoids (IOs), which are also known as
“enteroids” or “mini-gut.” Upon suspension in a luminal-
rich scaffold (namely, Matrigel) with a defined set of niche
factors, organoids present long-term growth and expansion.
The term organoid was first mentioned in a study on tumor
mechanisms in 1946 (Smith and Cochrane, 1946). Subsequently,
its meaning evolved to generally refer to tissues or structures
that are similar to organs, and the term has been increasingly
used for in vitro biology. IOs are derived from tissue-resident
stem/progenitor cells, including embryonic stem cells (ESCs) or
induced pluripotent stem cells (iPSCs), and they recapitulate
many aspects of their functionality in vitro (Lancaster and
Knoblich, 2014). Human organoid culture protocols have been
established for several additional organs or tissues, such as
the stomach, esophagus, colon, pancreas, breast, liver, prostate,
retina, and thyroid (Barker et al., 2010; Huch et al., 2013a,b;
Zhang et al., 2013; DeWard et al., 2014; Karthaus et al., 2014;
Saito et al., 2018; Dorgau et al., 2019). Compared with 2D cell
lines, IOs maintain all hallmarks of the original tissue in terms
of architecture, cell type, and self-renewal dynamics. Moreover,
organoids exhibit superior epithelial natural physiology and have
stable phenotypic and genetic characteristics (Sato and Clevers,
2013; Toden et al., 2018). Overall, the development of organoids
fills the gap between genetics and patient trials. In the future,
they can be subcultured and cryopreserved for a long time (Sato
et al., 2009; Sato and Clevers, 2013; Hickman et al., 2014; Liu
et al., 2016), which represents ideal characteristics for future basic
research and therapeutic development.

As a novel and bona fide research model, IOs have raised hopes
for research on disease modeling, therapeutic development, host–
microbe interactions, biomolecule delivery, and intestinal biology
and development. At present, a significant number of academic
publications related to this relevant topic are contributed from
worldwide institutions and laboratories. Since these publications
are scattered, a robust conclusion of the research in IOs is needed

to pull the literature together in a coherent way. Here, we first
performed a bibliometric analysis to form a network map using
keywords from publications on IOs and provided an in-depth and
comprehensive understanding of IO research involved based on
a large-scale publication. This technology-based review outlines
dynamic topics in biomedical and clinical research over recent
decades and focused on the limitations and strengths of IOs.

VISUALIZATION OF IOS BASED ON
BIBLIOMETRICS

Current Developmental Trends of IO
Headings
First, we performed a search query using “organoid” or
“organoids” on the Web of Science Core Collection (WoSCC)
database from 2009 (which was when the first report on
organoids was published) to December 31, 2019, and 5,379
publications were found. Next, we conducted another search
using the following terms: “intestinal organoids” or “mini-gut” or
“enteroids” and identified 750 publications in all. These studies
could be classified into 10 study types (see Figure 1C). Original
articles (71.3%) were the most dominant type of publications
throughout the whole period, and reviews accounted for 13.2%
of articles. We used the polynomial model (see Figure 1D) to
identify the number of publications on IO research in various
research fields. The successful development of IOs was first
reported in 2009, and the next 5 years showed slow and steady
progress in the field. After 2015, the number of papers continued
to show a growth trajectory, with a year-to-year increase in
studies. Most research has mainly focused on cell biology and
oncology in the fields of gastroenterology and hepatology. In
addition, the number of papers published in immunology,
pharmacology/pharmacy and chemistry, materials science and
engineering, and infectious diseases and metabolism per year
steadily increased. A similar trend of annual development was
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FIGURE 1 | (A) Organoid research papers by document type percentage; (B) distribution of different research fields and number of papers for organoids per year in
2009–2019. (C) IO research papers by document type percentage; (D) distribution of different research fields and number of papers for IOs per year since 2009.

observed for both the studies on organoids and IOs (see
Figure 1).

Network Analysis of Research Topics
The network map of keywords was visualized by VOSveiwer
1.6.11 (Leiden University, Leiden, Netherlands). The node size
in the network map represents the frequency of keywords,
the links between nodes represent their co-occurrence, and
the differences in node color indicate different clusters (Xie,
2015; Gao et al., 2019). Network analysis based on high-
frequency keywords (see Figure 2) showed that the keywords
from published papers could be clustered into four groups. The
red region (Cluster #1, entitled “The formation of IO”) included
the main terms associated with stem cell and organoid formation,

including stem cells, IOs, pluripotent stem cells, pathogenesis,
human colon, enteroids, culture, and disease. The green region
(Cluster #2, entitled “IO as a disease model”) described the
application of organoids in various fields, such as disease models
and drug screening. The terms in the figure (Crohn’s disease,
tumorigenesis, homeostasis, colitis, microbiota, etc.) represent
the current, relatively mature field of organoids. The blue area
(Cluster #3, summarized as “IO for drug research”) indicated
that tissue-engineered intestine, including tissue transplantation
and regeneration, could represent a new era in IO applications.
Another interesting finding from these network maps was the
yellow cluster, which was related to engineered biomaterials used
in organoid systems (Cluster #4, indicated by “IO in organ
regeneration and transplantation”), representing potential ways
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FIGURE 2 | Network map of the high-frequency keywords for IO research.

for overcoming the shortcomings of organoid systems. Although
there are few studies on this topic at present, we believe that this
topic will become the next hot spot in organoid research.

Based on the bibliometric findings, we will highlight recent
advances and divide them into four research topics related to
the application of IOs over the past decades with the expectation
of more valuable conclusions in future follow-up studies (see
Figure 3).

APPLICATIONS OF IOS ACCORDING TO
THE FOUR CLUSTERS OF THE
NETWORK ANALYSIS

The Formation of IOs
The gastrointestinal tract is an essential part of the human
body responsible for digestion, nutrient absorption, and waste
excretion (Okamoto and Watanabe, 2016). The intestinal
epithelium is a single-cell layer that establishes a natural barrier
against the external environment through a highly regulated
self-renewal and differentiation process (Snijder and Pelkmans,
2011; Yui et al., 2012; Barker, 2014). Crypts are proliferative
areas that harbor stem and progenitor cells at the base, and
villi are differentiated regions that protrude into the lumen and
consist of various terminally differentiated cell types; these two
areas constitute the basic structure of self-renewing epithelial
cells. Intestinal stem cells (ISCs) are indispensable at the start

of the canonical crypt-to-villus hierarchical migratory hypothesis
(Hendry and Potten, 1974; Bjerknes and Cheng, 2006). Two
subgroups of ISCs can be identified: ISCs reside on the bottom of
the crypt and are also referred to as crypt base columnar (CBC)
cells, while +4 region cells stay in a quiescent state (Scoville
et al., 2008). The intestinal epithelium maintains regenerative
capacity and can be replaced every 3–4 days in mice and every
week in humans. The specialized ISC population in the CBC
is the main driving force of intestinal self-renewal (Sato et al.,
2009; Kwon et al., 2020). For the sustainable maintenance of the
intestinal epithelium, CBC cells that strongly express leucine-rich
repeat-containing G protein-coupled receptor 5 (Lgr5) (Barker
et al., 2007) provide progenitor cells during self-renewal (see
Figure 3). Generally, Lgr5 + CBC cells differentiate into transit-
amplifying (TA) cells, which migrate upward along the crypt–
villus axis and further lose their proliferative ability, and finally
generate mature epithelial cells, such as enterocytes, goblet cells,
enteroendocrine cells, Paneth cells, and Tuft cells (Sato et al.,
2011b; Yui et al., 2012).

Sato et al. (2009) utilized this self-organizing and self-
renewal characteristic of ISCs to develop the first IO culture
system from a single Lgr5 + ISC in mice. Accordingly,
niche-mimicking and defined growth factors are added to
the culture medium to either stimulate or inhibit signaling
pathways involved in sustaining the self-renewal capabilities of
the Lgr5 + ISCs (van der Flier and Clevers, 2009; Sato et al.,
2011b; Clevers et al., 2014; van Rijn et al., 2016). The important
ingredients of the small IO culture medium include R-spondin
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FIGURE 3 | Four research topics on the application of IOs based on bibliometrics. (A) The formation of IO: Organoids are derived from a single Lgr5 + ISC. ISCs
reside either at the crypt base, between Paneth cells, as CBCs, or at position +4 from the bottom of the crypt. (B) IO as a disease model: Intestinal diseased
organoids use samples from biopsies or resection and preserved as a biobank in basic research. (C) IO for drug research: Based on the sequencing results and
gene–drug association links, high-throughput drug screening of candidate drugs can be performed in IOs to determine effective therapeutic strategies. (D) IO in
organ regeneration and transplantation: Many studies of organoid transplantation and maturation are in progress, which means that organoids can be used as a
source of cells or tissues with genetic mutations for regenerative medicine purposes.

1; Holmberg et al., 2017; Qi et al., 2017), epidermal growth factor
(EGF), bone morphogenic protein (BMP) antagonist Noggin,
and ROCK inhibitor Y-27632. R-spondin 1 is a Wnt agonist
that induces marked crypt hyperplasia in vivo (Barker et al.,
2007). An expansion in the number of crypts is induced by
Noggin’s transgene expression (Haramis et al., 2004). The Rho
kinase inhibitor Y-27632 can inhibit anoikis of ESCs (Zhang
et al., 2019), whereas WNT3A supplementation is necessary
for colonic organoid cultures (Sato et al., 2009, 2011a). To
reduce the commercial burden of these defined factors and
simplify the media formulation for organoid culture, Miyoshi and
Stappenbeck (2013) inverted a novel conditioned medium (CM)
from the supernatant of L-WRN cells, which are derived from
mouse L cells and secrete Wnt3aA, R-spondin 3, and noggin.
Compared with recombinant media, L-WRN CM is relatively
inexpensive and provides complete high-titer proteins to activate
Wnt signaling pathways.

Morphologically, IOs recapitulate intestinal epithelial
structures in vivo: single Lgr5 + ISCs initially form villus-like
spherical structures with a closed-loop hollow lumen, and
then the cyst buds up, differentiates into a crypt-like structure,
and finally forms a mature organoid structure; subsequently,
ISCs stay at the bottom of the budding domains, while other

differentiated intestinal epithelial cells (IECs) migrate to the
central cyst (Sato et al., 2009; Date and Sato, 2015). Moreover,
IOs can maintain stable genetic characteristics and biological
behavior after repeated freezing and passaging and require
passaging at 1:3–1:4 every 3 days (VanDussen et al., 2015).

IOs as a Disease Model
Spence et al. (2011) generated an organoid system to mimic
embryonic intestinal development. This system recapitulates the
differentiation from human pluripotent stem cells (hPSCs) to
polarized intestinal epithelium that is patterned into villus-like
structures and crypt-like proliferative zones and contains all
major epithelial cell types. This breakthrough demonstrates that
human intestinal organoids (HIOs) can be used to study early
events in intestinal disease development and identify unique
disease preventive agents. Finkbeiner et al. (2015) demonstrated
that HIOs closely resemble the fetal intestine and found that
the ISC marker OLFM4 was expressed at extraordinarily low
levels in the fetal intestine and HIOs but expressed at high
levels in adult crypts, indicating that HIOs can be used to
model fetal-to-adult gut maturation. A dysfunctional mutation
in NEUROG3 induces congenital malabsorptive diarrhea because
of the lack of enteroendocrine cells. Furthermore, knocking down
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the NEUROG3 transcript via short hairpin RNA in hPSC-derived
organoids has been reported to result in a reduction in intestinal
enteroendocrine cells, suggesting that NEUROG3 expression can
directly affect the development of intestinal enteroendocrine cells
(Spence et al., 2011).

Over past decades, IOs have been widely used to study
the pathophysiology of various human diseases, including
colorectal carcinoma (CRC), gastrointestinal inflammation (such
as inflammatory bowel disease, IBD), infectious diseases (such as
those related to Helicobacter and Salmonella), malignancy, and
genetic diseases (such as cystic fibrosis, CF).

Intestinal Carcinoma
Colorectal carcinoma is a heterogeneous disease that consists
of genomic and epigenetic alterations (IJspeert et al., 2015).
Organoids cultured from human CRC cells are more accurate
models of CRC that present stable passage, easy operation, and
indefinite expansion features. Correspondingly, transcriptomic
profiling has shown that these “patients in the lab” can carry
over the complete genotypic and biological characteristics of the
original tumor (van de Wetering et al., 2015; Vlachogiannis et al.,
2018; Lau et al., 2020).

Methods have been developed to culture CRC organoids
originating from both surgery specimens and endoscopic biopsy
tissues. Multiple collections of patient-derived organoid (PDO)
cultures have been established. van de Wetering et al. (2015)
collected tissue from 22 consecutive primary CRC patients
and 19 normal controls to establish the first living organoid
biobank, with a 90% success rate. Compared with normal hIOs,
over 94% of IOs derived from CRC patients showed aberrant
activation of the Wnt signaling pathway caused by mutations
(Cancer Genome Atlas Network, 2012); therefore, Wnt and R
spondin withdrawal culture medium was used to selectively
expand tumor organoids with high purity (van de Wetering
et al., 2015). Intestinally, further testing showed that in addition
to Wnt activators, an optimal oxygen concentration and a
p38 inhibitor were essential for the long-term passage of CRC
organoids (Fujii et al., 2016). With improved culture conditions,
living organoid biobanks representing rare histological subtypes
(e.g., mucinous adenocarcinoma and neuroendocrine tumor),
premalignant subtypes (e.g., hyperplastic polyps, sessile serrated
adenoma/polyps, and tubulovillous adenoma), and metastatic
CRC have been successfully established (Fujii et al., 2016).
Another study (Vlachogiannis et al., 2018) obtained 110
biopsy specimens from patients with advanced colorectal and
gastroesophageal cancer tissues and constructed 71 PDOs.
According to the comparison of the drug response (including
that of target therapies and chemotherapies) observed in patients
and the ex vivo response in the respective PDOs, these PDOs
have higher specificity and more accurate predictions than other
models, indicating that they have the potential to be implemented
in personalized medicine programs.

Sixty percent of all CRC cases arise from adenomatous
polyps following the adenoma-carcinoma sequence (also named
the conventional pathway) (Lau et al., 2020; Shaashua et al.,
2020). Wnt signaling is continuously activated in the intestinal
organs of APC-deficient mice, which interferes with the

differentiation process. Transplanting APC gene-deficient organs
into immunodeficient mice can cause subcutaneous tumor
formation and activate the Kras signaling pathway to promote
tumorigenesis (Onuma et al., 2013). Cao et al. (2015) established
IOs derived from CRC-prone ApcMin/+ mice to screen for
epigenetically active compounds responsible for increasing
organoid differentiation [including histone deacetylase (HDAC)
inhibitors, sirtuin (SIRT) modulators, and methyltransferase
inhibitors]. Xu et al. (2014) used ApcMin/+ mouse intestinal
epithelium to form APC gene-deficient heterozygous organs to
mimic familial adenomatous polyposis and found that Rad21 is
a crucial regulator of APC gene deficiency and plays a key role
in the pathogenesis of colon cancer. Nadauld et al. (2014) found
that TGFBR2 loss induces metastatic gastric cancer via shRNA
knockdown in Cdh1−/− Tp53−/− murine organoids. With
similar shRNA strategies, the Apc, p53, KrasG12D, and Smad4
genes were knocked down in murine CRC organoids. These
organoids exhibited an invasive adenocarcinoma-like histological
structure and had tumorigenic tumors in vivo (Li et al., 2014). In
2018, scientists (Sakai et al., 2018) transplanted intestinal tumor-
derived organoids carrying mutations in APC, KrasG12D, and
TGFBR2 into mice, and these organoids promoted intravasation
and efficient liver metastasis.

Efficient genome cleavage by the CRISPR-Cas9 system in
organoids contributes to defined gene defects mimicking the
effect of tumors. By knocking out tumor suppressor factors,
such as APC, TP53, and SMAD4, as well as overexpressing
oncogenes, such as Kras and PI3K, by CRISP/Cas9, direct
conversion of healthy human colon organoids into homologous
cancerous organoids has been realized (Drost et al., 2015; Matano
et al., 2015). Deleting certain DNA repair genes to simulate
mismatch repair deficiency in human CRC organoids and
dissecting predominant mutation signatures could be performed
to systematically determine their molecular origins (Drost et al.,
2017). Serrated colon adenoma is a precursor CRC subtype
that is characterized by a serrated histopathological morphology
and initiated by oncogene BRAFV600E mutations. Scientists
have demonstrated that BRAFV600E mutations in combination
with microenvironmental transforming growth factor-β (TGFβ)
signaling drive the transformation from serrated colon adenoma
to mesenchymal CRC in engineered BRAFV600E-expressing
human organoid cultures (Fessler et al., 2016). CRISPR-Cas9-
based orthotopic transplantation models of organoids have also
been established (O’Rourke et al., 2017; Roper et al., 2017).
Organoids harboring Apc/Trp53 deletion were directly injected
into the colonic epithelium for primary tumor and hepatic
metastasis formation in mice without cancer-predisposing
mutations. To promote high-throughput genetic testing and the
functional characterization of tumor drivers, the latest studies
developed a screening platform that uses a combined CRISPR-
Cas9 library in PDOs from CRC patients, and it can identify
tumor suppressor genes in vivo and in vitro. The platform is
paired with a unique molecular identifier (UMI) to establish
a CRISPR-UMI screening library for patient-specific functional
genomics, thus allowing phenotypic research at a clonal level
(Michels et al., 2020). Accordingly, organoids derived from a
single cell that capture the intratumor heterogeneity of genetic
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mutations can be a powerful tool to improve therapeutic
strategies against CRC. Notably, in the PDO system, multiple
passages should be avoided to ensure that the genetic features of
the original tumors are maintained and prevent the continuous
accrual of chromosome mis-segregations or replication errors in
organoids with chromosomal instability.

Inflammatory Bowel Disease
Inflammatory bowel disease can cause damage to the epithelium
of the small intestine (Crohn’s disease, CD) and colon
(ulcerative colitis, UC). The lack of an appropriate model
for the intestinal epithelium in IBD has hindered studies on
the possible mechanisms and drug development. Dotti et al.
(2017) established UC epithelial organoids first and identified
differential gene sets between UC and normal organoids.
Interestingly, the genes upregulated in UC, including WNT3,
EGF, DLL4, and BMP2, are key niche factors of Paneth cells
in the murine small intestine. Another study used PDOs
taken from the active lesions of CD patients and examined
them via microfluid-based single-cell multiplex gene expression
analysis (Suzuki et al., 2018). The results showed that the active
lesion presents a distinct expression pattern of ISC marker
genes, suggesting that small ISC properties are modified by
unidentified factors in the inflammatory environment. These
studies indicated that the inflammatory microenvironment in the
ISC niche leads to a disrupted epithelial barrier and suggested that
impaired epithelial regeneration could be a potential cause of the
pathogenesis of UC.

Previous studies have re-established the inflammatory
milieu in IO culture systems. Mutation of the autophagy-
related gene ATG16L1 can cause necrotic apoptosis of the
intestinal epithelium and Paneth cell dysfunction related to
IBD. Stimulation with tumor necrosis factor-α (TNF-α) or
its combination with interferon-γ induced Paneth cell loss
and programmed necrosis in ATG16L1-deficient IOs. The
cytoprotective function of ATG16L1 is related to the role of
autophagy in promoting mitochondrial homeostasis, indicating
the role of ATG16L1 in protecting IECs (Matsuzawa-Ishimoto
et al., 2017; Pott et al., 2018). ATG16L1 deficiency also sensitizes
mouse ileal organoids to the cytokine interleukin (IL)-22, a
Crohn’s disease-related cytokine that is associated with epithelial
proliferation, tissue regeneration, inflammatory response, and
transcriptional program regulation (Tsai et al., 2017; Powell
et al., 2020). Studies have used the organoid survival rate as a
determinant for ISC survival and organoid size as a measure
of ISC proliferation, and they demonstrated that increased
IL22 expression limits ISC expansion by controlling progenitor
cell numbers and expansion (Zwarycz et al., 2019). Powell
et al. (2020) analyzed transcriptomic data of PDOs from a
large cohort of patients with active CD and found that IL22-
responsive transcripts are highly correlated with the endoplasmic
reticulum (ER) stress response transcription module of the
colonic epithelium in active colitis patients. Both IL22 and
ER stress are highly enriched in the colonic epithelium of
active colitis patients and are positively correlated with the
severity of colitis, suggesting that the IL22/ER stress axis plays
an essential role in chronic inflammation development. Via

whole-exome sequencing of uninflamed and inflamed organoids
from the same UC patient, a recent study demonstrated that
the inflamed epithelium of UC accumulates somatic mutations
related to the IL-17–NF-κB signaling pathway. Notably, some
of these mutations could exacerbate IBD but are irrelevant
to tumorigenesis (Nanki et al., 2020). Khaloian et al. (2020)
found that ileal crypts from inflamed TNF1ARE mice with
mitochondrial dysfunction caused by knocking out Hsp60 in
Lgr5 + ISCs failed to grow mature organoids. Mitochondrial
respiratory dysfunction resulted in lower Lgr5 expression in ISCs
and promoted their differentiation into abnormal Paneth cells to
influence the ISC niche. Taken together, these findings indicate
that the IO model can be effectively used to provide insights
into the mechanism of IBD according to pathways specific to the
epithelium and genotype, and that it can also be used to identify
new therapeutic targets.

Cystic Fibrosis
Intestinal organoid technology has had impressive impacts on
research for the autosomal recessive disorder, CF, which is caused
by mutations in the CF transmembrane conductance regulator
(CFTR) gene that contribute to aberrant function of the chloride
channel (Ratjen and Doring, 2003). Patients with CF suffer from
the buildup of highly viscous mucus, and the main complications
are persistent lung and gastrointestinal tract infections (Dekkers
et al., 2016). Because various CFTR mutations (up to 2,000)
are implicated in a broad spectrum of phenotypes, cell lines
and animal models cannot faithfully mimic the self-renewal of
CF-related cells (Dekkers et al., 2013). Because of the absence
of well-defined molecular targets, CF patients lack effective
treatment options.

The earliest use of IOs in CF was reported in 2012 (Liu
et al., 2012): researchers used murine intestinal crypt cultures
for physiological studies of crypt epithelium by focusing on
the transport activity of the CFTR. Subsequently, Dekkers
et al. (2013) collected ISCs from rectal biopsy specimens to
generate organoids and developed a sophisticated microscopic
assay called the forskolin-induced swelling (FIS) assay to model
CFTR function. CFTR is the only channel that opens in a
cAMP-dependent manner in the intestine. Forskolin increases
the intracellular cyclic AMP concentration, thereby inducing
the robust swelling of wild-type organoids. Correspondingly,
swelling does not occur in CF organoids with abnormally
functioning CFTR, is attenuated in organoids expressing CFTR-
F508del (F508del is the most dominant CFTR mutation),
and is totally lost in CFTR-deleted organoids. By applying
PDO technology and FIS assays, this team demonstrated that
cotreatment with the CFTR potentiator VX-770 and the CFTR
corrector VX-809 was superior to a single treatment in restoring
the function of CFTR-F508del (Dekkers et al., 2016). In addition,
Clevers’ team (Schwank et al., 2013) modified the CFTR locus
by homologous recombination via CRISPR/Cas9 technology,
wherein a normal CFTR gene was inserted into organoids from
CF patients. The morphology, function, and gene expression of
these PDOs were consistent with those of healthy organoids,
and FIS was restored after repair. If these repaired organoids
are reintroduced into the source patient, they may cure CF.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 August 2021 | Volume 9 | Article 609452130

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-609452 July 28, 2021 Time: 13:36 # 8

Zhang et al. A Bibliometric Analysis in Intestinal Organoids

Thus, organoid technology provides a new scope for personalized
treatment for CF patients.

Infectious Diseases
The human gastrointestinal epithelium is the prime interface
for interactions with microorganisms. The healthy intestinal
mucosal barrier is a finely tuned ecosystem of microbiota
that maintains the balance between host–microbe interactions.
Intestinal cell lines and animal models cannot accurately
imitate gastrointestinal infectious diseases in vitro because of
poor phenotypic, genetic, and epigenetic characteristics (Yin
et al., 2015). Increasing studies are focusing on explaining the
relationship between host–pathogen interactions in IO models.
3D enteric pathogen organoid models, including bacteria, viruses,
and parasites, have been successfully established to explore the
physiological role or pathogenic mechanism of the intestinal
infectious diseases. Instances of such infectious agents include
Salmonella typhi (Zhang et al., 2014; Wilson et al., 2015),
enterohemorrhagic Escherichia coli (EHEC) (Foulke-Abel et al.,
2014; In et al., 2016), Clostridium difficile (Engevik et al., 2015;
Leslie et al., 2015), rotavirus (Saxena et al., 2016), norovirus
(Ettayebi et al., 2016), enteroviruses (Drummond et al., 2017),
and Cryptosporidium (Heo et al., 2018).

Many of the pathogens that infect humans fail to grow in
2D cultures. Although several attempts have been made over
many years, scientists are still unsure how to grow human
norovirus (HuNov) ex vivo because of the lack of a reproducible
cultivation system. Research has used microinjections to mimic
enteric infections, and this approach is more beneficial for
the intestinal lumenal structure (Engevik et al., 2015). Ettayebi
et al. (2016) established an ISC-derived organoid system to
support HuNov replication in vitro and demonstrated that some
variants (such as GII.3) replicate only in the environment of the
intestinal cellular milieu constructed by bile, suggesting that IOs
might be used as antivirals against norovirus. Rotaviruses are a
common cause of acute, dehydrating, often fatal, gastroenteritis
in infants and young children. Finkbeiner et al. (2012) tested
that induced hIOs derived from differentiated stem cell lines can
support replication of rotaviruses directly from stool samples.
Compared with traditional cell line models, most rotavirus
strains have about 10 times higher viral replication power, which
supports the use of HIO as a new tool for human rotavirus
research. Meanwhile, Heo et al. (2018) infected intestinal and
lung organoids derived from healthy human donors with
Cryptosporidium parvum. Of note, Cryptosporidium propagates
within IOs, especially in differentiated organoids rather than
expanding organoids, and recapitulates its complex life cycle with
asexual and sexual stages in vitro. Present studies confirm that
IO can also be a promising model for vaccines and antivirals.
Yin et al. (2015) demonstrated that compared with 2D Caco-
2 (immortalized human colonic adenocarcinoma) cell lines,
hIOs are highly permissive to rotavirus infection. Furthermore,
treatment of interferon-alpha or ribavirin that inhibited viral
replication in organoids showed more sensitive and diverse
antiviral effects. Next, this team testified the effects of PI3K–Akt–
mTOR signaling on maintenance of rotavirus infection within
hIOs, and the mTOR inhibitor, rapamycin, induced autophagy

machinery to inhibit rotavirus replication, which may indicate
that new therapeutic targets for antiviral drugs.

The threat caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is challenging health systems
globally. Regarding the ongoing coronavirus disease 19 (COVID-
19) pandemic, human organoids are also being utilized against
SARS-CoV-2 infections (Hou et al., 2020; Wang et al., 2020;
Zhou et al., 2020; Geurts et al., 2021). Compared with many cell
lines, human organoids can be infected with SARS-CoV-2 easily
without inducing the addition of key host factors, such as ACE2,
which allows the examination of pathogen interactions with
primary epithelial cells directly. These unanticipated findings
provide new insight into enteroviral infection using IOs that
provide a robust model system for studying rotavirus–host
interactions and assessing antiviral medications.

IOs for Drug Research
The intestinal epithelium contains several drug-metabolism
enzymes that play a vital role in the assessment of the
pharmacokinetics of oral drugs, the metabolism of drugs, and
the expression of uptake and efflux transporters (Onozato et al.,
2018). The development of novel drugs is difficult, and the
translation of innovative science into effective therapies has been
seen as a major bottleneck in new drug research. Compared
with the traditional drug screening model, IOs predict drug
toxicity and human efficacy more accurately, thus making them
an important alternative in drug screening and development that
can provide perspective and highlight emerging opportunities.

Regarding pharmacokinetic functions, IOs generated from
murine intestinal cells were successfully used to evaluate
the function of the efflux transporter ATP-binding cassette,
subfamily B, member 1/multidrug resistance 1 (ABCB1/MDR1)
(Hilgendorf et al., 2007; International Transporter Consortium
et al., 2010). In recent years, studies quantifying the excretion
function of ABCB1/MDR1 using 3D IOs have been reported, and
these organoids are expected to be applied to a P-gp inhibitor
screening system (Mizutani et al., 2012; Zhang et al., 2016; Zhao
et al., 2017). Onozato et al. (2018) successfully induced human
iPSC differentiation in pharmacokinetically functional IOs by
using A-83-01, PD98059, 5-azacytidine, and dual antiplatelet
therapy (A/PD/5-aza/DAPT). This result indicates that human
iPSC-derived IOs can serve as useful in vitro experimental
systems in pharmacokinetic studies and accelerate the pace of
mechanistic research.

Grabinger et al. (2014) found that IOs were 10–30 times more
sensitive to 5-fluorouracil treatment than 2D cell lines via a
modified MTT assay, suggesting that ex vivo IOs may reflect the
sensitivity of intestinal crypt cells more closely in vivo. Next, they
cultured IOs from mice with deletion of the pro-apoptotic Bcl-
2 homolog Bim (Bim−/− mice) and wild-type mice and treated
them with cisplatin, revealing that the sensitivity of IOs from
Bim−/− knockout mice to cisplatin was significantly decreased
and indicating that Bim is necessary for IO apoptosis induced
by cisplatin. Another study (Lavitrano et al., 2020) used drug-
resistant TP53-null colon cancer PDOs and demonstrated that
silencing or chemical inhibition of p65BTK, a novel oncogenic
isoform of Bruton’s tyrosine kinase (BTK), helped overcome the
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5-fluorouracil resistance of PDOs and significantly slowed the
growth of xenografted tumors. Targeting p65BTK can restore the
apoptotic response in drug-resistant CRC cells, suggesting that
the combination of BTK inhibitors with 5-fluorouracil is a novel
therapeutic approach for CRC patients.

High-throughput screening of 83 types of compounds and
22 types of living organoids from biobanks was applied to
identify the most potent drugs for each organoid, and then
the drug sensitivity was correlated with the genomic data to
accurately detect the molecular markers related to drug effects
and lesions. This organoid drug screening assay generates
reproducible high-quality drug-sensitivity data. Vlachogiannis
et al. (2018) collected 67 metastatic CRC biopsy samples from
61 patients and cultured 40 PDOs. These PDOs could be used
to predict the patient response to irinotecan (I) and I + 5-
fluorouracil (FI) combination therapy, which demonstrated that
a response to FI combination therapy in a PDO indicated
longer progression-free survival in the corresponding patient.
This report was the first to show the prognostic value of PDOs in
personalized medicine via a biobank of PDOs. Moreover, Buzzelli
et al. (2018) validated that CRC liver metastasis organoids
recapitulated the morphological characteristics and pathological
stage of the corresponding tumor. These organoids were collected
from patients who did not respond to oxaliplatin treatment or
capecitabine therapy. The cultures were pretreated with three
rounds of chemotherapy drugs for 4 days, and the loss of distinct
lumen-like structures in the culture morphology was observed
after chemotherapy. The results demonstrated that CRC liver
metastasis organoids acquire chemotherapy resistance patterns
and can be used as surrogates for drug testing. Furthermore, an
additional study (Toden et al., 2018) using PDOs demonstrated
that oligomeric proanthocyanidins (OPCs) in CRC protect
against chemotherapy-induced toxicity by targeting cancer stem
cells. Another study involving an organoid culture assay revealed
that apigenin (Xu et al., 2016) suppresses CRC cell proliferation,
migration, and invasion via inhibition of the Wnt/β-catenin
signaling pathway. The results discussed above indicate that IOs
can recapitulate the histological and genetic features of CRC
tissues and may serve as useful drug screening models.

Organoids help bridge the gap between preclinical and
clinical research by providing a relevant in vitro model
of human diseases. The combination of newly established
3D patient organoid culture systems with personalized high-
throughput drug screening and genomic analysis of patient-
derived tumor samples offers a unique opportunity to stratify
and identify effective cancer therapies for individual patients
(Kriston-Vizi and Flotow, 2017).

IOs in Organ Regeneration and
Transplantation
Organ transplantation is currently the best method for treating
end-stage organ diseases. However, multiple problems, such as
organ source, postoperative graft rejection, and complications,
remain to be solved. Proof-of-concept studies have demonstrated
the feasibility of expanding organoids from single stem cells and
subsequent safe transplantation into animals.

Transplanting functional colonic organoids into a dextran
sulfate-induced acute colitis mouse model can repair the
damaged colonic epithelium, suggesting that organoids can
expand from single adult colonic stem cells in vitro (Yui
et al., 2012). Sugimoto et al. (2018) transplanted human colon
organoids in situ into the submucosa of mouse colons and
observed their growth in mice. Interestingly, the xenografts
retained the original human characteristics rather than acquiring
those of the mouse host; these features included the crypt–villus
structure and Paneth cells. Patients with IBD who fail to respond
to physical medication have to undergo enterectomy, which leads
to a substantial reduction in quality of life. Yui et al. (2012) grafted
mouse-derived colon organoids to cover the epithelial-defective
region in mice with colitis. Four weeks later, the organoid-
based xenografts had formed a single-layered epithelium that
restored normal intestinal function and histology. A clinical
trial (Shimizu et al., 2019) established an orthotopic xenograft
system for IBD patients via organoids derived from colonoscopy
biopsy samples. In the trial, the generated grafts enriched in ISCs
were used to cover the wound, thus enabling the restoration
of mucosal barrier integrity and local immune abnormalities.
Therefore, ISC transplantation represents a potential therapeutic
tool for IBD patients who do not respond to medication and
refuse surgery. Nakamura and Sato (2018) proposed the use
of tubular scaffolds to culture IOs into a tubular structure
in vitro and showed subsequent anastomosis to the intestinal
defect site in vivo after induction of differentiation. Furthermore,
a panel of immunosuppressants was screened using human
mini-guts to confirm that mycophenolic acid potently inhibits
rotavirus infection by inhibiting inosine-50-monophosphate
dehydrogenase (IMPDH) in the host, which indicates the
possible dual benefits of mycophenolic acid in preventing organ
rejection in transplantation patients and combatting rotavirus
infection (Yin et al., 2016). In addition, various reports have
described the development of transplantation procedures for
gene-edited organoids that enable the generation of metastatic
mouse models of CRC (see section “Intestinal Carcinoma”).
These methods reveal the potential therapeutic applications of
IOs in regenerative medicine; however, they are only theoretically
feasible and need to be supported by clinical trial results.

Nonetheless, successful in vivo organoid-based engraftment
of epithelial cultures remains challenging because of the lack
of a supporting mesenchyme. Researchers in Ohio transplanted
ESC-derived or iPSC-derived IOs into immunodeficient mice,
and these HIOs not only formed mature human intestinal
epithelium but also generated a laminated human mesenchyme
(Watson et al., 2014). This research paved the way for future
bioengineering studies. Recently, scientists (Gjorevski et al.,
2016; Cruz-Acuna et al., 2017) performed decellularization,
lyophilization, and grinding; radiation sterilization; digestion and
neutralization; and other treatments on porcine small intestinal
mucosa to produce extracellular matrix (ECM), which can retain
nutrients such as collagen, elastin, and mucopolysaccharides.
The mechanical properties and 3D structure were comparable
to those of commercial Matrigel, and it has been verified
that the characteristics of the ECM proteome are similar
to those of human endoderm stem cell-differentiated tissues,
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which can successfully cultivate human and mouse endoderm-
like organoids (such as stomach, liver, pancreas, and small
intestine). In addition to the ECM from animal tissue, the
growing demand for non-xenobiotic materials is desirable for
the application of human organoids. Gjorevski et al. (2016)
established a new protocol by facilitating the required minimal
adhesion by adding proteins such as RGD and laminin-111
to a poly ethylene glycol (PEG) hydrogel backbone. Poling
et al. (2018) confirmed the importance of dynamic mechanical
forces in HIO morphogenesis. A nitinol spring covered by
a degradable capsule was implanted inside the HIOs, and it
resulted in a significant increase in villus height, crypt depth,
and crypt fission compared with that of the control HIOs. In
addition to the similarity of the combination of the spring
and HIOs to the human jejunum in morphology, the ISC
compartment, vilification process, and smooth muscle thickness
in the organoids plus spring group were significantly increased,
indicating better barrier functions and smooth muscle motility.
This new method is expected to accelerate the application of
intestinal transplantation technology. These developments in
biomaterials reveal the potential for the clinical application of
human organoids.

In summary, IOs have been established from a range of
different diseases, which lays a foundation for more studies
on drug development and precision medicine. Of note, while
autologous cell therapy transplantation is highly promising in the
organoid field, its efficacy, safety, and immunogenicity are still
pending evaluation.

LIMITATIONS AND DEVELOPMENT

Compared with traditional models, IO technology opens new
horizons for disease research in areas including organogenesis,
cellular differentiation, genomic analysis, cell–cell interaction,
and physiological functions (see Table 1). This novel research
tool has sufficient data support for large-scale experimental
research. However, several shortcomings remain. First, an
important inherent limitation of organoid culture is the lack
of a mesenchymal structure, vasculature factors, and immune
cells; accordingly, co-culture systems should be explored in the
context of organoids. Second, although Matrigel-based IO culture
systems can largely simulate the human intestinal epithelium,
their spherical structure prevents external stimuli from entering
the apical region, thus limiting their high-throughput testing,
drug interactions, and microbial–epithelial interactions (Altay
et al., 2019). Third, the enclosed lumen structure limits the
secretion of materials, leads to the shedding of apoptotic cells
from the luminal region, and influences the efficacy of drugs.

New insights have been reported regarding the
abovementioned concerns. Ettayebi et al. (2016) first established
human intestinal enteroid monolayer cultures that were
inoculated with HuNov. In addition, a method of culturing
organoids in a “hanging drop” without embedding them
in Matrigel has attracted great interest, and this technique
physically enhances cell-to-cell interactions due to the lack of
rigid support (a glass or plastic surface) or a solidified ECM

scaffold (Foty, 2011). Ueda et al. (2010) used mouse iPSCs to
organize an enteric organoid with motor functions in vitro by
a hanging drop culture system, which exhibited spontaneous
contraction and highly coordinated peristalsis accompanied
by the transportation of contents. Polish scientists (Panek
et al., 2018) also formed organoids derived from chicken
embryo intestines by applying a hanging drop system without
embedding; this culture technique presents cost savings because
it uses a smaller quantity of culture media and Matrigel. In
addition, the solidification step of Matrigel is skipped, increasing
the speed of the cell seeding process.

To overcome the obstacles in mimicking in vivo physiological
coupling, a microfluidic-based 3D system called organ-on-a-
chip has been developed (Bhatia and Ingber, 2014; Bein et al.,
2018; Mittal et al., 2019). Organ-on-a-chip allows for two
parallel hollow microchannels to be separated by a porous
ECM-coated membrane. Kasendra et al. (2018) established a
chip wherein human enteroids were cultured on an ECM-
coated (Matrigel-type I collagen) membrane, and differential cells
exposed their apical surfaces to an open lumen and interface
with endothelium. In addition, this chip was reported to replicate
normal intestinal functions, including nutrient absorption and
mucus secretion. Recently, Liu et al. (2015) successfully mimicked
the tumor microenvironment (TME) by co-culturing cancer
cells and four TME-related cell types (fibroblasts, macrophages,
human umbilical vein endothelial cells, and stromal cells) in
a microfluidic device. The TME characteristics of paracrine
interactions and macrophage migration were simulated in this
system to enable the prediction of the effects of neoadjuvant
chemotherapy. Taken together, these findings indicate that this
novel technology can help better improve the efficacy and
function of IOs.

Despite the remaining challenges, the future application of
hIOs is still promising. The feasibility of using IOs as an accurate
and high-throughput preclinical tool for precision medicine is
being confirmed continuously. Given their comparable structure
and behavior, IOs may serve as a relevant surrogate system
for in vitro testing of intestinal epithelium-damaging drugs and
toxins and for investigating cell death pathways, which will
provide information on treatments that are ineffective for the
patient, thus conserving valuable time for the development of
effective therapeutic approaches for specific patients. The efficient
culture of organoids makes it possible to screen individualized
drugs within a clinical treatment time window and then to apply
them to translational medicine and individualized treatment. It
is believed that with an increased understanding and further
innovations in organoid-related research, organoid culture will
play an increasingly important role in scientific research.

The long-term IO model from single stem cells was first
developed in 2009. In recent years, a growing body of literature
has demonstrated that organoid technology has expanded to
embrace genetic editing, omics-based drug screening analyses,
and diverse co-culture systems with immune cells, viruses,
bacteria, and parasites. Although IO culture protocols in vitro are
relatively mature, the most urgent problems to be solved are how
to characterize and verify that the established organoids present
high fidelity with human biology and how to translate them
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from human organoids in vitro to regenerative transplantation
approaches in vivo. Deep profiling of the organoids using spatially
resolved single-cell RNA sequencing could be a powerful tool for
revealing the subgroups, differentiation degree, and state of cells.
The “Organoid Cell Atlas” pilot project is currently ongoing to
address the problems mentioned above (Bock et al., 2021). We
believe that human organoid systems will provide unprecedented
opportunities to improve human health.
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Sensorineural hearing loss is prevalent within society affecting the quality of life of 460
million worldwide. In the majority of cases, this is due to insult or degeneration of
mechanosensory hair cells in the cochlea. In adult mammals, hair cell loss is irreversible
as sensory cells are not replaced spontaneously. Genetic inhibition of Notch signaling
had been shown to induce hair cell formation by transdifferentiation of supporting cells
in young postnatal rodents and provided an impetus for targeting Notch pathway with
small molecule inhibitors for hearing restoration. Here, the oto-regenerative potential of
different γ-secretase inhibitors (GSIs) was evaluated in complementary assay models,
including cell lines, organotypic cultures of the organ of Corti and cochlear organoids
to characterize two novel GSIs (CPD3 and CPD8). GSI-treatment induced hair cell
gene expression in all these models and was effective in increasing hair cell numbers,
in particular outer hair cells, both in baseline conditions and in response to ototoxic
damage. Hair cells were generated from transdifferentiation of supporting cells. Similar
findings were obtained in cochlear organoid cultures, used for the first time to probe
regeneration following sisomicin-induced damage. Finally, effective absorption of a novel
GSI through the round window membrane and hair cell induction was attained in a
whole cochlea culture model and in vivo pharmacokinetic comparisons of transtympanic
delivery of GSIs and different vehicle formulations were successfully conducted in guinea
pigs. This preclinical evaluation of targeting Notch signaling with novel GSIs illustrates
methods of characterization for hearing restoration molecules, enabling translation to
more complex animal studies and clinical research.

Keywords: drug therapy, sensorineural hearing loss, cochlear organoids, hair cell regeneration, Notch signaling,
gamma secretase inhibitor
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INTRODUCTION

Hair cells are the sensory receptors of the vestibular and the
auditory system in the inner ear. In the cochlea there are
two types of auditory hair cells: inner hair cells (IHCs), which
are the primary sound detectors and outer hair cells (OHCs),
which act as acoustic pre-amplifiers (Fettiplace and Hackney,
2006). Hair cells are organized in rows, intercalated by different
types of supporting cells, which exert supporting, trophic and
barrier functions. Degeneration of hair cells is the most common
reason for sensorineural hearing loss and can be caused by
acoustic overstimulation, ototoxic drugs, aging, genetic disorders
or infections (Muller and Barr-Gillespie, 2015; Bommakanti et al.,
2019). Disabling hearing loss affects the quality of life of 5%
of the world population, with high social and economic costs
(Wilson et al., 2017).

Non-mammalian vertebrates regenerate damaged or lost
vestibular as well as auditory hair cells throughout life and
thereby restore sensory functions (Corwin, 1981, 1985; Corwin
and Cotanche, 1988; Ryals and Rubel, 1988; Weisleder and Rubel,
1993). This is mediated by the activity of supporting cells in
the sensory patches, which give rise to new hair cells either
through cell division or transdifferentiation. In mammals, some
degree of spontaneous hair cell regeneration has been reported
for the vestibular organs (Forge et al., 1993; Warchol et al.,
1993; Sayyid et al., 2019; Wang et al., 2019). For the cochlear
auditory epithelium, similar responses have been detected only
in early postnatal stages, prior to hearing onset (Atkinson et al.,
2015). Specifically, spontaneous regeneration has been observed
in mice when hair cells were genetically ablated in a perinatal
window of 4 days (Cox et al., 2014). Fate-mapping showed that
the novel hair cells were generated from supporting cells by
mitotic regeneration and direct transdifferentiation (Bramhall
et al., 2014; Cox et al., 2014; Hu et al., 2016). Despite the limited
extent of spontaneous regeneration, these findings have directed
attention toward chemical and genetic modifications that might
promote and extend the permissive window for regeneration.

The Notch and the Wnt signaling pathways have been recently
targeted to enhance this regenerative potential (Roccio et al.,
2019; Samarajeewa et al., 2019). A subset of supporting cells
within the postnatal cochlear epithelium expresses the Wnt co-
receptor and target Lgr5 (Chai et al., 2011; Chai et al., 2012;
Shi et al., 2012; Zak et al., 2016), a marker of stem cells in
several epithelial organs (Barker et al., 2013). Lgr5+ cells display
enhanced Wnt responsiveness and forced activation of Wnt in
these cells, through genetic modification or chemical stimulation,
causes their proliferation (Jacques et al., 2012; Roccio et al.,
2015; Samarajeewa et al., 2018) as well as their differentiation
into hair cells (Bramhall et al., 2014; Shi et al., 2014; Hu
et al., 2016). LGR5 expression and Wnt responsiveness have also
been confirmed in human fetal cochleas and cochlear organoid
cultures (Roccio et al., 2018).

The Notch signaling pathway controls hair cell and supporting
cell specification and plays a role in tissue regeneration. During
cochlear development, hair cells and supporting cells arise from
a common precursor within the cochlear prosensory domain
(Kelley, 2006; Groves and Fekete, 2012). Notch ligand-receptor

interaction between prosensory progenitors defines the mosaic
organization of hair cells and supporting cells (Kelley, 2006;
Kiernan, 2013). Binding of Notch ligands triggers the cleavage of
the Notch receptor, allowing the translocation of the intracellular
domain to the nucleus, which transcriptionally regulates
developmental gene programs and inner ear cell patterning
(Kopan and Ilagan, 2009; Bray, 2016). Notch activation leads to
the repression of Atoh1, a key transcription factor controlling
hair cell differentiation (Bermingham et al., 1999; Chen et al.,
2002; Woods et al., 2004), and otic progenitor cell fate is directed
to supporting cell lineage in the absence of Atoh1 (Zheng et al.,
2000; Zine et al., 2001; Hayashi et al., 2008; Doetzlhofer et al.,
2009). Chemical or genetic inactivation of Notch signaling can
induce hair cell formation by conversion of supporting cells
(Korrapati et al., 2013; Mizutari et al., 2013; Li et al., 2015; Maass
et al., 2015; Ni et al., 2016b). This has been made evident also
in human prosensory cell-derived organoid cultures as chemical
inhibition of Notch signaling enhanced hair cell differentiation,
supporting the presence of similar mechanisms in human inner
ear specification (Roccio et al., 2018).

Notch receptors are cleaved in the intracellular domain
by enzymes known as γ-secretases (Kopan and Ilagan, 2009;
Andersson and Lendahl, 2014; Bray, 2016). Pharmacological
γ-secretase inhibitors (GSIs) have been tested in postnatal animal
models as a strategy to induce hair cell differentiation and hearing
restoration in vivo (Mizutari et al., 2013; Tona et al., 2014; Maass
et al., 2015). In adult animals deafened by noise overexposure,
inhibition of Notch signaling by local delivery of a single dose
of the GSI LY411575 resulted in new hair cell formation and
small improvements in the cochlear function in the low frequency
regions that were correlated with increased expression of Atoh1
(Mizutari et al., 2013).

The aim of this study was to evaluate and characterize
two novel GSI compounds, hereafter CPD3 and CPD8, and
their efficacy to modify hair cell gene expression and direct de
novo hair cell differentiation. The results reported are based
on a series of in vitro models, including Notch-dependent cell
lines, explants of the organ of Corti (OC), novel whole cochlea
cultures and cochlear organoids derived from the mouse and
rat inner ear. GSIs were also evaluated in models of ototoxic
damage, in order to probe the regenerative potential after
hair cell loss. Finally, we evaluated different GSI-containing
formulations for their permeability through the round window
membrane and performed pharmacokinetic studies to quantify
local concentrations in the perilymph. These preclinical data
supported the advancement of CPD3 to clinical trial. The assays
presented in this study illustrate furthermore a potential pipeline
for ex vivo characterization of hearing restoration molecules.

MATERIALS AND METHODS

Animals
Animal studies (in vivo or ex vivo) were all approved by
either the Animal Care and Experimentation Committee of
the Canton of Bern, Switzerland [license BE 142/16 (SLL);
BE119/12 (MR)] and followed the Swiss national guidelines for

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 August 2021 | Volume 9 | Article 710159139

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-710159 August 9, 2021 Time: 12:40 # 3

Erni et al. GSI-Induced Cochlear Hair Cell Differentiation

the performance of animal experiments, or performed under an
approved institutional protocol according to National Institutes
of Health guidelines, or under animal protocols approved by the
Animal Studies Committee of Languedoc Roussillon that comply
with French legislation and European Directives.

Female albino Hartley guinea pigs, 250 g, from Charles River
(France), housed in macrolon cages (2/cage; Innocage Rat Static-
Innovive, Paris) with filter air, were maintained at 22 ± 2◦C
on a 12-h light cycle with standard A04C (UAR) diet and
water “ad libitum.” Lgr5-GFP mice containing an EGFP-IRES-
CreERT2 knock-in allele at the Lgr5 locus were obtained from
the Jackson Labs (Stock 008875, C57BL/6J/RccHsd background).
Atoh1-nGFP transgenic mice (C57Bl/6J background) were from
Jane Johnson (Lumpkin et al., 2003). Wistar rats were obtained
from Charles River.

Pharmacokinetics in the Inner Ear
γ-secretase inhibitors pharmacokinetic studies tested CPD3,
CPD8 (Eli Lilly) or LY411575 (Stemcell Technologies) each
formulated at 3.4 mg/ml in the following vehicles, 10%
Poloxamer 338 (Sigma), 20% Poloxamer 338, 70% PEG400
(Sigma) or 1% hyaluronic acid (HA-700; Lifecore, Chaska, MN,
United States) all prepared with PBS (pH 6.2). A single 70 µl
injection of the formulated compound (total dose, 870 µg/kg)
was delivered to the middle ear space of isoflurane-anesthetized
guinea pigs by transtympanic administration. Perilymph from
treated animals (perilymph volumes, >2 µl) was collected at
time points up to 48 h post-administration (CILcare, Montpellier,
France). Briefly, concentrations of each compound in perilymph
and plasma, as well as controls prepared in artificial perilymph,
were measured by LC-MS/MS on an AB Sciex, API 4000 mass
spectrometer using an Onyx C18 5 µm 50∗2.0 mm separation
column (Oroxcell, Romainville, France).

Cell Lines and Tissue Culture
The human colon cancer cell line LS174T (CL-188; ATCC)
was cultured without antibiotics in 1% FBS/Eagle’s Minimum
Essential Medium (MEM; Thermo Fisher) (Asakura et al.,
2018). The cells were exposed to GSIs or vehicle for 4 days,
prior to analysis.

Otic Sphere Assay
The generation of otic spheres followed previously described
protocols (Oshima et al., 2009) with modifications during
differentiation phase to test GSIs. Briefly, OCs were dissociated
and single cells were deposited in ultralow-cluster plates
(Corning) and expanded in “full otic medium” consisting of
DMEM/F12, supplemented with N2, B27 (Thermo Fisher),
EGF (20 ng/ml; Chemicon), bFGF (10 ng/ml; Chemicon),
IGF-1 (50 ng/ml; Chemicon), and heparan sulfate (50 ng/ml;
Sigma-Aldrich). After culturing for 3–4 days at 37◦C, spheres
were collected, plated in cell culture-treated 96 well-plate
and cultured in DMEM/F12, supplemented with N2, B27
with/without GSIs for 7 days after which they were lysed
for RNA extraction.

Dissection and Isolation of Organ of
Corti for Sensory Epithelium Explant
Culture
OC explants were isolated from postnatal day 2 (P2) Wistar
rats, P0-P2 mice (Lgr5-GFP or Atoh1-nGFP mice). Dissection of
the cochlea under a stereomicroscope (Nikon SMZ800, Japan)
allowed OC separation from stria vascularis and modiolus,
and the sensory epithelium was plated with hair cells facing
up on Cell-Tak (Corning, United States)-coated transwell-clear
inserts (6-well format, 0.4 µm pore, Corning, United States).
Dissection medium was exchanged for 1.5 ml full otic medium
supplemented with 10% FBS (Invitrogen) and 0.01% Ampicillin
(Sigma), added under the insert membrane, maintaining the OC
under a thin film of medium during culture at 37◦C. 5-ethyl-2′-
deoxyuridine (EdU, 5 µM, Life Technologies) was added directly
in the medium when indicated.

GSI-Treatment of Organotypic Cultures
Concentrations of small molecule GSIs {LY411575, CPD3,
CPD8, DAPT (N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester; Sigma)} were prepared in DMSO and
are indicated in Figure Legends and Results. DMSO included as
Control. Treatment groups were assigned randomly.

Ototoxic Insults in Organotypic Cultures
To induce ototoxic damage, medium was removed from the OC
cultures on the day after dissection and either 200 µM sisomicin
(Sigma) in full otic medium, or 108 cfu/ml Streptococcus
pneumoniae (described below) in ampicillin-free and FBS-free
otic medium were added under the transwell membrane (lower
compartment) of the cultivation system. After 2 h of exposure to
the ototoxic insult, OCs were carefully washed 3 times and culture
was continued for 4 days in fresh full otic medium.

Streptococcus pneumoniae Inoculum
A clinical isolate of S. pneumoniae, serotype 3 was used as
previously described (Leib et al., 2000; Perny et al., 2017). Briefly,
bacteria were cultured overnight (ON) in brain-heart infusion
medium and diluted 1:10 in fresh medium the following day.
Bacteria were grown until the logarithmic phase was reached
(after approximately 5 h). The culture was centrifuged for
10 min at 3,100 g at 4◦C and the pellet was resuspended in
0.85% NaCl and centrifuged again. Bacteria were diluted to
the desired optical density (OD570 nm) and the final inoculum
concentration was determined by plating serial dilutions on
Columbia sheep blood agar.

Ex vivo Whole Cochlea Culture
To culture the intact cochlea of P0–P1 mice, the entire otic
capsule (cochlea and semicircular canals) was carefully dissected.
Connective tissues and nerves were removed to clear the round
window niche and the capsule was positioned with the round
window facing up in a sterile 35 mm dish. A surgical sponge
was employed to blot dry the interior of the round window
niche, which was then filled with 2 µl of the formulated drug
and applied with a small pipette tip. Following 2 h of drug
treatment at 37◦C with 5% CO2, the tissue was transferred to a
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50 ml conical tube containing 10 ml medium (DMEM, 5%FBS,
5% horse serum and ampicillin) and the tube was sparged with
95% O2/5% CO2 for 5–10 min and incubated for 2 days at 37◦C,
rotating on a roller/rocker (SCILOGEX MX-T6-S Analog Tube
Roller) at 15–17 rpm.

Dissection and Isolation of Organ of
Corti Cells for Organoid Culture
On day 0, the cochlear sensory epithelium was dissected and
the OC was separated from the modiolus and stria vascularis, as
described above, from either Wistar rat pups (P2), Lgr5-GFP mice
(P0–P2) or Atoh1-GFP mice (P0–P2). To separate the sensory
epithelial layer from underlying mesenchyme and neurons, the
OC was placed in a 100 µl drop of Matrisperse Cell Recovery
Solution (Corning) for 1 h at RT, then delaminated with the
aid of forceps. Gentle enzymatic dissociation of hair cells and
supporting cells followed with 100 µl drop of TrypLE (Gibco),
20 min at 37◦C, then mechanical trituration in DMEM/F12.
The cell suspension was centrifuged for 5 min at 500 g at 4◦C
and resuspended in DMEM/F12 medium supplemented with
B27 and N2 (Invitrogen), EGF (50 ng/ml), bFGF (50 ng/ml),
IGF (25 ng/ml), CHIR99021 (GSK-3β inhibitor, 3 µM, Merck),
valproic acid (HDAC inhibitor, 1 mM, Sigma), 2-phospho-
L-ascorbic acid (280 µM, Stemcell Technologies) and 0.01%
ampicillin (Sigma). Cells were plated at 2,000 cells per well on
96 wells plate (Corning Costar; ultra-low attachment, round-
bottom) to allow aggregation at 37◦C. On day 1, Matrigel (GF-
depleted, Corning; 2% stock) was added to a final concentration
of 0.18 mg/ml. On day 3, cells were transferred to 24 wells plate
(ultra-low attachment; Corning Costar), pooling the organoid
aggregates from 4 to 5 wells (96 well-plate) to one 24-well,
culturing at 37◦C and exchanging half medium and Matrigel
every other day, On day 10, organoids were differentiated by
replacing medium with DMEM/F12 supplemented with B27,
N2, CHIR99021 (3 µM), and Notch inhibitors CPD3 (5 µM)
or LY411575 (5 µM), and culture was continued as above for
another 10 days.

Organoid Ototoxic Treatment
On day 20, differentiated organoids were exposed to sisomicin
for 2 h at the concentration of 500 µM. The medium was then
washed and replaced with differentiation medium with/without
GSI for an additional 4 or 7 days. For propidium iodide (PI)
uptake, on day 24 of in vitro differentiation, cells were incubated
in the presence of PI (5 µg/ml) for 5 min and subsequently
washed and fixed. Immunostaining was then performed as
indicated below.

Gene Expression by RT-PCR
Cells or tissue were lysed using RLT Lysis Buffer (Qiagen) and
high purity RNA was prepared on the MagNA Pure instrument
using MagNA Pure 96 Cellular RNA LV Kit (Roche). Reagents
from Thermo Fisher were used for cDNA synthesis by reverse
transcription using random hexamers. Resulting cDNA was
RNAse H treated and amplified by TaqMan GEX mastermix and
PCR primers and probes for human ATOH1 (Hs00944192_s1)
and TBP (Hs00427620_m1), mouse Tbp (Mm00446971_m1),

Atoh1 (Mm00476035_s1), Hes5 (Mm00439311_g1), Pouf4s
(Mm04213795_s1), and Myo7a (Mm01274015_m1) on the
Applied Biosystems QuantStudio 7 Flex Real-Time PCR System.
Normalized to Tbp, relative gene expression fold-change was
quantified and compared between experimental and control
conditions by11Ct calculation.

Immunohistochemistry and Imaging of
Organ of Corti Explants
Following culture, explants were washed (PBS) and fixed for
10 min at room temperature (RT) with 4% paraformaldehyde
(PFA). Samples were permeabilized with 3% Triton X-100 for
30 min at RT and blocked with blocking buffer containing
2% bovine serum albumin (BSA) and 0.01% Triton X-
100 for 1 h at RT.

Dividing cells were labeled with, 5-ethyl-2′-deoxyuridine
(EdU) and detected with Click-it Plus kit (Life Technologies).
Primary antibodies [mouse anti-Pou4f3 (1:200; Santa Cruz
Biotechnology, United States) and rabbit anti-Sox2 (1:200; Cell
Signalling Tech, United States)] were incubated in blocking
buffer ON at 4◦C. Samples were washed and incubated for
2 h at RT with secondary antibodies [goat anti-mouse Alexa
Fluor 488 and goat anti-rabbit Alexa Fluor 555 (1:500 dilution,
Invitrogen, United States)], as well as Phalloidin-Alexa Fluor 647
(Sigma). Explants were washed and mounted on glass slides with
Fluoroshield containing DAPI (Sigma).

Explants were visualized with a Nikon Eclipse Ti-E for
overview purposes. Individual z-planes at an interval of 5 µm
were acquired with a confocal laser-scanning microscope (Zeiss
LSM710, Plan-Apochromat 20×/0.8 NA objective) to ensure
visualization of all hair cells.

Image processing was performed with the open-source image
processing software FIJI, version 2.0 (Schindelin et al., 2012).
Hair cells were quantified by counting Pou4f3 or Myo7a positive
cells of the organ of Corti at three random microscopic fields for
each cochlear region (base, middle, and apex) covering in total
at least 1,200 µm. The number of hair cells (IHCs and OHCs) is
expressed as unit per 100 µm.

Immunofluorescent Staining and
Imaging of Cochlear Organoids
For staining and imaging, organoids were allowed to adhere
ON onto transwell-permeable support membranes (Corning) in
12-well plates coated with 100% Matrigel. The next day, they
were fixed with 4% PFA (10 min). Cells were permeabilized with
3% Triton-X 100 for 10 min and incubated ON with blocking
buffer containing 2% BSA and 0.01% Triton-X 100. Primary
antibodies were incubated ON at 4◦C (1:200 dilution). Anti-
Sox2 (mouse, BD Bioscience), anti-Pou4f3/Brn-3c (mouse, Santa
Cruz Biotechnology) anti-Myo7a (rabbit, Enzo Life Sciences)
and anti-p27/Kip1 (rabbit, Abcam). Organoids were then rinsed
and incubated ON with the secondary antibodies as described
above. For FM1-43 uptake, organoids were first incubated with
Hoechst (10 µg/ml), 30 min at 37◦C, then a brief incubation
FM1-43 (5 µM; Life Technologies) for 30 s, and washed twice
before fixation (4% PFA). To image organoids, inserts were placed
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face down in a 24 well glass bottom plate (MatTek) and imaged
on a Zeiss LSM710 laser scanning microscope (5 µm Z-stacks
intervals). Compiled Z-projections were processed (FIJI, ver2.0)
and hair cells quantified on individual planes with manual cell
counter plugin, by evaluation of cytosolic expression and nuclear
exclusion of Myo7a. Organoid volumes were estimated from the
sum of the product of the area of the organoid (at each plane) and
the Z stack height.

Immunofluorescent Staining of Inner Ear
Whole Mounts
For whole-mount immunohistochemistry, whole cochleae were
fixed (4% PFA) ON at 4◦C, then incubated in primary
antibodies (72 h, rocking at 4◦C), goat anti-GFP polyclonal Ab
(AbCam, ab6673) and rabbit anti-Sox2 polyclonal IgG (GenTex,
GTX101506) in 4% normal donkey serum. Following extended
washes (over 24 h), cochlea were incubated for 24 h in secondary
antibodies donkey anti-goat Alexa 488 (Thermo Fisher, A11055)
and donkey anti-rabbit Alexa 647 (Thermo Fisher, A31573) and
extensively washed. The intact OC were then microdissected
from cochleae and mounted on a coverslip for confocal imaging.
A LSM 510 Confocal Microscope (Zeiss) utilizing 63X Zeiss Plan-
APOCHROMAT DIC oil, 1.4NA and Zen 2009 LSM imaging
software was used to optically scan mid-apex regions of OCs.
Cellular quantification and image analysis computation were
performed with Imaris 8.2.1 software (Bitplane).

Data Analysis and Statistics
Statistical analysis was performed with GraphPad Prism software
(Prism9; GraphPad Software Inc., San Diego, CA, United States).
For explant cultures, when the number of explants/replicates was
not sufficient to test for Gaussian distribution normal distribution
of the data was assumed based on previous experiments (Perny
et al., 2017; Erni et al., 2019). Alternatively, the distribution of
the datasets was tested by D’Agostino and Pearson normality
test. Unpaired t-tests were used to compare parametric data sets
of two groups. Welch’s correction was applied if variances were
not equal. For non-parametric data, the Mann–Whitney test was
adopted. One-way ANOVA was used to determine the difference
in means among multiple groups and multiple comparison
correction was tested. Graphs indicate the single data point, the
mean values± standard deviation. IC50s were calculated by non-
linear regression of data normalized by percent change from
controls to compare multiple experiments. Differences in IC50s
from Best fit data were compared by Least Squares (F-test; Extra
sum of squares; alpha = 0.05). The number of technical and
biological replicates are indicated in Figure Legends.

RESULTS

Activity and Inner Ear Pharmacokinetics
of GSIs Examined in This Study
To measure the relative potency between different GSIs, a
pharmacological assay was initially used to identify the dose
ranges effective to induce ATOH1 expression. The cell line

LS174T, a human colorectal adenocarcinoma, was used to
evaluate Notch-dependent expression of ATOH1 (Kazanjian
et al., 2010). Two compounds from Eli Lilly, designated
LY3056480 (CPD3) and LY3056359 (CPD8) (Figures 1A,B) were
compared with the commercially available GSIs LY411575 and
DAPT. ATOH1 expression was upregulated by GSI treatment in
a dose-dependent manner after 72 h. IC50s for the 4 GSIs were
17.3 nM (CPD3; open circles), 62.0 nM (CPD8; filled diamonds),
0.4 nM (LY411575; open triangles) and 1.4 µM (DAPT; open
squares). These IC50s ranked the potency for CPD3 and CPD8
intermediate between that of LY411575 and DAPT, with the
CPD3 IC50 measured as significantly lower than that of CPD8
(Figure 1C; p < 0.05). The intermediate potency of CPD3 and 8
was likely to be adequate to achieve levels above the IC50 after
dilution into perilymph in the inner ear.

To verify this, in vivo compound concentrations were
measured in perilymph of guinea pigs after intratympanic
delivery of GSIs into the middle ear. Initially, four vehicle
formulations, with different physical properties, were tested,
poloxamer 338 (POX; at 10% or 20%), hyaluronic acid (HA),
or polyethylene glycol 400 (PEG). For this comparison only
one GSI was prepared in each formulation (CPD3, 3.4 mg/ml)
and a single dose was injected into the middle ear. Perilymph
and plasma were sampled for 48 h (Figure 1D). The highest
perilymph concentrations were achieved in 10% POX and 20%
POX formulations, respectively. The mean, maximal perilymph
concentration for these formulations was reached at 0.5 h post-
dosing and declined over time. Detectable CPD3 remained in
perilymph throughout the test, and at 48 h concentrations
between 485 ng/ml (1.0 µM) and 1,000 ng/ml (2.1 µM)
indicated sufficient residence times and concentrations for GSI
activity. Next, using only 10% POX as vehicle, inner ear
adsorption was compared between CPD3, CPD8, and LY411575
by transtympanic injections (Figure 1D, inset). Perilymph
concentrations were sampled at 0.5, 1, and 6 h post-dosing, with
concentrations of CPD3, CPD8, and LY411575 quantifiable at
all time points. Each compound achieved levels several folds
above their respective IC50s. The mean maximal perilymph
concentration of CPD3 at 0.5 h post-dosing was 85,489 ng/ml
(183 µM), then declined at 1 h to 12,928 ng/ml (27.7 µM), and at
6 h to 12,652 ng/ml (27.1 µM). GSIs in plasma samples were not
detected (data not shown).

GSI-Mediated Induction of Hair Cell
Gene Expression and de novo
Generation of Hair Cells in the Neonatal
Cochlear Sensory Epithelium
CPD3 and CPD8 were further compared for their potency
to induce hair cell gene expression in otic sphere assays
(Oshima et al., 2009). Cells were first expanded in presence of
growth factors, and in a second step differentiated by growth
factor removal and GSI treatment. Both CPD3 and CPD8
significantly induced Atoh1, Pou4f3, and Myo7a expression in
dose-responsive manner (p< 0.05; two-way ANOVA). However,
CPD3 (IC50 = 6.7 nM) was more potent in Atoh1 upregulation
than CPD8 (IC50 = 302.8 nM; p < 0.05; two-way ANOVA). This
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FIGURE 1 | γ-secretase inhibitors (GSI) characterization. (A) Structures of the two novel GSIs tested in these studies. (B) Properties of the two GSIs (CPD3 and
CPD8). Molecular weights (MW), logarithms of the octanol-water partition coefficients (logP), and polar surface areas (PSA). (C) Dose-response curves for CPD3,
CPD8, DAPT, and LY411575 in the human intestinal epithelial cell line LS174T. Fold-change of human ATOH1 expression in response to GSI treatment after 72 h.
IC50s for the 4 GSIs were 17.3 nM (CPD3; open circles), 62.0 nM (CPD8; filled diamonds), 0.4 nM (LY411575; open triangles), and 1.4 µM (DAPT; open squares).
Atoh1 expression is reported as fold-change relative to carrier control [0.05% dimethyl sulfoxide (DMSO)]. Duplicate measurements are from 4 separate experiments
(total n = 8). (D) Inner ear pharmacokinetic study in albino Hartley guinea pigs. A single transtympanic dose of CPD3 in [20% poloxamer (POX; open triangle), 10%
POX; closed square], hyaluronic acid (HA; open square), or PEG 400 (closed circle) resulted in detectable CPD3 concentrations in the perilymph up to 48 h
post-dosing. A single transtympanic dose of CPD3 (squares), CPD8 (triangles), and LY411575 (circles) in 10% POX resulted in perilymph levels shown at 0.5, 1, and
6 h post-dosing (inset graph).

indicated a modest advantage of CPD3 in eliciting expression
of the early hair cell marker Atoh1, but similar potency on
expression of some later markers of HC differentiation, Pou4f3
and Myo7a (Figure 2A). From the results of two screening assays,
CPD3 was selected for additional characterization studies based
on its lower IC50 to induce Atoh1/ATOH1 expression in the otic
spheres and LS174T cells, respectively.

Subsequently, the analysis of gene expression changes induced
by CPD3 was assessed in OC explants. As control GSIs,
LY411575 and DAPT were used. CPD3 (1 µM) increased the
expression levels of several hair cell genes: Atoh1 (3.7 ± 0.54-
fold; p < 0.005), Pou4f3 (2.04 ± 0.35-fold; p < 0.05) and
Myo7a (1.73 ± 0.33-fold; ns, one-way ANOVA with multiple
comparison). Similar inductions were observed for LY411575
(5 µM): Atoh1 (4.34± 0.82-fold; p< 0.001), Pou4f3 (1.46± 0.26-
fold, ns), and Myo7a (1.42 ± 0.31-fold; ns, one-way ANOVA
with multiple comparison), as well as for DAPT (5 µM): Atoh1
(2.36 ± 0.39-fold, ns) Myo7a (1.59 ± 0.21-fold, ns), and Pou4f3
(2.14± 0.36-fold, ns) (Figure 2B).

In order to evaluate the potency of the compounds to induce
de novo hair cell formation, OC explant cultures of the early
postnatal organs were exposed to GSIs and hair cell numbers
were quantified in cultures of mouse (Figure 2C) and rat tissue
(Figures 2D,E). In both species, the GSIs increased OHC counts,
whereas IHC counts remained unchanged. Here, OHC induction
by CPD3 was moreover limited to the apical region (p < 0.05,
unpaired t-test; Figure 2E).

To assess the regenerative potential of CPD3 in response to
hair cell damage, treatment with CPD3 was tested in rat OC
explants in two ototoxicity models: aminoglycoside exposure,
specifically using sisomicin (Huth et al., 2015), and exposure to
living S. pneumoniae (Perny et al., 2017; Erni et al., 2019). As
reported previously, sisomicin caused a dramatic loss of hair cells,
in particular OHCs, in the basal cochlear domain (Figure 3A)
(Perny et al., 2017; Erni et al., 2019). Hair cell numbers in the apex
remained comparable to control explants (dashed line/yellow
shaded area), and increased OHC numbers elicited from CPD3
were not statistically significant, possibly due to this blunted
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FIGURE 2 | GSI-mediated induction of hair cell gene expression and de novo generation of hair cells in the neonatal cochlear sensory epithelium. (A) Gene
expression changes of Atoh1, Pou4f3, and Myo7a in response to Notch pathway inhibition by CPD3 (solid lines, triangles) and CPD8 (dashed lines, open square) in
otic spheres. Gene expression is reported as fold-change relative to carrier control-treated (DMSO, 0.05%). (n = 9–12). EC50 values are significantly different for
Atoh1 (p < 0.05, F-Test). (B) Gene expression analysis for the hair cell genes Atoh-1, Myo7a, and Pou4f3. DMSO control n = 13, CPD3 n = 12, LY411575 n = 9,
DAPT n = 6 from 2–4 independent experiments. OC explants were cultured for 4 days with/without GSI prior to lysis and analysis. One-way ANOVA with

(Continued)
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FIGURE 2 | Continued
Dunnett’s multiple comparison test, each condition compared to DMSO control. (*p < 0.05, **p < 0.005, ***p < 0.001). (C) Cell counts of Atoh1 positive HCs (OHC
left, IHC right) in the mouse cochlear sensory epithelium in the mid-apex region after 7 days in culture with different γ-secretase inhibitors. One-way ANOVA
Dunnett’s multiple comparison test, each condition compared to DMSO control. (*p < 0.05; n = 3–5 independent experiments). (D) Quantification of Pou4f3 positive
HCs (OHC left, IHC right) in the cochlear sensory epithelium from P2 rats in the apical domain after 8 days in culture with different γ-secretase inhibitors. One-way
ANOVA with Dunnett’s multiple comparison test, each condition compared to DMSO control (*p < 0.05, n = 3). Representative immunohistological images of the
apical domain after 8 days incubation (inset). scale bar = 20 µm. (E) Quantification of Pou4f3 positive OHCs in the apex, middle and basal domain of organ of Corti
explants from rats after 4 days of CPD3 treatment compared to DMSO (*p < 0.05, unpaired t-test) n = 4–6 explants from 2 independent experiments.

baseline of damage (Figure 3B). Interestingly, an increase in
Pou4f3+/Sox2+ double-positive cells at the apical side of the
organ of Corti was detected, where 3rd Deiters’ and Hensen’s
cells are located (Figure 3C). These double positive cells lacked
hair bundles (F-actin) (Figure 3C, arrows), suggesting they
were newly generated. Pou4f3/Sox2 double-positive cells were
observed only in the apical domain of explants treated with CPD3
(Figure 3D) (p = 0.057, Unpaired t-test with Welch’s correction).

For bacteria-induced ototoxicity, the damage was moderate
in these experiments (Figures 3E,F). Explants that were
subsequently treated with CPD3 for 4 days showed more OHCs
in all turns of the organ of Corti, compared to DMSO-treated
organs, with a density similar to that of undamaged explants
(Figure 3F). Again, some cells co-expressed Pou4f3 and Sox2,
possibly indicating a process of direct transdifferentiation. This
was supported by the lack of EdU incorporation (Figures 3E–
G). Quantification of Pou4f3/Sox2 double-positive cells showed
increased occurrence when explants were treated with CPD3 after
damage, however, only in the apical domain. These effects did not
reach statistical significance (Figure 3H).

Hair Cell Formation in Whole Cochlea
Culture
To assess the permeability of the compounds across the round
window membrane, a novel ex vivo model was devised to
compare drug entry, after delivery to the exterior of the cochlear
capsule, to resemble middle ear application. Specifically, CPD3
application was tested in organotypic culture of the entire
otic capsule (Figure 4). CPD3, formulated at two different
concentrations (1 and 7.2 mM) in 70% PEG400 or 10%
POX338 (POX), was applied at the round window niche. Drug
formulations were allowed to absorb briefly into the cochlea prior
to the 48 h culture. Confocal microscope images of stained cells
in four landmark regions (Base, Mid-Base, Mid-Apex, and Apex)
revealed a dose-dependent increase in hair cell number (Atoh1-
GFP positive cells) upon GSI treatment (Figures 4A–D). The
total number of Atoh1+ hair cells, independent of the anatomical
location, showed robust increases over control vehicles in both
formulations. In the PEG400 formulation, CPD3 stimulated a
60.1% increase in Atoh1+ hair cells at 7.2 mM (87 ± 15 hair
cells/100 µm) above vehicle-only (54 ± 5 hair cells/100 µm;
p < 0.001, One-way ANOVA with Multiple comparison), but
no change at the lower dose (1 mM; 54 ± 7 hair cells/100 µm).
In the POX338 formulation, CPD3 stimulated Atoh1+ hair cell
significant increases both in the low dose (23.3%) and at the
high dose (Figure 4D, green dots; 54.4%; from 59 ± 6 hair
cells/100 µm in vehicle-only, 72 ± 11 hair cells/100 µm at

1 mM and 90 ± 20 hair cells/100 µm at 7.2 mM; *p < 0.05;
***p < 0.001, one-way ANOVA with multiple comparison). For
the POX338 formulation, we further characterized the number of
Sox2+ supporting cells in the sensory epithelium. A significant
decrease in supporting cell (Sox2+) counts was concomitant
to the increase in Atoh1+ hair cells (Figures 4C,D, red dots;
***p < 0.001, one-way ANOVA with multiple comparison),
in agreement with a previously reported transdifferentiation
mechanism (Bramhall et al., 2014). Also in this model, we
observed a trend for new hair cells to be greater toward the
apex than the base in agreement with the results obtained with
the OC organotypic culture and indicated GSI exposure was
throughout the entire length of the organ of Corti length during
the culture period.

CDP3-Induced Hair Cell Differentiation in
Cochlear Organoids
CPD3 was then tested in cochlear organoid culture (McLean
et al., 2017; Lenz et al., 2019). In this model, supporting
cells/progenitors are first expanded and subsequently
differentiated to hair cells by growth factors withdrawal and
addition of CHIR99021, to activate Wnt signaling, and inhibition
of Notch, by GSI. Previously, LY411575 was used in similar
experiments (McLean et al., 2017; Lenz et al., 2019). The use of
Lgr5-GFP reporter mice enabled verification of Lgr5 induction
during expansion (Figure 5A). Within 10 days of differentiation,
cells of hair cell phenotypes were observed (Figure 5B), which
also displayed uptake of the styryl dye FM1-43, an indirect
readout for functional hair cells (Figures 5C,D).

Evaluating CPD3 efficacy to induce hair cell formation during
the differentiation phase was assessed by gene expression changes
of hair cell and supporting cell specific genes by RT-PCR.
For this specific set of experiments, Atoh1-nGFP mice were
used to facilitate the verification of hair cell induction prior to
cell lysis for RNA isolation (data not shown). While hair cell
genes (Atoh1; Pou4f3; and Myo7a) were upregulated, supporting
cell genes (Hes5 and Lgr5) were as expected downregulated.
Sox2 mRNA expression was, however, not changed in this
time-frame (Supplementary Figure 1). CPD3 (5 µM) induced
Atoh1 expression (8.07 ± 5.6-fold; p < 0.0001, unpaired t-test),
Pou4f3 expression (12.65 ± 11.07-fold; p < 0.0005, unpaired
t-test) and Myo7a (9.9 ± 10.5-fold; p < 0.005, unpaired
t-test) compared to untreated samples. Hes5 expression was
downregulated fourfold (0.24% ± 0.4; p < 0.05 unpaired t-test)
(Figure 5E). When compared to LY411575, comparable effects
were observed for hair cells and supporting cell gene markers
(Supplementary Figure 1).
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FIGURE 3 | GSI treatment after ototoxic damage. (A) Representative immunohistological pictures of the base (B), midbase (MB), midapex (MA), and apex (A) of a
sisomicin treated explant stained for hair cells (Myo7a), hair bundles (F-actin). Scale bars: 10 µm. (B) Quantification of OHCs in sisomicin-treated explants (2 h;
200 µM), 4 days after ototoxic insult, and cultured in presence or absence of CPD3. Dashed line shows the mean of the undamaged control explants with SD in
yellow (n = 3–4 explants). (C) Immunohistological images of an apical OC turn after ototoxic damage with sisomicin and subsequent treatment with CPD3. Some
cells co-expressed hair cell marker Pou4f3 and supporting cell marker Sox2 but did not show F-actin positive hair bundles (arrows). Scale bars = 10 µm. Boxed
area is enlarged in the panels on the right showing merged and single channels. (D) Quantification of Pou4f3/Sox2 double-positive cells in the apex of
sisomicin-exposed explants, treated with CPD3 or DMSO (ns, n = 3–4 explants). (E) Representative immunohistological images of the apical turn of the organ of
Corti 4 days after exposure to S. pneumoniae and treatment with CPD3. Scale bar = 50 µm. (F) OHC quantification after bacteria-induced damage. Dashed line
shows the mean of the undamaged control explants with SD in yellow. (n = 3,4 explants per condition). (p < 0.05, unpaired t-test, between CPD3 ± and each
location). (G) Immunostaining of the organ of Corti apical domain for Pou4f3 and Sox2. Double-positive cells are highlighted with circles. EdU (white). Scale
bar = 10 µm. (H) Quantification of Pou4f3/Sox2 double-positive cells in the apex after exposure to S. pneumoniae. (n = 3–4 explants per condition. ns, unpaired
t-test with Welch’s correction). *p < 0.05.

Cochlear organoids derived from the rat sensory epithelium
allowed corroboration of CPD3 to induce hair cell formation in
another species model (Figures 5F–J and Supplementary
Figure 2). As above, successful proliferation of Sox2+
progenitors (Supplementary Figure 2) was followed by cellular

differentiation to generate Myo7a+ hair cells (Figures 5F–H).
Hair cells demonstrated the ability to incorporate FM1-43,
suggesting their functional differentiation in rat organoids also
(Figure 5H). Interestingly, a subset of organoids contained cells
double positive for Myo7a and Sox2, suggesting intermediate
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FIGURE 4 | Hair cell quantification in whole cochlea culture. (A) Hair cell counts from whole cochea culture with directly applied CPD3 in 70% PEG400 (1 mM or
7.2 mM). Atoh1-GFP positive hair cells in different organ of Corti regions (B, base; MB, mid-base; MA, mid-apex; A, apex) (n = 3 independent experiments). (B) Hair
cell counts from whole cochea culture with directly applied CPD3 in 10% POX338 (1 mM;, or 7.2 mM). Atoh1-GFP positive hair cells in different organ of Corti
regions (B, base; MB, mid-base; MA, mid-apex; A, apex; n = 3 independent experiments). (C) Immunostained inner ear sensory epithelia following whole cochlea
culture with direct application of CPD3 (1 and 7.2 mM; Vehicle, 10% POX338). 3D projections of confocal stacks at mid-base region of organ of Corti, Atoh1-GFP
(hair cells, green) and Sox2 (supporting cells, red). (D) Quantification of Atoh1-GFP-positive (green dots) and Sox2-positive cells (red dots) after direct application of
CPD3 (1 or 7.2 mM), or vehicle formulated in 10% POX338. (*p < 0.05; ***p < 0.001, one-way ANOVA with multiple comparison; n = 12; 3 independent
experiments; all regions-base to apex).

phenotypes during the transdifferentiation from supporting cells
or immaturity (Figure 5G). The addition of CPD3 significantly
increased hair cell numbers during differentiation (p < 0.05
Welch’s test) (Figure 5I), and CPD3 was then compared to
LY411575 in the differentiation phase. For both compounds,
higher numbers of hair cells per organoid could be differentiated
relative to vehicle-treated samples, however, this did not reach
statistical significance (Figure 5J). Some hair cells could also be
identified when no GSI was added to the differentiation medium
(DMSO group), with numbers comparable to what was obtained
at the end of the expansion phase. To adjust for variation in size
of the organoids, hair cell counts are expressed as relative to the
organoid volume.

Cochlear Organoids Hair Cells Are
Sensitive to Sisomicin-Induced Damage
Finally, the regenerative potential of CPD3 was assessed
with rat cochlear organoids testing the efficacy of CPD3 to
transdifferentiate any remaining supporting cells after ototoxic
damage. Sisomicin (500 µM) was applied for 2 h at day 20 of
differentiation, followed by 4–7 days culture in absence or in
presence of GSIs. Qualitative assessment of the ototoxic effect

of the aminoglycoside showed features of damage, including
abnormal morphologies, cell shrinkage and uptake of propidium
iodide in Myo7a positive cells, consistent with sisomicin-induced
cell death (Figures 6A–C). A decrease in Myo7a+ hair cells was
detected 7 days following sisomicin damage (Figure 6D). From
the baseline of sisomicin-treated hair cell numbers, a significant
increase in Myo7a+ hair cells was restored in organoids that
were cultured in presence of CPD3 (p < 0.001, unpaired t-test
with Welch’s correction) (Figure 6D). While the total number of
Sox2 positive cells in the organoid did not change in response
to CPD3 (Figure 6E), the number of Myo7a+/Sox2+ hair cells
did increase (p < 0.001, unpaired t-test with Welch’s correction)
(Figure 6F). Together these data indicated that, GSI treatment
did induce de novo hair cell formation from supporting cells in
the sisomicin-damage organoid model.

DISCUSSION

Reactivation of signaling pathways that contribute to hair cell
development during embryonic and fetal stages is one of the
approaches under investigation to trigger tissue regeneration of
the inner ear sensory epithelia. This strategy targets supporting
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FIGURE 5 | Assessment of GSI effects in cochlear organoid culture. (A) Representative example of Lgr5-GFP organoids after 10 days expansion (exp D10). Scale
bar = 50 µm. (B) Immunostaining Lgr5-GFP organoids at 20 days of differentiation (diff D20) for Myo7a (white) and F-Actin (Phalloidin, green). Scale bar = 50 µm.
(C,D) Incorporation of FM1-43-FX in organoid exposed to the dye for 30 s, subsequently fixed and immunostained for Myo7a (white) and F-Actin (green). Scale
bar = 50 µm. (E) Gene expression analysis by RT-PCR of hair cell genes (Atoh1, Pou4f3, and Myo7a) and supporting cell gene (Hes5) in organoids derived from
Atoh1-GFP mice at the end of differentiation. Ctrl (DMSO) and CPD3 (5 µM; *p < 0.05, **p < 0.005, ***P < 0.0005, ****p < 0.0001; Unpaired t-test; n = 14).
(F) Representative example of organoids derived from the P2 rats cochlear sensory epithelium immunostained for the hair cell markers Myo7a (red) and F-Actin
(Phalloidin, white) at day 10 of expansion (exp D10) and after day 10 of differentiation (diff D20). Scale bar = 25 µm. (G) Representative immunostaining at day 20 of
differentiation for Myo7a, Sox2, and F-Actin. single Z stack. Scale bar = 50 µm. (H) FM1-43 uptake (yellow) at day 20 of differentiation. Scale bar = 10 µm.
(I) Quantification of hair cell numbers in vitro (normalized for the volume of the organoids in mm3 (×10−5) at 10 days of expansion (exp D10) or at 20 days of

(Continued)
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FIGURE 5 | Continued
differentiation in the presence of CPD3 (diff D20) n = 18 per group (p < 0.05; unpaired t-test with Welch’s correction). (J) Relative hair cells at the end of
differentiation (normalized for organoid size). Total hair cells per organoid prior to normalization: DMSO (9.4 ± 11.2; n = 7), CPD3 (22.8 ± 18.0; n = 24), and
LY411575 (17.17 ± 20.9; n = 15).

cells, given the common developmental origin, and aims to force
their de novo differentiation to hair cells (Roccio et al., 2019).
With this rationale, Notch signaling was manipulated in a set
of experiments to characterized the in vitro responses of the
cochlear sensory epithelium to chemical Notch inhibition.

The activities of two novel GSIs were assessed in this study
and compared to the commercially available inhibitors. The
new compounds displayed intermediate potency to previously
reported GSIs in terms of IC50 for ATOH1 induction. Still they
induced comparable levels of hair cell generation ex vivo in all the
tested models. De novo hair cell induction appeared to be driven
by the transdifferentiation of supporting cells. Using ex vivo
culture and pharmacokinetic studies, it was possible to evaluate
their permeability through the round window membrane, assess
different formulations, and determine the local concentration
of these compounds into the inner ear. Ultimately, CPD3 was
further selected as the new chemical entity for a phase1/2 clinical
trial for mild-moderate SNHL (REGAIN trial1).

Gamma secretases have additional cellular targets other than
Notch receptors, including the amyloid precursor protein (APP),
for which they were initially designed, ERBB4, E-cadherin
and others (Andersson and Lendahl, 2014). Specifically for
the inner ear, the GSI effects observed in early postnatal
stages are comparable to genetic Notch suppression (Ni et al.,
2016a,b). In a direct comparison between GSI treatment (DAPT)
and Notch blocking antibody ex vivo, similar levels of hair
cell gene expression and de novo hair cell induction were
reported (Maass et al., 2015). GSIs such as LY411575 have
greater potency than the older transition state analogs and
DAPT-type peptidomimetics (Han and Shen, 2012). However,
the increased potency comes with some off-target effects,
such as non-selectivity toward proteases and can result
in inhibition of signal peptidases (Weihofen et al., 2003)
or the proteasome (Han and Shen, 2012). The choice of
the novel molecules assessed in this study was primarily
based on the ability to inhibit Notch signaling and reduce
potential off target effects. The intermediate potency of CPD3
and CPD8 and their concentration in perilymph, notably
higher than the IC50 for ATOH1 induction, were therefore
positively evaluated. Finally, local delivery to the inner ear
has the advantage to likely minimize systemic side effects
(Andersson and Lendahl, 2014).

The initial pharmacology of the different GSIs was
characterized in a human cell line that responds to Notch
inhibition and allows for quantitative comparisons of IC50 for
the upregulation of ATOH1. The phenotypic assays that followed
were performed in inner ear tissues intended to increasingly
represent targets of therapeutic treatment. In each of the assays,
the concentration ranges used were based on the concentrations

1https://www.regainyourhearing.eu/

achieved in pharmacokinetic tests (Figure 1). Using organotypic
cultures, CPD3 upregulated the expression of hair cell genes in
the tissue and resulted in an increased number of hair cells, in
particular OHCs in the apical region of the sensory epithelium, in
agreement with previously reported GSI studies (Korrapati et al.,
2013; Li et al., 2015; Maass et al., 2015; Ni et al., 2016b). CPD3
increased hair cells in undamaged cultures and also after ototoxic
damage induced by sisomicin. In the case of S. pneumoniae
exposure, we observed higher numbers of putative novel hair
cells, co-expressing Pou4f3 and Sox2 in the apical domain.
However, hair cell counts were increased in all cochlear regions
after GSI treatment. It remains unclear which mechanism may
contribute to this increase and whether GSIs may exert some
partial otoprotective function in this model.

While the reason for the higher regenerative potential of
the apical domain of the cochlear sensory epithelium in early
postnatal ears is likely related to the younger age of these cells
relative to the hair cells at the base (Driver and Kelley, 2020),
these differences in plasticity are unlikely to hold for the adult.
This regional effect may pose a problem for hair cell regeneration
as OHCs in the base are most vulnerable to damage (Liberman,
1990; Sha et al., 2001; Perny et al., 2016; Perny et al., 2017)
resulting in predominant high-frequency hearing loss.

The in vitro findings with rat explant cultures supported a
model where hair cells are generated by transdifferentiation of
supporting cells as immature hair cells expressing both Pou4f3
and Sox2, lacking hair bundles were identified, but these cells
did not incorporate EdU (Figure 3). This is in contrast with
mitogenic responses observed with murine tissue by us (Roccio
et al., unpublished data) and others (Li et al., 2015; Ni et al.,
2016b). Further, different supporting cell types responded to GSI
treatment and damage. In explants exposed to sisomicin, newly-
formed hair cells were detected adjacent to the 3rd row of hair
cells and therefore likely originated from transdifferentiation of
the 3rd Deiters’ cells/Hensen’s cells. In explants exposed to live
S. pneumoniae, newly-formed hair cells were located at different
locations across the medial-lateral axis of the sensory epithelium.
It is therefore plausible that different ototoxic damage models
may activate different supporting cell types, modifying their
response to regenerative molecules. Interestingly, ectopic hair
cells were not observed in the greater epithelial ridge, nor in the
inner hair cell region after GSI exposure.

Transdifferentiation of supporting cells to hair cells without
replenishment of the supporting cell pool may alter the epithelial
organization and therefore per se, impact the organ functionality.
Different studies have focused on simultaneous induction of
proliferation and differentiation of supporting cells to mimic
a regenerative response (Ni et al., 2016a,b; Shu et al., 2019).
Restoration of the original cellular organization remains a major
challenge to be solved in order to enable proper restoration
of organ function.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 August 2021 | Volume 9 | Article 710159149

https://www.regainyourhearing.eu/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-710159 August 9, 2021 Time: 12:40 # 13

Erni et al. GSI-Induced Cochlear Hair Cell Differentiation

FIGURE 6 | Ototoxic assay in cochlear organoid. (A) Immunostaining of untreated organoids for Myo7a and F-Actin at day 24. (B) Immunostaining of organoids for
Myo7a and F-Actin at day 24 after exposure for 2 h to sisomicin (500 µM) on day 20. Cells presenting signs of apoptosis are labeled with arrows. (C) Propidium
Iodide incorporation at day 24 is seen in a subset of hair cells after exposure to sisomicin. Scale bar: 25 µm. (D) Quantitative analysis of hair cells survival 1 week
after sisomicin exposure [HC number relative to the organoid volume in mm3 (×10−5)]. Control: n = 40; sisomicin: n = 12; sisomicin + CPD3; n = 9 (#p = 0.052;
∗∗∗p < 0.001; unpaired t-test with Welch’s correction). (E) Quantification of Sox2 positive cells after sisomicin damage and CPD3 exposure (n = 7). (F) CPD3 effects
on the percentage of Myo7a positive cells co-expressing Sox2 (∗∗p < 0.001, unpaired t-test with Welch’s correction; n = 8–9).

Organotypic cultures of the postnatal organ of Corti are well-
established and widely used tools to evaluate in vitro responses to
drugs as they can be directly exposed to selected concentrations
of compounds under controlled conditions. They also enable
the assessment of the anatomical location and the type of cells
that are affected by the treatment. However, any approach for
in vivo delivery will likely not match the high and precise
doses that can be tested in vitro. In order to complement
the pharmacological data, a different ex vivo model of the
whole cochlea from mice was established. The model aimed
to demonstrate that CPD3 could induce an increase in hair
cell number by local delivery and to corroborate the preclinical
pharmacokinetic tests documenting drug absorption into the
perilymph. CPD3 was tested in two vehicle formulations: 70%
PEG (Mizutari et al., 2013) and 10% POX (Gausterer et al.,
2020), designed to increase the residence time in vivo. In both
cases, the highest concentration of the compound led to a basal-
to-apical gradient of increased hair cell number. A decrease of
Sox2+ cells reaffirmed that GSI entered the cochlea and induced
hair cell formation, predominantly through transdifferentiation.
The data reported here are obtained from P1–2 mice. While
the model provides an initial, complementary approach to test
drug permeability and efficacy, it remains highly challenging to
establish similar ex vivo culture systems from older animals.

Finally, cochlear organoid models (McLean et al., 2017)
were successfully employed to compare the effectiveness of GSI

in a range of experiments testing hair cell regeneration. The
culture methods rely on a primary phase of cochlear progenitor
expansion followed by differentiation to hair cells by concomitant
Wnt activation and Notch inhibition (McLean et al., 2017;
Roccio et al., 2018; Lenz et al., 2019). This enabled a side-by-
side comparison of GSIs. In this case, the efficacy of hair cell
induction of CPD3 was comparable to LY411575, both in terms
of upregulation of hair cell genes, as well as the number of derived
hair cells at the end of the differentiation period. Comparable
findings were obtained from mouse and rat cultures. While a
direct comparison was not conducted, rat cochlear organoids
seemed to have a higher proportion of Sox2+ cells at the end of
differentiation. Hence, this provided a convenient model to test
supporting cell-dependent hair cell regeneration. The sensitivity
to sisomicin in rat organoids suggested a functional cochlear hair
cell phenotype. Interestingly, hair cells lost from the ototoxic
insult were replenished after CPD3 treatment (Figure 6).

Organoid culture models have the drawback that they lack
information concerning the precise cell type and anatomical
location where damage and regeneration occur, as supporting
cells derived from the entire cochlear duct are isolated,
pooled and cultured in homogeneous conditions. Furthermore,
the media composition has been selected to maximize the
proliferative and stem-like features of these cells, and findings
obtained in vitro may not be representative of in vivo responses
obtained in intact organs with single drugs. It is, however,
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possible to maintain these cultures for a prolonged time. Here,
we tested up to 1 month (20 days of differentiation 7 days after
damage). Optimization of the conditions may enable further
maturation to late postnatal stages. In contrast, ex vivo cultures
of the OC tend to lose tissue organization once cultured for
a prolonged time, and late postnatal tissue cannot be directly
isolated undamaged from the ossified inner ear. Benchmarking
in vitro derived hair cells and supporting cells from the organoid
cultures against primary tissue from late postnatal and adult
organs will be pivotal to better understand the advantages and
limitations of this model (Burns et al., 2015; Ranum et al., 2019;
Yu et al., 2019; Hoa et al., 2020).

Furthermore, validation of these strategies on human tissue
may further provide robust evidence for their clinical translation.
While human fetal and adult (postmortem or surgically derived
material) can be used for important validation studies, their
limited accessibility in fact strongly hampers the use in routine
or high throughput experimental settings (Chen et al., 2007;
Roccio et al., 2018; Taylor et al., 2018). Generation of human cell
types using stem cell technologies may provide alternative and
scalable tools for in vitro testing of drug therapies (Koehler et al.,
2017; Roccio, 2020). In conclusion, while the tested GSI reliably
enhanced de novo hair cell formation in vitro in all the presented
assays, a major future hurdle will be to generate advanced models
that are representative of mature or aged tissues to study disease
and regeneration in these settings prior to the translation to more
complex in vivo models.
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Brain organoids are proving to be physiologically relevant models for studying
human brain development in terms of temporal transcriptional signature recapitulation,
dynamic cytoarchitectural development, and functional electrophysiological maturation.
Several studies have employed brain organoid technologies to elucidate human-
specific processes of brain development, gene expression, and cellular maturation by
comparing human-derived brain organoids to those of non-human primates (NHPs).
Brain organoids have been established from a variety of NHP pluripotent stem cell (PSC)
lines and many protocols are now available for generating brain organoids capable
of reproducibly representing specific brain region identities. Innumerous combinations
of brain region specific organoids derived from different human and NHP PSCs,
with CRISPR-Cas9 gene editing techniques and strategies to promote advanced
stages of maturation, will successfully establish complex brain model systems for the
accurate representation and elucidation of human brain development. Identified human-
specific processes of brain development are likely vulnerable to dysregulation and
could result in the identification of therapeutic targets or disease prevention strategies.
Here, we discuss the potential of brain organoids to successfully model human-
specific processes of brain development and explore current strategies for pinpointing
these differences.

Keywords: neurodevelopment, evolution, brain disorders, disease modeling, non-human primates, neocortex,
transcriptomics, brain organoids

INTRODUCTION

There exists human (Homo sapiens)-specific molecular and cellular processes of brain development
that are not shared even with our closest Hominidae relatives like chimpanzees (Pan troglodytes).
While mammalian neurodevelopment mutually exhibits apicobasal organization of radial glia cells
(RGs), timed cellular specification, and maturation of heterogeneous cell populations resulting
in functional neural circuits (Campbell and Götz, 2002; Bakken et al., 2016), there are primate-
specific characteristics of cortex development and maturation. These primate-specific features
include delayed and extended periods of myelination, increased excessive synapse production, and
postponed and protracted synaptic pruning (Petanjek et al., 2011; Miller et al., 2012). Furthermore,
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primates uniquely demonstrate expanded progenitor populations
of the inner subventricular (iSVZ) and outer subventricular zones
(oSVZ) which, together, comprise the subventricular zone (SVZ)
(Giandomenico and Lancaster, 2017). It has been proposed that
the advent of outer radial glial cells (oRGs) and the oSVZ
led to the dramatic expansion of the cortex by giving rise to
neurons of superficial layers and resulted in gyrification of the
cortices of carnivores and primates, including humans (Stahl
et al., 2013). Yet, recent findings in macaques support the
hypothesis that, after embryonic day (E)92 and around the time
of gyrification between E100 and E125, the oSVZ primarily
functions as a source of astrocytes and oligodendrocytes rather
than neurons (Rash et al., 2019). The complete coordination
of neocortical expansion and gyrification is poorly understood
as it is a complex process likely requiring the cumulative
effect of several processes including neuronal growth, dendritic
branching, epigenetic regulation, and the expansion of cortical
neuropil (Hirabayashi and Gotoh, 2010; Rash et al., 2019).

Although primates commonly display features of brain
development not observed in other mammals, it has been further
suggested that approximately 9% of genes in humans have
different developmental trajectories that could be contributing
to delayed brain maturation when compared to rhesus monkeys
(Macaca mulatta) (Bakken et al., 2016). Neoteny is thought to
be central for the emergence of human-specific brain anatomy
responsible for unique cognitive abilities by allowing for extended
periods of neural remodeling, plasticity, and fine-tuning (Langer,
1996; Johnson, 2001). Pre- and postnatal transcriptomic analyses
of human brain development have revealed neotenic gene
expression patterns in humans when compared to macaques and
chimpanzees; however, prenatal studies on neoteny are limited
and increased sample distribution across age and developing
brain regions are required to gain a more complete understanding
of human neotenic brain development (Somel et al., 2009; Li
et al., 2020). The timing of postnatal neotenic shifts in gene
expression seem to correspond to the duration of gray-matter
volume reduction which is associated with synapse elimination
and remodeling (Somel et al., 2009). Synaptogenesis and the
subsequent elimination of excessive synaptic spines are essential
for optimal refinement of neuronal circuitry and cognitive
skills while dysregulation of these processes have been linked
to late-onset neuropsychiatric disorders (Petanjek et al., 2011).
Studies suggest that both pre and postnatal human cortex
development demonstrates regional differences and extended
rates of synaptogenesis when compared to that of rhesus
monkeys which exhibit uniform, simultaneous synaptogenesis
(Rakic et al., 1986; Huttenlocher and Dabholkar, 1997).
Humans are also born with reduced amounts of myelinated
axons compared to chimpanzees and exhibit no adultlike
neocortical myelination unlike chimpanzees (Miller et al., 2012).
Additionally, dopaminergic (DAergic) axons, labeled by tyrosine
hydroxylase (TH), show much higher innervation in layers
V/VI of areas 9 and 32 of the human and chimpanzee cortex
when compared to those of macaques (Macaca) (Raghanti et al.,
2011). Altogether, human-specific aspects of neurodevelopment
and maturation likely contribute to our differences in cellular
and laminar organization, interconnectivity of various brain

regions, hemispheric asymmetry, and overall encephalization
resulting in species-specific cognitive abilities. Nonetheless,
further research is needed to illuminate human-specific features
of neurodevelopment and their correlation to distinctly human
cognition (Preuss, 2011; Sakai et al., 2013; Table 1).

Uniquely human features of neocortical development and
maturation are not only intriguing for their implications in
human-specific cognitive abilities, but they are also vulnerable
to dysregulation which could cause or contribute to distinctly
human brain disorder pathophysiology. The human cerebral
cortex is essential for both cognition and emotional processing
and dysregulation of these processes of the cortex are associated
with a wide range of brain disorders including schizophrenia
(SZ), autism spectrum disorder (ASD), Parkinson’s disease
(PD), and Alzheimer’s disease (AD) (Berman and Weinberger,
1991; Rubenstein, 2011; Xu et al., 2019). Much remains to be
learned about the mechanisms governing cortical expansion
and responses to pathogenesis between human and non-human
primates (NHPs) (Otani et al., 2016). Understanding these
differences could shed light on the underlying mechanisms
responsible for human-specific brain disorders and lead to
the identification of key targets for the development of
effective therapies.

Subtle differences observed by comparing human
neurodevelopment to that of our closest evolutionary relatives
could reveal underlying mechanisms, including genomic or
transcriptional differences, contributing to varied phenotypes
(Pollen et al., 2019). Human-specific responses to pathogenesis
might be elucidated in a similar manner; by comparing
brain pathophysiology of humans to our non-human primate
counterparts (Hof et al., 2004). Although rodent models have
taught us much about basic mammalian brain development and
disorders (Fernando and Robbins, 2011), comparing governing
processes and responses to species more closely related to
humans can reduce the number of variables allowing for the
identification of specific mechanisms responsible for observed
deviations. Studies analyzing induced pluripotent stem cells
(iPSCs) derived from humans, chimpanzees, and bonobos
(Pan paniscus) show large sets of differentially expressed genes
between human and NHP iPSCs. Perhaps the most compelling
differentially expressed genes are those related to increased
long interspersed element-1 (LINE-1) mobility in chimpanzees
and bonobos, which could have implications on the rates of
genetic divergence among species, and alternative mechanisms
of pluripotency maintenance in chimpanzees (Marchetto
et al., 2013; Gallego Romero et al., 2015). Furthermore, when
human and NHP iPSCs were differentiated to neurons, they
displayed distinctive migratory patterns at the neural progenitor
cell (NPC) stage followed by contrasting morphology and
timing of maturation in neurons (Marchetto et al., 2019).
Despite the ability of two-dimensional (2D) PSC-derived neural
cultures to demonstrate basic organization and transcriptomic
changes of early brain development (Yan et al., 2013), while
retaining the genetic background of the somatic cells from
which they are reprogrammed, they lack the ability to develop
complex cytoarchitecture, recapitulate advanced spatiotemporal
transcriptomics, and brain region interconnectivity (including
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TABLE 1 | Summary of some of the known and unknown aspects of human and NHP brain development and anatomy.

Differences in Brain Development and Anatomy Unknowns of Brain Development and Anatomy

Unique to humans Neotenic gene expression patterns compared to NHPs Complete map of neotenic gene expression patterns compared
to NHPs, Systematic understanding of neoteny in humans
compared to NHPs across age and developing brain regions,
How neoteny gives rise to human-specific cognitive abilities

Regional differences in rates of synaptogenesis in developing
cortex (compared to rhesus monkeys)

How regional differences in rates of synaptogenesis differ in
human when compared to NHP species other than rhesus
monkeys

Reduced amounts of myelinated axons at birth and no adultlike
neocortical myelination at birth (compared to chimpanzees)

Developmental timing of axon myelination in human when
compared to NHP species other than chimpanzees and across
brain regions

Higher innervation of dopaminergic axons (labeled by TH) in
layers V/VI of areas 9 and 32 of the human cortex when
compared to chimpanzees and macaques

While the involvement of DA in cognitive processes is well
documented, how DAergic innervation corresponds to NHP
differences in cognition and emotional processing is less
understood

Unique to primates or other
gyrencephalic species

Expanded regions and progenitor cell populations of the iSVZ
and oSVZ

How expanded iSVZs and oSVZs contribute to expanded
cortices and cognitive abilities

oRGs comprising the oSVZ The complete mechanisms by which oRGs contribute to
cortical expansion and gyrification

Denser, more extensive DAergic innervation with fibers in all
cortical layers when compared to rodents

The specific mechanisms governing DAergic axon innervation in
primates and humans during brain development

migration and axon guidance) of ensuing primate brain
development (Soldner and Jaenisch, 2019). Intricate cellular
heterogeneity, complex architecture, and interconnectivity of
neurodevelopment, in addition to pathogenic responses, could be
observed by comparing human and NHP brain tissues; however,
ethical concerns and the inaccessibility of pre- and postnatal
primate brain tissues limits the feasibility of such studies.

While brain organoids might be a long way from forming or
sharing thoughts with us, they could still teach us much about
ourselves. Brain organoids are three-dimensional (3D), PSC-
derived structures that display complex radial organization
of expanding neuroepithelium following embedding in
an extracellular matrix like Matrigel and can recapitulate
some subsequent processes of neurodevelopment including
neurogenesis, gliogenesis, synaptogenesis, heterogenous
cytoarchitecture, cell and axon migration, myelination of
axons, and spontaneously-active neuronal networks (Lancaster
et al., 2013; Bagley et al., 2017; Birey et al., 2017; Quadrato et al.,
2017; Xiang et al., 2017; Marton et al., 2019; Shaker et al., 2021). It
is likely that all these features of neurodevelopment are governed
by some degree of specifies-specific dynamics. Brain organoids
can be generated from human and NHP PSCs and, since
some pathways regulating neural induction and brain region
specification are well conserved in primates, both unguided
cerebral organoids and guided brain region specific organoids
can be generated (Mora-Bermúdez et al., 2016; Field et al., 2019;
Kanton et al., 2019). Additional protocols have been established
for the derivation of brain region specific organoids from human
PSCs (hPSCs), including dorsal forebrain, ventral forebrain,
midbrain, thalamus, basal ganglia, cerebellum, and telencephalic
organoids (Muguruma et al., 2015; Sakaguchi et al., 2015; Jo
et al., 2016; Bagley et al., 2017; Birey et al., 2017; Watanabe et al.,
2017; Xiang et al., 2017, 2019; Qian et al., 2018). With some
modifications, these methods could prove to be successful in

establishing brain region-specific organoids from a variety of
NHP PSC lines allowing for the reproducible comparison of
homogeneous, human-specific neurodevelopment and brain
disorder pathophysiology in brain regions beyond the cortex.

In this review we discuss the application of human and NHP-
derived brain organoids, and the implementation of genome
editing technologies in these model systems, to investigate
human brain evolution and pinpoint human-specific processes of
neurodevelopment and maturation vulnerable to dysregulation
(Figure 1). We further consider the application of brain
organoid technologies to reveal distinctly human responses to
pathogenesis. Our goal is to provide insight into methods
for identifying uniquely human mechanisms driving brain
disorder pathophysiology which could illuminate potential
therapeutic targets.

BRAIN ORGANOIDS MODEL HUMAN
SPECIFIC BRAIN DEVELOPMENT AND
EVOLUTION

Brain organoids are paving the way for in vitro access to
elaborate, physiological relevant model systems of human-
specific neurodevelopmental. Brain organoids have the advantage
of retaining the species-specific genetic background of the PSCs
from which they are derived while supporting the orchestration
of dynamic processes of neurodevelopment as transcriptomic
changes occur in a 3D space. PSCs have been established
from a variety of NHP species including chimpanzee, bonobo,
gorilla (Gorilla gorilla), orangutan (Pongo abelii), and rhesus
monkey (Liu et al., 2008; Marchetto et al., 2013; Gallego Romero
et al., 2015; Mostajo-Radji et al., 2020). Access to these cell
lines sets the stage for creative brain organoid development
and analysis representing several combinations of species, brain
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FIGURE 1 | Brain Organoid Based Models to Identify Human-Specific Processes of Brain Development. Schematic outlining the possible methods for establishing
brain organoids from PSCs and various means of analysis and downstream processes to compare resulting phenotypes. PSCs can be obtained from either human
or NHPs and CRISPR-Cas9, or other gene editing technologies, can be employed to introduce genetic perturbations into the PSCs. Cerebral or brain region specific
organoids can then be directly generated from PSCs or human and NHP PSCs can first be fused forming tetraploid hybrid PSCs for the identification of cis vs. trans
regulatory elements and then be applied for the generation of brain organoids. Cerebral organoids or several different types of brain region specific organoids can be
produced from a variety of human and NHP PSCs. Different combinations of organoids can then be fused to observe neuronal migratory patterns important for
establishing healthy brain connectivity. Resulting organoids can be implanted into the mouse brain for subsequent vascularization allowing for oxygen and glucose
penetration into the organoid and advanced cellular maturation. Human specific phenotypes, including complex, functional cytoarchitectural differences or
differentially expressed genes can then be identified through different means of analysis including monitoring of electrophysiological activity using MEA or with
high-throughput omic analyses like scRNA-seq or ATAC-seq.
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regions, and genomic and epigenomic modifications. Here, we
discuss strategies to develop and analyze complex brain organoid
model systems for the elucidation of distinctly human brain
development and to provide insight into human brain evolution.

Transcriptomics and Omics
The human brain is an immensely complex organ, with the
prenatal cortex alone developing at a rate of approximately
3.86 million new neurons per hour including about 42.3
million synapses per minute, and requires over two decades
to fully form into a structure containing approximately 84.6
billion communicating neurons (NeuN-positive cells) and 84.6
billion non-neuronal (NeuN-negative) cells (Azevedo et al., 2009;
Silbereis et al., 2016). Although some inherent variation in
human brain size and shape might occur, brain development
is reproducibly accomplished through complex molecular and
cellular processes that are governed by elegant regulation of
a genetic blueprint (Silbereis et al., 2016; Reardon et al.,
2018). These processes give rise to systematic transcriptional
signatures that are expressed in consistent spatiotemporal
patterns throughout neurodevelopment. How reliably brain
organoids can recapitulate temporal cellular specification and
maturation of brain development, indicated by changes in
transcriptomics, is an ongoing conversation.

Bulk RNA-sequencing is useful for obtaining a sense of gene
expression patterns and regulation across tissue or organoid
samples; however, it is unable to discern transcriptomic trends
at the single-cell level. Advances in single cell sequencing
technology allow for transcriptome analysis with single cell
resolution, providing detailed snapshots of transcriptomic
changes and cellular heterogeneity during development or other
dynamic tissue processes (Tang et al., 2009). Several platforms for
single-cell RNA sequencing (scRNA-seq) are now available which
can vary in sensitivity, accuracy, and precision (Ziegenhain et al.,
2017). Beginning in 2015, various groups have employed scRNA-
seq platforms to compare different brain organoid generation
protocols among themselves and against human fetal brain
tissues (Atamian et al., 2021). The earliest study used SMART-
seq to contrast 226 single-cell transcriptomes from 12 and 13-
week human neocortex against 333 single-cell transcriptomes
from five cerebral organoids ranging from days 33 to 65. They
found comparable gene expression profiles in over 80% of
genes associated with neocortex disease or evolution between
cerebral organoids and neocortical tissues (Camp et al., 2015).
Following studies aimed to determine the reproducibility of the
cellular composition of organoids by employing droplet-based
single-cell mRNA sequencing (Drop-seq) to analyze about 67,000
cells from 19 optimized cerebral organoids isolated from four
different bioreactors at 6 months. They reported a diversity of
cell types in organoids closely related to those observed during
in vivo brain development; however, although some cell types
were reproducible generated, others appeared inconsistently
which was partially attributed to bioreactor-based batch effects
(Quadrato et al., 2017). More recently, researchers have used
BD Rhapsody and 10X Genomics to analyze dorsal forebrain
organoids, cortical spheroids, and human cortical organoids
established via alternative directed differentiation protocols.

While some groups noted an increase in apoptotic, glycolysis, and
ER stress genes, they all cited the presence of reproducible cellular
subtypes and aspects of development (Velasco et al., 2019; Yoon
et al., 2019; Bhaduri et al., 2020; Tanaka et al., 2020).

scRNA-seq has led to a general consensus that brain organoids
reliably recapitulate broad and some specific cell types present
during neurodevelopment, transcriptional signatures of early to
mid-fetal human cortex, and some degree of cellular maturation
(Kelava and Lancaster, 2016; Sloan et al., 2017; Velasco et al.,
2019). A recent study has reported the establishment of
human cortical organoid protocols capable of achieving some
epigenetic and transcriptional milestones up to postnatal days
250 and 300 (Gordon et al., 2021). These studies have laid
the foundation for transcriptional comparisons of human and
NHP derived organoids to elucidate evolutionary differences
in gene expression patterns during brain development. Early
reports describing the establishment of cerebral organoids from
chimpanzee iPSCs turned to scRNA-seq to assist in characterizing
the developed organoids. One group found populations of cells
in chimpanzee organoids like those previously described in
human cerebral organoids and with gene expression patterns
correlated to those observed in human organoids and fetal
cerebral cortex. The identified groups of cells in the chimpanzee
cerebral organoids represented the cerebral cortex, hindbrain,
ventral midbrain, and peripheral mesenchyme in addition to
those in various stages of maturation (Camp et al., 2015; Mora-
Bermúdez et al., 2016). Further analysis of the scRNA-seq
transcriptome reads suggested that genes required for membrane
structure, like integrin beta 8 (ITGB8), and intercellular signaling,
including insulin receptor (INSR), were greatly upregulated in
human organoid apical progenitor cells (APs) and neurons
(Mora-Bermúdez et al., 2016).

More recent studies performed scaled-up scRNA-seq
experiments with increasing numbers of brain organoid
samples, cells, species, and timepoints. Using scRNA-seq (10X
Genomics) to analyze human, chimpanzee, and macaque
cerebral organoids at several timepoints from the PSC stage
to 4 months of organoid development, researchers found that
human neuronal development occurs at a protracted rate
compared to chimpanzees and macaques and differentially
expressed genes related to proliferation, neuronal migration, and
neurite formation are enriched in human radial glial cells (RGs),
intermediate progenitors (IPs), and neurons. Furthermore,
accessible chromatin profiling demonstrated that differential
chromatin accessibility corresponded to human-specific gene
expression. Four of the 23 differentially expressed genes were
specific to G2M phase progenitors of the telencephalon and
included ARHGAP11B, FAM72B, FAM72C, and FAM72D
(Kanton et al., 2019). An additional large-scale transcriptomic
comparison of primary human and macaque telencephalon
found 1,258 differentially expressed genes and, when these genes
were contrasted with differentially expressed genes between
human and chimpanzee telencephalon organoids using Fluidigm
C1, 261 genes overlapped suggesting human-specific expression
of these genes during cortical development. They identified
upregulated gene co-expression modules in humans related
to transcription during G1/S transition, neuronal apoptosis,
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and mTOR pathway genes (both activators, including INSR,
ITGB8, and IFNAR1, and repressors like PTEN) implicated in
stemness and long-term self-renewal (Pollen et al., 2019). Finally,
cerebral cortex organoids were derived from human embryonic
stem cells (ESCs), rhesus monkey ESCs, chimpanzee iPSCs,
and orangutan iPSCs (Eiraku et al., 2008). Focusing on long
non-coding RNAs (lncRNAs), associated with gene regulation,
imprinting, and stem cell maintenance, the authors observed
920 human lncRNAs conserved in all species with transiently
expressed lncRNAs in specific cell types as indicated through
scRNA-seq (Field et al., 2019). Studies analyzing 33 brain regions
from the postmortem tissue of humans, chimpanzees, bonobos,
and macaques using bulk-RNA-sequencing and single nuclei
RNA-sequencing (snRNA-seq) found that human-specific gene
expression differences were not uniform across brain regions
or cell types suggesting that even more cellular- and regionally-
specified organoids could be advantageous in translating these
evolutionary differences to function and brain development
across species (Khrameeva et al., 2020).

scRNA-seq is powerful in characterizing known and unknown
cell types, comparing tissue compositions, and understanding
evolutionary differences at the cellular level; nevertheless, it
requires the loss of spatial information which is necessary
for elucidating the effects of transcriptomic differences on
function and complex, physical cellular interactions as cells
must be dissociated from their location in tissues. Through
scRNA-sequencing analysis of four different lobes of the human
neocortex, researchers found asynchronous cell development
and a priority for regional maturation in the different areas
emphasizing the importance of spatial resolution in conjugation
with transcriptomic information (Fan et al., 2020). Furthermore,
a large-scale study applying scRNA-seq to analyze 314 human
microglia samples from 115 donors suggested that there are
transcriptional differences among microglia from different brain
regions and throughout aging (de Paiva Lopes et al., 2020).
Although neurons in cortical and cerebral organoids do not
seem to acquire spatial organization, progenitor and other cell
types could and other brain organoid types might (Bhaduri et al.,
2020; Libby et al., 2021). Neurons have been shown to display
transcriptomic signatures of areal identity and considering these
expression patterns could too be advantageous in analyzing
transcriptomic information from organoids (Bhaduri et al.,
2020). Spatial transcriptomic (ST) technologies are allowing
researchers to merge transcriptomic and spatial information
by employing glass slides printed with spatially barcoded
oligo(dT) probes or bead arrays (high-definition ST) that
permit mRNA hybridization to the probes after tissue slices
are applied and enzymatically permeabilized (Vickovic et al.,
2016, 2019; Larsson et al., 2021). Not only are ST technologies
useful in relating transcriptomic changes to functional processes
of brain development but they are also helpful in correlating
transcriptomic changes that might occur during disease
progression to cellular processes in response to pathogenesis.
Utilizing the 5XFAD mouse model of AD, researchers
implemented ST techniques to find that genes spatially
associated with amyloid plaques had been previously identified
as being functionally related to Amyloid-β (Choi et al., 2021).

Implementing similar ST strategies to investigate AD and other
brain disorders in organoid models derived from patients’ PSCs
could reveal human-specific transcriptomic changes and their
contribution to cell-specific responses to pathogenesis.

While evolutionary differences in gene expression have been
analyzed primarily at the transcription level, understanding
the influence of gene regulatory modalities at the epigenetic,
protein, and microRNA level could illuminate processes
governing human-specific neurodevelopmental phenotypes.
Brain organoids have been demonstrated to cluster with fetal
brain tissue and separately from adult brain tissue based on
transcriptomes and histone marks (Amiri et al., 2018). They
have also been shown to recapitulate transcriptomics and the
epigenetic landscape of early to mid-fetal development (Luo
et al., 2016). Researchers found that inhibition of G9a-mediated
H3K9me2 modification in human cerebral organoids resulted
in increased NPC proliferation causing organoid expansion,
and G9a is likely regulated by the hominoid-specific protein
TBC1D3 (Hou et al., 2021). These findings suggest an epigenetic
regulatory mechanism for neocortical expansion and possibly
ensuing gyrification. To understand how chromatin state
varies in cells across tissues or organoids and influences gene
expression in spatial patterns, researchers could implement
high-spatial-resolution chromatin modification state profiling
by sequencing (hsrChST-seq) which exploits DNA barcoding
and Under Targets and Tagmentation (CUT&Tag) chemistry
(Deng et al., 2021). Furthermore, applying multimodal omics
analysis with combinations of techniques like single-cell
ATAC-seq (scATAC-seq) with scRNA-seq, pooled CRISPR-Cas9
to introduce genetic perturbations followed by scRNA-seq
or scATAC-seq, or simultaneous introduction of genetic
perturbations with scRNA-seq (CROP-seq) could allow for the
elucidation of regulatory relationship evolution during brain
development (Datlinger et al., 2017; Efremova and Teichmann,
2020). Pooled CRISPR nuclease (CRISPRn) can target many
genes introducing DNA breaks causing deletions or insertions
that disrupt gene function while pooled CRISPR interference
(CRISPRi) or CRISPR activation (CRISPRa) take advantage
of nuclease dead Cas9 (dCas9) to interact with activator or
repressor domains in DNA, modulating gene expression (Gilbert
et al., 2013; Kampmann, 2017; Tian et al., 2019). Subsequent
effects of such genetic perturbations during brain development
can be compared between human and NHP species to elucidate
human specific mechanisms of neurodevelopment. Additional
regulatory elements of interest in human brain evolution include
miRNA-mRNA interactions, in particular is the interaction
between ORC4 (enriched in RGs) and miR-2115 (an miRNA
specific to great apes), which is implicated in RG proliferation
rates during human brain development (Nowakowski et al.,
2018). Furthermore, researchers have developed a platform
to divulge the influence of cis and trans acting regulation on
gene expression. Human and chimpanzee iPSCs were fused
so that the tetraploid genomic information contributed by
each species shared the same nuclear space. Neural organoids
were then established from the hybrid iPSCs and allele specific
expression in hybrid organoids was compared to chimpanzee
and human organoids to reveal cis regulatory divergences.
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Human somatostatin receptor 2 gene (SSTR2), responsible
for neuronal calcium signaling regulation and associated with
neuropsychiatric disorders, was found to be upregulated in
these studies (Romero-Grimaldi and Moreno-López, 2008).
Lastly, high-throughput mass spectrometry can be employed
to obtain high resolution of the proteome of developed brain
organoids and provide insight into the regulation of genes during
neurodevelopment at the protein expression level (Bauernfeind
et al., 2015; Mostajo-Radji et al., 2020).

Cytoarchitecture
Much focus has been given to primate specific differences
in neocortical development, yet there is less information
on, but likely existing, primate and human specific
differences in alternate brain regions that occur during
development and maturation. For example, recent studies
using computational neuroanatomy to reconstruct Neanderthal
(Homo neanderthalensis) and early Homo sapiens brains found
that Neanderthals, when averaged, had smaller cerebellar
hemispheres than Homo sapiens which could have influences
on cognition and social functions (Kochiyama et al., 2018).
Human brains are not the largest on earth suggesting that
evolutionary changes in brain structure, including the laminar
organization of cells in the cortex, are particularly important in
understanding species-specific cognition (Preuss, 2011; Sakai
et al., 2013). Cellular organization and connectivity in the cortex
and beyond vary among hominid species and are relevant in
understanding differences in brain organization and function
(Semendeferi and Damasio, 2000; Barger et al., 2007; Marchetto
et al., 2019). Contributing to distinct brain cytoarchitecture and
connectivity are unique cellular morphologies and subtypes like
human and chimpanzee-specific varicose projection astrocytes,
human-specific morphology of cortical pyramidal neurons, and
primate-specific expression of TMEM14B in oRGs (Oberheim
et al., 2009; Bianchi et al., 2013; Liu et al., 2017). Here, we discuss
the current state and future applications of brain organoid-
based models to recapitulate primate-specific brain regions,
cytoarchitecture, and interconnectivity.

Unguided, cerebral organoid generation protocols
promote the self-organization and expansion of developing
neuroepithelium resulting in heterogeneous structures that
represent several brain region identities. VZ-like structures of
cerebral organoids are comprised of RGs with some oblique
and vertical orientations which might be more indicative of
human brain tissues than rodents. VZ-like zones also contain
dividing cells at the apical surface. Additionally, TBR1+ cells
show radial migration to developing preplate-like regions above
an intermediate zone-like layer while TBR2+ cells indicate
IP localization in SVZ-like structures (Lancaster et al., 2013).
Expanded progenitor pools within these regions are thought
to contribute to the diversified architecture of the developing
cortex of primates and are valuable regions of interest in
the identification of primate-specific processes of neocortical
development (Giandomenico and Lancaster, 2017).

While cerebral organoid brain region heterogeneity could be
applied to investigate brain region interconnectivity, cerebral
organoids exhibit high amounts of variability among represented

brain regions and more strictly guided protocols are often
employed to achieve increased reproducibility and homogeneity.
Forebrain and cortical organoids recapitulate some amount of
timed NPC migration and neuronal subtype layering although
they do not represent all six distinct layers of the primate
cortex. Like cerebral organoids, forebrain organoids contain
VZ-, SVZ-, preplate-, and CTIP2+ neuron-containing cortical
plate (CP)-like structures; however, cortical organoid protocols
have further demonstrated more distinct oSVZ-like regions and
upper and deep cortical layers containing neurons and astrocytes
reminiscent of third trimester human neocortical development
(Lancaster et al., 2013; Kadoshima et al., 2014; Pasca et al.,
2015; Qian et al., 2018, 2020). Neuronal migration events have
been compared using human, chimpanzee, and macaque iPSC
derived cortical organoids. Researchers observed the presence of
abundant SATB2+ upper-layer neurons in macaque organoids
at day 60 whereas human and chimpanzee organoids did not
exhibit large populations of SATB2+ neurons in upper-layers
until approximately day 80 of development corroborating their
findings in 2D rosette systems (Otani et al., 2016). Furthermore,
mitosis of APs at the ventricular surface of human iPSC-
derived cerebral organoids were observed to experience a 40–60%
increase in the time spent in metaphase when compared to
chimpanzee and orangutan APs and it was determined that this
phenomenon could be a feature of an earlier phase of cortical
development. Additionally, S-phase was about 5 h longer in
human APs than those of chimpanzees and orangutans (Mora-
Bermúdez et al., 2016). Finally, immunohistochemical staining
for the mTOR effector phosphorylated ribosomal protein S6
(pS6) in human, macaque, and chimpanzee-derived organoids
revealed that oRGs of oSVZ-like regions of human organoids
expressed higher amounts of pS6 indicating human-specific
differences in mTOR signaling (Pollen et al., 2019). It is likely
that observing primate-specific TMEM14B expression in oRGs
of SVZ-like regions of human and NHP derived brain organoids
could provide insight into cortical thickening and gyrification. It
has been demonstrated that expressing TMEM14B in embryonic
mouse NPCs induces thickening of the cortex and gyrification in
the otherwise lissencephalic organism (Liu et al., 2017).

Brain Region Specification
Brain organoids representative of additional brain regions and
enriched with brain region specific cell types could illuminate
evolutionary divergence in cellular morphology and dynamic
processes of brain development. Researchers have applied what
is known about in vivo brain development and in vitro 2D
neural differentiation protocols to direct the differentiation of
brain organoids via transcriptional regulation. Currently, brain
region specific protocols are available for the development of
midbrain, hypothalamus, hippocampus, cerebellum, and basal
ganglionic organoids (Muguruma et al., 2015; Sakaguchi et al.,
2015; Jo et al., 2016; Watanabe et al., 2017; Qian et al.,
2018). Recently, caudalizing factors have been implemented
during organoid generation to promote axial elongation similar
to neural tube development. Remarkably, these hindbrain
and neural tube organoids demonstrate regionalized gene
expression and spatially distinct cellular organization showing
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promise that more definite cellular regionalization could be
obtained in alternative brain region specific organoid models
(Libby et al., 2021). Dorsal forebrain organoids enriched with
excitatory glutamatergic pyramidal neurons and ventral forebrain
organoids predominately containing inhibitory GABAergic
cortical interneurons have also been established. By fusing dorsal
and ventral forebrain organoids, researchers can observe the
migration of ventral inhibitory neurons to targets in dorsal
forebrain organoids (Bagley et al., 2017; Birey et al., 2017). This
neuronal migratory event occurs during mid-to-late gestation
and is essential for the integration and maturation of cortical
circuits (Birey et al., 2017). Generating dorsal and ventral
organoids from human and NHP PSCs and fusing both same
species and cross species organoids could provide insight into
evolutionary differences driving this significant process of brain
development and maturation. Human-specific differences in
pyramidal cell function and behavior, in addition to already
observed morphological differences, might also be revealed by
studying dorsal forebrain organoids enriched with excitatory
pyramidal neurons (Marchetto et al., 2019). Furthermore, it
could be possible to establish brain organoids enriched in
DAergic, TH+ axons and observe potential human-specific
patterns of DAergic axon innervation into fused cortical
organoids (Raghanti et al., 2011). It is foreseeable that numerous
combinations of human and NHP cerebral and brain region
specific organoids could be developed and fused to elucidate the
evolutionary differences responsible for brain interconnectivity
and synchronization.

Human brain development is a prolonged process that
continues well beyond prenatal events and into early adulthood
(Silbereis et al., 2016). Implementing strategies that allow for
long-term culture of complex brain organoid-based model
systems are essential for obtaining a complete understanding
of the processes responsible for the fabrication of the uniquely
human brain. A reported lack of regional separation of neurons
with areal identities and reduced neuronal maturation in brain
organoids has been attributed to increases in oxidative and
metabolic stress observed during in vitro culture (Bhaduri
et al., 2020). Modifications to early cerebral organoid protocols,
including seeding embryoid bodies with a reduced number
of cells, incorporating a two-step neural induction phase,
and supplementing final differentiation media with brain-
derived neurotrophic factor (BDNF), allowed for progressive
development of cerebral organoids over 9 months and advanced
maturation of neurons with dendritic spines that formed
spontaneously active neural networks (Quadrato et al., 2017).
Other groups had found that the addition of recombinant
leukemia inhibitory factor (LIF) during organoid generation
increased the size of SVZ-like regions, allowed for increased
separation of deep and upper layer neurons of the cortex,
and maintained organoid structure to 22 weeks (Watanabe
et al., 2017). More recently, researchers have accomplished brain
organoid maintenance for up to 300 days demonstrating the
ability to recapitulate later events of in vivo brain development
like birth (Gordon et al., 2021). Since brain organoids lack
a vascular network, overcoming hypoxic stress and reduced
nutrient delivery into deeper layers of brain organoid structures

has been an ongoing challenge. By culturing slices of forebrain
organoids, researchers have achieved a reduction in the
commonly occurring necrotic core of organoids, reduced
apoptosis, more distinct separation of upper and lower cortical
layers, and retention of VZ, oSVZ, and CP-like regions through
days 100–150 (Qian et al., 2020). Additionally, developing
organoids with a PSC derived perfusable vascular-like network,
engineering organoids to develop an endogenous perfusable
vascular-like network, or the transplantation of organoids
into the mouse brain resulting in in vivo vascularization has
greatly reduced apoptosis and cellular stress allowing for the
development of organoids into the third trimester and advanced
cellular maturation (Mansour et al., 2018; Pham et al., 2018;
Cakir et al., 2019). Supporting the long-term culture of brain
organoids could allow for the modeling of later processes of
human-specific brain development, including overproduction
of synapses followed by vigorous remodeling through synaptic
pruning and delayed myelination of axons (Petanjek et al., 2011;
Miller et al., 2012).

Gliogenesis, like neurogenesis, occurs both pre- and
postnatally; however, the ability to model gliogenesis in
brain organoid systems is limited due to reduced glial progenitor
cell (GPC) populations when compared to primary neocortex
tissue and the continued loss of GPCs as organoids develop
(Stiles and Jernigan, 2010; Rusznák et al., 2016; Bhaduri et al.,
2020). Preserving and enriching GPC populations in human
brain organoids is necessary for the development of more
representative models of human-specific brain development,
as approximately half of adult brain volume consists of glial
cells (Barres, 2008). Bioengineered neuronal organoids with
induced neuro- and gliogenesis using FGF-2 for increased NPC
proliferation, TGFb1 to promote gliogenesis, and DAPT for
neuronal differentiation are enriched with astrocytes by day
60 and oligodendrocytes by day 150 (Zafeiriou et al., 2020).
Astrocytes have also been reported in cortical spheroids, cerebral
organoids, and forebrain organoids beginning between days
75 and 90; yet, the astrocytes typically do not represent the
quantities found in vivo (Pasca et al., 2015; Quadrato et al.,
2017; Renner et al., 2017; Sloan et al., 2017; Bhaduri et al.,
2020). Observing astrocytes in glial-enriched organoids that
exhibit advanced stages of maturation can reveal primate- and
human-specific astrocyte, including chimp- and human-specific
varicose projection astrocytes, influence on brain development
and maturation (Oberheim et al., 2009).

Oligodendrocytes play a central role in healthy brain function
by facilitating the electrical properties of neurons through the
myelination of axons which occurs later and over a drawn out
period of time in human development compared to chimpanzees
(Barres, 2008; Miller et al., 2012). Oligodendrocytes are the last
major neural cell type formed during human brain development;
nonetheless, they have been established in brain organoids
through both spontaneous formation and directed protocols
that enrich for oligodendrocyte progenitor cells (OPCs) (Monzel
et al., 2017; Renner et al., 2017; Matsui et al., 2018; Kim
et al., 2019; Marton et al., 2019; Zafeiriou et al., 2020). Mature,
functional oligodendrocytes have been identified in organoids
via the expression of the mature oligodendrocyte marker, myelin
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basic protein (MBP), and the pinpointing of axons that are
insulated by 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNP)
positive oligodendrocyte myelin sheets (Monzel et al., 2017;
Zafeiriou et al., 2020; Shaker et al., 2021).

However, the enrichment of GPCs might not result in
the presence of microglia in organoids since microglia are
derived from the mesoderm germ layer and likely migrate
to the cerebrum sometime between the 4th and 24th week
of development (Kierdorf et al., 2013; Menassa and Gomez-
Nicola, 2018). Instead, the modification of organoid generation
protocols to increase the number of mesodermal progenitors with
already existing neuroectodermal progenitors has resulted in
functional microglia with ramified morphology, a characteristic
inflammatory response, and phagocytic ability including
the capacity to perform synaptic pruning (Kierdorf et al.,
2013; Menassa and Gomez-Nicola, 2018). Other options for
incorporating microglia into brain organoids involve the
coculture of primary microglia obtained from postmortem
brain tissue or those derived from iPSCs. Implementing
microglia derived from primary tissue or from the iPSCs
of human and NHPs can help researchers to elucidate the
behavior and influence of species-specific microglia interactions
during development and could reveal species-specific microglia
behaviors (Abud et al., 2017). For example, microglia from
chimpanzees can be introduced into human brain organoids and
the resulting effects on neuronal development can be compared
to human organoids that contain human microglia to disentangle
microglia influenced effects from cell autonomous effects. The
significant roles that glial cells play in healthy brain development
and maturation are just beginning to be appreciated and brain
organoids might assist in further defining these elusive roles
(Barres, 2008; Rusznák et al., 2016).

Connectivity
Once complete brain organoid models are established, containing
representative amounts of maturing cell types found in
the developing brain under minimal cellular stresses, their
electrophysiological activity can be monitored throughout
development to observe oscillatory events during spontaneous
network formation. While researchers have demonstrated
spontaneous electrophysiological activity in cerebral organoids,
it has only recently been suggested that human cortical
organoids display oscillatory activity comparable to that recorded
in preterm human electroencephalography (Quadrato et al.,
2017; Trujillo et al., 2019). Previous works have applied
multielectrode array (MEA) analysis to observe firing rates
of human, chimpanzee, and bonobo iPSC-derived neurons
at 2 and 6 weeks. They found increased firing rates of
chimpanzee and bonobo derived neurons at 1.5 weeks when
compared to human neurons, while human-derived neural
cultures showed increased firing rates at 5 weeks (Marchetto
et al., 2019). However, studies remain to be performed comparing
human and NHP-derived brain organoid oscillatory activity
to corroborate the finding of delayed functional maturation
of human iPSC-derived 2D neurons compared to chimpanzee
and bonobo neurons.

Extinct Ancestral Modeling
Current work has brought us closer to our most recent non-living
hominin relatives. Like discovering the DNA of an extinct species
locked in amber, CRISPR-Cas9 has provided access to the past
and opened possibilities for the interrogation of humans’ most
recent divergences in brain evolution. Researchers identified
neuro-oncological ventral antigen 1 (NOVA1) as a gene with
differences between human and archaic hominin genomes that
could play a role in human-specific neurodevelopment. Using
CRISPR-Cas9, they replaced the human allele of NOVA1 in
hiPSCs with an ancestral allele associated with Neanderthals
and Denisovans. They then generated cortical organoids from
edited hiPSCs with the archaic variant (NOVA1Ar/Ar) and from
unedited isogenic control hiPSCs (NOVA1Hu/Hu). NOVA1Ar/Ar
organoids were smaller in diameter than NOVA1Hu/Hu organoids
during the proliferation and maturation stages and demonstrated
increased surface rugosity. Additionally, NOVA1Ar/Ar organoids
had less VZ- and SVZ-like areas, increased apoptotic cells, and
slower proliferation compared to NOVA1Hu/Hu organoids. The
researchers then performed RNA sequencing and found 277
genes differentially expressed between NOVA1Hu/Hu organoids
and NOVA1Hu/Hu organoids with the top three differentially
expressed genes being FEZF1, PAX6, and LHX5. Single-nucleus
RNA-seq then revealed differences in cell-type proportions at one
and 2 months of development and variations in gene splicing.
Finally, NOVA1Ar/Ar organoids had lower levels of pre- and
postsynaptic proteins with less colocalized synaptic puncta likely
resulting in reduced synchrony and increased variability based on
observed firing rate and coefficient variation when evaluated by
MEA (Trujillo et al., 2021).

Until very recently, Neanderthals and Denisovans (Denisova
hominins) were thought to be our closest evolutionary relatives.
The discovery of Homo longi, suspected to be an even closer
extinct relative of humans than Neanderthals, could open the
possibility for a new understanding of divergence in human
brain evolution (Ji et al., 2021). Deviating genes might be
identified from Homo longi that, 1 day, could be genome edited
into human iPSCs for the development of different versions
of ancestral organoids. Accurate cellular modeling of ancestral
species will require recapitulation of ancestral genome mutations
via introduction of multiple DNA edits in the same cell. Current
CRISPR/Cas9 technology allows for multiple guide sequences to
be encoded into a single CRISPR array to enable simultaneous
editing of several sites within the primate genome (Cong et al.,
2013). It remains to be seen if full recapitulation of ancestral
mutations in a human neuron will change its physiology to a
more ancient “Neanderthal-like” state.

BRAIN ORGANOID DISEASE MODELING
FROM AN EVOLUTIONARY
PERSPECTIVE

Many of the previously discussed human-specific processes
of brain development are vulnerable to dysregulation and
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could be at the root of human brain disorder pathophysiology
or detrimental responses to pathogenesis (Table 2). Here
we identify some potentially human-specific features of

and responses to brain diseases and explore methods that
might assist in elucidating therapeutic targets and protective
strategies (Figure 2).

TABLE 2 | Overview of primary literature employing human, NHP, and ancestral gene edited brain organoids to elucidate human-specific processes of brain
development and implicated brain disorders.

Compared
Species

Model Findings Implicated Brain
Disorders

Citation

Cortex
development

• Chimpanzee
• Macaque
• Human

Brain organoids and 2D
neural rosettes

Different rates of NPC proliferation; Differences in
neurogenesis output; Cell autonomous regulation of
neurogenesis

• Epilepsy
• ASD
• HD
• TS
• FXS

Otani et al., 2016

• Chimpanzee
• Human

Cerebral organoids Similar cytoarchitecture, cell type composition, and
neurogenic gene expression programs; Lengthening of
prometaphase-metaphase of AP mitosis; Differential AP
gene expression associated with prolonged proliferative
capacity; Less BPs in humans

• Microcephaly
• Lissencephaly
• Heteropias

Mora-Bermúdez
et al., 2016

• Chimpanzee
• Gorilla
• Human

Cerebral
(telencephalic)

organoids

Protracted neuroepithelial differentiation in apes; Larger
human organoids; Shorter cell cycles in humans; Differential
gene expression of cell morphogenesis factors (ZEB2);
Newly identified NPC transition morphotype state

• Mowat–Wilson
syndrome
(syndromic form of
Hirschprung’s
disease)

Benito-Kwiecinski
et al., 2021

Gene
expression

• Chimpanzee
• Macaque
• Human

Cerebral organoids Identified 216 differentially expressed genes in human vs.
chimpanzees and macaque cortex (including regulators of
PI3K/AKT/mTOR signaling); Increased activation of
PI3K/AKT/mTOR pathway in human RGs dependent on
two upregulated receptors in humans (INSR and ITGB8);
Increase in almost all genes in the SMN1 and ARL17A loci
in the developing human cortex of humans compared to
chimpanzee and macaque

mTOR:
• ASD
• Focal cortical
dysplasia
• Glioblastoma
multiforme

Pollen et al., 2019

• Chimpanzee
• Macaque
• Human

Cerebral oganoids Human neuronal development happens at a slower pace;
Identified 23 differentially expressed duplicated or
rearranged genes in humans, four specific to G2M phase
NPCs of the telencephalon (ARHGAP11B, FAM72B,
FAM72C, and FAM72D); found 98 differentially expressed
genes in RGs, IPs, and neurons and are associated with
proliferation of RGs, neuron migration, and neurite
formation; Differential accessibility in NPCs and neurons of
humans and chimpanzees showed 7% increase and 9%
decrease in accessibility in humans.

• ASD
• Microcephaly
• Lissencephaly
• Heteropias

Kanton et al.,
2019

• Chimpanzee
• Human

Hybrid
human-chimpanzee,

human, and
chimpanzee PSC
derived cortical

spheroids

Thousands of genes with human vs. chimpanzee divergent
cis regulation; Set of astrocyte related genes with evidence
of selection; Upregulation of SSTR2 gene expression;
Pharmacological induced species-specific calcium signaling

• Schizophrenia
• Dementia in
patients with AD
Calcium signaling:
• AD
• PD
• HD
• ALS
• Spinocerebellar
ataxias

Agoglia et al.,
2021

• Neanderthal
• Human

CRISPR-Cas9 replaced
human NOVA1 allele

with ancestral NOVA1
allele in iPSCs, derived
cortical organoids from
archaic NOVA1 iPSCs

and human iPSCs

Changes in alternative splicing of genes related to
neurodevelopment, proliferation, and neural network
formation; Archaic NOVA1 organoids had excitatory
synaptic changes compared to human organoids; Smaller
archaic NOVA1 organoids during the proliferation and
maturation stages; Archaic NOVA1 organoids has less VZ-
and SVZ-like areas, increased apoptotic cells, and slower
proliferation; 277 differentially expressed genes between
archaic NOVA1 organoids and human organoids (top three
were FEZF1, PAX6, and LHX5)

• ASD
• HD
• SZ
• Depression
• Cocaine addiction

Trujillo et al., 2021

List of implicated brain disorders is based on findings and is not exhaustive. ASD, autism spectrum disorder; HD, Huntington’s disease; SZ, schizophrenia; PD, Parkinson’s
disease; AD, Alzheimer’s disease; TS, Timothy syndrome; FXS, fragile X syndrome.
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FIGURE 2 | Hypothesized brain organoid-based models of human specific processes implicated in brain disease etiology and progression. Schematic illustrating
multiple processes of human-specific brain development or responses to pathogenesis compared to those of NHPs and represented in brain organoids. (A) Delayed
neuronal maturation and prolonged NPC proliferation have been observed in human brain organoids when compared to chimpanzee derived brain organoids. The
dysregulation of NPC proliferation and neuronal maturation during brain developed has been linked to ASD, SZ, focal cortical dysplasia, and glioblastoma multiforme.
Org is organoid. (B) It might be possible to observe differences in DAergic axon innervation between human and NHPs by fusing cortical organoids to organoids
enriched in dopaminergic neurons. The disruption of DA regulation systems has been implicated in SZ, AD, and PD. Timepoints reflect observations of DAergic axon
innervation in certain regions of the cortex comparing human and chimpanzee postmortem tissue samples. (C) Delayed and protracted myelination has been
observed in human when compared to chimpanzee pre- and postnatal postmortem tissues and the disruption of axonal myelination is linked to SZ, stress induced
psychosis, leukodystrophies, MS, PD, and AD. Axonal myelination might be compared in primate organoids containing CNP/MAG+ oligodendrocytes. (D) Observing
periods of synaptogenesis followed by the pruning of excessive synapses in organoids containing microglia could reveal species-specific mechanisms of neuronal
maturation when comparing primate organoids. Dysregulated synaptogenesis and synaptic pruning are implicated in AD, SZ, BD and stress and drug induced
psychosis. E is embryonic day and timepoints correspond to observations in postmortem tissue. (E) It has been suggested that some aging NHPs develop
amyloid-beta plaque deposits but only develop NFTs in rare cases. The overexpression of hyperphosphorylated tau, a precursor of NFT accumulation, in brain
organoids derived from humans and NHPs could allow for the identification of species-specific responses to the disease burden. (F) Neurotrophic viral infection, like
ZIKVBR infection, can and has been compared among primate species by establishing human and NHP derived brain organoids, infecting them with neurotrophic
viruses, and observing resulting differences in pathogenic responses or viral mechanisms of infection. The mentioned implicated brain disorders or processes are not
all-encompassing.
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Oligodendrocytes and Myelination
Contrasting human- and NHP-derived brain organoids that are
optimized to model processes of human brain development
vulnerable to dysregulation could allow researchers to elucidate
the mechanisms governing those processes providing insight
into brain disease etiology and potential therapeutic targets.
For example, decreases in neocortical myelin development
and myelin-related gene expression resulting in dysregulated
CNP and myelin-associated protein (MAG) levels have been
observed in patients with schizophrenia (SZ) (Hakak et al.,
2001; Dracheva et al., 2006; McCullumsmith et al., 2007;
Mitkus et al., 2008). Additionally, oligodendrocyte and astrocyte
dysfunction has been associated with decreased myelination in
multiple sclerosis, amyotrophic lateral sclerosis, PD, AD, Down
syndrome (DS), and leukodystrophies (Salameh et al., 2015;
Wasseff and Scherer, 2015; Domingues et al., 2016; McKenzie
et al., 2017; Reiche et al., 2019; Shaker et al., 2021). It has been
suggested that the extended period of myelination in humans,
in addition to the metabolic burden of myelinating the large
quantities of neurons in humans, increases our susceptibility
to these brain diseases; however, the mechanisms responsible
for the dysregulation of oligodendrocytes and their ability to
maintain appropriate amounts of myelination for healthy brain
function are unclear (Bove, 2018). Generating oligodendrocyte
and astrocyte containing organoids capable of myelination from
human and NHP PSCs could allow for the examination of
species-specific molecular mechanisms governing myelination
(Madhavan et al., 2018; Kim et al., 2019; Shaker et al., 2021).
Investigating axon myelination through perturbations of the
processes of myelination, like increasing metabolic stress or
altering CNP and MAG gene expression, in both human and
NHP organoids could reveal species-specific mechanisms of
myelination homeostasis.

Synaptogenesis
Additionally, synaptogenesis is a process of brain development
with uniquely human features like high quantities of excessive
synapse formation in the cerebral cortex followed by extended
periods of synapse remodeling via pruning (Petanjek et al.,
2011). The dysregulation of synaptic pruning by astrocyte and
complement protein responsive microglia has been implicated
in SZ, bipolar disorder (BD), and stress- or drug-induced
psychosis (Feinberg, 1982; Stevens et al., 2007; Eroglu and
Barres, 2010; Paolicelli et al., 2011; Petanjek et al., 2011; Sellgren
et al., 2019). Incorporating microglia derived from human and
NHP PSCs into brain organoids, establishing both same species
and cross species microglia enriched organoid co-cultures, and
inducing neuroinflammation via cytokine activation might reveal
human-specific complement guided microglia responses during
organoid development and synaptic pruning (Stevens et al.,
2007; Severance et al., 2014; Abud et al., 2017). Microglia are
also implicated in AD pathology and coordinate activities with
astrocytes and other neural cells (Hong et al., 2016; Menassa and
Gomez-Nicola, 2018). Transplanting brain organoids into the
mouse brain has resulted in the colonization of the transplanted
human brain organoids with ramified mouse microglia, and
it might be feasible to inject PSC-derived human and NHP

microglia into mouse brains containing AD patient iPSC-
derived brain organoids to identify human-specific microglia,
astrocyte, and blood brain barrier (BBB) interactions in an
AD pathophysiological relevant environment (Abud et al., 2017;
Mansour et al., 2018, 2021; Hasselmann et al., 2019; Park et al.,
2021; Figure 1).

Radial Glia and Neural Progenitor Cell
Proliferation and Migration
Proliferating cells of the VZ-, SVZ-, and oSVZ-like regions
of brain organoids could be of notable importance when
investigating human-specific disease etiology. NPCs
differentiated from the hiPSCs of SZ patients conserved a
large amount of the gene signature of SZ hiPSC-derived neurons
and demonstrated aberrant migration patterns compared to
control NPCs which was observed in neurosphere outgrowth
and microfluidic chamber migration assays (Brennand et al.,
2015). Furthermore, brain organoids developed from the hiPSCs
of patients with autism spectrum disorder (ASD) showed no
difference in the ability of RGs to establish TBR1+ cortical
neurons yet revealed increased thickness of CP-like regions
and transcriptional dysregulation related to cortical neuron
development. However, circumventing the NSC stage using
direct iPSC to induced neuron conversion rescued abnormal
neural fate specification and neurite branching (Schafer et al.,
2019). Deviating migration patterns have been revealed in hiPSC-
derived NPCs when compared to bonobo and chimpanzee NPCs
in 2D cultures and evidence suggests that cortical progenitor
cells play a key role in primate-specific cortical size through
differences in the duration of cortical progenitor cell expansion
(Otani et al., 2016; Marchetto et al., 2019). It has also been
suggested that increased INSR and ITGB8 may be related
to human-specific differences in mTOR signaling pathway
activation in RGs, particularly oRGs, and mutations related
to mTOR signaling have been linked to ASD, focal cortical
dysplasia, and glioblastoma multiforme (Ceccarelli et al., 2016;
Mora-Bermúdez et al., 2016; Pollen et al., 2019). These findings
provide a platform for understanding the mechanisms regulating
NPC proliferation, migration, and overall contributions to
healthy human brain development through primate-derived
brain organoid models.

DISCUSSION

Brain organoids provide unparalleled access to human-specific
processes of neurodevelopment and these processes can be
further highlighted by contrasting them with those of our
closest NHP and extinct ancestral relatives. However, our access
to ESCs and primary cells of some NHPs, including several
species of lemurs, monkeys, and great apes, is limited due to
declining species numbers (Gray et al., 2013; Estrada et al., 2017).
Additionally, protocols to reprogram human somatic cells to
PSCs, and to direct the differentiation of PSCs to neural and
brain region specific lineages, could lack consistent translation
to NHPs. Although early processes of transcriptional regulation
during development are often well conserved across species,
obtaining NHP brain organoids with increasing brain-region
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specification could pose a challenge and require species-specific
optimization (Acampora et al., 1998; Godenschwege et al.,
2006; Castells-Nobau et al., 2019). Cerebral and cortical brain
organoids have been derived from chimpanzee, bonobo, rhesus
monkey, and orangutan ESCs and iPSCs using protocols
originally established for human PSC organoid derivation with
minimal optimization (Mora-Bermúdez et al., 2016; Otani et al.,
2016; Kanton et al., 2019; Pollen et al., 2019). Reconstructing and
identifying diverging ancestral genes to introduce into human
brain organoids for the modeling of evolutionary divergences
in brain development is also challenging since ancestral DNA is
often poorly preserved, fragmented, contaminated by other DNA
molecules, and contains post-mortem mutations. Remarkably,
recent progress in high-throughput sequencing technologies
are transforming ancient DNA research by providing access
to entire genome sequences from ancient DNA fragments
(Orlando et al., 2015). Once brain organoids are developed
from human and NHP PSCs, high-throughput scRNA-seq,
scATAC-seq, CROP-seq, pooled CRISPR screens, and tandem
mass spectrometry are revolutionizing our understanding of
transcriptional, translational, and epigenetic regulations during
human brain development and our ability to validate brain
organoid model systems (Bakken et al., 2016; Amiri et al.,
2018; Tian et al., 2019; Atamian et al., 2021). Eventually, the
application of technologies like seqFISH might provide spatial-
temporal resolution of dynamic transcriptional changes and cell
lineage tracing in brain organoid models (Shah et al., 2018;
Atamian et al., 2021).

Non-human primates brain organoid disease modeling could
provide insight into human-specific brain disease etiology and
pathogenesis. We have learned much from rodent models
of human neurodevelopment and disease, including the idea
that physiological differences between species could result in
erroneous conclusions (Van Fernando and Robbins, 2011; Kariya
and Ishikawa, 2019; Norman, 2019). However, modeling and
comparing these physiological differences in species more closely
related to us could help elucidate the human-specific processes
implicated in brain disease progression. Human and NHP
brain organoid-based models of AD could be exceptionally
informative due to the unique susceptibility that humans seem
to exhibit for developing AD, which could be related to
genetic differences, cerebral structural differences, and increased
lifespan (Walker and Jucker, 2017). Although aged NHPs, like
chimpanzees, orangutans, rhesus monkeys, squirrel monkeys
(Samiri sciureus), and gorillas, demonstrate diffuse amyloid
plaques, neuritic amyloid plaques, and vascular amyloid, in
addition to hyperphosphorylated tau expression in neurons,
they most often do not present with tau positive neurofibrillary
tangles (NFTs) or neuropil threads and very few NHPs have
been reported with both amyloid beta pathology in combination
with NFTs (Perez et al., 2013, 2016; Edler et al., 2017). The
identification of cellular mechanisms providing NHPs with the
capability of preventing or clearing NFT formation might be
accomplished by challenging human- and NHP-derived brain
organoids with over-expression of the shortest human brain
tau isoform (T44) in neurons (Ishihara et al., 1999). This
comparison could reveal potential therapeutic targets in AD.
Additionally, it is unclear whether the response of astrocytes

and microglia of AD patients is protective or detrimental to
the neuroinflammatory pathogenesis of AD (Cai et al., 2017;
Ahmad et al., 2019). Microglia and astrocyte activation are
early responses to AD pathology that increase oxidative stress
and the production of inflammatory cytokines, some of which
exhibit neurotoxic effects (Heneka et al., 2014). By implementing
previously discussed strategies to enrich brain organoids with
astrocytes and microglia, one could investigate the complex
astrocyte, microglia, and neuronal interactions in the context
of AD related neuroinflammation. GFAP expression suggesting
astrogliosis in chimpanzee brains does not appear to increase
during aging as it does in humans suggesting lower levels of
oxidative stress, and, while astrogliosis is observed in cortex
layer I and the hippocampus of chimpanzees exhibiting AD
pathology, it is not as widely spread throughout the cortex as
has been observed in human postmortem AD tissues (Munger
et al., 2020). It could be hypothesized that organisms with
increasing brain complexity and resulting increased metabolic
demand demonstrate greater susceptibility to oxidative stress
during aging making them more inclined to develop age-related
neurodegenerative diseases like AD, although more research is
required to determine if there is a connection between brain
complexity, metabolic demand, and oxidative stress handling.
The lack of vascularization and hyper- and hypoxic conditions
during in vitro brain organoid culture has been shown to cause
increased metabolic, oxidative, and cellular stress compared to
in vivo conditions resulting in increases in apoptosis and necrosis
(Bhaduri et al., 2020). While this does present a challenge in
establishing many physiological relevant brain organoid model
systems, it remains to be tested if this effect might turn out to be
an advantage by facilitating the exacerbation and early onset of
disease phenotypes in brain organoids (Park et al., 2021).

In addition to the genetic and molecular basis of brain disease,
the influence of external factors on brain development might also
be compared in human- and NHP-derived brain organoids. For
example, researchers infected human and chimpanzee cerebral
organoids with the Brazilian Zika virus (ZIKVBR) and found a
reduction in both TBR1+ and CTIP2+ cortical neurons, and
a subsequent reduction in the size of the CP-like structure
of human organoids following infection, but they did not
observe these effects in chimpanzee organoids after ZIKVBR

infection suggesting human-specific neurotropism adaptations
of ZIKVBR (Cugola et al., 2016). These studies indicate that
brain organoid models can be implemented in the study of
neurotropic viral infections and subsequent influence on brain
development. It is foreseeable that similar models might be
applied to understand additional viruses suspected of reaching
the brain and influencing brain development like Sars-cov2,
HIV (through HIV-1 infected microglia), or cerebral malaria
(Harbuzariu et al., 2019; Dos Reis et al., 2020; Ramani et al., 2020).
Finally, toxicology screenings in human- and NHP-derived
brain organoids could reveal compounds that have a species-
specific influence on brain development and potentially identify
the protective effect provided by the non-susceptible primate
(Quadrato et al., 2016). Human and NHP-derived organoids
can teach us much about ourselves and the world around us,
from human-specific processes of brain development and disease
to evolutionary differences and neurotropic viral mechanisms,
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possibly providing insight into the development of effective
therapies and protective strategies against brain dysregulation.
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Generation of Skin Organoids:
Potential Opportunities and
Challenges
Hui Sun1,2,3, Yi-Xuan Zhang1,2,3 and Yu-Mei Li 1,2,3*

1Institute of Regenerative Medicine, Affiliated Hospital of Jiangsu University, Jiangsu University, Zhenjiang, China, 2Department of
Dermatology, Affiliated Hospital of Jiangsu University, Jiangsu University, Zhenjiang, China, 3School of Medicine, Jiangsu
University, Zhenjiang, China

Although several types of human skin substitutes are currently available, they usually do
not include important skin appendages such as hair follicles and sweat glands, or various
skin-related cells, such as dermal adipocytes and sensory neurons. This highlights the
need to improve the in vitro human skin generation model for use as a tool for
investigating skin diseases and as a source of cells or tissues for skin regeneration.
Skin organoids are generated from stem cells and are expected to possess the
complexity and function of natural skin. Here, we summarize the current literatures
relating to the “niches” of the local skin stem cell microenvironment and the formation of
skin organoids, and then discuss the opportunities and challenges associated with
multifunctional skin organoids.

Keywords: skin organoid, skin stem cell niches, 3D culture, single-cell RNA sequencing, skin generation

INTRODUCTION

The skin is a very complex organ that comprises various stem cell populations as well as numerous
other cell types (Clevers et al., 2014; Chen et al., 2018). The skin plays an essential role in
maintaining the stability of the body’s internal environment, protecting the body from daily
attrition, and regulating the body’s temperature and perception. The outer boundary of the skin,
known as the epidermis, is maintained by epidermal stem cells that reside in the basal layer, while
the dermis, the layer under the epidermis, is rich in dermal fibroblasts that produce extracellular
matrix components, such as collagen and elastic fibers, that give the skin its elasticity. Under the
dermis lies subcutaneous fat, which functions as padding, insulation, and energy storage (Takeo
et al., 2015; Gravitz, 2018). However, the current in vitro-generated skin models lack many of the
normal and necessary skin structures, so we should find new alternative cells and functional
models for skin diseases and regeneration.

The continuous and rapid development of stem cell biology can provide new insights into
the basic biology of human diseases, thereby driving innovation in the diagnosis and
treatment of a variety of conditions. Human pluripotent stem cells (hPSCs), including
human embryonic stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs), have become a valuable tool for modeling human diseases, complementing
traditional animal research models (Takahashi and Yamanaka, 2006; Takahashi et al.,
2007; Shi et al., 2017). Under specific induction conditions, hPSCs can differentiate into
any cell or tissue type of the human body. They can also be used to generate three-
dimensional (3D) in vitro models, i.e., organoids, containing various cell types that can
be used for modeling organogenesis and developmental disorders (Dutta et al., 2017; Rossi
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et al., 2018). Skin organoids are derived from hPSCs and can
self-assemble to form an organized, skin-like structure
composed of skin progenitor cells and hair follicles
resembling fetal skin (Lee et al., 2018; Kim and Ju, 2019;
Lee et al., 2020).

In this review, we first evaluate recent advances in skin
formation in the field of stem cells and regenerative medicine.
Then, we discuss the origins of skin cells and skin organoid
culture systems and offer feasible suggestions for future directions
and methods to generate ideal skin organoids using the latest
technologies, such as 3D culture. Despite their tremendous
promise, current skin organoid models still have limitations.
Therefore, in this review, we also aim to provide an impartial
view of the opportunities and challenges relating to skin
organoids. Only when current models are fully understood can
skin organoids help shed light on our understanding of human
skin biology and skin diseases.

SKIN DEVELOPMENT AND
MICROENVIRONMENT

Different types of skin-resident cells perform different functions;
thus, we must first fully understand the mechanisms involved in
skin development as well as the microenvironment. Importantly,
multiple types of skin stem cells, such as epidermal stem cells, as
well as other types of progenitor cells that reside in the skin and its
appendages (e.g., hair bulbs and sweat glands), are required for
the development, continuous renewal, and regeneration of the
body’s skin, activities that are controlled by the “niches” within
the local stem cell microenvironment (Fuchs, 2007; Yin et al.,
20132011; Mahmoudi and Brunet, 2012). With the development
of genetic and imaging tools, our understanding of the
relationship between skin stem cells and their progeny, as well
as the interaction between skin stem cells and their niches, has
increased over recent years (Gravitz, 2018). Wnt signaling

FIGURE 1 | (A) Early signaling of skin development. Wnt signaling blocks the ability of early ectodermal progenitor cells, allowing them to respond to BMP signaling
and adopt an epidermal fate. Representation of the border model and important signaling pathways such as mall molecules termed as dual SMAD inhibition (dSMADi)
that inhibit the BMP and TGFβ signaling pathways, respectively and influence particular cell fates in neurogenesis as well as CP, NC, NE.WhileWnt/Shh activating signals
produce the hair placode and additional dermal messages further instruct the placodes tomake the hair follicle. (B) Schematic illustration of skin organoid formation
and its application. This figure summarizes how integration of skin organoid technology with PSC/ASC approaches (including EB formation and fusion assembloids with
different skin precursor cells) allowed the understanding of various applications in skin diseases. Cranial placode, CP; dual SMAD inhibition, dSMADi; Embryoid-body,
EB; Neural crest, NC; Neuroectoderm, NE; Retinoic acid, RA.
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emanating from the niches has been proposed to act as a cue for
stem cell self-renewal in a variety of mammalian tissues (Clevers
et al., 2014) (Figure 1A). At the same time, lineage analysis
demonstrated heterogeneity among the cells in stem or
progenitor cells are stochastic. In addition, stem cells and their
downstream progenitors exploit the full advantages of their own
environment according to detailed areas as niches (Ito et al., 2007;
Yang et al., 2017). Therefore, skin stem cells, their niches, and
associated signals are essential for skin development and
differentiation. In addition, the maintenance and function of
adult skin stem cells require different microenvironments within
the niches, including the presence of a variety of allogeneic cells
and associated stem cell lineages (Lane et al., 2014; Gonzales and
Fuchs, 2017).

The skin originates from two major tissue types, namely, the
ectoderm (epidermis) and mesenchyme (dermis, hypodermis,
and mesodermal connective tissue). Sensory nerve endings and
melanocytes (neural crest) are also present in the skin (Quarto
et al., 2010). In the early embryo, Wnt/β-catenin signaling plays a
key role in skin development (Siebel and Lendahl, 2017; Lim and
Nusse, 2013). During gastrulation, the ectoderm invaginates
along the midline for development, and then the ectodermal
cells proliferate and migrate downwards from the center (Tchieu
et al., 2017). Three primary cell layers (germ layers) are formed in
the gastrula: ectoderm, mesoderm, and endoderm. The
ectodermal layer lies on the surface of the embryo, and
whether or not the ectoderm develops into skin is dependent
on Wnt signaling (Fuchs, 2007). In the absence of FGF signaling,
ectodermal cells express bone morphogenetic protein (BMP) and
develop into epidermis (Tchieu et al., 2017). Additionally, in the
absence of Wnt signaling, FGF signaling is activated, BMP
expression is weakened, and ectodermal cells can also adopt a
neural crest fate (Figure 1A) (Ji et al., 2019; Girgin et al., 2021). By
precisely modulating the activities of the FGF, BMP, Wnt, and
transforming growth factor β (TGF-β) pathways using different
substrates and a chemically defined medium, reproducible
derivations of neuroectoderm, neural crest, cranial placode,
and non-neural ectoderm can be achieved (Tchieu et al., 2017)
(Figure 1A).

During early skin development, within several days, cell
divisions become first oblique, and then more perpendicular,
leading to asymmetric fates, as well as the differentiation and
stratification of the epidermis (Matsumura et al., 2021). When
morphogenesis is complete, progenitor cells of the epidermis and
appendages maintain their contact with the basement membrane
and express markers that identify them as keratinocytes (Green
et al., 2003).

To conclude, skin formation is a multistep process, involving
the growth of the dermis and epidermis, as well as skin
appendages. Skin appendages such as hair placodes form from
the congregation of Wnthigh cells in the basal layer (Gonzales and
Fuchs, 2017). These cells begin to divide perpendicular to the
basement membrane, leading to asymmetrically fated daughters.
Wnthigh cells produce sonic hedgehog (Shh), but only
neighboring cells can respond to this signal. Shh signaling
induces the underlying mesenchyme to organize into a dermal
condensate and simultaneously produce BMP inhibitors. Shh

signaling also prompts the covering daughter cells that lose
contact with the basement membrane to dampen Wnt
signaling (Wntlow) and divide symmetrically. These Wntlow

daughters will generate the outer root sheath, which can
develop a niche (bulges) of stem cells, while the Wnthigh

daughters may generate the inner root sheath or hair shaft
(Hsu and Fuchs, 2012; Gonzales and Fuchs, 2017).

Knowledge about the early stages of human melanocyte and
skin appendage fate specification is limited to basic histological
studies (Xie et al., 2016; Wang et al., 2020). Lineage tracing using
single-cell sequencing has identified important differences in
regenerative and developmental strategies among skin stem
cells (e.g., bulge stem cells) or normal cells (e.g., adipocytes,
melanocytes) (Guerrero-Juarez et al., 2019; Kim et al., 2020;
Solé-Boldo et al., 2020). Epithelial and mesenchymal structures
form from several types of fate-restricted progenitors. The skin
appendage, a functional mini organ, develops in a dynamic
environment influenced by a variety of molecular signals (Lim
and Nusse, 2013).

Different signaling patterns at different stages of development
ensure the growth and progression of the corium and its
derivatives (Fuchs, 2007; Hsu and Fuchs, 2012). Every step of
epidermal development is closely related to the development of
the dermis and the substratum, while differences in the dermis
can lead to regional heterogeneity of the overlying epidermis (Zhu
et al., 20141004). A variety of cells interact during skin formation
(Figure 1A).

SOURCES OF SKIN CELLS AND THE
GENERATION OF SKIN ORGANOIDS

The management of skin defects, both local and full thickness,
remains a considerable clinical challenge. The current treatment
option consists mainly of medium-thickness skin grafts, but this
is constrained by donor site limitations (Meuli et al., 2019). Cell
transplantation is a novel treatment that involves isolating cells
from small skin biopsies and seeding them in collagen hydrogels
(Meuli et al., 2019; Shpichka et al., 2019). While new skin
substitutes provide safe coverage of skin defects, traditional
skin tissue engineering methods reduce the complexity of skin
tissue to two main parts (epidermis and dermis), which does not
allow the function of the patient’s skin to be reproduced (Weng
et al., 2020). Meanwhile, keratinocyte culture in vitro is time-
consuming and labor-intensive, and the generated skin
substitutes lack appendages (Tjin et al., 2020; Weng et al., 2020).

Stem cells are the foundation of all mammalian life. The
establishment of 3D culture systems (or organoids, where an
organ is in a dish) is revolutionizing the way human biology is
studied (Kaluthantrige Don and Huch, 2021). Organoids are
generated via the 3D culture of isolated tissue progenitor cells
or PSCs and need an appropriate environmental background for
development (Lei et al., 2017).

Stem cells are the main source of cells for the construction of
organoids (Yin et al., 2016). There are two main types of stem
cells. One is adult stem cells (ASCs), with each organ having its
own specialized ASCs, which usually reside in “niches” that
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provide distinct microenvironments for stem cell maintenance
and function (Mahmoudi and Brunet, 2012). The skin contains a
variety of ASCs, including epidermal, hair follicle, dermal
mesenchymal (MSCs), melanocyte, endothelial, and
hematopoietic stem cells, among others (Figure 1B) (Hsu
et al., 2014). These ASCs can replace tissue lost through daily
attrition, trauma, or disease. Numerous studies have reported on

ASC-derived skin organoids, such as those related to the
epidermis, sweat glands, and hair follicles (Higgins et al., 2013;
Boonekamp et al., 2019; Diao et al., 2019). In addition, the other
type is PSCs, including ESCs and iPSCs (Takahashi and
Yamanaka, 2006; Mora et al., 2017). Recent studies have
shown that iPSCs can be well controlled and optimized to
generate embryoid bodies and then differentiate into

TABLE 1 | Overview of current skin organoid methods. A summary of important parameters in skin organoids, including types of stem cells, species, skin organoid identity,
source of starting materials, intrinsic patterning or extrinsic signaling molecules, extracellular scaffold and/or bioreactor, whether to use high-throughput sequencing and
special considerations for skin modeling. ASCs, Adult stem cells; BMP4, Bone Morphogenetic Protein 4; CDB, Clustering-dependent embryoid body; DP, Dermal papilla;
EBs, Embryonic bodies; EEM, Epidermal expansion medium; PSCs, Pluripotent stem cells; RA, Retinoic Acid; TGF-βi, TGF-β signaling inhibitor; 3D, three-dimensional;

Types
of stem
cells

Species Organoid
identity

Starting
cells

Intrinsic
patterning or

extrinsic signaling
molecules

Extracellular
scaffold and/or

bioreactor

High-throughput
analysis

Special considerations
for skin modeling

References

ASCs Mouse Murine epidermal
organoid

Murine
epidermal
stem cells

EEM, Noggin,
R-spondin 1,
Forskolin, and FGF1

Basement
membrane
extract (Cultrex)

Whole mRNA
transcriptome
analysis

Serving as a model to
study adult epidermal
homeostasis and disease
in vitro

Boonekamp
et al. (2019)

Human Organoid model
of dermal papilla
of human hair
follicle

DP fibroblasts Contextual human
hair induction assay
using dermal
papillae implanted
into human skin

Cultured as 3D
dermal papilla
fibroblast
spheroids

Affymetrix
microarray
analysis

When grown as
spheroids, human dermal
papilla cells induce de
novo hair follicles in skin

Higgins et al.
(2013)

Mouse Sweat gland
organoid

Sweat gland
cells

EGF, bFGF, EDA,
TGF-βi, FSK, BMP4

Matrigel tailored
for sweat glands
formed epithelial
organoids

NA A new strategy for
regenerating functional
sweat gland-like
structures

Diao et al.
(2019)

Mouse 3D skin organoid Newborn
mouse skin
cells

PKC inhibition Epidermal cells
and dermal cells
in one droplet

Whole
transcriptome
RNA-seq

Functional perturbation
with inhibitors of the key
molecules at each phase-
transition stage can
suppress or accelerate the
phase-transition process
to form skin

Lei et al. (2017)
IGF2, VEGF,
Wnt3a, Wnt10b,
and MMP14

PSCs Human Induced
pluripotent stem
cell-derived skin
organoid

iPSC-derived
fibroblasts

RA, BMP4,
and EGF.

Embryonic
bodies

NA Using CBMC-iPSCs as a
novel tool for in vitro and in
vivo dermatological
research

Kim et al.
(2018), Kim
and Ju (2019)iPSC-derived

keratinocytes
Coating with type
I collagen for
fibroblasts
Coating with type
IV collagen
Transwell plate

Mouse Integumentary
organ
system (IOS)

iPSCs A mitomycin
C–treated SNLP
feeder layer

CDB NA Establishing a novel non-
animal assay system,
including appendages
such as hair follicles and
sebaceous glands, for
cosmetics and quasi-drug
testing

Takagi et al.
(2016),
Toyoshima
et al. (2019)Wnt10b a novel in

vivo transplantation
model

Mouse PSC-derived skin
organoid

ESCs iPSCs TGF-β inhibitor Matrigel NA Studying minimal cellular
and microenvironmental
requirements for hair
follicle induction,
evaluating hair follicle
growth-promoting/
inhibitory drugs, or
modeling skin diseases

Lee et al.
(2018)BMP4

FGF-2
BMP inhibitor

Human Hair-bearing
human skin
organoid

ESCs iPSCs BMP4 bFGF Matrigel Single-cell RNA-
seq to gain insight
into the cell
lineages arising in
skin organoids

Establishing a model for
investigating the cellular
dynamics of developing
human skin and its
appendages

Lee et al.
(2020), Lee
and Koehler
(2021)

TGFβ inhibitor Orbital shaker
BMP inhibitor
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fibroblasts and keratinocytes under specific condition in the early
stage (Kim et al., 2018). However, the derivation of iPSCs by
ectopic expression of core pluripotency factors adds the concerns
for PSC tumorigenesis (Lee et al., 2013). Cord bloodmononuclear
cells (CBMCs) have also become a source of replacement cells,
and CBMC-derived iPSCs have been differentiated into
keratinocytes and fibroblasts, as well as into 3D skin
organoids. The derived keratinocytes and fibroblasts have
characteristics similar to those of the original cell lines (Kim
and Ju, 2019).

Recently, Lei et al. demonstrated in vitro skin organoids to
form skin with hairs from dissociated cells (Lei et al., 2017), while
Lee et al. reported a skin organoid culture system that produces
complex skin from human PSCs (iPS/ES) (Table 1) (Lee et al.,
2020). Within spherical cell aggregates, non-neuroectodermal
and neural crest cells were induced by the stepwise regulation
of the TGF-β and FGF signaling pathways. During the 45-months
incubation period, the existing skin organoid had developed
stratified epidermis, fat-rich dermis, and pigmented hair
follicles with sebaceous glands. A network of sensory neurons
and Schwann cells that formed neuro-like bundles could also be
seen. Additionally, when transplanted into nude mice, these
organoids formed flat, hairy, and almost completely natural skin.

Skin organoids can produce skin appendages, especially hair
follicles, which grow radially and receive innervation from
sensory neurons (Lee et al., 2020). Additionally, the hair
follicles of skin organoids can reach a level of maturity that is
roughly equivalent to second-trimester fetal hair and exhibit the
cellular components required for further maturation. However,
long-term culture is needed to determine whether xenografted
skin organoid-derived follicles can convert to a terminal hair fate
or maintain a growth cycle in vivo (Lee et al., 2020).

Capillarization is very important for the development of skin
organoids. Recent studies showed that human brain organoids
transplanted into the adult mouse brain developed a vasculature
and incorporated into local tissues [e.g., blood–brain barrier
(BBB)] (Mansour et al., 2018; Grebenyuk and Ranga, 2019).
Ebner-Peking et al. reported the 3D self-assembly of adult and
induced pluripotent stem cell (iPSC)-derived fibroblasts,
keratinocytes, and endothelial progenitors into a novel type of
floating spheroid skin organoid. Multi-cell transplant self-
organization facilitates the development of skin regeneration
strategies using cell suspension transplantation in combination
with human platelet factors (Ebner-Peking et al., 2021). We deem
that these novel platforms could be leveraged to seed skin
organoids with pericytes and endothelial cells, thereby
facilitating the investigation of the role of angiogenesis in skin
maturation or to derive vascularized skin grafts in the future.

Single-cell RNA sequencing analysis of two strains of PSC-
derived skin organoids further showed that they came from
anatomically different groups of ectodermal cells. Nevertheless,
no immune cells, such as Langerhans cells (LCs), were detected in
these skin organoids. It is possible to improve our understanding
of different cell types and states, as well as their specific pathways,
by mining large datasets of single-cell gene expression profiles in
this research (Lee et al., 2018; Lee et al., 2020; Lee and Koehler,
2021). A recent single-cell analysis identified new subpopulations

of basal cells located at the top or bottom of the reticular dermis
and reported that cell fate specification is determined by the
expression of lineage-specific transcription factors (Matsumura
et al., 2021). Direct reprogramming techniques can convert adult
cells from one type to another. The technology of fused
assembloids is ripe to build different brain regions in cerebral
organoids and this scheme is expected to bring new hope for
reasonable source of functional skin (Figure 1B) (Soufi et al.,
2012; Iacovides et al., 2016; Qian et al., 2019).

One goal of generating skin organoids is to reconstruct fully
functional skin from PSCs or ASCs in vitro. Research has shown
that dissociated human fetal skin can reconstitute hair-bearing skin
in a nude mouse model because of the specific microenvironment
(Yang et al., 2014). Studies on hair follicle generation from hPSC-
derived cells have relied on complex bioengineering approaches or
chimeric methods using human/mouse epidermal/skin cells
xenografting onto nude mice to promote skin cell development
and folliculogenesis (Lee et al., 2018; Kageyama et al., 2021). The
ability to induce substantial vascularization and morphological
maturation in skin organoids is conducive to the maturation of
skin cells to obtain an adult-like skin (Ebner-Peking et al., 2021).
Skin organoids represent a platform for gaining a more in-depth
understanding of skin development and formation. Nevertheless, a
substantial amount of work must be undertaken to improve the
skin organoid system to allow the wide-spread adoption of this
technology in this field.

THE APPLICATIONS OF
MULTIFUNCTIONAL SKIN ORGANOIDS

Currently available skin constructs are mainly skin grafts, including
cultured epidermal autografts, that can be cultured from skin-
derived stem cells. They can effectively support skin wound
healing and are also a valuable supplement to traditional skin
transplantation methods. In addition, combining biomaterials can
enhance the stability and functionality of skin grafts. Nevertheless,
the high manufacturing costs and lack of skin appendages (e.g.,
glands, hair) currently limit the therapeutic application of these
products (Brockmann et al., 2018; Ebner-Peking et al., 2021). Skin
organoids may provide solutions of therapeutic value and clinical
applicability of skin grafts and can also be used to identify new
regenerative drugs, or for gene therapy. These organoids are similar
to primary skin tissues in terms of composition and structure and are
easily manipulated and cryopreserved (Boonekamp et al., 2019; Diao
et al., 2019). Notably, more complex biotechnologies are currently
available, ranging from organoids to multi-physiological systems or
organs-on-chips. Some of these models perform at least as well as
animal-based models (Park et al., 2019; Horejs, 2021). The
overexpression of FOXC1 is sufficient to induce the
reprogramming of epidermal cells to functional sweat gland-like
cells, which is beneficial for wound healing and sweat gland
regeneration (Yao et al., 2019). Furthermore, recent studies have
reported the use of cutaneous organ models to investigate the
occurrence, development, and resistance to treatment of skin
tumors, such as basal cell carcinoma, squamous cell carcinoma,
melanoma, and Merkel cell carcinoma (Rebecca et al., 2020). Skin
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organoids could similarly be used for disease modeling applications
and drug screening (Yang et al., 2020; Han et al., 2021). Alternatively,
patient-sourced or gene-edited donor hiPSCs could be used to
simulate inherited skin diseases. For example, genetically
modified autologous epidermal cells could provide a lasting
treatment for vesicular skin diseases. Several studies have shown
that it is possible to correct epidermolysis bullosa, a genetic skin
disorder, by CRISPR/Cas9-based targeted genome editing (Itoh
et al., 2011; Hirsch et al., 2017; Jacków et al., 2019). hiPSCs can
become ideal sources of cells for generating skin organoids. Thus, it is
evident that being able to recapitulate skin tissues in a dish has
considerably broadened the scope of skin organoid applications,
including the study of human skin development, disease modeling,
drug testing, investigating skin barrier biology, the development of
cell/gene therapies, and toxicological assessments (Niehues et al.,
2018; Lee and Koehler, 2021) (Figure 1B).

hiPSC-derived skin organoids can be instantly generated from
available spheroids or assembloids (Vogt, 2021) (Figure 1B),
allowing their application for high-content screening and drug
testing. The push for non-animal testing as laid down in European
legislation, particularly regarding European cosmetics regulation,
has brought animal-free regulatory testing one step closer. Skin
models, such as skin organoids containing a variety of skin
structures, could deliver the accuracy required for increased
applicability in predicting toxicological effects on the skin
(Niehues et al., 2018; Riebeling et al., 2018). Skin organoids
might provide novel options for identifying promising targets
for future research on the pleiotropic effects of devastating skin
injuries sustained in chemical warfare (e.g., resulting from
exposure to sulfur mustard) (Rose et al., 2018). Skin organoids
generated through the self-organizational abilities of stem/
progenitor cells will aid in the development of new strategies
targeting skin regeneration and wound healing (Lee et al., 2020).

The EU H2020 HCA Organoid project has now been
launched, aiming to provide a practically useful and readily
extensible initial version of the Organoid Cell Atlas within
2 years. The Organoid Cell Atlas represents a basic biology
and biomedical application that will enable researchers to
functionally dissect and systematically perturb human
biological systems, including the skin (Bock et al., 2021).
Hence, skin organoids may provide an unprecedented
framework to study the molecular and cellular mechanisms of
skin biology, including skin diseases, while at the same time
opening numerous possibilities for identifying new patient-
specific therapeutic approaches.

LIMITATIONS

Although many challenges have been surmounted, many
bottlenecks remain to be overcome, and there is still a large
gap between the current state of skin organoid technology and the
reality of how these organoids develop and function in the body.
First, as the body’s first line of defense, the skin is equipped with
an impressive array of immune cells, such as LCs. However, it is
not enough to simulate the structure of skin, as excluding
connective tissues, blood vessels, and immune cells does not

allow to recapitulate the physiological environment of normal
tissues and organs (Lee et al., 2018; Lee et al., 2020).

Secondly, potential sources of skin cells (e.g., keratinocytes)
are scarce, and culturing skin cells in vitro is difficult with current
technology (Kim et al., 2018). Cell reprogramming techniques,
which can help to regenerate skin cells, are still inefficient in vitro
(Chen et al., 2014), and the cells are prone to aging (Mahmoudi
and Brunet, 2012). Thus, skin organoid culture systems need to be
optimized to allow for their clinical application. Systems for the
in vitro culture of potential cells should also continue to be
optimized, while more effective reprogramming techniques,
such as small molecule-induced chemical reprogramming or
genetic reprogramming of genes delivered by biomaterials,
should be identified. The 3D regeneration of skin organoids
requires better external safety, including controllability, and
internal stability, as well as the non-toxicity of the biological
materials used. Additionally, whether the function of regenerated
skin organoids is normal and how long they could be maintained
in the body also need further investigation. Other problems that
need to be overcome include the heterogeneity among cell lines
and differences among batches.

SUMMARY AND FUTURE PERSPECTIVES

To conclude, stem and progenitor cells have great potential for
future cell transplantation applications and may prove to be a
sustainable alternative source of skin cells. Although the
production of PSCs is time-consuming and laborious, HLA
homozygous iPS cells have been proposed as an alternative
way to solve this problem, in that a small number of cells can
be used in large numbers of patients (Okita et al., 2011; Xu et al.,
2019). In addition, 3D bioprinting technology enables a much
more precise simulation of biophysical properties, including
organoid size, cell number, and conformation, and
modification of the latter can substantially increase starting
cell numbers (Lawlor et al., 2021). Although many problems
and obstacles remain, patient-derived organoids should further
improve our understanding of disease and heterogeneity in
patients, which may lead to personalized therapies for the
treatment of a variety of diseases (Dutta et al., 2017).

The generation of skin organoids represents a new hope for
skin regeneration and is expected to provide a novel scheme for
the diagnosis and treatment of skin diseases. Skin organoids can
be used to investigate physiological functions, such as cutaneous
nerve sensation and microbiome–skin interactions, as well as for
exploratory research into models of cutaneous viral–bacterial co-
infections, makeup testing, and high-throughput drug screening
(Figure 1B). Overall, we believe that skin organoids represent a
huge breakthrough that should facilitate the advancement of both
basic and clinical research.
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Premature ovarian failure (POF) has become one of the main causes of infertility in women
of childbearing age and the incidence of POF is increasing year by year, seriously affecting
the physical and mental health of patients and increasing the economic burden on families
and society as a whole. The etiology and pathogenesis of POF are complex and not very
clear at present. Currently, hormone replacement therapy is mainly used to improve the
symptoms of low estrogen, but cannot fundamentally solve the fertility problem. In recent
years, stem cell (SC) transplantation has become one of the research hotspots in the
treatment of POF. The results from animal experiments bring hope for the recovery of
ovarian function and fertility in patients with POF. In this article, we searched the published
literature between 2000 and 2020 from the PubMed database (https://pubmed.ncbi.nlm.
nih.gov), and summarized the preclinical research data and possible therapeutic
mechanism of mesenchymal stem cells (MSCs) in the treatment of POF. Our aim is to
provide useful information for understanding POF and reference for follow-up research and
treatment of POF.

Keywords: mesenchymal stem cells, fertility, premature ovarian failure (POF), ovarian dysfunction, reproductive
medicine

INTRODUCTION

POF is a kind of ovarian dysfunction characterized by menstrual disorder, ovarian atrophy,
decreased sexual life and decreased fertility in women between puberty and 40 years old, which
seriously affects female reproductive health and endocrine balance and is one of the main causes of
female infertility (Sheikhansari et al., 2018). Approximately 1% of women under the age of 40 suffer
from premature ovarian failure (Huhtaniemi et al., 2018). Under the influence of high pressure and a
fast paced life, the incidence of POF is increasing and manifesting at younger ages, and it has affected
more than 10% of women in recent years (Thakur et al., 2018).

POF treatment is extremely difficult. Although assisted reproductive technology has become an
effective treatment, it is not ideal, and fertility loss and low estrogen status have become a great threat
to female reproductive health (Laven, 2016). POF has become one of the most severe problems
threatening the reproductive health of women of normal childbearing age. Its occurrence may be
related to an insufficient reserve of primordial follicular cistern, accelerated follicular atresia, changes
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of dominant follicular recruitment, follicular maturation disorders
and so on (Xiang et al., 2019). In view of the limitations of
conventional treatment, clinical and scientific research work has
focused on improving ovarian function and restoring fertility in
patients with POF. In recent years, MSC transplantation has opened
up a new direction for the treatment of POF, but this is still in the
stage of preclinical research (Lai et al., 2015; Sun et al., 2017; Zhang
et al., 2018; Liu S. et al., 2019; Zheng et al., 2019), and there are few
clinical studies so far. The mechanism by which MSCs improve
ovarian function has also not been completely elucidated. At present,
there is no clear and effective treatment to restore the reproductive
function of ovaries. In this paper, we reviewed the preclinical research
data of the treatment of POF usingMSCs and the possible therapeutic
mechanisms to provide a reference for follow-up research and
treatment of POF.

THE CURRENT SITUATION OF POF
TREATMENT

POF is a reproductive endocrine disease that occurs before the age
of 40 and is characterized by increased gonadotropin levels and
decreased estrogen levels, accompanied by primary or secondary
amenorrhea. It is also one of the common diseases leading to
female infertility. POF is a highly heterogeneous condition.
Abnormal follicular development in all stages can lead to POF,
and such damage to ovarian function is irreversible. The
pathogenic factors of POF include heredity, autoimmunity,
viral infection, iatrogenic factors, and environmental and
psychological factors, and approximately eighty percent of
POF cases are idiopathic (Webber et al., 2016) (Figure 1A). It
has been reported that radiotherapy, chemotherapy and bone
marrow transplantation of cancer can result in POF (Dolmans
and Donnez, 2021; Imai et al., 2008). The traditional treatment of
POF includes hormone replacement therapy (HRT), psychological

support therapy, androgen-dependent therapy, biocorticoid-
dependent therapy, dehydroepiandrosterone therapy and puberty
induction (Figure 1B). However, HRT can only relieve low estrogen
symptoms such as vaginal dryness, hot flashes and genitourinary tract
atrophy, but has no essential effect on improving ovarian
reproductive function. Long-term use of HRT is controversial
because it increases the risk of endometrial and ovarian cancer
(Ali, 2013; Lee et al., 2020). Since the etiology of POF infertility is
complex, the current treatment efficacy is unsatisfactory, and the
pregnancy rate and carrying to term rates are still quite low after
treatments. Therefore, for women with fertility requirements, it is
necessary to strengthen early prevention, early detection and early
treatment to delay the development of POF and improve the live
birth rate.

The results from animal experiments of MSC transplantation
has brought hope to the recovery of ovarian function and fertility
in patients with POF. In the following, we will introduce advances
in the treatment of POF with MSCs.

MSCS AND FERTILITY PROTECTION

MSCs were the first type of adult stem cell discovered in bone
marrow. They originate from mesoderm and are distributed in
almost all connective tissue and organ stroma of the entire body.
They have the potential for multidirectional differentiation of stem
cells and also have a strongmigration ability to damaged tissues. Since
MSCs have low immunogenicity and fewer disputes in bioethics than
fetal-derived stem cells, they are widely applied in clinical research
andmedical bioengineering (Pers et al., 2016; Badawy et al., 2017;Mu
et al., 2018). Currently, MSCs have been used to treat diseases related
to the blood, nervous, motor, cardiovascular and skin systems,
showing good curative effects (Zaher et al., 2014).

The reproductive capacity of most female mammals is mainly
affected by the primordial follicular pool. Under normal

FIGURE 1 | The pathogenic factors and treatment options of POF.

Frontiers in Cell and Developmental Biology | www.frontiersin.org December 2021 | Volume 9 | Article 7498222

Wang et al. Treatment of Premature Ovarian Failure

182

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


TABLE 1 | Advances in the treatment of POF with MSCs.

Research
category

Type of
MSCs

Method Outcome of
MSC treatment

Molecular mechanism Biological effect References

Preclinical
research/
animal
experiment

Mouse menSCs Injection by the tail
vein

Repairing ovarian injury,
improving ovarian function
and stimulating
regeneration

MenSCs produce high level
of FGF2, which is essential
for angiogenesis and the
proliferation and remodeling
of endometrial cells that
plays important roles in
repairing and regenerating
the damaged tissues

MenSCs increase the follicular
numbers, return sex hormone
level, repair oocyte function
and protect ovary damage

Wang et al.
(2017)

Preclinical
research/
animal
experiment

Human PMSCs Injected
subcutaneously

Restoring ovarian function PMSCs activate the PI3K/
Akt pathway, reduce Th17
cells percentage and
increase Treg cells
percentage

PMSCs increase serum levels
of E2 and AMH and decrease
FSH, LH and AZPAb levels

Yin et al.
(2018b)

Preclinical
research/
animal
experiment

Human AMSCs Intraperitoneal
injection and
intragastric
administration

Improving injured ovarian
tissue structure and
function

AMSC transplantation
elevate serum oestrogen
level and decrease FSH
secretions

AMSCs promote follicular
development, granulosa cell
proliferation and secretion
function by improving the local
microenvironment of POF
mouse ovary

Liu et al.
(2019b)

Preclinical
research/
animal
experiment

Mouse ADSCs Intravenous
injection

Improving ovarian function Expression levels of
ZCCHC11, ANGPTL and
ONECUT2 are upregulated

ADSCs increase follicle
number, ovulation and inhibit
cell apoptosis in POF ovaries

Sun et al.
(2013)

Preclinical
research/
laboratory
research

Human BMSCs Collection of MSC
conditioned media

— BMSCs conditioned media
increase angiogenesis
marker including VEGF,
VEGFR, Endoglin, Tie-2 and
VE-Cadherin through the
PI3K/ALK pathway

MSC conditioned media
stimulates the proliferation of
HOVEC cells

Park et al.
(2019)

Preclinical
research/
animal
experiment

Human BMSCs Intraovarian
injection

Restoring ovarian hormone
production and reactivating
folliculogenesis

BMSCs decrease FSH level
and increase AMH level

BMSCs induce follicle growth
and increase the pregnancy
rate

Mohamed
et al. (2018)

Preclinical
research/
animal
experiment

Human UCMSC Intraovarian
injection

UCMSC transplantation
preserved ovarian function
of POF mice

UCMSC transplantation
increase estrogen (E2) and
AMH levels, and increase
the expression of CD31

UCMSCs increase ovarian
volume and the number of
antral follicles, and promote
granulosa cell proliferation and
ovarian angiogenesis

Yang et al.
(2019b)

Clinical
research

Human UCMSC Intraovarian
injection

Two POF patients
conceived naturally within
1 year after UCMSC
transplantation

UCMSCs activate primordial
follicles via phosphorylation
of FOXO3a and FOXO1

UCMSCs rescue ovarian
function, elevate estradiol
concentrations, improve
follicular development and
increase the number of antral
follicles

Ding et al.
(2018)

Clinical
research

Human
autologousBMSC

Laparoscopic
intraovarian
injection

BMSC treatment revealed
promising improvement
of POF.

— BMSCs elevate serum
estrogen level, increase
volume of the treated ovaries
and improve menopausal
symptoms

Igboeli et al.
(2020)

Clinical
research

Human
autologous BMSC

Intraovarian
instillation

Perimenopausal woman
delivered a healthy baby

BMSCs increase AMH level BMSCs improve follicular
development

Gupta et al.
(2018)

Clinical
research

Human
autologous BMSC

Intraarterial
catheterization to
ovarian artery

5/15 poor responders
conceived and 3 healthy
babies were born after the
stem cell administration

BMSCs increase AMH level
and antral follicular count

BMSCs increase the number
of antral follicles and retrieve
oocytes

Herraiz et al.
(2018)

Clinical
research

Human
autologous
ADSCs

Intraovarian
injection

Menstruation resumption BMSCs decreased FSH
level

— Mashayekhi
et al. (2021)

Clinical
research

Human UCMSC Intraovarian
injection

UCMSC transplantation
improved the injured
ovarian function, and 4/61
POI patients obtained
clinical delivery

— UCMSCs increase follicular
development and improve
egg collection

Yan, et al.
(2020)
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circumstances, to avoid depletion of the follicular pool, most
primordial follicles in the ovary are maintained in a resting phase.
Primordial follicles undergo follicular activation and a series of
developmental processes and finally develop into mature follicles.
Various molecules are involved in regulating follicular activation,
growth and atresia. Ovarian function recovery is based on oocyte
production and follicular quantity/quality recovery (Woods and Tilly,
2012; Truman et al., 2017). Several studies have shown thatMSCs can
directly differentiate into oocyte-like cells, and transplantation of
MSCs is conducive to restoring ovarian function and reproductive
capacity (Bahrehbar et al., 2020; Yoon et al., 2020; Taheri et al., 2021).
Therefore, MSCs are considered a new choice for the treatment
of POF.

The effectiveness of MSCs in the treatment of reproductive system
diseases has been confirmed by preclinical and clinical research, which
has brought great hope to POF infertility and improved female
reproductive health (Herraiz et al., 2019; Fu et al., 2021; Li et al.,
2021). MSCs used for the treatment of POF include BMSCs,
UCMSCs, PMSCs, AMSCs, AFMSCs, MenSCs and ADMSCs.
MSCs originating from different sources have some common
characteristics, which make them an ideal treatment choice for
POF. A number of animal experiments and clinical trials have
confirmed that ovarian function can be improved by MSC
homing, inhibiting the apoptosis of OGC and promoting ovarian
angiogenesis (Esfandyari et al., 2020). For example, Yan et al.
transplanted MSCs to 61 patients with POF and found that the
number of follicles in each developmental stage, including antral
follicles, dominant follicles andmature follicles, increased significantly
(Yan et al., 2020). Other researchers have found that autologous MSC
transplantation can trigger menstruation to resume, relieve
menopausal symptoms, improve ovarian function and help
patients become pregnant (Bukovsky and Caudle, 2012; Igboeli
et al., 2020; Mashayekhi et al., 2021; Ulin et al., 2021). Ling et al.
treated POF mice with MSCs and found that MSC transplantation
could significantly restore their hormone secretion ability, improve
follicular growth and GC survival, and recover the ovarian function
that was destroyed by chemotherapy used to create the POF mice
(Ling et al., 2019). A meta-analysis of POF indicated that MSCs could
decrease the level of FSH, increase the level of E2 and promote the
proliferation of follicles, thus improving the quality of ovaries in POF
animals and humans (Chen et al., 2018). Interestingly, Bahrehbar et al.
proved that MSC-transplanted POF mice can produce offspring
(Bahrehbar et al., 2020).

Table 1 summarizes the preclinical and clinical trials that
indicate the validity of treating POF with MSCs. However, the
underlying molecular and cellular mechanisms are still
controversial and need to be further clarified. Additionally,
current clinical research is still insufficient, and there is still a
long way to go before the large-scale clinical application of MSCs.

THEMECHANISMOF TREATING POFWITH
MSCS

The mechanism of treating POF with MSCs can be summarized
as follows (Figure 2): 1) MSCs have a “homing” effect; 2) MSCs
can promote the growth and development of follicles at all

developmental stages; 3) MSCs may induce and differentiate
into primordial germ cells (uncertain); 4) MSCs can directly
differentiate into GCs or inhibit the apoptosis of GCs; 5) MSCs
can promote the formation of ovarian blood vessels; 6) MSCs
have immunomodulatory and anti-inflammatory effects and 7)
MSCs can reduce oxidative stress.

Homing Effect of MSCs
The homing capacity of MSCs is an important determinant of
effective MSC-based therapy (Li et al., 2017; Lin et al., 2017).
Homing refers to the process by whichMSCs migrate to damaged
tissues and promote their recovery. Therefore, enhancing the
homing efficiency of MSCs is essential for optimizing the
therapeutic outcome of POF. Noory et al. reported the
application of MenSC transplantation as a treatment modality
in a rat model of POF and observed that MSCs can survive in
ovarian stroma at 2 months after MSC transplantation and
directly differentiated into GCs (Noory et al., 2019).
Experiments from Liu et al., Jalalie, et al., Lai et al., Song et al.
and Park et al. also demonstrated that after transplantation,
MSCs home to damaged tissue and reach the site of injured
ovaries (Liu et al., 2014; Lai et al., 2015; Jalalie et al., 2019; Park
et al., 2021). However, studies have also shown that although
MSCs have a homing effect, they cannot directly differentiate into
oocytes but do localize in the ovarian matrix, secrete various
cytokines and improve ovarian reserve function through the
paracrine pathway (Takehara et al., 2013; Gabr et al., 2016; Li
et al., 2017). A study by Taheri et al. demonstrated that MSC
isolated from follicular fluid cultured in human recombinant
BMP15 medium may differentiate into oocyte-like cells in vitro,
but they did not investigate whether such MSCs can differentiate
into oocytes in vivo (Taheri et al., 2021). Therefore, whether
MSCs can directly differentiate into oocytes remains unclear, and
more in-depth laboratory experiments are still necessary to solve
this scientific problem.

Effects of MSCs on Follicular Development
Folliculogenesis is an important part of ovarian function, as it
provides oocytes for reproduction (Hua et al., 2015). A large
number of genes/proteins have been identified to be associated
with follicular development, growth, ovulation and atresia
processes. It has been reported that PMSC transplantation can
increase the secretion of growth factors, angiogenic factors,
pleiotropic cytokines, chemotactic cytokines and extracellular
matrix proteins, which are all essential for folliculogenesis
(Kupcova Skalnikova, 2013). In POF treatment, the widely
discussed follicular development related genes are Nanos3,
Nobox and Lhx8. Lai et al. proved that SMSC transplantation
could reactivate injured mouse ovaries, with increased expression
of the folliculogenesis marker genes Nobox, Nanos3, and Lhx8 in
the ovaries of SMSC-treated mice (Lai et al., 2014). Kim et al.
showed that three-dimensional cultured PDMSC spheres could
upregulate the expression level of Nanos3, Nobox and Lhx8, and
resume ovulation through regulation of the follicular
microenvironment and stimulation of follicular development
(Kim et al., 2018). Peng et al. also showed that the mRNA
levels of these three genes in POF mice treated with BMSCs
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were significantly higher than those in the untreated group (Peng
et al., 2018). Other follicular development-related genes include
Foxo3a and Foxo1. Ding et al. found that UCMSCs on a collagen
scaffold can activate primordial follicles in vitro via
phosphorylation of FOXO3a and FOXO1, and transplantation
of collagen/UCMSCs to the ovaries of POF patients can elevate
estradiol concentrations, improve follicular development and
increase the number of antral follicles (Ding et al., 2018).

Cytokines are critical regulators of folliculogenesis and
ovulation. They contribute to creating an environment
supporting follicle selection and growth, regulating cellular
proliferation/differentiation, follicular survival/atresia and
oocyte maturation (Field et al., 2014). The most important
cytokines in POF treatments are TGF-β and IFN-γ. TGF-β
superfamily members, including TGF-βs, AMH, activins,
inhibins, BMPs and GDFs, impact several stages of follicular
development (Trombly et al., 2009; Sanfins et al., 2018).
According to Knight et al., the positive TGF-β regulators of
preantral follicle growth, include GDF-9 and BMP-15 of
oocyte origin, activins of granulosal origin, BMP-4 and BMP-7
of thecal origin and TGF-β from theca and GCs; in contrast,
AMH plays a negative role in preantral follicle development

(Knight and Glister, 2006). However, the existing research
conclusions are not consistent with each other. El-Derany
et al. transplanted BMSCs to a γ-ray induced POF rats model
and reported that BMSCs recovered the folliculogenesis process,
upregulating Foxo1, Gdf-9 and Fst gene expression accompanied
by downregulating TGF-β (El-Derany et al., 2021), whereas Song
et al. and Yin et al. found thatMSC transplantation could increase
the level of TGF-β and decrease the level of IFN-γ in POF models
(Yin et al., 2018a; Song et al., 2018). Additionally, Ling et al.
reported that amnion-derived mesenchymal stem cell
transplantation can inhibit granulosa cell apoptosis and that
the expression levels of AMH were significantly increased in
the treatment group compared to the POF group (Ling et al.,
2017). Zhang et al. and Mohamed et al. also found that after MSC
transplantation, AMH expression in ovarian tissue was
significantly higher than that in the POF group (Mohamed
et al., 2018; Zhang et al., 2018).

Although the mechanism of MSCs on follicular development is
not completely clear, most research agrees that MSC transplantation
can promote the development and formation of primordial follicles,
eggs and reduce the apoptosis of GCs. All of the involved genes and
their correlated mechanisms are listed in Table 2.

FIGURE 2 | The mechanisms of treating POF with MSCs.
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MSCs and PGCs
Multiple studies have shown that MSCs can be induced and
differentiate into PGCs. Fang et al. and Li et al. proved that CD61
could promote the differentiation of ADMSC into PGC-like cells
through activation of the TGF-β pathway (Li et al., 2016; Fang
et al., 2017). Wei et al. found that AMSC can be induced into
PGC-like cells by BMP4 (Wei et al., 2016). Ge et al. found that
when hfSDSCs were cultured in porcine follicle fluid, they may
differentiate into both male and female germ cell-like cells (Ge
et al., 2015). Park et al. proved that female mouse skin-derived
stem cells could differentiate into ovarian-cell-like cells that are
consistent with female germ, and ovarian follicle somatic cells.
When ovarian cell-like cells are transplanted into ovariectomized
mice, they restore the estrus cycle and serum estradiol levels (Park
et al., 2014). Unfortunately, no in vivo research has reported
whether MSC-differentiated germ cells can be fertilized and form
embryos, and studies in this area are still lacking.

MSCs Can Promote the Proliferation of GCs
OGCs are the most important stromal cells in the ovary, providing
necessary nutrition for oocyte development and follicle maturation,
participating in the regulation of gonadotropins that modulate
oocyte development and maintaining the microenvironment of
oocyte maturation through autocrine and paracrine mechanisms.
GCs play an important role in all developmental stages of follicles.
GCs abnormalities can lead to abnormal hormone secretion,
follicular development disorders and even follicular atresia (Lai
et al., 2014). Chemotherapy induces GC apoptosis by damaging
DNA and activating apoptosis pathways, thus leading POF.
Therefore, enhancing GC function and inhibiting GC apoptosis
may effectively prevent POF (Bedoschi et al., 2016). Studies have
shown that GCs and MSCs express some similar surface markers
(Dzafic et al., 2014; Maleki et al., 2014). Transplanted MSCs are

mainly located in theGC layer around follicles, suggesting thatMSCs
have a significant effect on follicle formation and ovulation
(Manshadi et al., 2019).

MSCs can inhibit GC apoptosis and promote GC proliferation by
releasing cytokines and hormones, upregulating proliferation-related
genes and inhibiting apoptosis-related genes (He et al., 2018; Wang
et al., 2020). Zhang et al. showed that PMSC transplantation could
upregulate the expression of AMH and FSHR in GCs of POF mice,
inhibit GC apoptosis and follicular atresia, and thus restore ovarian
function (Zhang et al., 2018). Fu et al. also found that BMSC
transplantation may reduce GC apoptosis and improve ovarian
function by releasing VEGF, HGF, and IGF-1 and upregulating
Bcl-2 expression (Fu et al., 2008). Ding et al. showed that coculturing
of AMSCs and GCs might inhibit the apoptosis of GCs, and
transplantation of AMSCs may improve ovarian function during
natural aging by secreting HGF and EGF (Ding et al., 2018).

The underlying mechanism of MSC treatment of POF may be
related to exosome-mediated microRNA modulation. Multiple
studies have highlighted the potential therapeutic advantages of
using exosomal miRNAs from MSCs for the treatment of various
diseases and injuries, including POF. Yang et al. demonstrated
that BMSC-derived exosomes prevent ovarian follicular atresia in
POF rats via the delivery of miR-144-5p, which can decrease GC
apoptosis by targeting the PTEN pathway (Yang et al., 2020).
Xiao et al. found that miR-146a andmiR-10a are rich in exosomes
secreted by AFSCs. miR-146a can restore ovarian function by
downregulating IRAK1 and TRAF632 expression and miR-10a
can inhibit GC apoptosis and prevent follicular atresia by
suppressing Bim and caspase-9 expression (Xiao et al., 2016).
Sun et al. found that exosomes derived from UCMSCs may
prevent and treat chemotherapy-induced OGC apoptosis
in vitro by upregulating the expression level of Bcl-2 and
downregulating the expression levels of caspase-3, Bax, cleaved

TABLE 2 | The effects of MSCs on follicular development.

Related gene/hormones/
cytokines

Regulation of
expression

Outcome of MSC treatment References

Nanos3 Up Reducing atretic follicle and increasing antral follicle and secondary follicle Lai et al. (2014)
Nobox Up
Lhx8 Up

Nanos3 Up Stimulating follicular development and resuming ovulation Kim et al. (2018)
Nobox Up
Lhx8 Up

TGF-β Up Inhibiting follicular atresia and reducing the apoptosis of GCs in secondary follicles
and cystic follicles

Knight and Glister
(2006)GDF-9 Up

BMP-15 Up
BMP-4 Up
BMP-7 Up

Foxo1 Up Recovering the suppressed folliculogenesis process and promoting egg formation El-Derany et al. (2021)
Gdf-9 Up
Fst Up

TGF-β Up Promoting follicular growth Song et al. (2018)
IFN-γ Down Inhibiting granulosa cell apoptosis Zhao et al. (2018a)
AMH Up Increasing the number of follicles Ling et al. (2017)
AMH Up Promoting follicular growth Mohamed et al. (2018)

FOXO3a Up Promoting follicular development and maturation Ding et al. (2018)
FOXO1 Up
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caspase-3 and cleaved PARP (Sun et al., 2017). miR-21 is related
to apoptosis. Studies have shown that MSC treatment suppresses
the expression of PTEN and PDCD4 through upregulation of
miR-21 and inhibiting the apoptosis of GCs (Fu et al., 2017). Sun
et al. reported that miR-644-5p carried by MSC exosomes
could regulate p53 signaling and inhibit GC apoptosis (Sun
et al., 2019).

MSCs Promote Angiogenesis
The establishment and remodeling of the ovarian vascular system
is the basis of ovarian development and functional recovery. The
follicles and corpus luteum can obtain nutritional support
through ovarian blood vessels and transport hormones to
target organs. Some researchers observed the distribution of
BMSCs in ovaries by labeling specific markers of BMSCs and
found that BMSCs were mainly distributed in the blood vessels of
damaged ovaries (Liu et al., 2014), implying that BMSCsmay play
a role in ovarian blood vessels construction. Angiogenesis-related
factors secreted by MSCs, such as VEGF, HGF, IGF and FGF, are
increased in MSC-transplanted POF ovaries. VEGF and HGF
have a synergistic effect and synergistically promote angiogenesis
(Golocheikine et al., 2010). The combination of VEGF and HGF
leads to an increased vascular diameter (Beilmann et al., 2004);
VEGF promotes the length, area and branch point number of the
induced vessels, while HGF contributes to vascular area growth
(He et al., 2018). Wang et al. showed that MSCs could promote
ovarian angiogenesis and reduce interstitial fibrosis by secreting
VEGF, IGF-1, GCSF and HGF (Wang et al., 2017). Xia et al.
demonstrated that MSC transplantation could enhance the
expression levels of VEGF, FGF2 and angiogenin, significantly
stimulate neovascularization and increase blood perfusion of the
grafts in ovarian tissue (Xia et al., 2015). Zhang et al., Cho et al.
and Park et al., also proved that MSC transplantation could repair
damaged POF ovaries and promote ovarian development and
function through angiogenesis (Zhang et al., 2017; Park et al.,
2019; Cho et al., 2021).

Microvesicles are cell-derived membrane and cytoplasmic
components. There are three subtypes of EVs: exosomes,
microvesicles and apoptotic bodies. Exosomes and
microvesicles can transfer mRNA, protein and lipids to target
cells through surface-expressed ligands and surface receptors,
thus affecting the phenotype and function of the target cells
(Bidarimath et al., 2017). EVs have a therapeutic effect on female
reproductive disorders, such as repairing injured endometrium,
suppressing fibrosis of the endometrium, regulating immunity
and anti-inflammation, and repressing the apoptosis of GCs in
ovaries (Liao et al., 2021). Several studies have shown that MSC-
derived microvesicles contain multiple pro-angiogenic proteins,
such as VEGF and HGF (Merino-Gonzalez et al., 2016; Pakravan
et al., 2017; Han et al., 2019; Shi et al., 2019). Yang et al. showed
that UCMSC microvesicles transplantation in POI mice could
induce angiogenesis by activating the PI3K/Akt signaling
pathway and improve ovarian function (Yang Z. et al., 2019).
Sun et al. found that miR-644-5p carried by BMSC-derived
exosomes inhibited the apoptosis of ovarian GCs by targeting
the p53 pathway (Sun et al., 2019); Zhang et al. also found that
UCMSC-derived microvesicles can inhibit the apoptosis of GSs

by downregulating the expression level of caspase-3 and
upregulating the ratio of Bcl-2/Bax (Zhang J. et al., 2020).

Anti-inflammatory and Immunomodulatory
Effect of MSCs
POF is an autoimmune disease. Autoimmune dysfunction is
one of the most important pathogeneses of POF, causing
inflammatory reactions of the ovary, destroying the
ultrastructure of follicular cells (such as zona pellucida
damage, gap link rupture and mitochondrial swelling),
causing apoptosis of ovarian cells, affecting the maturation
and atresia of follicles and inducing a decline in ovarian
function (Nelson, 2001; Luo et al., 2017). It has been
reported that certain types of immune cells will expand in
ovaries with POF and infiltrate into the ovarian tissue,
indicating that they are involved in the inflammation
associated with POF (van Kasteren et al., 2000; Chernyshov
et al., 2001; La Marca et al., 2010; Wang et al., 2018).

The anti-inflammatory effect is a critical mechanism by which
MSCs restore ovarian function. MSCs may inhibit the activation
and proliferation of lymphocytes, inhibit the secretion of
proinflammatory cytokines, inhibit the function of antigen-
presenting cells, and convey regulatory messages to immune
cells (Zhou et al., 2019). In contrast, since the ovaries of most
POF patients are in inflammatory conditions, the presence of
inflammatory cytokines is also crucial for the regulation of MSC
immunological and regenerative functions. Beldi et al. proved
that the tumor TNF-α-TNFR2 axis is necessary for MSCs to
produce anti-inflammatory mediators (such as IL-10, TGFβ and
NO) and sustain regenerative functions such as wound healing,
complex tube formation and endothelial pro-angiogenic support
(Beldi et al., 2020a; Beldi et al., 2020b). IFN-γ and MSCs have a
synergistic effect on immunosuppression. They upregulate PGE2,
HGF, IL-6 and TGF-1 in MSCs and induce MSCs to express IDO,
promoting GC proliferation and increasing the number of
follicles (Najar et al., 2016; Liang et al., 2018). Yin et al.
showed that the level of proinflammatory IFN-γ increased and
the level of anti-inflammatory TGF-β decreased in POF mice,
whereas PMSC transplantation reversed this situation and
improved ovarian function (Yin et al., 2018a). A study also
showed that PMSCs increase the secretion of IL-10 by
inhibiting NF-κB-mediated pro-inflammatory reactions and
thus promote tissue repair (Wang et al., 2016).

Immune cells (Treg cells, NK cells, Th cells, etc.) are important
pathogenic factors in several models of autoimmune diseases
(Alvarez Arias et al., 2014; Gianchecchi et al., 2018; Zhang X.-M.
et al., 2020; Sakaguchi et al., 2020). These results indicate that the
interaction of MSCs and immune cells plays a critical role in
regulating the inflammatory microenvironment of POF. Yin et al.
showed that PMSC transplantation might restore the ovarian
function of POF mice by balancing the ratios of Th17/Tc17 and
Th17/Treg cells (Yin et al., 2018b). Lu et al. reported that the
serum levels of IL-2 and IFN-c secreted by Th1 cells increased,
while IL-4 secreted by Th2 cells decreased in POF mice; however,
after UMSC transplantation, the amounts of these cytokines were
reversed (Lu et al., 2019). Yin et al. showed that UCMSC
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transplantation into POFmice upregulates the ratio of CD8+ Treg
cells, which have a typical immunosuppressive function and can
reduce immune rejection (Su et al., 2014; Yin et al., 2020).

The Effect of MSCs on Oxidative Stress
Oxidative stress is a phenomenon of imbalance between the
oxidative system and the antioxidant system caused by
excessive ROS produced in cells. Reduction of ROS can
protect the structure and function of ovarian mitochondria,
increase the levels of antioxidant and antiapoptotic enzymes,
and reduce apoptosis and oxidative damage of the ovary (He
et al., 2018). Abumaree et al. indicated that cocultured PMSCs
could reverse the destructive effect of OS on H2O2-treated
endothelial cells and increase cell proliferation and migration
(Abumaree et al., 2017). One study showed that ROS inhibit
the expression and activity of TERT and induce POF (Jiang
et al., 2018). MSCs can increase the production of antioxidant
enzymes and inhibit ROS production through secretion of
HGF, IL-6, IL-8, VEGF, BDNF and LIF and activation of the
FOXO, NOQ1/MAPK, PI3K/Akt and Nrf2-ARE pathways
(Amoroso et al., 2017). One study indicated that fMSCs
upregulate MT1, JNK1, PCNA and AMPK levels and
enhance antioxidant effects (Huang et al., 2019). Recently,
it has been found that PMSC transplantation can reduce the
levels of UCP-2, SOD1, reactive oxygen species and 8-
hydroxydeoxyguanosine in POF rats, improving
mitochondrial function in vivo, inhibiting
oxidative stress and improving ovarian function (Zhang
et al., 2016).

Using MSCs to treat POF is a sophisticated project. To better
understand the mechanism by which MSCs improves ovarian

functions, we summarized the cytokines and regulatory factors
involved in the homing effect, follicular development, cell
proliferation/apoptosis, angiogenesis, immunomodulation and
oxidative stress processes, as shown in Table 3.

PERSPECTIVE

MSCs possess multiple differentiation potentials and homing
and immunomodulatory functions. They can be used as seed
cells to participate in the regeneration and reconstruction of
tissues and organs in various diseases, such as rheumatoid
arthritis, amyotrophic lateral sclerosis, systemic lupus
erythematosus and other degenerative diseases (spinal cord
injury, Parkinson’s disease, Alzheimer’s disease). At present,
more than ten kinds of stem cell preparations have been used
to treat graft-versus-host disease (Zhao et al., 2019), acute
myocardial infarction (Cho et al., 2017), osteoarthritis (Matas
et al., 2019), etc. The clinical application of MSCs has brought
great hope to the treatment of POF infertility and the
improvement of female reproductive health, and a large
number of clinical studies are actively being carried out.
However, with increasing age, the number and function of
MSCs decrease accordingly. The senescence of MSCs may be
related to telomere shortening, DNA damage, epigenetics and
immunological characteristics (Trachana et al., 2017; Wagner,
2019). At present, senescence of MSC is still the bottleneck of
stem cell tissue engineering and clinical applications.
Therefore, how to deeply understand the molecular
mechanism of MSC senescence and delay or prevent MSC
senescence efficiently through reasonable gene manipulation

TABLE 3 | Factors involved in the process of MSC treatment of POF.

Issues Factors Function References

Follicular development TGF-βs, AMH, BMPs, GDFs Promoting follicular development. Sanfins et al. (2018)
TGF-β, GDF-9, BMP-15, BMP-4, BMP-
7, AMH

Reducing GC apoptosis and promoting GC proliferation. Knight and Glister
(2006)

TGF-β Recovering the suppressed folliculogenesis process. El-Derany et al. (2021)
TGF-β, IFN-γ Promoting follicular growth. Song et al. (2018)
AMH Inhibiting GC apoptosis and promoting follicular growth. Ling et al. (2017)

Primordial germ cells CD61, TGF-β Promoting MSCs different into PGC-like cells. Fang et al. (2017)
BMP4 Inducing MSC into PGC-like cells Wei et al. (2016)

Proliferation of GC AMH Inhibiting GC apoptosis. Zhang et al. (2018)
VEGF, HGF, IGF-1, Bcl-2 Reducing GC apoptosis and improving ovarian function. Fu et al. (2008)
HGF, EGF Reducing apoptosis of ovarian GC. Ding et al. (2018)
PARP Inhibiting ovarian follicular atresia and reducing GC apoptosis. Sun et al. (2017)
Bcl-2, AMH, FSHR, caspase-3 Promoting GC proliferation and inhibiting GC apoptosis. Wang et al. (2020)

Angiogenesis VEGF, HGF Promoting ovarian angiogenesis. Golocheikine et al.
(2010)

VEGF, HGF Increasing vascular diameter. Beilmann et al. (2004)
VEGF, IGF-1, GCSF, HGF Promoting ovarian angiogenesis and reducing interstitial fibrosis. Wang et al. (2017)
VEGF, FGF2 Stimulating neovascularization and increasing blood perfusion of the

grafts.
Xia et al. (2015)

Immunomodulatory
effect

IL-2, IFN-γ, IL-4 Reducing GC apoptosis. Lu et al. (2019)

Anti-inflammatory effect PGE2, HGF, IL-6, TGF-1 Promoting GC proliferation. Liang et al. (2018)
IFN-γ, TGF-β Improving ovarian function Yin et al. (2018a)

Oxidative stress HGF, IL-6, IL-8, VEGF, BDNF, LIF Increasing the production of antioxidant enzymes and inhibiting ROS
production.

Amoroso et al. (2017)
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or drug intervention, has crucial practical significance and
important economic value.

CONCLUSION

MSCs derived from different sources have similar curative
effects in the treatment of POF through multiple mechanisms.
MSCs have attractive clinical transformation and application
prospects in the restoration of reproductive function in POF
patients, even in older women with POF. Therefore,
understanding the molecular mechanism of POF is still a
key scientific problem for comprehensively and deeply
evaluating the safety and effectiveness of MSC
transplantation, especially the long-term impact on parents
and offspring.
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GLOSSARY

ADMSC adipose-derived stem cells

AFMSC amniotic fluid mesenchymal stem cells

akt protein kinase B

AMH anti-mullerian hormone

AMPK adenosine 5‘-monophosphate (AMP)-activated protein kinase

AMSC amniotic mesenchymal stem cells

ARE antioxidant response element

AZPAb anti-Zona pellucida antibody

Bax Bcl-2 associated X protein

Bcl-2 B-cell lymphoma-2

b-FGF basic fibroblast growth factor

BDNF brain-derived neurotrophic factor

Bim Bcl-2 interacting mediator of cell death

BMP bone morphogenetic protein

BMSC bone marrow stem cells

CD cluster of differentiation

EGF epidermal growth factorepidermal growth factor

E2 estrogen

EGF epidermal growth factorepidermal growth factor

FGF fibroblast growth factor

FOXO forkhead box O

FSH follicle stimulating hormone

FSHR follicle stimulating hormone receptor

fst homo sapiens follistatin

GC ovarian granulosa cellsgranulosa cells

GC ovarian granulosa cellsgranulosa cells

GCSF granulocyte colony stimulating factor

Gdf growth differentiation factor

HGF hepatocyte growth factor

HOVEC human ovarian endothelial cell

HRT hormone replacement therapy

IDO indoleamine 2,3-dioxygenase

IGF-1 insulin-like growth factors-1

IFN-γ interferon γ

IRAK1 interleukin 1 receptor associated Kinase 1

IL interleukin-10

JNK1 jun n-terminal kinase1

LH luteinizing hormone

LIF interleukin 6 family cytokine

MAPK mitogen-activated protein kinase

MCP monocyte chemotactic protein

Mensc menstrual-derived stem cell

MSC mesenchymal stem cells

MVs microvesicles

MT1 melatonine receptor1

Nanos3 nanos C2HC-type Zinc finger 3

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

NK natural killer cell

Nobox NOBOX oogenesis homeobox

NO nitric oxide

NOQ1 NAD(P)H quinone dehydrogenase 1

Nrf2 NF-E2-related factor 2

OGCs ovarian granulosa cells

PARP poly ADP-ribose polymerase

PCNA proliferating cell nuclear antigen

PDCD4 programmed cell death 4

PDMSC placenta-derived mesenchymal stem cells

PGF placental growth factor

PGE2 prostaglandin E2

PGC primordial germ cell

PMSC placenta-derived mesenchymal stem cell

POF premature ovarian failure

PTEN phosphatase and tensin homolog

PI3K phosphatidylinositol-3-kinase

ROS reactive oxygen species

SC stem cell

SOD1 superoxide dismutase 1

TERT telomerase reverse transcriptase

TGF transforming growth factor

th helper T cell

TNF-α tumor necrosis factor-α

TRAF632 receptor associated factor 632

UCMSC umbilical cord mesenchymal stem cells

UCP-2 uncoupling protein-2

VEGF vascular endothelial growth factor

VEGFR vascular endothelial growth factor
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