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Abstract
This article presents the stem and progenitor cells from subcutaneous adipose
tissue, briefly comparing them with their bone marrow counterparts, and
discussing their potential for use in regenerative medicine. Subcutaneous adipose
tissue differs from other mesenchymal stromal/stem cells (MSCs) sources in that
it contains a pre-adipocyte population that dwells in the adventitia of robust
blood vessels. Pre-adipocytes are present both in the stromal-vascular fraction
(SVF; freshly isolated cells) and in the adherent fraction of adipose stromal/stem
cells (ASCs; in vitro expanded cells), and have an active role on the chronic
inflammation environment established in obesity, likely due their monocyticmacrophage lineage identity. The SVF and ASCs have been explored in cell
therapy protocols with relative success, given their paracrine and
immunomodulatory effects. Importantly, the widely explored multipotentiality
of ASCs has direct application in bone, cartilage and adipose tissue engineering.
The aim of this editorial is to reinforce the peculiarities of the stem and
progenitor cells from subcutaneous adipose tissue, revealing the spheroids as a
recently described biotechnological tool for cell therapy and tissue engineering.
Innovative cell culture techniques, in particular 3D scaffold-free cultures such as
spheroids, are now available to increase the potential for regeneration and
differentiation of mesenchymal lineages. Spheroids are being explored not only
as a model for cell differentiation, but also as powerful 3D cell culture tools to
maintain the stemness and expand the regenerative and differentiation capacities
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Core tip: Adipose tissue, notably subcutaneous, has a population of CD34-positive
progenitor cells functionally known as pre-adipocytes. The pre-adipocytes have
molecular and functional identities with the monocytic-macrophagic lineage and are
altered in metabolic diseases such as obesity. To what extent will new 3D tools in cell
culture, such as spheroids, be able to overcome the limitations imposed by 2D monolayer
culture and unravel dormant capabilities of adipose stromal/stem cells?

Citation: Baptista LS. Adipose stromal/stem cells in regenerative medicine: Potentials and
limitations. World J Stem Cells 2020; 12(1): 1-7
URL: https://www.wjgnet.com/1948-0210/full/v12/i1/1.htm
DOI: https://dx.doi.org/10.4252/wjsc.v12.i1.1

INTRODUCTION
Mesenchymal stromal/stem cells (MSCs) were first described and isolated from bone
marrow as adherent colony-forming units of fibroblasts (CFU-F), and the primary role
attributed to MSCs was to form niches for hematopoietic cells, supporting
hematopoiesis[1]. In 1999, Pittenger et al[2] first described the in vitro multipotential
nature of human bone marrow MSCs, introducing their use in cell therapy
approaches, by delivering MSC suspensions to injury sites. The hypothesis was that
MSCs were capable of tissue repair through grafting and differentiation into tissueresident cells[3,4]. A few years later, an adipose tissue MSC population was described
that shared some properties with MSCs isolated from the bone marrow, but had
important unique characteristics[5,6].
Currently the widely accepted mechanism for tissue repair using bone marrow and
adipose tissue sources (based on data from preclinical studies) is that MSCs interact
with injured cells, creating tissue microenvironments or temporary niches that
facilitate repair[7]. Thus, tissue regeneration by MSC transplantation may not rely
exclusively on MSC differentiation, and the potential of MSCs to differentiate into
multiple lineages is yet to be confirmed in vivo. In regenerative medicine approaches,
the paracrine activity of MSCs fits well with cellular therapy protocols, while there in
vitro multilineage potential is beneficial for tissue engineering. Furthermore, the
“stemness” of MSCs and their in vitro multilineage potential can be optimized by cell
culture conditions. The aim of this editorial is to reinforce the peculiarities of the stem
and progenitor cells from subcutaneous adipose tissue, revealing the spheroids as a
recently described biotechnological tool for cell therapy and tissue engineering.
Spheroids are a 3D cell culture approach where cell clusters are formed in the absence
of a scaffold (scaffold-free), optimizing cell-cell and cell-extracellular matrix
interactions[8,9]. Recent studies have shown that culture as spheroids can be used to
optimize the stemness and multilineage potential of MSCs[10], unraveling unknown
characteristics of these cells, as well as opening new avenues for MSC use in
regenerative medicine.

REVEALING THE POTENTIAL OF STROMAL CELL
POPULATIONS IN SUBCUTANEOUS ADIPOSE TISSUE
The subcutaneous adipose tissue is composed of adipocytes and of a heterogeneous
“stromal-vascular fraction” (SVF). These two main cell compartments can be
separated by a centrifugation approach that results in the adipocytes floating as a
layer, while SVFs sediment to the bottom of the tube. Previously, the SVF was known
as a compartment containing cells capable of accumulating intracytoplasmic lipids in
vitro[11]. Currently, the SVF is defined as a heterogeneous population containing pre-
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adipocytes, endothelial mature cells, macrophages and fibroblasts. Furthermore, the
SVF contains stem and progenitors cells showing different degrees of
differentiation[12]. Due to their cell heterogeneity, the SVF is a major contributor to the
unique molecular identity of the different depots of adipose tissue[13].
In 2001, Zuk et al[5] first described an MSC population in human subcutaneous
adipose tissue isolated from the SVF. In 2013, the International Federation for Adipose
Therapeutics and Science and the International Society for Cellular Therapy
established the minimal definitions for stromal cells derived from subcutaneous
adipose tissue[14]. The stromal cells within the SVF comprise heterogeneous cell types
not amenable to culture in vitro, and a population of adherent, stromal/stem cells that
can be culture in vitro. The latter are referred to as “adipose tissue derived
stromal/stem cells” (ASCs), and this term will be used throughout this manuscript.
While ASCs were initially described as having the same in vitro multipotential
nature, clonogenic potential (CFU-F) and similar surface markers as human bone
marrow MSCs[15], differences between bone marrow and adipose MSCs emerged in
subsequent publications (Table 1). Importantly, the tissue microenvironment differs
significantly between the bone marrow and white adipose tissue. In these tissues,
MSCs interacts with different neighboring cells, including an osteoblastic niche in the
bone marrow[16] and cells from the more vascularized microenvironment in the white
adipose tissue[6]. Consequently, bone marrow MSCs shows an intrinsic capacity to
form bone and to support hematopoiesis after in vivo transplantation to ectopic
sites[17], while ASCs have a superior angiogenic capacity[18]. Intriguingly, adipose tissue
is also capable of supporting hematopoiesis (in a specific form), despite the
remarkable differences in tissue microenvironment relative to the bone marrow[21]. In
comparison with the MSC population derived from bone marrow after in vitro
expansion, MSCs derived from subcutaneous adipose tissue can be distinguished by
being positive for CD36 and negative for CD106[14]. Given the differences between
bone marrow MSCs and ASCs, different morphogens are required and commonly
used to induce the full range of multipotential differentiation of these cells in vitro.
Importantly, uncultured SVFs from subcutaneous adipose tissue contain a unique
cell population: The pre-adipocytes[14]. These cells dwell in the adventitia of robust
blood vessels and are identified as negative for the pan hematopoietic surface marker
(CD45), the mesenchymal stem cell surface marker (CD146) and for the mature
endothelial cell surface marker (CD31), being positive only for CD34[6]. Pre-adipocytes
had already been identified in adipose tissue even before the discovery of the MSC
population[11,22]. In mice, pre-adipocytes and macrophages both originate from the
monocytic lineage (CD14 positive cells) [23] . In line with this observation, preadipocytes share some surface markers with macrophages, as well as having the
capacity to acquire certain macrophage properties[24].
Macrophages, especially the tissue resident population (M2), have a crucial role in
adipose tissue homeostasis [22] . This role is highlighted in obesity, where chronic
inflammation leads to macrophage polarization from an M2 to an M1 phenotype,
disrupting adipose tissue homeostasis[25]. This disruption also alters the behavior of
pre-adipocyte, as well as increasing their frequency in early stages of obesity[26]. In our
hands, the subcutaneous adipose tissue samples from obese individuals do not
present alterations in the pre-adipocyte population per se, but have increased
frequency of mesenchymal precursors in the SVF, and ASCs with altered behavior in
vitro[27].
Our research group first showed that the frequency and size of blood vessels are
increased in subcutaneous adipose tissue from ex-obese donors that have been
subjected to bariatric surgery[28]. In addition to blood vessels alterations, we described
a significant increase in the number of pre-adipocytes cells in the SVF, together with a
more heterogeneous population of ASCs, containing pre-adipocytes[27]. The increase in
pre-adipocyte frequency can be linked to the increase in the size of blood vessels,
since robust vessels have the adventitia layer, where pre-adipocytes dwell[6]. Thus,
adipose tissue from ex-obese individuals appears to keep a cellular “memory” of the
inflammatory microenvironment of obese tissue, despite relevant clinical
improvement in obesity[29].
Both fractions of subcutaneous adipose cells - SVF and ASCs - have been
extensively used in clinical trials, mainly due their paracrine and immunomodulatory
potentials; however some discrepancies between studies have emerged, mainly due
donor-to-donor variability combined with differences between the protocols for cell
isolation and expansion in vitro, highlighting the need to better characterize even the
ASCs[30]. In spite of their apparent homogeneity in vitro, ASCs contain a population of
pre-adipocytes whose true potential has not yet been fully elucidated, especially in
obese and ex-obese subcutaneous adipose tissue samples.

WJSC

https://www.wjgnet.com

3

January 26, 2020

Volume 12

Issue 1

Baptista LS. ASCs: potentials and limitations

Table 1 Differences of mesenchymal stromal/stem cell niche, cell subpopulations, mesenchymal stromal/stem cell surface in vitro
markers and multipotentiality between bone marrow and adipose tissue
Tissue

MSC niche

Cell subpopulations

MSC in vitro surface
markers

Bone marrow

Subendosteal and vascular

Osteoblasts, Endothelial
progenitor and mature cells,
Macrophages, MSCs

Positive: CD44, CD71, CD73,
CD90, CD105, CD106,
CD120a and

Hematopoietic stem and
progenitor cells,
lymphocytes,
megakaryocytes,
erythrocytes, monocytes,
neutrophils, basophils,
eosinophils

CD124

Multipotentiality
Adipogenic, Chondrogenic,
and Osteogenic. Precommitted into osteogenic
lineage.

Negative: CD14, CD34 and
CD45
Adipose tissue

Vascular

Adipocytes

Positive: CD13, CD29,
CD44, CD73, CD34, CD36,
CD90 and CD105

SVF: Pre-adipocytes,
endothelial progenitor and
mature cells, macrophages,
fibroblasts, MSCs

Adipogenic, Chondrogenic,
and Osteogenic. Precommitted into adipogenic
lineage.

Negative: CD31, CD45,
CD235a and CD106

MSCs: Mesenchymal stromal/stem cells; SVF: Stromal-vascular fraction.

ARE MULTIPOTENTIALITY AND PLURIPOTENTIALITY
DEPENDENT ON CELL CULTURE CONDITIONS?
ASCs has been extensively described in the scientific literature as having their
embryonic origin in a mesodermal progenitor population[31]. As a consequence, the
typical multilineage capacity of ASCs represents their ability to form adipose tissue,
bone and cartilage in vitro[14]. The multilineage capacity of ASCs has been extensively
explored in tissue engineering, mainly by scaffold-based approaches. Recently, nonclassical, scaffold-free approaches to tissue engineering have emerged that often rely
on the production of 3D cell clusters called “spheroids”[32]. Spheroids mimic the
embryonic stages of tissue development, optimizing the multilineage differentiation
capacity of ASCs and MSCs (Figure 1). Moreover, spheroids are currently used not
only as 3D culture models of cell differentiation in vitro, but also as a powerful cell
culture tool to maintain the stemness and increase the regenerative, anti-inflammatory
and angiogenic potentials of ASCs and MSCs[33]. The increase in the stemness of ASC
and MSC spheroids (compared with 2D culture) is indicated by their higher
multilineage potential, increased expression of pluripotency genes and late
senescence[10], which reflect the cytoskeletal reorganization and expressive changes in
cell morphology observed in spheroids[34]. However, the limitations of ASC and MSC
spheroids comprise the low proliferation rate, causing in vitro cell expansion to still
occur by monolayer culture. Furthermore, part of tissue engineering approaches
intends to repair tissue critical-sized defects, requiring a scaffold.
Embryonic development in mammals starts with a cluster of epiblast stem cells[35].
Therefore, in vitro culture as spheroid-like cell clusters is used not only for embryonic
stem cells, which are isolated from the early blastocyst stage, but also for induced
pluripotent stem cells (iPSC) obtained by “reprogramming” adult somatic cells.
Recapitulating embryogenesis, iPSCs initially form cell clusters that eventually
become 3D cell aggregates representing spheroids.
A population of cells recently isolated from mesenchymal human tissue, named
multilineage-differentiating stress enduring cells (Muse), is capable of forming
pluripotent spheroid-like cell clusters [36] in the absence of in vivo tumorigenic
capacity[37]. The differentiation of Muse cells for non-mesenchymal lineages relies on
cell culture as clusters or spheroids, as well as on the use of a lower percentage of
serum (or even on serum deprivation) during cell culture[38]. Human ASCs cultured in
early passage under a lower percentage of autologous serum formed floating 3D
spheroid-like cell clusters spontaneously[39]. Adipose-Muse cells differentiate into
mesodermal, ectodermal and endodermal lineages, without teratoma formation[40].
The capacity of mature adipocytes to dedifferentiate and to differentiate into
multiple cell lineages was already described before the identification of Adipose-
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Figure 1

Figure 1 Spheroids mimic the embryonic stages of tissue development, optimizing the multilineage differentiation capacity of Adipose stromal/stem cells
and mesenchymal stromal/stem cells. A: Adipose stromal/stem cells (ASCs) and mesenchymal stromal/stem cells (MSCs) can be harvested from monolayer and
seeded into 3D culture plate dishes; B: The cell suspension starts to establish cell-cell interaction in a process known as self-assembly; C: The resulting spheroids
containing cells and extracellular matrix components, are described for optimizing the stemness; D: Multilineage differentiation capacity of ASCs and MSCs under
appropriate morphogens.

Muse cells[41,42], with some signs of pluripotency[36]. Accordingly, it is not surprising
that spheroid-based culture, which is known to increase the stemness capacity of cells,
may increase the potential of ASC differentiation beyond that expected for
mesenchymal lineage cells. The major advantage in exploring the pluripotency of ASC
spheroids will be their safety in regenerative medicine protocols, since some studies
show the absence of teratoma formation after Adipose-Muse transplantation[40].

CONCLUDING REMARKS
In 2001, ASCs emerged as an accessible source of adult multipotent stem cells,
showing high angiogenic and regenerative potential. The in vitro expansion of ASCs
as monolayers may mask the multipotency and anti-inflammatory capacities of ASCs
from obese and ex-obese donors. Embryonic development is marked by the formation
of spheroid-like cell clusters, which can be mimicked in vitro by 3D culture as
spheroids. Spheroid culture promises to reveal features of ASCs that were masked by
culture in monolayers, including their pluripotency. In conclusion, ASC spheroids can
be delivered into the injury site in an undifferentiated state due their regenerative
potential or even as a tissue engineered construct, while allowing the use of obese and
ex-obese ASCs in regenerative medicine protocols.

FUTURE DIRECTIONS
The transition from 2D monolayer culture of ASCs to 3D culture as spheroids brought
previously unimaginable advantages. The next step is to translate the advantages of
spheroid culture into novel therapeutic uses of ASCs in tissue regeneration and tissue
engineering.
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Abstract
Poor recovery of neuronal functions is one of the most common healthcare
challenges for patients with different types of brain injuries and/or
neurodegenerative diseases. Therapeutic interventions face two major challenges:
(1) How to generate neurons de novo to replenish the neuronal loss caused by
injuries or neurodegeneration (restorative neurogenesis) and (2) How to prevent
or limit the secondary tissue damage caused by long-term accumulation of glial
cells, including microglia, at injury site (glial scar). In contrast to mammals,
zebrafish have extensive regenerative capacity in numerous vital organs,
including the brain, thus making them a valuable model to improve the existing
therapeutic approaches for human brain repair. In response to injuries to the
central nervous system (CNS), zebrafish have developed specific mechanisms to
promote the recovery of the lost tissue architecture and functionality of the
damaged CNS. These mechanisms include the activation of a restorative
neurogenic program in a specific set of glial cells (ependymoglia) and the
resolution of both the glial scar and inflammation, thus enabling proper neuronal
specification and survival. In this review, we discuss the cellular and molecular
mechanisms underlying the regenerative ability in the adult zebrafish brain and
conclude with the potential applicability of these mechanisms in repair of the
mammalian CNS.
Key words: Zebrafish; Central nervous system; Brain injury; Glial scar; Regeneration;
Restorative neurogenesis; Neural stem cells; Inflammation
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Poor recovery of neuronal functions is one of the most common healthcare
challenges for patients with different types of brain injuries. In contrast to mammals,
zebrafish have developed specific mechanisms to activate a restorative neurogenic
program in a specific set of glial cells (ependymoglia) and to resolve both the glial scar
and inflammation, thus enabling proper neuronal specification and survival. In this

https://www.wjgnet.com

8

January 26, 2020

Volume 12

Issue 1

Zambusi A et al. Regenerating adult zebrafish brain

P-Reviewer: Ding JX
S-Editor: Wang J
L-Editor: A
E-Editor: Xing YX
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INTRODUCTION
In contrast to mammals, zebrafish can efficiently regenerate and recover lost tissue
architecture and the function of vital organs including the spinal cord, retina, fin,
heart and brain (Figure 1). Because traumatic brain injuries and neurodegenerative
diseases pose a great burden to society, new therapeutic interventions must be
developed. One possible approach is comparison between non-regenerative models
(such as mammals, largely represented by mouse models) and regenerative models
(often zebrafish or axolotl) to identify similarities and differences at the cellular and
molecular levels that could be exploited to achieve regeneration in the human brain.
One striking difference between these two models is the presence of numerous
constitutively active neurogenic niches in the zebrafish adult central nervous system
(CNS)[1-3]. This feature has long been speculated to be the driving force underlying the
endogenous regeneration observed in the adult zebrafish brain [1,2,4] . However,
neurogenic niches are also found in the mammalian CNS, albeit in lower numbers,
thus suggesting the existence of additional cellular and molecular distinctions
between mammals and zebrafish. To address these differences, endogenous
regeneration in different areas of the zebrafish CNS has been extensively studied by
using various injury paradigms[5-17]. Numerous programs actively involved in the
activation of neuronal progenitors in response to injury and contributing to
restorative neurogenesis have been identified[6,9,12-14,16,18]. Of note, these programs can be
subdivided into specific categories: (1) Developmental programs that are reactivated
in response to injury and that regenerate brain structures by mimicking
developmental functions; (2) Injury-specific programs that are exclusively active in
the context of regeneration and (3) Programs that are also active during development
but have distinct functions in the context of regeneration[6,9,12-14,16,18]. In addition to
different models activating the generation of new neurons, zebrafish can synchronize
the addition of neurons with the resolution of both glial scar and inflammation,
thereby achieving proper specification and long-term survival of new neurons[8,12-14].
These features have not been observed in mammals, in which neurons generated in
response to injury do not survive, owing to the persistence of the glial scar. All these
elements play a synergistic role in the endogenous regeneration of the adult zebrafish
CNS. Therefore, we will focus on their comprehensive description after providing an
introductory characterization of the cellular environment in different brain areas of
the adult zebrafish brain under physiological conditions and the injury paradigms
used to study regenerative responses in zebrafish.

Introduction and comparison of progenitor lineages in adult zebrafish and mouse
brains
Similarly to the mammalian brain, the zebrafish brain contains several progenitor celltypes that generate distinct lineages. The most prominent feature of the adult
zebrafish brain, in contrast to the mammalian brain, is the enrichment of neuronal
progenitors within different neurogenic niches. These neuronal progenitors maintain
a life-long capacity to produce new neurons[1-3,19-22], although this feature decreases
with age[23], similarly to the mammalian adult neuronal progenitors[24]. Interestingly,
glial progenitors are present in both zebrafish and mammalian brains with similar
abundance and cellular characteristics[25-27]. These progenitors are scattered throughout
the brain parenchyma and either self-renew or generate mature oligodendrocytes[25].

Neurogenic niches and neuronal progenitor cells
The adult zebrafish brain contains various niches with proliferating progenitors,
many of which can generate new neurons (neurogenic progenitors)[1-3,19-22]. One of the
best studied and characterized regions in the adult zebrafish brain is the
telencephalon. This brain area contains a neurogenic niche lining in the ventricular
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Figure 1 Regenerating organs in adult zebrafish. In contrast to mammals, adult zebrafish are able to efficiently
regenerate the lost tissue architecture and retrieve the functions of brain (A), spinal cord (B), retina (C), fin (D) and
heart (E).

zone (VZ), which is located at the outer brain surface, owing to the everted nature of
this specific brain region (Figure 2A)[28]. New-born neurons are deposited immediately
below the proliferative zone, in the so-called periventricular zone[19,20]. Progenitors
residing in the VZ have a radial morphology similar to that of the mammalian neural
stem cells (radial glia cells, RGCs) present during brain development. Their bodies are
located at the ventricular surface, and their processes span throughout the
parenchyma of the adult zebrafish telencephalon[29]. Moreover, these cells are the
functional orthologs of mammalian ependymal cells; therefore, we will refer to them
as ependymoglia. Importantly, only a proportion of these cells generate neurons
under physiological conditions, whereas most remain quiescent, a common feature
shared by classical ependymal cells [7,30,31] . However, numerous experimental
manipulations such as changes in Notch signaling[30] or injuries induce cell-cycle reentry in many ependymoglial cells and/or generation of new neurons[6-8,11-14,16,32,33].
Although almost all ependymoglial cells in the adult zebrafish telencephalon can
generate neurons, there are at least two distinct neurogenic zones where
ependymoglial cells are located: The dorsal and the medio-ventral neurogenic niches
(Figure 2). These two zones differ in the proliferation rates of ependymoglial cells and
their progenies, the size of the progenies that they produce and the type of newly
generated neurons[19,20,29,34]. As previously mentioned, under physiological conditions,
only a small proportion of ependymoglia in the dorsal neurogenic niche are actively
proliferating, whereas the majority remain quiescent [7,30,31] . Ependymoglial cells
express different markers including glial fibrillary acidic protein (Gfap), S100 calciumbinding protein B (S100β), Nestin, brain lipid-binding protein (Blbp) and SRY-box 2
(Sox2)[14,19,29,34-37], and can be further subdivided into non-dividing (type I) and dividing
(type II) cells[34]. According to previously developed live-imaging techniques, not only
the proliferative state of ependymoglia but also the mode of division differs[7,38].
Ependymoglial cells rarely divide symmetrically, thus giving rise to two new
ependymoglial cells and thereby expanding the pool of adult neural stem cells
(aNSCs). The largest fraction of activated ependymoglial cells divide asymmetrically,
thus maintaining the stem cell pool and generating neuronal progeny[7,38]. Moreover, a
substantial proportion of ependymoglia lose their aNSC hallmarks and upregulate the
neuronal marker HuC/D, thus suggesting that direct conversion of ependymoglia
into neurons substantially contributes to the constitutive neurogenesis at the expense
of the stem cell pool[7]. Both direct conversion and generation of new neurons via
intermediate progenitors in the dorsal neurogenic niche of the adult zebrafish
telencephalon result in small neuronal clones (fewer than four cells)[7,31]. In contrast to
the low proliferation rate and small neuronal output of ependymoglia in the dorsal
neurogenic niche, medio-ventral ependymoglial cells proliferate at higher rates and
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produce larger neuronal progenies[34]. Some progeny have migratory capacities and,
similarly to those in the mammalian brain, migrate to the olfactory bulb through the
rostral-migratory stream, whereas a proportion generate new neurons that are
deposited periventricularly[19]. Because live-imaging and clonal analysis techniques in
the medial-ventral neurogenic niche are lacking, it remains to be investigated whether
the same cell has the capacity to generate neurons fated to populate both the olfactory
bulb and the periventricular zone. Therefore, new genomic approaches must be used
to identify the transcriptomes of single ependymoglial cells and address the existence
of different sub-populations, identify specific markers to prospectively isolate these
populations and subsequently decipher specific molecular pathways involved in
region-specific generation of new neurons in the adult brain. The first steps toward
the dissection of distinct molecular features of different progenitor cell types have
enabled the identification of a population of Nestin-positive progenitor cells in the
ventral nucleus of the ventral telencephalon, which weakly express canonical radial
glial markers, display a typical neuroepithelial-like morphology and proliferate
primarily with a short cell cycle duration (Figure 2B) [ 2 9 , 3 4 , 3 9 ] . Proliferating
oligodendrocyte transcription factor 2-positive (Olig2+) cells that are negative for
typical oligodendrocyte markers, such as the SRY-related HMG-box 10 (Sox10) and
myelin basic protein (Mbp), but are positive for polysialylated-neural cell adhesion
molecule have also been found in the rostral migratory stream of the zebrafish
telencephalon, together with a small population of Olig2-expressing cells positive for
S100β and displaying a typical radial glia-like morphology[25]. However, the functions
of these cells remain to be addressed.
Although the neurogenic niches and the mechanisms controlling neurogenesis in
the adult zebrafish telencephalon are the most studied and best characterized,
neurogenic niches are also present in other regions of the adult zebrafish brain, and
they have specific features [1,2,20-22,40] . Hence, differences and similarities between
neurogenic niches of different brain areas should be considered with regard to regionspecific restorative neurogenesis. In the optic tectum and cerebellum, for instance,
aNSCs do not express typical glial markers and display a neuroepithelial-like
phenotype. Radial glia-like cells exist, but in lower numbers, and are quiescent[20,21,40-42].
In the junction between the mid- and hindbrain, hairy-related 5-positive cells exhibit
some of the typical aNSC characteristics, including a slow cell cycle, self-renewal, and
expression of Gfap, Blbp and Sox2, and they have the capacity to differentiate into
neurons[22].

Glial cell composition of the zebrafish brain parenchyma
Proliferation does not occur only in the dorsal and medio-ventral neurogenic niches,
because proliferating cells are also found throughout the parenchyma of the adult
zebrafish telencephalon, where oligodendroglial and microglial cells reside (Figure
2)[25]. Cells belonging to the oligodendrocyte lineage express Olig2 and Sox10[43]. In the
adult mammalian cerebral cortex, oligodendrocyte progenitors generate primarily
neuron-glial antigen 2-positive glia, maintaining them in constant numbers
throughout life[27], and to a lesser extent mature oligodendrocytes[26]. Olig2 and Sox10
lineage-marker positive-cells have also been identified in the parenchyma of the adult
zebrafish telencephalon[25]. Additionally, a small proportion of these cells have been
found to be positive for Mbp, a marker of mature oligodendrocytes [25] . Under
physiological conditions, only a few oligodendroglial cells have been identified as
actively proliferating oligodendroglial precursor cells, on the basis of co-staining with
proliferating cell nuclear antigen and the incorporation of the DNA base analog
bromodeoxyuridine[25]. Other studies in the adult zebrafish brain, and specifically in
the cerebellum, have demonstrated the existence of a small proportion of Olig2expressing cells positive for Sox10, which are located in the granule cell layer close to
Purkinje cells, whereas most Olig2-expressing cells in this specific brain region
display neuronal identity and are positive for the neuronal marker HuC/D [44] .
Another important population that displays some grades of proliferation and is
involved in the maintenance of homeostasis in the adult zebrafish brain consists of
microglial cells, the resident phagocytes in the brain. Under normal conditions,
microglial cells display a branched and elongated morphology[45]. However, under
pathological conditions, microglial cells show a modified structure, acquiring an
amoeboid-like morphology. In the mouse brain, “resting” microglia are not inactive
and constantly use their processes to scan the CNS environment[46]. Numerous studies
performed in both the mammalian and zebrafish CNS have demonstrated that in
addition to their major task as CNS guardians, microglial cells play an important role
in the regulation and pruning of synapses[47-50], apoptotic cell clearance[51,52] and CNS
angiogenesis[53,54]. Interestingly, microglial cells located in the telencephalon, optic
tectum and cerebellum of the adult zebrafish morphologically resemble those present
in the mature mammalian CNS, and a large fraction of the microglial signature is also
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Figure 2 Schematic representation of the main cell types in the adult zebrafish telencephalon, with focus on
two distinct neurogenic niches, the dorsal ventricular zone and the medio-ventricular zone. A: The dorsal
ventricular zone hosts ependymoglial cells (light green), quiescent and slow-cycling adult neural stem cells,
intermediate progenitor cells (light blue) and neurons (yellow); B: The medio-ventricular zone hosts neuroepitheliallike cells (magenta), characterized by faster cell cycle. Intermediate progenitor cells (light blue) are deposited in the
subventricular layer and they can either differentiate into neurons (yellow) or migrate to the olfactoy bulb. Microglial
(blue) and oligodendroglial (brown) cells can be found in the subventricular zone and in the parenchyma of the adult
zebrafish telencephalon.

conserved in zebrafish[54,55]. Importantly, the adult zebrafish brain lacks the typical
parenchymal, protoplasmic astrocytes, an abundant cell type that is present in the
mammalian brain and has important functions under physiological conditions and
after different types of injury or neurodegenerative diseases[56]. Moreover, questions
remain regarding which cell type takes over the function of protoplasmic astrocytes
and whether their absence offers any beneficial effect toward successful brain
regeneration.

Paradigms to study neurodegeneration and regeneration in the adult zebrafish
brain
Zebrafish are a suitable animal model to reproduce typical phenotypes of
neurodegenerative diseases or injuries affecting the CNS in humans (Figure 3)[14,16,57-59].
However, these models very often replicate only a subset of phenotypes observed in
degenerating or injured human brains, thus allowing useful but still restricted
analysis of the regenerative responses. Therefore, understanding the limitations and
specific features of each model system is crucial to allow proper cross-model
comparison and to appreciate the applicability of these models to advance
regenerative therapies in humans. Below, we summarize and compare most of the
models used for brain regeneration studies in zebrafish.
To generate models for neurodegenerative diseases, methods have been largely
based on alteration of specific gene expression, including transient downregulation by
morpholinos[60], targeted gene disruption through use of zinc finger nucleases[61],
transcription activator-like effector nucleases[62] or clustered regularly interspaced
short palindromic repeats [63] . Most of the neurodegenerative models have been
established in embryos or juvenile zebrafish. Indeed, these models have been valuable
tools for understanding the etiology and the progression of specific diseases.
Nonetheless, the programs activated at these stages are reminiscent of the
endogenous programs active during development[64], a characteristic that has also
been observed in the postnatal mammalian brain [65] . However, the mechanisms
leading to endogenous regeneration in the adult zebrafish brain with signs of
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Figure 3

Figure 3 Established paradigms to study cellular and molecular mechanisms of regeneration in the telencephalon and cerebellum of adult zebrafish. A:
Mechanical injury to lesion the adult zebrafish telencephalon, damaging the ventricular zone containing neural stem cells; B: Mechanical injury to lesion the adult
zebrafish telencephalon, sparing the ventricular zone containing neural stem cells; C: Cerebroventricular microinjections of Aβ42 derivatives to study
neurodegeneration in the adult zebrafish telencephalon; D: Mechanical injury of the adult zebrafish cerebellum.

neurodegenerative conditions such as Morbus Parkinson or Alzheimer’s diseases still
remain elusive. To address this question, a model for neurodegeneration in the adult
zebrafish brain has been generated through cerebroventricular microinjection of
Aβ42-derivates (Figure 3D)[57]. Injection of Aβ42-derivates in the adult zebrafish brain,
causing Alzheimer’s disease-like phenotypes (apoptosis, microgliosis and neuronal
loss), promotes activation of ependymoglia and enhances neurogenesis, typical
responses observed during zebrafish brain regeneration in models of mechanical
injuries[6-8,11-14,16,32,33]. In this neurodegenerative model, the presence of Aβ42-derivates
leads to interleukin 4 (IL4) upregulation in neurons and microglial cells. IL4
subsequently acts via signal transducer and activator of transcription 6 (Stat6)
phosphorylation through the IL4 receptor present in aNSCs, thus leading to their
activation[57].
In addition to the development of neurodegenerative models, first attempts to
model chronic brain injuries, such as small brain vessel diseases, have been
achieved[66]. To study the processes activated in response to rupture of microvessels
and consequent microbleeds, a model of injury of blood vessel endothelial cells has
been established by using a multi-photon laser [67] . This injury model may be
promising if optimized for the adult zebrafish brain, because it has been shown to
recapitulate both cerebral hemorrhage and microbleeds[67].
For traumatic brain injuries, numerous paradigms have been established to induce
acute damage in different areas of the adult zebrafish CNS, to study the cellular and
molecular mechanisms leading to endogenous regeneration[5-17]. In particular, these
mechanisms have been extensively analyzed in the context of regeneration in the
adult zebrafish telencephalon. A wide range of injury paradigms, damaging different
telencephalic structures, have been established and characterized (Figure
3)[6-8,11-14,16,32,33]. In the current review, we refer to two different telencephalic injuries. In
the first case, stab wound injury is performed through the skull into the medial region
of the telencephalon. Owing to the everted structure of the adult zebrafish
telencephalon, this injury damages the dorsal part of the VZ, containing
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ependymoglial cells with stem cell properties, and the brain parenchyma, containing
largely postmitotic neurons and glial progenitors (Figure 3A)[11,12,32,33]. In the second
case, the stab wound injury is performed through the zebrafish nostrils. This injury
exclusively damages the parenchyma of the telencephalon, leaving the ependimoglial
layer intact (Figure 3B)[7,9,13,14,16]. The common features shared by these two different
injury models are the activation of restorative programs in ependymoglial cells and
the generation of new neurons. Therefore, the understanding of injury-mediated
activation of cells with stem cell capacity in different injury models is also key to
experimentally eliciting regeneration in species lacking endogenous restorative
capacity. Moreover, because zebrafish have different cells with stem cell capacity
spread throughout the adult brain[19-21,29,34,42], one additional approach may be the
comparison of regeneration in different brain areas in response to mechanical injuries.
Indeed, some of these brain regions, including the optic tectum and cerebellum, have
been analyzed to different extents in the context of regeneration. The optic tectum
contains ependymoglia, but in the intact brain they have only transient and limited
neurogenic capacity[42,68]. However, in response to injury, ependymoglial cells enter
cell cycle and generate new neurons engaged in regeneration[69,70].
Similarly, numerous studies have focused on the identification of relevant
programs involved in cerebellar wound healing and regeneration, with a special focus
on cross-talk among apoptosis, inflammation, immune response, the cell cycle and cell
adhesion (Figure 3C)[15,17,71-73]. Interestingly, a recent study on regeneration in the adult
zebrafish cerebellum has shed light on its limited restorative capacity to only specific
cell lineages, in contrast to observations in the adult zebrafish telencephalon and optic
tectum[15].
Moreover, cerebellar regeneration is mainly supported by neuroepithelial-like cells,
whereas RGCs (possibly sharing some hallmarks with telencephalic ependymoglia)
appear to play a minor role[15]. These results are in agreement with the observation
that the RG cell pool is either quiescent or exhausted in the adult zebrafish cerebellum
and that in response to injury, cell types derived from RGCs are not regenerated[15].
These findings highlight the importance of dedifferentiation and reactivation of glial
cells in response to injury and their capacity to reacquire neuronal stem cell
characteristics, a feature achieved in mammals only in vitro[74].
Beyond mechanical injuries, chemical compounds have been used to target specific
or generic cell types in the adult zebrafish brain[75-78] and subsequently study the
restorative responses. Quinolinic acid-induced neurotoxicity in the adult zebrafish
telencephalon promotes ependymoglia proliferation and activates neurogenic
programs, thus enabling the long-distance generation and integration of new-born
neurons[77]. Paraquat intoxication results in altered redox levels and mitochondrial
activity, thus partially mimicking the phenotypes of Parkinson’s disease [76] .
Administration of cadmium chloride can induce brain damage because of its cytotoxic
activity on glial cells[75], and subchronic exposure to titanium (TiO2) nanoparticles can
induce neurotoxicity [78] . Because these different injury models do not rely on
mechanical injury and elicit rather limited inflammatory responses but still promote
the activation of neurogenic programs, the analysis of these models may be relevant
to identify core mechanisms of regeneration in the adult zebrafish CNS to
experimentally activate them in the mammalian CNS.

Cellular and molecular mechanisms involved in regeneration and restorative
neurogenesis in the adult zebrafish telencephalon
A fundamental feature of telencephalic injuries in the adult zebrafish is the capacity to
restore the tissue architecture of the brain parenchyma, including the addition of new
neurons. New neurons generated in response to injury (restorative neurogenesis) are
positioned deep in the parenchyma (Figure 4D) [ 7 , 1 4 ] , an area that does not
accommodate new neurons under physiological conditions [19,20,31] . In fact, when
neurons are generated in the intact telencephalon (constitutive neurogenesis), they are
deposited in the layer underlying the VZ or in the olfactory bulb[19,20,31]. Importantly,
ependymoglial cells can generate neurons that contribute to both constitutive and
restorative neurogenesis but may possibly rely on different cellular and molecular
mechanisms[4]. Importantly, endogenous neurogenesis supported by ependymoglial
cells is not an absolute pre-requisite for successful regeneration. In fact, under
physiological conditions, ependymoglia in the optic tectum are mostly quiescent.
However, in response to injury, they become activated, generate new neurons and
thus support the regeneration of this brain area. Specifically, the Wnt signaling
pathway is activated in ependymoglial cells in response to injury and is a key
regulator of ependymoglia proliferation and differentiation into neurons[69]. A followup study has identified additional molecular pathways important for optic tectum
regeneration. Sonic hedgehog is increased in ependymoglia in response to injury, and
its activation increases the number of proliferating ependymoglial cells, thereby
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limiting their differentiation into neurons. Notch activity is also regulated, and its
levels are decreased after injury, thus inducing the same phenotype in ependymoglial
cells as that observed with Sonic hedgehog [70] . These results suggest that tight
regulation of ependymoglia proliferation and differentiation is necessary to promote
restorative neurogenesis in the adult zebrafish brain.
Although different injury paradigms vary in localization within the telencephalon
and injury size, common cellular events in response to injury can be generalized
(Figure 4). The first event occurring in response to traumatic brain injury is cell death,
which is quickly followed by activation of an inflammatory response characterized by
microglial cells’ morphological modification and accumulation, together with
leukocytes, at the injury site[9,13,14,45]. The mobilization of microglial cells toward the
injury site is controlled by long-range Ca2+ waves activating ATP signaling-dependent
chemotaxis, through the purinergic P2Y12 receptor (Figure 4B)[79,80]. Moreover, σ1
receptors are responsible for “switching off” activated microglia, thus allowing these
cells to abandon the injury site[81]. Indeed, the inflammatory response is quickly
resolved in the adult zebrafish telencephalon [9,13] . The immune cell response is
followed by increased proliferation of different cell types, both at the injury site
(largely glial, Olig2-positive progenitors) and at the VZ (largely neuronal progenitors
and ependymoglia) (Figure 4C)[12-14,16]. Injuries in the adult zebrafish telencephalon not
only increase proliferation of ependymoglia but also induce various injury-specific
cellular behaviors. Continuous live-imaging of ependymoglial cells in the intact and
injured zebrafish telencephalon has revealed symmetric non-gliogenic ependymoglial
division in response to injury, a mode of division not previously observed in intact
brains, which produces two intermediate neuronal progenitors and depletes the
ependymoglial pool[7]. Interestingly, this specific cellular behavior is complemented
by direct conversion of ependymoglia to neurons, thus enlarging the neuronal output
in regenerating brains. Importantly, direct conversion as a mode of neurogenesis is
also present in the intact telencephalon [7] , thereby supporting the concept that
successful regeneration in the adult zebrafish telencephalon depends both on
mechanisms already present in uninjured conditions and on the activation of injuryspecific pathways, including programs promoted by injury-induced
inflammation [6,8,9,11,39,82,83] . The proper coordination of these programs is key for
successful regeneration in the adult zebrafish brain. Indeed, the aryl hydrocarbon
receptor (AhR) has been identified as a key synchronizing pathway linking the direct
conversion of ependymoglia to neurons with the inflammatory state in the brain
parenchyma [8] . AhR signaling is inactivated shortly after injury (period of high
microglial activation) and subsequently promotes ependymoglial proliferation at the
expense of neuronal differentiation (Figure 4E). This finding is also consistent with
microglia-mediated activation of ependymoglia proliferation [ 9 ] . Neuronal
differentiation of ependymoglia through direct conversion is possible only when AhR
signaling returns to basal levels (7 days after injury), coinciding with decreased
microglial activation. Interestingly, interference with temporal regulation of AhR
signaling after injury leads to aberrant restorative neurogenesis, because newly
formed neurons fail to survive[8]. In rodent models of stroke, ependymal cells have the
potential to become activated and generate neuroblasts[84,85]. In this case, however, a
large proportion of neuroblasts do not survive, and no mature neurons are
formed[84,86]. These results lend strength to the concept that the activation of glial cells
engaged in restorative neurogenesis by generating new neurons must be finely tuned
and coordinated with the state of inflammation to enable proper neuronal survival
and subsequent regeneration. After progenitor cells have been generated, they reuse
developmental or constitutive neurogenic programs for neuronal differentiation.
Prokineticin 2 (Prok2) and Sprouty-related EVH1 domain containing 2 (Spred2) are
associated with migration and survival of neuronal progenitors to the injury site[11,16,33].
Ectopic Prok2 expression has been observed in the zebrafish telencephalon in
proximity to the injury site, and Prok2 has been proposed to first act as a
chemoattractant to direct migration and later act as a neurotrophic factor [16,33] .
Similarly, young HuC/D-positive neurons use radial ependymoglial processes as a
scaffold to migrate to their target sites in the injured brain[33], as they do during
development along the radial glia processes [87] . These findings strengthen the
hypothesis that the intrinsic capacity of regeneration in the adult zebrafish CNS may
be supported by the ability to activate injury-specific programs and to enhance the
restorative process by reactivating developmental programs and reinstructing the
functions of genes normally present in the intact CNS. Therefore, we will further
discuss the importance of these mechanisms in the context of regeneration.

Modifications of mechanisms present in the intact brain contributing to brain
regeneration
The high correlation of restorative potential with the wide distribution of neurogenic
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Figure 4

Figure 4 Glial cell reactivity and tissue restoration in the adult zebrafish telencephalon in response to stab
wound injury. A: Representative scheme of cell composition in the intact telencephalon of adult zebrafish; B-D:
Cellular response to mechanical injury in the adult zebrafish telencephalon; B: Injury-induced cell death stimulates the
activation of inflammatory response. ATP is sensed by microglial cells (blue), through P2Y12 receptor, triggering their
change in morphology and their migration, together with oligodendroglial precursor cells (OPCs, brown) at the injury
site (blue circle); C: Microglial and oligodendroglial cell accumulation is resolved and intermediate progenitors (light
blue), source of newly formed neurons (yellow), populate the injury site, where they start differentiating into neurons.
Proliferation reaches its peak in the ventricular zone, where stem cells (ependymoglial cells, light green) reside. This
cellular response seems to be required to increase the neuronal output and to re-populate the loss of progenitors in
the subventricular zone, due to their migration to compensate the neuronal loss at the injury site; D: Regeneration is
efficiently completed, stem cell activation returns to basal levels, surviving newborn neurons are found at the injury
site and manage to survive, no signs of glial scar can be found; E: Scheme of genes specifically regulated in
ependymoglial cells, relevant for their activation state and the promotion of restorative neurogenesis.

niches in the vertebrate brain supports the idea that at least some regulatory
mechanisms that actively play a role in constitutive neurogenesis are re-used in the
context of regeneration. Indeed, the Notch signaling regulates both constitutive and
restorative neurogenesis. In the intact zebrafish brain, Notch signaling promotes
ependymoglial quiescence[30,88]. Importantly, two Notch receptors, Notch1 and Notch3,

WJSC

https://www.wjgnet.com

16

January 26, 2020

Volume 12

Issue 1

Zambusi A et al. Regenerating adult zebrafish brain

are upregulated in the adult zebrafish telencephalon in response to injury (Figure
4E) [6,11] . A correlation between Notch activation and neurogenesis has also been
observed in the mouse brain [84,89] . Striatal stroke decreases Notch signaling in
ependymal cells, and Notch reduction promotes their differentiation along the
neuronal lineage, without entry into the cell cycle[84]. Forced activation of Notch1 in
response to stroke prevents ependymal cell activation and the production of
immature neurons. Moreover, Notch1 signaling is decreased in striatal astrocytes after
stroke, thus promoting neurogenesis[89]. In contrast, Notch1 activation after injury in
the adult zebrafish telencephalon is instrumental for restorative neurogenesis, and its
inhibition prevents the injury-induced proliferation of ependymoglia[11]. These results
suggest that Notch1 in zebrafish has an injury-specific function, promoting
ependymoglial cell activation and proliferation, in contrast to its normal function
under healthy conditions. Interestingly, blocking Notch3 upregulation after injury
results in a significant increase in proliferating type II progenitors and a decrease in
quiescent type I progenitors, thus suggesting that Notch3 signaling after injury has
the same role as that observed in the intact brain: promoting ependymoglial cell
quiescence[6,30,88]. Similarly, inhibitor of DNA binding 1 (Id1) has been unexpectedly
found to be upregulated in the injured zebrafish telencephalon (Figure 4E). Id1 is
predominantly associated with quiescent progenitors (type I) and is expressed by only
a small proportion of proliferating progenitors (type II) [6,90] . The same pattern is
maintained after injury, and increased numbers of Id1-positive cells as well as
increased expression levels in individual cells promote their return to quiescence[6].
The opposite regulation of the ependymoglial state in response to injury by Notch1 on
one side and Notch3 and Id1 signaling pathways on the other side suggests an
important concept for long term maintenance of restorative capacity that relies on the
development of mechanisms that tightly regulate ependymoglial activation. These
mechanisms are required to prevent stem cell pool depletion, possibly even by using
the same ligands, as in Notch1 and Notch3 signaling. These results support the
hypothesis that zebrafish CNS regeneration relies not only on re-activation of
developmental programs but also on their modification by injury-specific signals.

Positive contribution of inflammation-related programs to restorative neurogenesis
and tissue restoration
Inflammation has long been considered detrimental for neurogenesis [91,92] . This
concept has been challenged and revised to a model in which neurogenesis can be
either promoted or impaired depending on the severity of the inflammatory stimulus
and on the regenerative context[93-99]. Moreover, inflammation, if tightly regulated, is a
key element for regeneration in the context of different organs including the fin, heart
and spinal cord [100-106] . Indeed, the specific ablation of macrophages after adult
zebrafish fin amputation affects wound healing, thus possibly impairing the
proliferative capacity of the blastema[103]. The same outcome has been obtained by
treating adult zebrafish with dexamethasone, a drug that acts as an
immunosuppressor reducing the activation of the inflammatory response.
Interestingly, the restorative outgrowth of the caudal fin is significantly lower in
treated animals than controls[9]. These results confirm that inflammation is necessary
to efficiently promote regeneration in many tissues, thus having a direct role in the
regulation of numerous events, including cellular debris and fibrin clearance,
angiogenesis and proliferation [ 1 0 5 - 1 0 7 ] . Immunosuppression and decreased
neuroinflammation also negatively affect restorative neurogenesis by decreasing
ependymoglial cell proliferation and the generation of new-born neurons[9,70]. In the
adult zebrafish brain, various programs associated with inflammation and positive
regulation of restorative neurogenesis have been identified. Among these, the
chemokine receptor C-X-C chemokine receptor type 5 and cysteinyl leukotriene
receptor 1 (Cysltr1) are upregulated in response to injury in the adult zebrafish
telencephalon (Figure 4E) [9,83] . Their active role in promoting ependymoglial
proliferation and generation of new-born neurons, enhancing restorative
neurogenesis in response to injury, has been convincingly assessed[9,83]. Moreover,
inflammation in the adult zebrafish regenerating brain not only regulates programs in
the intact tissue but also promotes injury-specific programs, such as upregulation of
GATA binding protein 3 (Gata3) (Figure 4E)[82]. The zinc-finger transcription factor
Gata3 is not expressed in either the embryonic or the intact adult zebrafish
telencephalon[82]. Gata3 upregulation in response to injury is required for neuronal
regeneration, specifically promoting the proliferation of ependymoglia, neurogenesis
and migration of new-born neurons[9,82]. Interestingly, Gata3 is upregulated in the
regenerating heart and fin, and its inhibition is sufficient to decrease regeneration[82].
The effects of Gata3 on neurogenesis are strictly dependent on injury, because
overexpression of Gata3 in uninjured conditions is not sufficient to increase
neurogenesis[9,82]. Additionally, injection of inflammatory molecules such as zymosan
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A and leukotriene C4, a ligand for the Cysltr1, are sufficient to induce Gata3
expression [82] . Together, these results suggest that tight temporal regulation of
inflammation after injury is crucial for successful tissue restoration. This concept leads
to key questions regarding the regulatory mechanisms defining the level of
inflammation and the outcomes of restorative processes. In the zebrafish CNS, the
initial acute inflammatory phase in response to injury is quickly resolved and is not
followed by the prolonged activation typically observed in the mammalian
brain[9,13,108]. Different kinetics of resolution of the inflammatory response between
zebrafish and mammals may be a key factor promoting regeneration in the adult
zebrafish CNS. In fact, inflammation can chronically accumulate over time in some
diffuse insults to the mammalian CNS and become chronically detrimental to brain
regeneration[109]. Moreover, zebrafish have also developed mechanisms to integrate
neuroinflammation-induced programs with existing signaling governing
neurogenesis in physiological conditions. For example, Gata3 expression after injury
is dependent on the activity of the fibroblast growth factor (Fgf) signaling pathway, in
both the regenerating brain and fin[82]. Under physiological conditions in the adult
zebrafish cerebellum and telencephalon, Fgf signaling is required for proliferation and
homeostasis of aNSCs [21,29] . In zebrafish larvae, similarly to the adult brain, the
cerebellum can regenerate through repatterning of the anterior hindbrain, and this
process is dependent on Fgf signaling[110]. Moreover, Fgf signaling is involved in the
regeneration of other zebrafish organs, including the spinal cord, fin and heart, where
it promotes the formation of glial bridges, the recruitment of epicardial cells at the
regenerating tissue, blastema formation and restorative outgrowth[111-115]. These results
convincingly show that regeneration relies not only on organ-specific programs but
also on molecular mechanisms commonly activated in different tissues, thus
strengthening the hypothesis that programs such as Fgf signaling, with important
roles during development and adult brain homeostasis, may have a completely new
function after they are integrated in the injury-induced context during regeneration.
Interestingly, FGF is also increased in response to injury in the mouse brain[116]. When
blocked, neural progenitor/stem cell proliferation is significantly decreased, thus
indicating that FGF has a crucial role in response to injury[116]. However, despite FGF
activation, the mouse CNS cannot regenerate, thereby highlighting the importance of
synergistic activation of various programs, including the reactivation of
developmental programs with distinct functions in the context of regeneration.
Similarly to models of traumatic brain injuries, a recent neurodegenerative model
for Alzheimer’s disease based on CMVI injection of Aβ42 derivates (see paragraph on
experimental models) has enabled the discovery of another inflammation-induced
pathway involved in aNSC plasticity and neurogenesis, IL4/Stat6 signaling[57]. The
accumulation of Aβ42 in neurons leads to the activation of microglial
cells/macrophages and the upregulation of IL4 in both neurons and microglial cells[57].
The IL4 receptor is present in aNSCs, where IL4 promotes proliferation and
neurogenesis via Stat6 phosphorylation[57]. Interestingly, IL4 is not upregulated in
response to mechanical injury, and Aβ42 microinjection does not promote Gata3
upregulation[57]. These results provide new insights into the association between
aNSCs and immune cells and suggest that different mechanisms may be activated
during regeneration in zebrafish, depending on the detrimental stimuli[57]. These
examples demonstrate that inflammation, if properly tuned, promotes organ
regeneration and, in the specific context of the adult zebrafish brain, positively affects
ependymoglial proliferation and restorative neurogenesis, inducing the activation of
different programs necessary to elicit efficient tissue restoration. Therefore, a deeper
knowledge of injury-induced neuroinflammation and its integration with signaling
pathways operating under physiological conditions, and the comparison of these
mechanisms in the context of different injury paradigms, appears to be necessary to
open new avenues for the discovery of effective therapeutic approaches for both
traumatic brain injuries and neurodegenerative diseases.

CONCLUSION
Traumatic brain injuries and neurodegenerative diseases in humans are major
burdens for society that affect a large number of patients. The most immediate
problems are the massive loss of neurons that cannot be replaced and the subsequent
loss of vital neurological functions[117,118]. Mouse models are indeed valuable tools to
understand and characterize the cellular and molecular events following CNS injuries
and diseases. However, similarly to humans, mouse models are characterized by poor
regeneration and neuronal recovery in the CNS [108,119] . For this reason, crosscomparison of non-regenerative species (mouse and human) with regenerative
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species (zebrafish and axolotl) is important and may ideally deepen knowledge of the
core mechanisms promoting endogenous regeneration in the adult zebrafish CNS.
These core mechanisms may be prime targets to enhance regeneration in the
mammalian CNS.
Zebrafish models appear to be valuable tools to complement the existing
knowledge gained from studies in mammals, thus improving understanding of the
limitations to CNS repair. However, like all animal models, zebrafish have limitations
that should be considered for translational purposes. As already mentioned, most
neurodegenerative and chronic injury models in zebrafish often only partially
recapitulate the phenotypes observed in the human brain and are generally
characterized in embryos or juvenile animals. For this reason, knowledge of disease
progression and of programs activated to support regeneration during adulthood
remains elusive. Another limitation, which in some cases can be a key feature
coinciding with the better regenerative capacity observed in the adult zebrafish CNS,
is the different cellular composition of the brain. A clear example is astrocytes, a glial
population with important functions under physiological conditions in the
mammalian brain that is also associated with the formation of the glial scar in
response to injury[120]. The glial scar is initially beneficial in limiting the injured tissue
but is later detrimental, inducing a hostile environment for neuronal survival and
integration[120]. Astrocytes have not yet been identified in the adult zebrafish brain,
and whether other cell types take over their functions remains unknown. This
example suggests that other intrinsic differences between the mouse and zebrafish
CNS might exist and should be identified to better characterize the cellular and
molecular differences and similarities in the context of regeneration between
regenerative and non-regenerative species. Finally, owing to the extensive genomic
duplication in zebrafish, compensatory mechanisms may actually mask the real
function of numerous genes that may be relevant for the regeneration of mammalian
CNS[121]. Nevertheless, gene duplication may also allow a higher degree of tuning of
programs, thus promoting successful endogenous regeneration[122]. Therefore, these
mechanisms would be particularly interesting to study in the context of regeneration.
Despite their limitations, zebrafish models offer excellent and unique possibilities
for studying neurogenesis and regeneration in the brain. The existence of various
neurogenic niches enables the study of neurogenesis under physiological conditions
in different brain areas in the same model [3] . This comparison has enabled the
identification of shared and unique cellular and molecular mechanisms promoting
neurogenesis in different CNS areas that must be considered to better describe the
role of restorative neurogenesis in CNS repair[1-3,19-22]. Complementarily, numerous
traumatic injury paradigms targeting different regions of the adult zebrafish CNS
have been carefully characterized. From these comparisons, regeneration has been
observed to be carried out by different cell types and molecular programs in specific
brain areas[5-17]. These results highlight the necessity to deeply understand the core
mechanisms involved in the endogenous regeneration of the adult zebrafish brain, to
target or introduce them in the mammalian CNS, with the aim of enhancing
regeneration. Furthermore, because zebrafish do not display prolonged inflammation
or persistence of glial scar at the injury site, they should be considered a valuable
model for identifying key programs promoting the resolution of both inflammation
and glial scar[9,13]. Indeed, studies in the adult zebrafish brain have led to revision of
the long-standing concept that inflammation is detrimental to CNS regeneration. This
concept has now been challenged and replaced by a working model in which
inflammation can be detrimental, if it persists chronically, but also beneficial at early
phases by promoting the activation of restorative neurogenesis programs[9]. Therefore,
a detailed understanding of cellular and molecular processes in response to insult in
the adult zebrafish brain may cause a paradigm shift in understanding regeneration in
the CNS.
In this review, we have provided a detailed description of the main cell types in the
adult zebrafish brain, a broad overview of relevant zebrafish models for
neurodegeneration and traumatic brain injuries and basic principles unifying
currently known mechanisms relevant for CNS repair. Thus, the stage is now set to
better understand the cellular and molecular mechanisms that promote endogenous
regeneration of several brain areas in the adult zebrafish CNS. These concepts provide
further opportunities for deeper understanding of CNS repair in zebrafish and for
integration of these findings with the data obtained from mammalian studies.
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Abstract
Human induced pluripotent stem cells (hiPSCs) are invaluable resources for
producing high-quality differentiated cells in unlimited quantities for both basic
research and clinical use. They are particularly useful for studying human disease
mechanisms in vitro by making it possible to circumvent the ethical issues of
human embryonic stem cell research. However, significant limitations exist when
using conventional flat culturing methods especially concerning cell expansion,
differentiation efficiency, stability maintenance and multicellular 3D structure
establishment, differentiation prediction. Embryoid bodies (EBs), the
multicellular aggregates spontaneously generated from iPSCs in the suspension
system, might help to address these issues. Due to the unique microenvironment
and cell communication in EB structure that a 2D culture system cannot achieve,
EBs have been widely applied in hiPSC-derived differentiation and show
significant advantages especially in scaling up culturing, differentiation efficiency
enhancement, ex vivo simulation, and organoid establishment. EBs can potentially
also be used in early prediction of iPSC differentiation capability. To improve the
stability and feasibility of EB-mediated differentiation and generate high quality
EBs, critical factors including iPSC pluripotency maintenance, generation of
uniform morphology using micro-pattern 3D culture systems, proper cellular
density inoculation, and EB size control are discussed on the basis of both
published data and our own laboratory experiences. Collectively, the production
of a large quantity of homogeneous EBs with high quality is important for the
stability and feasibility of many PSCs related studies.
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Core tip:Embryoid body (EB) mediated induced pluripotent stem cell (iPSC)
differentiation shows great advantages in culture scale-up, differentiation efficiency
improvement, ex vivo simulation and organoid establishment. To improve the stability
and feasibility of high quality EB generation, factors including iPSC pluripotency
maintenance, generation of uniform morphology using micro-pattern 3D culture systems,
proper cellular density inoculation and EB size control need to be considered.
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INTRODUCTION
The emergence of human induced pluripotent stem cells (hiPSCs) has
markedlypromoted the development of regenerative medicine. These cells are
reprogrammed from differentiated human somatic cells by gene integration or nonintegration methods and possess the properties ofself-proliferation and committed
differentiation [1-4] . More importantly, compared to human embryonic stem cells
(hESCs), the use of hiPSCs successfully avoids major immunoreactive and ethical
issues[5]. As a result, hiPSCs have quickly become a critical resource for biomedical
research and are expected to be used in clinical cellular transplantation, disease model
establishment, and drug screening. Conventional methods, however, are usually
established in flat culture systems, which impose significant limitations on cell
expansion, differentiation efficiency, and multicellular 3D structure establishment.
Embryoid bodies (EBs), which are cultured in a suspension system, might help to
address these issues. Generally, EB is a multicellular aggregate spontaneously formed
by pluripotent stem cells under suspension culture conditions, which has three germ
layer structures and partially recapitulates the early embryonic development[6]. Such a
multicellular 3D structure improves cell-cell contacts and intercellular communication
and also enhances substance exchange[7]. Although the differentiation from iPSC to
target cells is a relatively complex, time consuming, and unstable process[8], EBs have
been widely used in iPSC differentiation and organoid construction because of their
irreplaceable structural and functional advantages[9,10]. It has been demonstrated that a
standardized EB formation procedure contributes to their high quality and improves
differentiation[11,12]. Therefore, the key factors need to be carefully considered when
EB-mediated differentiation is selected[9,13].
In order to understand the critical events of EB-mediated differentiation, explore
better methods and solve the aforementioned problems, we recapitulated the current
applications and advantages of using EBs in iPSC differentiation. Combining our own
and previously published data related to EB formation and differentiation, we
conducted a comparative and predictive analysis and aimed to provide a reference to
create a more stable and practical way of high-quality EB generation.

APPLICATION AND ADVANTAGES OF EB USE IN IPSC
DIFFERENTIATION
Scale-up of culture systems and differentiation efficiency
Clinical transplantation requires large quantities of functional target cells and most of
the existing strategies are difficult to implement at a large scale or have a low
differentiation efficiency, therefore posing barriers to further research. Compared to
flat culture systems, EB-derived differentiation culture is kept in a relatively fixed
position, which offers this method an obvious advantage in quantity and
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differentiation efficiency[14-16]. A variety of cell lineages have been generated from hEBs
such as brain, cornea, heart, liver, and blood (Table 1). In our study, we used a
suspension EB-based system to generate iPSC-derived melanocytes and achieved a
significantly higher differentiation efficiency compared to that in flat culture systems
and these induced melanocytes showed long-term in vivo functionality after
transplantation[17]. In short, differentiation from EB to specific cell lineages is an
efficient method that is likely to yield large populations of functional cells.

Ex vivo simulation and organoids establishment
Recently, due to the features of their three germ layer structure[18], hEBs have become
useful models for developing human ESC- and iPSC-derived organoids by
stimulation with a cocktail of biological agents (Table 1). These EB-derived organoids
not only contain some cell subtypes but also show distinct stratification which is
similar to the in vivo structure of the tissues or organs developing[19,20]. For example, Jo
et al[21] observed an identical organization structure in 3D cultured human midbrainlike organoids (hMLOs) compared with human postmortem midbrain tissue under
the electron microscope. Furthermore, these EB-derived organoids are functional.
Qian et al[22]found that EB-derived midbrain organoids not only expressed a wider
range of characteristic markers common to normal midbrain tissue compared with
direct differentiation from iPSCs, but also demonstrated firing action potentials in
response to current injection which can be used to establish a disease model of
microcephaly[22]. These EB-derived organoids could be used to understand unique
features of specific human organs and to gain insights into different disorders.

Early prediction of differentiation potential
There is a remarkable difference in differentiation capability in distinct iPSC lineages,
and it is urgently necessary to predict the differentiation potential in an early stage of
the long differentiation period to avoid unnecessary resource losses. Because EBs can
potentially develop into three germ layer tissues for multi-directional
differentiation[23,24], it can be hypothesized that they may be suitable candidates for
predicting iPSC differentiation potential. Kim et al[25]classified hESCs-derived EBs into
several types including cystic, bright cavity and dark cavity according to their
morphology. By detecting the expression of specific markers, they showed that most
of the cells in cystic EBs are endoderm-lineage populations and both bright and dark
cavity EBs own cells from all of the three germ layers. Besides the morphology, EB
size can also be used determine the differentiation direction of iPSC. For example, the
larger EBs (450 μm diameter) often contained cells of the cardiovascular system, while
endothelial cells were usually generated in smaller EBs (150 μm diameter) and such
differentiation potentials are mainly caused by the noncanonical WNT pathway[26].
Moreover, gene expression profiles of hPSCs and EBs recovered by high-throughput
RNA sequencing can also be used for differentiation prediction, and the results is
parallel to the germ layer development in vivo[27].
The novel methods described above have some limitations. Simple morphology or
size-dependent prediction system is somewhat subjective, and it is also closely related
to the viability of the cells inside EB[28,29], whereas high-throughput RNA sequencing is
expensive and complicated. In our study, we developed a simple and practical system
and identified a set of parameters combining EB formation, maintenance, and germ
layer-specific gene expression in EB stage to predict the differentiation tendency of the
various iPSC lines. The validity of this evaluation system was finally confirmed by
differentiating these iPSC lines into melanocytes[24]. Recently, we summarized the
current methods related to iPSC differentiation prediction and we also postulated that
the use of EBs could be more efficient when combined with other modified detection
methods such molecular probes [34] .Thus, due to their special morphology and
functionality, EBs have played an important role in the differentiation prediction
related studies.

Multiple-cell environment and cell communication
The remarkable functionality and application prospects of EBs are a result of their
unique 3D microstructure and cell communication. Frequent passage in the adherent
culture system limits the cell–cell communication in both cell number and time. The
suspension culture system for EBs provides extensive material exchange and increases
both cell–cell interactions and cell–matrix communication in the aggregate, which is
conducive to the transmission and action of cell signals[35,36]. In general, intercellular
communication is increased both in space and time at the 3D level. Additionally,
differentiation of EBs is an asynchronous process and 3D culture produces distinct
layers of spheroids (EBs) as a result of concentration gradients in the culture
medium[37]. The differentiation of the outer endoderm of EB caused by growth factors
in the medium will further induce endoderm differentiation by producing signals[38].

WJSC

https://www.wjgnet.com

27

January 26, 2020

Volume 12

Issue 1

Guo NN et al. Practical and stable induction of hiPSCs

Table 1 Updated summary of the formation of human embryoid bodies
Target cells or
organoids

Media and
supplements for EB
formation

Culture vessels

Cell separation (cell
suspension)

Culture period(d)

Human brain
organoids

Micropillar array plates

Accutase (single-)

11

KSR, Y27632, NEAA,
GlutaMAX, bFGF

Zhu et al[65], 2017

Midbrain-like
organoids

Low adhesion 96-well
V-bottom multi-well
plates

NA (single-)

4

mTeSR1, Y27632,
Matrigel

Jo et al[21], 2016

Corneal epithelial cells Static suspension
culture

NA (non-single-)

14

E6 medium, Y27632,
IWP-2, bFGF

Martínez García de la
Torreet al[66], 2017

Osteoblast-like cells

Collagenase type IV,
trypsin–EDTA (nonsingle-)

6

Human ES medium,
thiazovivin

Ochiai-Shinoet al[67],
2014

Cardiac cells

NA (non-single-)

6

DMEM/F-12, NEAA,
Hoque et al[68], 2018
GlutaMAX, FBS, DMSO

Neurospheres

Accutase (single-)

5

KSR, Y27632, FGF-2,
NEAA, L-Glutamine

Pauly et al[69], 2018;

Cardiomyocytes

Type IV collagenase
(single-)

10

DMEM, FBS, NEAA,
GlutaMAX

Chauveau et al[70], 2017;

Osteoprogenitors

Dispase (non-single-)

7

DMEM, FBS, Glutamax, Roberts et al[71], 2017
ABAM

Chondrocytes

NA (single-)

6

Aggrewell medium,
TeSR-E8 medium

Nam et al[72], 2017

Hepatocytes

Trypsin and collagenase 5
IV (non-single-)

Knockout DMEM,
NEAA, L-glutamine,
FBS

Tomotsune et al[17], 2016

Oligodendrocytes

Trypsin-EDTA (nonsingle-)

2

KnockOut-DMEM, KSR, Espinosa-Jeffreyet al[73],
NEAA, SB431542,
2016
glutamine, ITS,
Dorsomorphin

Hematopoietic stem
cells

Dispase (non-single-)

7

KnockOut-DMEM, KSR, Phondeechareon et al[74],
Y27632, GlutaMAX,
2016
NEAA

Neural precursor cells

EDTA (non-single-)

5

DMEM/F12, KSR,
NEAA, SB431542,
GlutaMAX,
Recombinant Noggin

Mesenchymal stem
cells (MSCs)

Collagenase type IV
(non-single-)

10

DMEM/F12, KSR, MEF Tang et al[76], 2014
conditioned medium,
NEAA, bFGF, glutamine

Ref.

Plaisted et al[75], 2016

Chondrocyte-like cells

Non-adherent 96-well
plate

Collagenase IV (nonsingle-)

7

DMEM F12, Lglutamine, FBS, KSR,
NEAA

Suchorska et al[77], 2017

Chondrocyte-like cells

Low adhesion 96-well
C-bottom multi-well
plate

Trypsin-EDTA (single-)

1

DMEM/F12, Y27632,
KSR, NEAA

Lach et al[78], 2018

Retinal tissue

96-well non-adherent U- Accutase (single-)
bottom plate

12

mTeSR1, Y27632

Hunt et al[79], 2017

Insulin-secreting cells

Agarose round-bottom
microwell plate

Accutase (single-)

10

IMDM/F-12, FBS,
insulin transferring
selenium-A,
monothioglycerol

Pettinato et al[52], 2014

Neural precursors

Static or dynamic
suspension culture
method (orbital shaker)

EDTA (non-single-)

6-9

mTeSR1, Y27632; special Miranda et al[80], 2016
equipment: orbital
shaker

Macrophages

AggreWellTM, 96-well
round-bottomed multiwell plate

Collagenase-dispase
mixture (single-)

4

DMEM/F12, Y27632,
KSR, L-glutamine

Primordial germ celllikecells

AggreWell microwells

Accutase (single-)

1

KnockOut DMEM,
Mitsunaga et al[41], 2017
Y27632, KSR, NEAA,
bovine pancreas insulin,
LIF, TGF-β, CHIR99021,
PD0325901, BIRB796,
SP600125

Collagenase (nonsingle-)

4

DMEM/F12, KSR,
glutamine, NEAA

Forebrain cortical cells
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Melanocytes

24-well
ElplasiaTMmicrowell
plates (round bottom)

Accutase (single-)

7

mTeSR1, Y27632

Liu et al[82], 2019

“NA” means enzyme deficiency or mechanical dissection of the iPSC clones. E6 medium: Essential 6 medium; IMDM/F-12: Iscove's Modified Dulbecco's
Medium/Nutrient Mixture F-12; DMEM/F-12: Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12; mTeSR1: Standardized medium for the feederindependent maintenance of hESCs and hiPSCs; TeSR-E8 medium: A feeder-free, animal component-free culture medium for hESCs and hiPSCs; MEF:
Mouse embryonic fibroblast; FBS: Fetal bovine serum; LIF: Leukemia inhibitory factor; TGF-β: Transforming growth factor-beta; bFGF: Basic fibroblast
growth factor; Y27632: Rho-associated kinas inhibitor; KSR: Knockout serum replacement; NEAA: Non-essential amino acids; DMSO: Dimethyl
sulphoxide; IWP-2: Inhibitor of the WNT pathway; ITS: Insulin-Transferrin-Selenium; SB431542: Inhibitor of the activin type I receptor ALK4 and the nodal
type I receptor ALK7; CHIR99021: Inhibitor of glycogen synthase kinase 3β (GSK3β); PD0325901: Inhibitor of the mitogen-activated protein kinase (MEK)
pathway; BIRB796: Inhibitor of the mitogen-activated protein kinases (MAPK); SP600125: Inhibitor of c-Jun N-terminal kinase (JNK).

This unbalanced phenomenon also explains the heterogeneity throughout the
differentiation process in EBs. Moreover, more intricate gene profiles could be
expressed in a 3D culture system, reflecting original expression in vivo more
accurately[16]. Jo et al[21] found that gene profiles detected by RNA sequencing analysis
are analogously expressed between hMLOs and the human prenatal midbrain.
However, there is a significant difference between the 2D dopamine neurons and
normal tissue. The integrity of gene expression is a considerable advantage of the 3D
culture system, providing a better foundation for future structural and functional
studies. Meanwhile, for the hiPSC-based differentiation, the cadherin-β-catenin-Wnt
pathway was found to be involved in the development of EBs by intercellular
adhesion[39]. In addition, the activation or inhibition of relevant signaling pathways
can yield a definitive lineage differentiation[22,40,41]. Therefore, controlling the dose and
duration of cytokines regulates the differentiation of iPSCs by activating various
pathways.
Compared with a flat culture, microgravity has been found to be a subsidiary factor
that can regulate cell proliferation and survival in a 3D culture system[29-32]. Therefore,
bioreactors and random positioning machines have been used to simulate states of
microgravity and weightless condition for EB-derived differentiation[42,43].
In conclusion, EBs have shown great application potential in the generation of
various functional cells and organoids at a large scale and also in the prediction of
iPSC differentiation capability. These EB-derived cells and organoids highly resemble
the in vivo status in both gene expression and function display as a result of the
structure and microenvironment in the EB.

QUALITY CONTROL OF EB
Considering the wide range of applications of EBs in iPSC differentiation and their
potential advantages, a comprehensive quality control of the EB formation process
would help to improve the stability and feasibility of their application.

Pluripotency maintenancein iPSCs
To generate high quality EBs, the initial step is the pluripotency maintenance in iPSCs
where the addition of various cytokines and inhibitors is essential. Two
studies[15,44]demonstrated that basic fibroblast growth factor (bFGF) induced hES cell
derived fibroblast-like cells produce insulin-like growth factor II and transforming
growth factor β family of factors and indirectly establish a balanced stem cell niche of
hESCs, contributing to maintain the undifferentiated state of hESCs. In addition, Y27632 was confirmed to benefit the expression of POU class 5 homeobox 1 (OCT4) in
EB formation [45-48] . Compared with the conventional methods, single cell culture
system can reduce the complexity caused by feeder cells. However, it is more difficult
to maintain undifferentiated status of iPSC when single-cell passage is used. Tsutsui et
al[45]developed a unique combination of inhibition of Rho-associated kinase, glycogen
synthase kinase and mitogen-activated protein kinase with bFGF for hES cells
maintenance and they found these cells to present good pluripotency and genetic
integrity in long-term maintenance (> 20 passages).

Formation and uniform morphology
In general, EBs can be spontaneously generated with hiPSC clusters[8,46] or single
cells [41,49] in 3D culture systems using EB-specific medium. When conventional
methods such as static suspension culture and the hanging drop method [50,51] are
chosen, EB-derived differentiation seems unstable, which is in part associated with
the heterogeneity of EBs[52,53]. Therefore, it is necessary to control the generation of
uniform EBs for stable and reproducible differentiation. Recently, different types of
micro-pattern plates have been developed and widely applied for the generation of
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EBs with uniform size and morphology using single hiPSCs (Table 1) and on this
basis, a variety of culture systems such as the micro-space system[50,51,54], spinner
flasks[22], and the National Aeronautics and Space Administration developed rotary
cell culture system (NASA rotary system)[55] have also been designed for scale-up.

Cellular density and EB size
Besides morphological uniformity, the efficiency and direction of differentiation are
also affected by EB size[56-58] and which size is more appropriate depends on the
specific cell lineages. It has been demonstrated that a larger amount of
cardiomyocytes was found in hESC-derived differentiation using EBs with100 μm
diameter when compared to larger ones (300 μm)[59]. However, we found that 300-400
μm might be a more suitable diameter for melanocytes differentiation compared to
those bigger or smaller. Since the size and quality of EB during culture maintenance
are affected by the number of inoculated cells, micro-pattern plates can be used to
control EB size by adjusting cellular density. However, inoculated cell density also
depends on the EB culture plate type and culture duration before differentiation. In a
study of iPSC differentiation into cardiomyocytes, input of 1.5 × 104 to 4.0 × 104 cells
per EB was determined to be the proper density to form homogenous and
synchronized EBs. By contrast, we found that 5.0 × 102 to 1.0 × 103 cells were enough
for each EB generation using an ElplasiaTM micro-well plate and this density tended to
yield stable and intact EBs (Figure 1) which could be maintained over a relatively long
term for differentiation. Overly high cell density (2.0 × 103 cells/EB) will lead to
breakage or fusion in a short time (Figure 1). In short, EBs within a certain size range
are more conducive to differentiation which can be modified by cell density
adjustment. However, size usually varies across different differentiation assays and
needs to be optimized in accordance to the specific conditions.

FUTURE PERSPECTIVES AND CONCLUSION
EBs can effectively mimic the in vivo differentiation process and have shown excellent
advantages in the field of iPSC-derived differentiation, especially in organoid
establishment. However, a gap between these products and normal organs is still
inevitable because the inclusion of a cocktail of factors and additives only provides a
somewhat analogous survival environment rather than completely simulating the in
vivo conditions and this difference generally leads to a temporal and spatial
distinction[60,61]. To reduce these differences as much as possible, many studies have
been carried out with the aim to optimize the culture system, including culture
duration, plate type, dose of growth factors and small molecules, matrix proteins and
even the order of the additives[35,36]based on research aims and differentiated cell
types. In terms of iPSC-derived EB formation, the initial inoculation density is more
critical than additives and centrifugation (forcing cell aggregation), and more of such
insights can likely be obtained from tumor sphere related studies[62]. For example,
magnetic levitation, a new method for spheroid formation, has been used to establish
a levitation profile for distinct tumor cells[63]. Whether this novel technology can also
be adopted for EB related differentiation and cell purification remains to be explored.
Overall, an EB mediated culture system is more amenable to improvement in
differentiation efficiency and simulation of the human microenvironment compared
to 2D differentiation. Cell proliferation, cell–cell interaction, and material metabolism
partially undergo the influence of microgravity, achieving more intricate gene
expression and epigenetic profiles. More importantly, most of the iPSC related studies
require a relatively long observation time which inevitably leads to instability. EBs
with good quality control could provide a stable and feasible system to better present
the functional integrity of tissues and organs[64], underlining their potential in the
exploration of promising drugs and precision medicine where classical 2D cell assays
might fail.
Significantly, EBs are also expected to reveal the development of early human
embryos, avoiding ethical issues. EB formation and lineage commitment have become
the focus of research in terms of the structure and composition of differentiated cells.
RNA sequencing of single EB cells will help to clarify the evolution or/and unknown
event of early embryos and the fate development of individual cells. In conclusion, the
production of a large quantity of homogeneous EBs with high quality is important for
many PSCs related studies, including scaling up culturing, organoid formation, and
differentiation potential prediction.
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Figure 1

Figure 1 Static suspension culture and 24-well ElplasiaTM micro-well culture with human induced pluripotent stem cells. A-C:Induced pluripotent stem cell
(iPSC)-derived embryoid bodies (EBs) formed under a suspension system and cultured with mTeSR™, respectively, on day 1 (A), day 3 (B), and day 7 (C); D-L:
iPSC-derived EBs formed with single hiPSCs in micro-space cell culture plates at different cell densities: D-F: 2.5 × 105 cells/mL; G–I: 5.0 × 105 cells/mL; and J–L: 1.0
× 106 cells/mL, respectively, on day 1 (D, G, and J), day 3 (E, H, and K), and day 7 (F, I, and L). Scale bars: A, D, G, and J 100 μm; resident graphs, 250 μm.
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Abstract
BACKGROUND
Keratoconus is a degenerative corneal disease characterised by aberrant cell
behaviour and loss of matrix that can result in vision loss. Cells extracted from
peripheral corneas can form stem cell-enriched spheres, which have shown the
potential to repopulate the normal peripheral corneal stroma in vitro upon sphere
implantation but have not been previously studied in keratoconic tissue.
AIM
To investigate the therapeutic potential of stem cell-enriched spheres formed
from extracted peripheral human corneal cells when introduced to keratoconic
tissue.
METHODS
Stem cell-enriched spheres were formed from extracts of normal cadaveric
human peripheral corneal cells. These spheres were implanted into incisions
created in full thickness and onto the surface of 10 µm thin sections of keratoconic
and normal stromal tissues in vitro. Tissue sections were used to maximise use of
limited keratoconic tissue available for research. Living cells were stained with
Calcein-AM and visualised with stereo and fluorescence microscopy to assess
survival and behaviours between the time of implantation day 0 and 14 d (D14)
from implantation. Sphere cells in implanted tissues were characterised for stem
cell and differentiation markers using immunohistochemistry and droplet digital
PCR to assess the potential implications of these characteristics in the use of
spheres in keratoconus treatment.
RESULTS
Spheres were successfully implanted into full-thickness central corneal tissue and
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onto the surface of 10 µm thin en face tissue sections. No observable differences
were seen in sphere migration, proliferation or differentiation in keratoconic
tissue compared to normal between day 0 and D14. Spheres stained positively
with Calcein-AM up to D14. Cell migration increased from day 0 to D14,
occurring radially in three dimensions from the sphere and in alignment with
tissue edges. Cell proliferation marker, EdU, was detected at day 10. Implanted
spheres stained positively for putative stem cell markers ∆Np63α and ABCB5,
while ABCG2, ABCB5, ∆Np63 and p63α were detectable by droplet digital PCR
up to D14. Double immunolabelling revealed absence of ABCB5 staining in
migrated cells but positive staining of alpha smooth muscle actin (myofibroblast
marker) in some migrated cells. Droplet digital PCR showed similar expression
patterns of differentiation markers but a reduction in stem cell markers between
normal and keratoconic tissue with an increase in stromal cell markers and a
reduction in epithelial cell markers, indicating an appropriate response to
repopulating diseased tissue.
CONCLUSION
Cells from implanted stem cell-enriched spheres can repopulate a keratoconic
corneal stromal surface in a directed manner and exhibit migratory stromal cell
phenotypes.
Key words: Keratoconus; Cell culture; Immunohistochemistry; Quantitative PCR; Digital
PCR; Spheroid; Holoclone; Neurosphere; Regeneration

manuscript

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Received: June 25, 2019
Peer-review started: June 29, 2019
First decision: July 31, 2019
Revised: September 11, 2019
Accepted: November 13, 2019
Article in press: November 13, 2019
Published online: January 26, 2020

Core tip: Keratoconus is a degenerative corneal disease characterised by aberrant cell
behaviour and loss of matrix that can result in vision loss. Cells extracted from
peripheral corneas can form stem cell-enriched spheres, which we introduced into
normal and keratoconic corneal stroma. This study shows for the first time that
implanted stem cell-enriched spheres are capable of repopulating the dystrophic corneal
stromal surface in a directed manner. Spheres may therefore be used to replace or
supplement diseased cells in keratoconic patients, thereby serving as an adjunct to
current treatments.

P-Reviewer: Exbrayat JM, Grawish
M, Sorio C, Liu X, Li SC
S-Editor: Zhang L
L-Editor: Filipodia
E-Editor: Xing YX

Citation: Wadhwa H, Ismail S, McGhee JJ, Werf BVD, Sherwin T. Sphere-forming corneal
cells repopulate dystrophic keratoconic stroma: Implications for potential therapy. World J
Stem Cells 2020; 12(1): 35-54
URL: https://www.wjgnet.com/1948-0210/full/v12/i1/35.htm
DOI: https://dx.doi.org/10.4252/wjsc.v12.i1.35

INTRODUCTION
Keratoconus is a degenerative ocular disease in which corneas of affected individuals
become thin and protrude, resulting in the typical cone-shaped corneal distortion[1]. In
keratoconus, the normal architecture and cell milieu of the anterior cornea is
disrupted. Pathological changes include altered cell morphology, altered cell
alignment and organisation, loss of resident keratocyte cell density from the corneal
stroma, loss of cell matrix and eventually increased areas of fibrosis and scarring[2-6].
Both the epithelial and stromal layers of the cornea are affected but due to the
complexity of this disease, it is still not definitively known in which layer/s the
pathology originates[7]. Despite this, therapies like corneal collagen cross-linking[8,9],
corneal transplantation (penetrating keratoplasty) and deep anterior lamellar
keratoplasty that target the corneal stroma for treatment are efficacious.
Both corneal transplantation and corneal collagen cross-linking strengthen the
central corneal stroma, and yet rates of disease recurrence are significantly less in
transplanted patients despite having more advanced disease. Kelly et al[10] conducted a
large cohort study in which they found 89% of grafts for keratoconus remained viable
at 10 years, and only 4% of all regrafts were performed for recurrence. While some
may argue that these cases of recurrence represent undiagnosed keratoconus in the
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donor tissue[11], the rates of recurrence are significantly low even if these are a true
recurrence in grafted tissues. After a cross-linking procedure, on the other hand,
measures that may indicate disease recurrence, like simulated maximum keratometry
values, increase as early as 18 mo after the procedure [12] . We hypothesise that
decreased rates of recurrence in corneal transplant patients are due to the introduction
of normal cells along with their normal matrix rather than simply removing the native
aberrant cells in the central cornea. On a cellular level, both treatments remove the
host’s central epithelial cells and central keratocytes, the latter from either ultraviolet
radiation-induced cell death during cross-linking and the former by removal entirely
during transplantation. The host’s limbal cells are preserved with both treatment
modalities, which likely mount a wound healing response to repopulate the
decellularised tissues. Within 6 mo, native keratocytes eventually repopulate the
cross-linked native keratoconic stroma[13] and likely the transplanted corneal stroma
also. Following this line of thinking, it may further be postulated that introducing
healthy cells, as a supplement to collagen cross linking, into a keratoconic cornea
could perhaps impact the host cells and shift the balance from a degenerative state to
a healthy state.
Stem cells are increasingly being studied for their potential use in regeneration and
repair of tissues in many specialties and could be a promising potential method of
introducing a sustainable source of normal cells into the keratoconic environment.
Humans have an endogenous population of oligopotent adult stem cells that are
involved in the maintenance of the structure and function of the cornea. The epithelial
and stromal cell populations are maintained by corneal epithelial and stromal stem
cells, respectively. These stem cells reside in the corneal limbus, the area between the
white sclera and transparent cornea, which make them relatively easily accessible to
harvest. Corneal limbal stem cells can be extracted and isolated using the established
neurosphere assay [14-16] . Corneal stem cell spheres are of mesenchymal origin.
Numerous studies have demonstrated the ability of mesenchymal stem cells to
enhance endogenous tissue repair by reducing inflammation and immune response,
inducing angiogenesis, reducing apoptosis and oxidative stress and stimulating
recruitment, retention, proliferation and differentiation of tissue-residing stem
cells[17,18] and possibly through mitochondrial transfer[19]. Many of these reparative
processes are impaired in keratoconus[20-25], which strengthens the case to evaluate the
therapeutic potential of corneal stromal stem cell-containing spheres for keratoconus.
Damaged rat corneas treated with mesenchymal stem cells have been shown to be
able to restore visual function, probably by reducing levels of inflammatory markers
interleukin-2, matrix metalloproteinase-2 and common leukocyte antigen and without
differentiating into epithelial cells[26]. Looking at mesenchymal stem cells from the
limbus in particular, human (and rabbit) limbal mesenchymal stem cells cocultured
with immune cells from mismatched donors in vitro have suppressed T cell
proliferation by up to 75%[27], mediated by secretion of transforming growth factor
beta-1 [14] . The inherent immunosuppressant effect is important to note because
keratoconus affects both eyes albeit asymmetrically. Therefore, autologous stem cells
from the less affected eye are still likely to be affected by the dystrophic process.
Our laboratory and others have previously characterised stem cell-enriched
spheres, which contain cells from a spectrum of less to more differentiated cells: Stem
cells, transient amplifying cells and differentiated cells from a combination of
epithelial and stromal origins[16,28]. We have also shown that spheres are dynamic
entities that can maintain themselves for up to 4 mo[16], are capable of eliciting wound
healing responses [29] and are capable of repopulating the normal stromal ocular
surface[30]. To date, in situ stem cell sphere behaviours in response to diseased human
corneal tissues have not been investigated. In this paper, we present our novel
findings of the in situ behaviours of corneal stem cell spheres in response to
dystrophic keratoconic stromal matrix.

MATERIALS AND METHODS
Human tissue
Fresh or frozen human central cornea, peripheral corneo-scleral tissue or whole
corneo-scleral tissue from living or cadaveric donors were used with consent and
handled in accordance with procedures approved by the Northern X Regional Ethics
Committee and since reviewed by the Northern A Regional Ethics Committee (Ethics
reference: NTX/07/08/080/AM06).

Sphere formation and culture
Corneo-limbal stromal tissues from cadaveric human donors were enzymatically
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digested, the extracted cells mechanically filtered and then cultured in non-adherent
conditions using Supplemented Neurobasal-A medium (standard culture medium)
using the previously published method[16,30]. Cells congregated together and formed
self-renewing, stem cell-enriched spheres. All spheres were maintained in culture for
at least 21 d prior to use in implantation experiments. Medium changes (50% of the
volume) were performed twice a week.

Preparation of tissue for sphere implantation
Four keratoconic central corneas from patients who were recipients of full-thickness
penetrating keratoplasties (keratoconic button) and four central corneas from
cadaveric donor corneas (non-keratoconic button) used for Descemet stripping
automated endothelial keratoplasty (n = 2), Descemet’s layer endothelial keratoplasty
(n = 1) or decompensated cornea (tissue that failed New Zealand Eye Bank’s
endothelial count criteria for use as a graft, n = 1) were used for sphere implantation.
Corneas from six donors were used for full thickness implants and corneas from four
donors were used for creating tissue sections for implantation; corneas from two of
these donors were used for both purposes.
Central corneal buttons: Corneal buttons were first decellularised by subjecting the
tissue to three “freeze-thaw cycles,” which has previously been shown to completely
remove live cells[30]. Corneal buttons were then prepared for implantation as described
in detail previously[31]. Briefly, the epithelium is scraped and rinsed away, v-shaped
wedge incisions in the anterior two-thirds of the corneal buttons are created and then
spheres are implanted within the incisions. Because de-epithelialized anterior stroma
was used from each of keratoconic and non-keratoconic corneal buttons, tissues were
deemed equivalent and comparable.
Implanted spheres were incubated at 37 °C for 10 min to encourage adherence to
the tissue prior to addition of 2-3 mL of standard culture medium. The point at which
spheres were able to be visualised in situ after culture medium had been added was
defined as time equals day 0. Sphere-implanted tissues were inverted so that the
epithelial side apposed the bottom of the Petri dish during culture and incubated at 37
°C for up to 10 d.
En face stromal sections: Due to the limited availability of keratoconic tissue for
research, it was pertinent to develop a method to maximise the use of available tissue.
To facilitate this, we developed a technique for the placement of spheres onto en face
(coronal) 10 µm sections of central corneal tissue. Decellularised tissues were frozen at
-20 °C in Tissue-Tek® OCT™ compound (OCT) (4583, Sakura) and cryosectioned to
yield 10 µm thin tissue sections, which were washed thrice with sterile PBS for 10 min
each to remove surrounding OCT prior to use. En face tissue sections were stored in
PBS at 4 °C until required. One sphere was carefully seeded onto the surface of each
10 µm tissue section under a Leica DM IL inverted contrasting microscope, allowed to
adhere and overlaid with culture medium as described above. Tissue sections from
two keratoconic and two normal corneal “tissue donors” were seeded with a
combination of spheres derived from six human donors (sphere donors).
Sphere-implanted tissues were cultured for up to 14 d and 50% medium changes
were completed biweekly. At day 0, 1 and 3 or 4 post-seeding, sections were fixed for
immunohistochemistry as described below. The rationale for these time points was
based primarily on observations with spheres placed on collagen-coated surfaces,
which indicated that these times were the critical points where an increase in cell
migration and proliferation occurred. Experiments were concluded at day 14 due to
the observation of complete tissue matrix repopulation.

Visualising live cells and proliferating cells
Live cells both within spheres and migrating outward were visualised using the
LIVE/DEAD® Viability/Cytotoxicity Kit (L3224, Life Technologies), whereby samples
were incubated in 2 µM Calcein-AM and 4 µM Ethidium homodimer-1 for 40 min at
37 °C. Staining solutions were then carefully aspirated, discarded and replaced with
fresh culture medium.
Cell proliferation was detected using Click-iT® EdU Alexa Fluor® 594 Imaging Kit
(C10339, ThermoFisher) by supplementing standard culture medium with 5-ethynyl2’-deoxyuridine, a nucleoside analogue of thymidine, at a concentration of 10 µM.
Phase contrast, bright-field and fluorescence microscopy images were assessed and
captured using the following microscopes: Leica DM-RA upright fluorescence
microscope (Leica)–images analysed using NIS-Elements Basic Research Microscope
Imaging Software version 4.30.00, Nikon TE2000 Inverted Fluorescence Microscope
(Nikon)–images analysed using NIS-Elements Advanced Research Microscope
Imaging Software version 4.50.00. and FLoid Cell Imaging station (Life Technologies).
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Images were analysed using its fully integrated image capture and analysis system.

Immunohistochemistry
Immunohistochemistry was performed essentially as described previously[30]. Samples
were fixed using 4% paraformaldehyde (Sigma) unless specified otherwise,
permeabilised with ice cold methanol for 20 min to expose antigens, blocked with a
solution of 100 mM glycine, 0.1% Triton X-100 and 10% normal goat serum (NGS) to
reduce non-specific binding of subsequent antibody treatments, incubated with
primary antibodies overnight at 4 °C, secondary antibodies for 3 h and the nuclear
stain DAPI (D9542, Sigma). Samples were immersed in Citifluor anti-fade reagent and
sealed with a coverslip for viewing with fluorescence microscopy.
Primary antibodies used in this work were as follows: Anti-ATP binding cassette
subfamily B member 5 (anti-ABCB5) antibody produced in rabbit at 1:125
(HPA026975, Sigma), anti-tumour protein p63 alpha chain, N-terminal isoform (antiΔNp63α) antibody produced in rabbit at 1:160 (private order, PickCell Laboratories)
and anti-smooth muscle actin (anti-αSMA) antibody produced in mouse at 1:80
(A2547; Sigma Aldrich). Secondary antibodies were used at 1:350 goat anti-mouse
Alexa488 (A11029, ThermoFisher) to detect anti-αSMA, goat anti-rabbit Alexa488
(A11034, ThermoFisher) to detect anti-ΔNp63α and goat anti-rabbit Alexa568 (A11011,
ThermoFisher) to detect anti-ABCB5 primary antibodies.
Based on previously established methodologies[16,30], an adapted protocol was used
for cross-sections of implanted full-thickness tissues. Sphere-implanted corneal
buttons were frozen at -20 °C in Tissue-Tek® OCT compound (Sakura) before being
cryosectioned to obtain 20 µm “cross-sections,” which were mounted onto glass
microscope slides. These cross-sections were washed in PBS for 10 min three times.
Sections were fixed with 2.5% paraformaldehyde in PBS for 10 min (except those for
detecting ΔNp63α, which were not fixed) and rinsed in PBS for 15 min three times.
Sections were treated with 2 mg/mL bovine testicular hyaluronidase in PBS for 1
hour at 37 °C in a humidity chamber, permeabilised in methanol at -20°C for 20 min
and washed in PBS for 15 min three times. This was followed by treatment with 20
mM glycine in PBS for 30 min at room temperature and washed in 0.1% NGS in PBS
three times for 15 min. Sections were subsequently treated with a 2% NGS with 0.1%
Triton X-100 in PBS solution for 30 min at room temperature. Primary and secondary
antibodies were prepared in 0.1% NGS to desired concentrations as described earlier
and sections incubated overnight in primary antibody prior to washing with 0.1%
NGS and incubation in secondary antibody for 2 h at ambient temperature.
Counterstaining was completed with 0.1 µg/mL DAPI for 10 min prior to mounting
in Citifluor antifade using a glass coverslip, which was sealed with nail varnish. The
microscopes and imaging software used were: The Leica DM-RA upright fluorescence
microscope described earlier and the Olympus FV 1000 Confocal laser scanning
microscope (Olympus) with the FV10-ASW ver.0.4.00 image capture and analysis
software.

Gene expression quantification
Sphere implanted tissue sections were carefully removed from the glass slide and
transferred to an RNase-free tube. RNA extraction and genomic DNA removal was
subsequently performed using the RNAGem™ Tissue Plus Kit (RTP0200, ZyGem) as
per manufacturer’s protocol. Samples were tested for presence of PCR inhibitors
using the SPUD assay [32] . Inhibitory samples were further purified using the
PureLink® RNA Mini Kit (12183018A, ThermoFisher) as per manufacturer guidelines
as required. Complementary DNA (cDNA) was synthesised using the SuperScript®
VILO™ cDNA Synthesis Kit (11754-050, ThermoFisher) according to manufacturer
guidelines using 10 µL of the DNase I treated total RNA extracts.
Successful cDNA synthesis was confirmed by performing a β-actin polymerase
chain reaction on all cDNA preparations and resolving PCR products by agarose gel
electrophoresis to confirm successful amplification. The following primers were used:
AACTCCATCATGAAGTGTGACG (forward) and GATCCACATCTGCTGGAAG
(reverse) which yield a 224 bp amplicon. cDNA samples were subsequently diluted
1:5 and then analysed using droplet digital PCR (ddPCR). The primers and probes
used are listed in Table 1. All primers were commercial PrimeTime qPCR assays that
utilise the 56-FAM fluorophore and both the ZEN and 3IABkFQ quenchers. Detailed
sequences of the primer set and probe sequences can be obtained from the
manufacturer.
For each ddPCR assay, one positive control and one “no template” control was
included in addition to samples. Purified PCR product used at a concentration of 1.2 ×
104 copies/µL were used for the positive controls.
PCR reactions were set up containing final concentrations of 1 × PrimeTime qPCR
assay, 1 × ddPCR supermix for probes (no dUTP) and 2 µL of diluted cDNA in 24 µL

WJSC

https://www.wjgnet.com

39

January 26, 2020

Volume 12

Issue 1

Wadhwa H et al. Sphere-forming corneal cells repopulate keratoconic stroma

Table 1 PrimeTime quantitative polymerase chain reaction assays used for droplet digital polymerase chain reaction
Product of interest: Gene

Reference gene or gene of
interest

Assay identification

Size of complimentary DNA
amplicon, base pairs

Actin, beta

Reference

Hs.PT.39a.22214847

109

Beta-2-microglobulin

Reference

Hs.PT.58v.18759587

142

Glucuronidase beta

Reference

Hs.PT.58v.27737538

127

Glycreraldehyde-3-phosphate
dehydrogenase

Reference

Hs.PT.39a.22214836

142

Hypoxanthine
phosphoribosyltransferase 1

Reference

Hs.PT.58v.45621572

148

Peptidylprolyl isomerase A

Reference

Hs.PT.58v.38887593. g

101

Actin, alpha 2, smooth muscle, aorta Gene of interest

Hs.PT.56a.2542642

131

ATP binding cassette subfamily B
member 5

Gene of interest

Hs.PT.58.38502346

106

ATP-binding cassette, sub-family G
member 2

Gene of interest

Hs.PT.58.20889058

114

Collagen type I, alpha 1 chain

Gene of interest

Hs.PT.58.15517795

130

Collagen type I, alpha 2 chain

Gene of interest

Hs.PT.58.26714160

108

Integrin, subunit beta 1

Gene of interest

Hs.PT.58.39883300

141

Keratin 3

Gene of interest

Hs.PT.58.25330614

126

Keratocan

Gene of interest

Hs.PT.58.45594658

130

Laminin, subunit alpha 1

Gene of interest

Hs.PT.58.3170022

129

Notch1

Gene of interest

Hs.PT.58.23074795

112

Proliferating cell nuclear antigen

Gene of interest

Hs.PT.58.4761611

94

Tumour protein p63, transcript
variant 1, C-terminal isoform α

Gene of interest

Hs.PT.58.39019253

108

Tumour protein p63, transcript
variant 1, N-terminal isoform

Gene of interest

Hs.PT.58.19710922

104

Vimentin

Gene of interest

Hs.PT.58.38906895

141

reactions. Where samples did not yield an expression quantity due to low target
abundance, increasing amounts of diluted cDNA from 2 µL, 4 µL, 6 µL up to a
maximum of 10 µL were used in repeat reactions. For droplet generation, 20 µL of
each PCR reaction was loaded into the appropriate wells of DG8 droplet generation
cartridges along with 70 µL of droplet generation oil, covered with a DG8 gasket and
placed into the droplet generator to generate droplets. Droplets (40 µL) were
transferred to a semi-skirted PCR plate, sealed and amplified in a C1000 Touch
thermal cycler (Bio-Rad). The thermal-cycling conditions used were: 95 °C for 10 min
for initialisation followed by 40 cycles of denaturation at 94 °C for 30 s and annealing
at 60 °C for 60 s. After cycle 40, samples were heated to 98 °C for 10 min and cooled to
12 °C for temporary storage. After amplification, fluorescent and non-fluorescent
droplets were analysed using the Bio-Rad QX200 droplet reader (Bio-Rad). The
resulting ddPCR data was analysed with QuantaSoft analysis software (version 1.7.4).
A threshold line was manually placed above the negative level determined from the
no template control and below the positive level determined from the positive control.
Results were normalised to the geometric mean of six reference genes (listed in
Table 1). Expression difference in spheres implanted on en face keratoconic tissue
sections and cultured over 14 d were compared to freshly implanted spheres at day 0
(calibrator sample).

Biostatistics
Statistical analysis on normalised gene expression values generated by ddPCR was
conducted with a linear mixed model having donor and day within donor as random
terms. Fixed model terms were gene, diseased matrix and day. Data values were
natural log transformed to meet the assumptions of the analysis. Calculations were
done using the lme4 package[33] in R version 3.5.0[34]. The resulting estimates with their
covariances were used to create the values in Table 2, Table 3 and Figure 1. The
statistical methods of this study were reviewed by Bert Van der Werf, Biostatistician
from The University of Auckland.
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Figure 1 Estimated fold differences in expression of proliferation, stem cell and epithelial and stromal cell
markers in sphere-seeded tissue sections at day 14. Expression of stem cell markers: ATP-binding cassette, subfamily G member 2, ATP binding cassette subfamily B member 5, tumour protein p63, transcript variant 1, N-terminal
isoform, tumour protein p63, transcript variant 1, C-terminal isoform α, limbal niche marker Notch1, proliferation
marker proliferating cell nuclear antigen, mesenchymal cell marker vimentin, adhesion molecules integrin subunit α3
and β1, myofibroblast marker alpha smooth muscle actin, epithelial markers laminin α1 and keratin 3, keratocyte
marker keratocan, collagen type I, alpha 1 chain and collagen type I, alpha 2 chain genes in sphere-seeded normal
(black squares) and keratoconic (white squares) 10 μm en face decellularised central corneal stromal tissue sections.
Spheres were derived from two human donors and expression data at days 0 and 14, normalised to reference genes
β-actin, glycreraldehyde-3-phosphate dehydrogenase, glucuronidase beta, hypoxanthine phosphoribosyltransferase
1, peptidylprolyl isomerase A and β2-microglobulin. Data is expressed as estimated fold difference between day 14
and day 0 based on raw data and plotted as the natural logarithm mean differences in fold expression ± standard
deviation.

RESULTS
Repopulation of keratoconic tissue surface
Spheres were seeded on to a total of 28 thin 10 μm tissue sections and assessed for
viability. Cells were deemed non-viable based on complete absence of LIVE staining
of cells across the entire implanted tissue section. Of these 28 tissue sections, 17 were
keratoconic tissue sections and 11 were normal tissue sections. The keratoconic and
normal tissue sections were each sourced from two different human tissue donors.
Cells were viable in 28 out of 28 (100%) tissue sections assessed at day 1 post-seeding.
Two tissue sections were fixed for immunohistochemistry. The remaining 26 tissue
sections (16 keratoconic and 10 normal) were assessed at day 3, of which 20 (77%)
were viable. Six tissue sections, two keratoconic and four normal, were non-viable,
and two tissue sections were fixed for immunohistochemistry. At day 7, 18 tissue
sections were assessed with the viability stain, of which 16 (89%) were viable. Spheres
and cells remained viable at day 14 in at least two keratoconic tissue sections. All of
the tissue sections that became non-viable were implanted with spheres from the
same donor. However, two other keratoconic and two other normal tissue sections
implanted with spheres derived from this sphere donor remained viable to day 7
(Table 4).
Viable cells increased in number and migrated over observed time periods between
0 and 14 d. Cells were seen to have migrated radially in all directions from the centre
of spheres as early as day 1. Similar processes were observed in keratoconic and
normal tissues. Sphere-derived cells completely repopulated the surfaces of
keratoconic tissue sections (Figure 2A) (n = 2) at day 14 (Figure 2B). Cells at tissue
edges at various time points were observed to align with the edge (example in Figure
3A, white arrows). Migrated cells were not seen on the culture dish surface in any
samples where tissue sections had not been completely repopulated. Two tissue
sections, both keratoconic, were observed to be repopulated to complete confluency.
Periodic examination of these two samples with a light microscope revealed that at
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Table 2 Statistical analysis of difference in gene expression in sphere-seeded tissue sections as
measured by droplet digital polymerase chain reaction, effect of time: day 0 vs day 14
Day 0

Day 14

Day 14 - Day
0

Target

Estimate1 (lower.95, upper.95)

Estimate1 (lower.95, upper.95)

P

ABCB5

0.02 (0.01, 0.08)

0 (0, 0.01)

0.003

S

ABCG2

0.71 (0.25, 1.99)

0.02 (0.01, 0.05)

0.000

S

aSMA

0.21 (0.07, 0.58)

0.23 (0.09, 0.62)

0.871

NS

Col1A1

4.66 (1.65, 13.12)

4.97 (1.84, 13.44)

0.929

NS

Col1A2

11.33 (4.02, 31.92)

3.89 (1.44, 10.52)

0.145

NS

dNp63

0.03 (0.01, 0.09)

0 (0, 0)

0.000

S

ITGa3

0.12 (0.04, 0.33)

0.28 (0.10, 0.75)

0.244

NS

ITGb1

5.81 (2.06, 16.36)

7.99 (2.96, 21.59)

0.663

NS

Keratocan

0.14 (0.05, 0.39)

0.01 (0, 0.03)

0.000

S

KRT3

0.28 (0.08, 0.96)

0 (0, 0.01)

0.000

S

LAMA1

0.33 (0.12, 0.94)

0.07 (0.03, 0.19)

0.032

S

Notch1

0.43 (0.15, 1.21)

0.10 (0.04, 0.26)

0.043

S

P63a

0.05 (0.02, 0.15)

0 (0, 0.01)

0.000

S

PCNA

0.52 (0.19, 1.48)

0.71 (0.26, 1.92)

0.681

NS

Vimentin

16.96 (6.02, 47.77)

42.18 (15.61, 113.96)

0.214

NS

1

Values are the back-transformed estimates from the multivariate regression; NS: Not significant; S:
Significant (P ≤ 0.05); ABCB5: ATP binding cassette subfamily B member 5; ABCG2: ATP-binding cassette,
sub-family G member 2; αSMA: Smooth muscle, actin; COL1A1: Collagen type I, alpha 1 chain; COL1A2:
Collagen type I, alpha 2 chain; TP63: Tumour protein p63; ∆NP63: Transcript variant 1, ∆NP63: N-terminal
isoform, ITGa3: Integrin, subunit alpha 3; ITGB1: Integrin, subunit beta 1; KRT3: Keratin 3; LAMA1: Laminin,
subunit alpha 1; TP63: Tumour protein p63; PCNA: Proliferating cell nuclear antigen.

approximately day 11, cells appeared to migrate initially as cell columns when leaving
the tissue edge (although not invariably), and then cells would migrate to fill the
space between the columns. Cells at the leading edge of these migratory columns had
fine cell processes connecting the cells to neighbouring cells (Figure 3B, orange
arrows).

Immunohistochemistry of sphere-seeded tissue sections
Spheres seeded onto keratoconic tissue sections stained positively for the putative
stem cell marker ABCB5 and the myofibroblast marker αSMA at day 0, day 1 and day
4. At all three time points, labelling of ABCB5 appeared to be concentrated within
spheres and not outside (Figure 4A-C, red), indicating presence of stem cells within
spheres alone. Appearance of positive αSMA staining in small numbers of cells within
spheres (Figure 4A-C, green) indicated some differentiation to myofibroblast cells
(highly likely from daughter cells), and indeed some of these αSMA-positive cells
were seen outside spheres at day 1 (Figure 4D) but also at day 4. Positive staining was
above the fluorescence signal of the secondary antibody only control (Figure 4E).

Gene expression analysis
Analysis of variance revealed a significant effect of day (day 0 vs day 14; P ≤ 0.016)
and diseased matrix (keratoconic vs normal; P ≤ 0.006). At day 14 post sphere seeding,
there was an overall significant reduction in expression of putative stem cell makers
(ABCB5, ATP-binding cassette, sub-family G member 2 (ABCG2), ∆Np63, tumour
protein p63 C-terminal isoform α (p63α)), limbal (notch1), epithelial (keratin 3),
keratocyte (keratocan) and extracellular matrix (laminin α1 (LAMA1)) markers tested
using ddPCR (Table 2; Figure 1). In both keratoconic and normal tissue sections,
expression of the putative stem cell markers and the limbal niche marker notch1
decreased over time as did the epithelial and extracellular matrix markers keratin 3,
collagenA2, laminin and the stromal cell marker keratocan. While proliferating cell
nuclear antigen (PCNA), vimentin and the adhesion molecules integrin alpha 3 and
integrin beta 1 all increased at day 14 in both keratoconic and normal tissue matrices
(Figure 1).
When comparing tissue matrices (keratoconic vs normal sections), there were no
significant differences in gene expression between spheres seeded on keratoconic
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Table 3 Statistical analysis of difference in gene expression in sphere-seeded tissue sections as
measured by droplet digital polymerase chain reaction, effect of matrix, keratoconic vs normal
Keratoconic

Normal

Keratoconicnormal

Target

Estimate1 (lower.95, upper.95)

Estimate1 (lower.95, upper.95)

P

ABCB5

0 (0, 0.01)

0.01 (0, 0.03)

0.351

NS

ABCG2

0.03 (0.01, 0.09)

0.37 (0.14, 0.99)

0.001

S

aSMA

0.24 (0.09, 0.64)

0.20 (0.07, 0.54)

0.800

NS

Col1A1

6.40 (2.37, 17.25)

3.62 (1.34, 9.77)

0.418

NS

Col1A2

9.30 (3.45, 25.08)

4.74 (1.76, 12.79)

0.337

NS

dNp63

0 (0, 0.01)

0.02 (0.01, 0.05)

0.004

S

ITGa3

0.16 (0.06, 0.43)

0.21 (0.08, 0.56)

0.695

NS

ITGb1

7.63 (2.83, 20.57)

6.09 (2.26, 16.42)

0.748

NS

Keratocan

0.03 (0.01, 0.08)

0.04 (0.02, 0.12)

0.588

NS

KRT3

0.01 (0.01, 0.04)

0.04 (0.01, 0.12)

0.211

NS

LAMA1

0.17 (0.06, 0.46)

0.13 (0.05, 0.36)

0.726

NS

Notch1

0.07 (0.03, 0.20)

0.58 (0.21, 1.56)

0.003

S

P63a

0.01 (0, 0.01)

0.02 (0.01, 0.06)

0.053

NS

PCNA

0.51 (0.19, 1.38)

0.73 (0.27, 1.97)

0.612

NS

Vimentin

24.29 (9.01, 65.52)

29.45 (10.92, 79.43)

0.784

NS

ABCB5

0 (0, 0.01)

0.01 (0, 0.03)

0.351

NS

1

Values are the back-transformed estimates from the multivariate regression; NS: Not significant; S:
Significant (P ≤ 0.05); ABCB5: ATP binding cassette subfamily B member 5; ABCG2: ATP-binding cassette,
sub-family G member 2; αSMA: Smooth muscle, actin; COL1A1: Collagen type I, alpha 1 chain; COL1A2:
Collagen type I, alpha 2 chain; TP63: Tumour protein p63; ∆NP63: Transcript variant 1, ∆NP63: N-terminal
isoform, ITGa3: Integrin, subunit alpha 3; ITGB1: Integrin, subunit beta 1; KRT3: Keratin 3; LAMA1: Laminin,
subunit alpha 1; TP63: Tumour protein p63; PCNA: Proliferating cell nuclear antigen.

tissue sections and spheres seeded on normal tissue sections for cell proliferation
(PCNA), epithelial (keratin 3), keratocyte (keratocan), extracellular matrix (LAMA1),
collagen I α1 (Col1A1), collagen I α2 (Col1A2)), adhesion (integrin α3, integrin β1),
myofibroblast (αSMA) or mesenchymal cell (vimentin) markers tested using ddPCR
(Table 3; Figure 1). Only limbal and stem cell markers (notch1, ABCG2, ∆Np63)
showed a significant reduction in gene expression on keratoconic sections, while p63α
reduced to a level that did not reach significance (P = 0.053). The putative stem cell
marker ABCB5 was also observed to have reduced expression on keratoconic matrix
but not significantly so (Table 3; Figure 1).
Only the repair cell marker αSMA showed an overall increase in normal tissue
sections and a decrease in keratoconic tissue sections, while conversely collagenA1
showed a decrease in normal tissue sections and an increase in keratoconic tissue
sections (Figure 1). However, this difference in expression pattern on normal versus
diseased tissue matrix was not statistically significant, which may be due to sphere
donor variation for both αSMA and collagenA1.

Sphere implantation into full thickness tissue
Sphere behaviours once implanted into full thickness keratoconic tissue were similar
to those observed on thin tissue sections and to those observed in full thickness nonkeratoconic tissue controls. Six decellularised full-thickness central corneal tissues
(corneal buttons) from post-keratoplasty keratoconic patients (n = 3) and from nonkeratoconic cadaveric donor corneas with normal anterior corneas (n = 3) were
successfully implanted with a total of 16 spheres using our wedge-shaped incision
technique. The spheres were derived from three different human donors: Eight
implanted in keratoconic tissue and eight implanted in non-keratoconic tissue. All
spheres successfully survived the implantation procedure (confirmed by positive
staining with Calcein-AM), tissue handling and new culture conditions for at least
three days from the time of implantation (day 3) as seen in Figure 5A-B. In implanted
keratoconic buttons, six of eight spheres and their derivative cells were viable at day
7. In comparison, five of eight spheres and their derivative cells were viable at day 7
in non-keratoconic buttons.
Cell migration was monitored to day 7 post-implantation in all implanted buttons

WJSC

https://www.wjgnet.com

43

January 26, 2020

Volume 12

Issue 1

Wadhwa H et al. Sphere-forming corneal cells repopulate keratoconic stroma

Table 4 Viability of spheres cultured on keratoconic and normal tissue sections
Day post implantation

Keratoconic tissue sections

Normal tissue sections

Number of sphere-implanted Number of sphere-implanted Number of sphere-implanted Number of sphere-implanted
tissue sections cultured to
tissue sections viable at time tissue sections cultured to
tissue sections viable at time
time point
point
time point
point
0

17

1

17

17

11
11

11

3

16

14

10

6

7

13

11

5

5

14

2

2

with two buttons extended out to day 10 (Figure 5C-D). All implanted spheres
exhibited radial cell migration from the centre of the sphere up to day 3, however the
extent of cell migration from each sphere varied not only in replicate tissue samples
but also within the same tissue. The extent of cell migration from the centre of spheres
increased from day 3 to day 7 in 11/16 implanted spheres. Of the five spheres that did
not increase cell migration from day 3 to day 7, two were implanted in keratoconic
tissue and three in non-keratoconic tissue. An example of this is shown in Figure 5D
where the sphere marked by a yellow arrow shows reduced cell migration at day 10
compared with day 3 (Figure 5B).
Cell morphology and cell orientation was variable in different areas of the
implanted tissue. However, morphological patterns and cell orientation patterns in
the keratoconic and non-keratoconic corneal buttons were similar. Cells close to the
sphere (Figure 5E) were long and thin in appearance with their long axes appearing to
radiate away from the centre of the sphere. The cells distant from the sphere appeared
plumper (Figure 5F). The long axes of cells at the edge of the tissue appeared parallel
to the edge, whereas the long axes of those distant from both the tissue edge and
centre of spheres seemed to have no obvious pattern of alignment (Figure 5G). Cells
that migrated from two spheres implanted close to one another seemed to align to
form what appeared to be “cellular bridges” between the spheres (Figure 5C, white
arrows).
The incisions made for implantation into the full-thickness tissue do not appear to
significantly affect cell migration. Sphere-derived cells migrate to an incision, align
with the incised tissue edge and over time the incision lines cannot be clearly
demarcated and migrated cells can be seen on both sides of the incision. The left-most
sphere in the implanted normal button in Figure 5B and 5D illustrates this.

Cross-sectional immunohistochemistry
Cross sections through implanted non-keratoconic and keratoconic corneal buttons
were analysed by immunohistochemistry to further characterise the phenotypes of
these cells. Cells within implanted spheres stained positively for the putative stem cell
marker ∆Np63α while migrated cells did not (Figure 6A-B). Cells within implanted
spheres as well as cells adjacent to but outside of the sphere (Figure 6C-D) stained
positively for proliferation marker EdU at day 10.

DISCUSSION
Spheres derived from normal peripheral cornea behave normally on keratoconic
matrix
Spheres and sphere-derived cells implanted in or on keratoconic tissue elicited similar
viability, adherence, migration, division and differentiation responses to nonkeratoconic tissue (normal anterior corneas). Spheres have previously been shown to
be able to remain viable when implanted into normal peripheral corneal tissue
matrix[30]. This study shows that spheres can also remain viable in central corneal
tissue matrix. Notably for the first time, we have also shown that spheres can remain
viable in diseased tissue matrix. Moreover, the spheres themselves maintained their
morphological structure in most cases. The same implantation technique that we have
previously employed for normal peripheral cornea was used for keratoconic central
corneas. This shows that the implantation technique can be used with more friable
and weaker tissues as are apparent in severe keratoconus.
No observable difference was seen in viability between spheres implanted on
keratoconic tissue and non-keratoconic tissue. Implanted tissues were cultured for up
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Figure 2

Figure 2 Cellular repopulation of the surface of en face keratoconic tissue sections. A: A stem cell-enriched
sphere (arrow) was seeded onto a keratoconic decellularised central corneal stromal section (phase contrast image);
B: Assessed for viability with Calcein-AM (green) at day 14 (fluorescence image). Montage imaging of the entire
tissue section shows cells have repopulated the tissue section to complete confluence by day 14. Scale bar = 500
µm.

to 14 d, and spheres demonstrated the potential to remain viable for the entire
duration. However, some spheres lost viability prematurely in some keratoconic and
normal tissues even with biweekly medium changes. Speculative causes include
intersphere variability or focal features of matrix that were not conducive to sphere
growth (even in normal implants). The loss of sphere viability is unlikely to be
attributable to matrix type (normal or diseased) as there was no consistency in terms
of which matrix spheres prematurely lost viability. The initial implantation
procedure, tissue handling or change in culture conditions are also unlikely causes as
all spheres survived at least the first day. In our experience, spheres are discrete
entities. The relative proportions of stem, progenitor, epithelial and stromal cells that
comprise each sphere can vary. This intersphere variability may have been
responsible for some spheres losing viability over time as the environment they were
seeded/implanted into may not have supported the propagation of the majority cell
populations present within these spheres.
There was no qualitative difference observed in the ability of spheres and their
derivative cells to adhere to keratoconic tissue compared with normal tissue.
Although the levels of relevant adhesion molecules in keratoconus used by
nonimmunological migrating corneal cells are not known, decreased levels of collagen
XII[35], integrin beta 4[36] and interfibrillar and interlamellar cohesive forces[37] have been
observed in keratoconic stroma. However, these are unlikely to be applicable to the
adhesion of spheres to stroma. The patterns of expression of integrin α3 and β1
chains, which dimerise to form the adhesion molecule integrin α3β1 found in basal
epithelium and stromal cells, showed an increase at day 14 post-seeding of spheres,
although this was not-significant (P ≤ 0.7). Thus there was no clear pattern of
expression differentiating normal vs keratoconic matrices in our ddPCR results.
Both the extent and pattern of cell migration observed in keratoconic tissues were
similar to those observed in normal tissues. Cells tended to migrate from the sphere
radially in all directions and this increased over time, as has been observed previously
in peripheral corneo-scleral rims[30]. This is expected, given that there is no limbal or
scleral region to polarise cell migration in a particular direction as is the case in
peripheral cornea. Cells in keratoconic tissue appeared to respond to other nearby
spheres as seen previously in normal tissue[16]. They also appeared to respond to the
tissue edge, reflected by the apparent alignment of cells observed when implanted
spheres were close to one another coupled with a consistent change in orientation
when cells approached the tissue edge. These observations suggest that spherederived cells recognise tissue boundaries. In full thickness tissue, the tissue edge may
have provided a physical barrier. However, in tissue sections cells migrated beyond
the tissue section boundaries and onto the dish surface eventually but not prior to
complete repopulation of the stromal section. This is despite the dish being a tissue
culture treated surface designed to promote cellular attachment and outgrowth. This
confirms that the corneal collagen matrix is the preferred substrate for sphere-derived
cells. Although our results show cell migration primarily on the surface of full
thickness tissues, previous results with induced pluripotent cells have shown cells can
also migrate deeply within tissue[38].
Our results assessing active cell division confirmed the presence of EdU within
sphere cells and amongst migrating cells as well as continued expression of PCNA
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Figure 3

Figure 3 Cell morphology and migration patterns on the surface of sphere-seeded en face keratoconic tissue
sections. A: Representative images of migrated cells over the surface of keratoconic tissue sections show cells from
the centre of the sphere aligned radially while cells close to the tissue edge align parallel with the tissue edge (white
arrows show cell orientations); B: When cells at one of the migrating edges are magnified and overexposed, fine cell
projections can be seen connecting cells to neighbouring ones (orange arrows). Scale bar = 100 µm.

over time. PCNA expression showed variability between sphere donors suggesting
the proliferative response was not temporally the same between donors. By 14 d,
PCNA expression had increased from day 0 in all samples, which corresponds to the
observation of complete tissue section repopulation at this time point.
Collectively, these results show that the abnormal structure of the diseased tissue
was not a deterrent to sphere attachment, migration and division. However, there was
no observable increase in any of these measures in response to diseased tissue
compared to normal tissue either.

Functionality of the repopulated cells
Spheres, although stem cell enriched, do not exclusively contain undifferentiated
cells[16,30]. Our findings were consistent with these cited observations. In addition, our
findings also showed that spheres may maintain their stemness to some extent for at
least 14 d after implantation in both keratoconic and normal implants. This was
evidenced by their ability to maintain their definitive sphere structure in situ,
detection of gene expression of putative stem cell markers over time and positive
immunostaining of some of these markers (∆Np63α and ABCB5). However, this
retention of stemness was significantly reduced on keratoconic tissue sections (Table
3).
The reasons for this significant reduction in expression of stem cell markers on
keratoconic matrix is unclear. It may be a tissue effect in that there is less signal
coming from keratoconic tissue to maintain stem cells. Alternatively, it may be a cell
effect in that stem cells within spheres change their response to diseased tissue more
towards a pattern of differentiation rather than maintaining stemness. This may
indicate that a greater number of spheres will be required to repair dystrophic tissue.
Additionally, diseased tissue may be too far outside of the required stem cell niche to
perpetuate maintenance of the stem cells to the same level as that of normal tissue. In
our laboratory’s previous results[30], we also observed a reduction in expression levels
of putative stem cell markers to undetectable levels over time by qPCR. Presumably,
this was due to the sheer numbers of migrated and differentiated cells over time
diluting out the relatively few stem cells being maintained within a sphere. ddPCR is
considered more sensitive than qPCR for detecting low abundance targets. Our
ddPCR data in this study correlated well with previous qPCR data. ABCG2
expression decreased at similar rates in keratoconic implants and normal implants
over 14 d. Similarly, stem cell markers ABCB5, ∆Np63 and p63α and limbal niche
marker notch1 were detectable at low levels by ddPCR and also decreased by day 14.
Our current findings reinforce our previous thoughts that message from
differentiated cells was saturating any stem cell messages present from the few stem
cells contributing to any given cDNA sample.
The evidence for cells differentiating as they leave the sphere lies in the absence of
purported stem cell markers in migrated cells, cell morphologies of migrated cells and
the presence of differentiation markers. Culture in serum-containing medium is
known to stimulate differentiation, so this result is not surprising. Most cells that
migrated from spheres at any time point between day 1 and 14 had a fusiform
morphology. There was a noticeable effect at days 7 and 14 on the cell migration
patterns of spheres placed on to keratoconic stromal sections that appeared to have a
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Figure 4

Figure 4 Adenosine triphosphate binding cassette subfamily B member 5 and α-smooth muscle actin
expression in spheres and migrated cells seeded onto keratoconic tissue sections. A, B, C: Spheres seeded
onto keratoconic tissue sections were fixed at day 0, 1 and 4 post-implantation and double primary antibody
immunolabelled with putative stem cell marker ATP binding cassette subfamily B member 5 (ABCB5) (red) and
myofibroblast marker alpha smooth muscle actin (αSMA) (green). Cell nuclei were counterstained with DAPI (blue).
Confocal projection images of z stacks were taken. Spheres labelled positively with ABCB5 and αSMA at days 0 (A),
1 (B) and 4 (C); D: Migrated cells at days 1 and 4 appeared similar, a representative image at day 1 is shown; E:
Spheres labelled with secondary antibody had no detectable red and green fluorescence when imaged at the same
levels as A-C. Scale bar = 20 µm.

much looser arrangement of collagen fibrils. In these sections, cell orientation took on
a less organized and a more random orientation pattern that was not observed in
normal stromal sections. Coupled with an observed increase in expression of
mesenchymal marker vimentin over time when compared to day 0, there is a good
chance that these cells were stromal fibroblasts, which may or may not have been
activated fibroblasts.
From as early as the time of adherence (day 0), some cells in the sphere labelled
positively for the myofibroblast marker, αSMA. The majority of migrated cells were
negative for this marker over the course of four days in immunocytochemistry
sections. This coincides with ddPCR data, which showed decreased expression of
αSMA below the level at day 0 in keratoconic sections over 14 d in culture. There was
increased expression of αSMA in samples from one sphere donor seeded onto normal
tissue relative to day 0 that resulted in a high level of donor-donor variation on
normal tissue for αSMA expression. Perhaps the spheres from this donor on day 0 had
an unusually low expression of αSMA. Therefore, even small increases in αSMA
expression in other samples appeared magnified relative to day 0, or possibly these
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Figure 5

Figure 5 Cell viability of spheres and sphere-derived cells within implanted full-thickness corneal tissue. A-D: Decellularised full-thickness central corneal
stromal tissues (corneal buttons) implanted with three spheres each and assessed for cell viability with Calcein-AM (green) were imaged at 50 × magnification with a
fluorescence microscope and montaged to maintain detail of individual cells throughout the entire corneal button. Each circle represents the corneal button edge.
Three days after implantation (day 3), spheres in keratoconic (A) and non-keratoconic (decompensated: normal anterior cornea with failed endothelium) (B) matrices
are viable and have viable cells radiating from the sphere. At day 10, spheres in keratoconic (C) and non-keratoconic (D) matrices remain viable, and the viable cells
have migrated further outward from the centre of the sphere. An exception to this was one sphere within non-keratoconic tissue, which showed reduced cell migration
at day 10 compared with day 3 (yellow arrow, D); E-G: Panels E-G are magnified areas from D indicated by dotted squares (E = central square, F = top square, G =
lower square). When spheres are implanted close to each other, cells align between them as if forming “cellular bridges” (white arrows, C). Cells near the centre of the
sphere orientate radially from the centre of the sphere (E) while cells near the tissue edge are aligned parallel with the edge (F). Cells distant from both the nearest
sphere and the tissue edge appear to lose their alignment (G). Scale bar = 1000 µm for A-D and 100 µm for E-G. Bright green fluorescence at left edge of tiles in
montage (A) is artefactual.

spheres mounted a more aggressive wound healing response. Sphere-derived cell
migration may represent an early phase of wound healing or may be a response
similar to the migration of neural crest cells seen embryologically, which are also
vimentin-positive from studies of mammalian and avian embryogenesis[39].
Expression of epithelial cell marker, keratin 3, was detected at very low levels in the
majority of samples, and its expression significantly decreased over time in both
tissue types. There was also significantly decreased temporal expression of laminin
α1, which is associated with epithelial cells. Taken together, these findings suggest
that the migrated cells were eliciting a stromal cell response on what was largely a
stromal matrix.
Cells of varying morphology were occasionally seen in long-term tissue-seeded or
implanted cultures, including what appeared to be cells with keratocyte-like
morphology. However, detection of the keratocyte marker keratocan by ddPCR was
significantly reduced over time and did not appear to support the differentiation of
sphere cells into functioning keratocytes. It is likely that the 14-d duration of our
repopulation experiments was too short for true keratocyte differentiation to be
initiated. Similarly, we did not observe any consistent increase in collagen I
production (neither α1 nor α2 chains), although there was an observed nonsignificant
increase in expression of the alpha chain variant in keratoconic tissue but again with
high donor-donor variation. The fact that we observed similar levels of collagen
expression in keratoconic and normal tissue may indicate the beginnings of these cells
laying down new matrix. Whether this would result in repair of the abnormal
collagen matrix in keratoconic stroma remains to be seen. Longer term experiments
may help in elucidating this.
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Figure 6

Figure 6 Putative stem-cell marker tumour protein p63, transcript variant 1, N-terminal isoform and cell-proliferation marker 5-ethynyl-2'-deoxyuridine in
cells within sphere-implanted-full-thickness tissue at day 10. A: Representative images of cross sections with spheres and cells derived from spheres implanted
into full-thickness keratoconic and non-keratoconic central corneal buttons at day 10 show positive staining within the sphere for the putative stem cell marker tumour
protein p63, transcript variant 1, N-terminal isoform (∆Np63α) (green); B: Cells stained without primary antibody (secondary antibody only control) show low green
fluorescence. Cell nuclei are stained with DAPI (blue); C, D: Some, but not all cells show evidence of cell division (detected with ClickiT 5-ethynyl-2'-deoxyuridine
(EdU) (red), a cell proliferation marker), as shown by pink cell nuclei in superimposed images of DAPI and EdU staining (C) and its equivalent image with red signal
only (D); E: A negative control (EdU incubation without processing with its reaction solution) imaged at the same signal intensity as D is shown superimposed on DAPI
for comparison. Scale bar = 20 µm.

Taken together, these results suggest that when spheres are implanted into or onto
corneal stromal matrix, sphere-derived cells migrate and differentiate down a lineage
appropriate to the matrix they are exposed to. Although there is evidence they can
maintain a level of stemness after implantation, this ability appears to be impaired on
keratoconic tissue. It may be that we are below the stem cell threshold required within
keratoconic tissue to retain stemness to a similar level to that of normal tissue that
may indicate the need for implantation of more spheres in keratoconic corneas.
Culture conditions would also play a role, in particular culture medium components
such as growth factors would dictate whether cells take a certain path towards
differentiation or not. Cells could be directed as to which trajectory to take: adult
wound healing or foetal wound healing (for example by addition of cytokines like
transforming growth factor β1 or β2 for the former or transforming growth factor β3
for the latter)[40].
In this study, we have relied upon the inherent properties of the spheres to detect
the matrix onto which they are placed and react accordingly by producing cells of the
correct lineage for that particular surface. In our observations, spheres react to the

WJSC

https://www.wjgnet.com

49

January 26, 2020

Volume 12

Issue 1

Wadhwa H et al. Sphere-forming corneal cells repopulate keratoconic stroma

matrix in which they are placed, and this appears to stimulate differentiation of
sphere-derived cells. As the identification of signalling molecules that drive
differentiation of sphere cells placed onto corneal matrices was beyond the scope of
this study, we currently do not have data on the specific signalling molecules that
drive this differentiation in a specific direction and thus are relying more on the
environmental cues that sphere cells receive. Although the use of signalling molecules
to direct sphere cell differentiation along a specific path may be beneficial, the
molecular interactions are highly complex and unlikely to be completely reproduced
by a single or even a mixture of signalling molecules.
A migratory, rather than differentiation, response of spheres is consistently
observed when spheres are cultured with serum-containing medium despite different
types of collagen substrates [16,30] . Our results show that when cell signals are
controlled, and normal cells are exposed to keratoconic matrix, cells do not change
their behavioural response to the diseased matrix. This suggests that diseased matrix
in itself may not perpetuate the pathogenic process of keratoconus. The combination
of scar-promoting cell signalling, inept wound healing capability of keratoconic
stromal cells and abnormal matrix are likely to feed each other in the cycle of its
pathogenesis. It is likely that a treatment that utilises both normal cells and normal
cell signals may be able to alter the trajectory of the healing process towards normal.
There are already some promising results of scarless regeneration of ablated stroma in
corneal mouse wounds[41].

Spheres are a suitable delivery system of stem cells
Spheres have previously been shown as a delivery system for stem cells into normal
tissue matrix but not in diseased tissue, which differs morphologically[30]. There are a
number of advantages of using spheres as the mode of stem cell delivery. Firstly,
spheres contain a heterogeneous population of cells of both epithelial and stromal
origin in a 3D format, which better simulates the in vivo niche. This may be useful to
treat keratoconus, which has features of both epithelial and stromal cell dysfunction.
Secondly, sphere-forming assays are commonly used retrospectively to identify stem
cells[42], so spheres can be confidently used knowing undifferentiated cells are present.
Thirdly, spheres are dynamic entities shown to be capable of reacting to their
environment whilst maintaining themselves for up to 4 mo[16]. Finally, spheres can be
transplanted as defined entities and have shown capability to repopulate the normal
stromal ocular surface[30].
Although we did not look at immune rejection markers in our study because our
host tissues were decellularised, this is an important consideration for further
research in this field. An alternative to sphere-based stem cell delivery is
transplantation of stem cells in the form of corneal limbal explants. Limbal explants
have been successful in treating patients with limbal stem cell deficiency; these have
their own limitations, however. Autografts are more successful than allografts owing
to the lower likelihood of immune rejection, but keratoconus is a bilateral disease and
even in patients who appear to have a non-affected eye, they are likely to develop
bilateral disease long-term[43]. Also, the genotype of the autograft will still remain
keratoconic. Allografts, on the other hand, have a high risk of rejection. This has been
shown in mice[44] and even in human leukocyte-antigen matched grafts. One study
found that one-third of matched limbal grafts had failed at 5 years[45].
Sphere-based stem cell delivery also has some limitations that need to be
considered. Firstly, the neurosphere assay, or any technique utilising culture with
high concentrations of mitogens to expand stem cells, is unlikely to detect quiescent
stem cells [42] . While this means that the stem cells in spheres are possibly not
representative of the entire in vivo stem cell populations, this does not necessarily
limit therapeutic application in tissue repair. Also, the quiescent stem cells may not be
able to be rapidly expanded in vitro with mitogens, which is not ideal for therapeutic
use. Secondly, spheres are not clones, so intersphere variations are an inherent
limitation and even without factoring patient response, therapeutic efficacy of each
sphere will be different. However, given that stem cell enriched peripheral corneal
spheres formed by sphere forming assay represent a way to apply a well-defined,
known cell population, they may provide an improved method for treating corneal
dystrophies like keratoconus.

Integrating stem cell implantation with current treatments
For spheres to be used for tissue repair with good functional outcomes, several factors
need to be considered and compared to keratoplasty, the current definitive treatment.
Safety factors such as tumorigenic potential and immune compatibility, practicality
factors such as method of delivery and tissue availability, and therapeutic factors such
as efficacy and sustainability of treatment need to be considered.
We have demonstrated the ability of spheres to perceive the environment they are
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exposed to and respond to it accordingly. This has been evidenced by spheres
respecting artefactual gaps in tissue sections, their alignment with tissue section edges
as well as differentiation into cells appropriate to the matrix they are implanted on.
Previous studies have also shown that spheres implanted into limbal matrix
preferentially migrate onto cornea over sclera. Moreover, unlike oncogenic cells,
spheres respond to signals given to them. Unrestricted cell growth from spheres
therefore seems unlikely.
Owing to the relatively immunoprivileged status of the cornea and reduced
rejection rates from avoiding breach of the corneal endothelium[1], introduction of
spheres into the corneal stroma is likely to have a low risk of immune rejection. As
with any allogenic transplant, human leukocyte antigen matching may help to further
mitigate risk of immune rejection.
Spheres are transplantable; they can successfully be surgically implanted into fullthickness corneas and adhere relatively reliably within 30 min. While direct
implantation could be one possible method of sphere delivery, alternative routes
could be explored. Spheres and sphere-derived cells have demonstrated preference
for collagen over plastic, so sphere-coated contact lenses may be an alternative.
Amniotic membrane could also potentially be used, as it has been successfully used as
a mode of delivery for limbal explants.
Compared to keratoplasty, spheres have the advantage of being able to utilise
limited resource donor tissue to potentially treat more people as many spheres can be
generated from a single donor corneo-scleral rim.
Cells can migrate up to 5 mm away from the central sphere in 14 d and contain
actively dividing cells. These features mean that spheres can potentially be implanted
at a single or a few points and not necessarily in most severely affected areas. Cells
could migrate to the areas needed and multiple implants may not be needed as
spheres possess the ability to divide and maintain themselves.
While spheres can repopulate a corneal tissue surface, studies into the potential
interaction with native corneal cells and matrix production are necessary before their
full therapeutic efficacy can be assessed. If decellularisation is necessary, spheres
could potentially be introduced after corneal collagen cross-linking treatments.
We hypothesised that the improved outcome from keratoplasty compared to
collagen cross-linking is likely due to the introduction of normal cells and matrix to
the diseased cornea. We extrapolate this idea to propose that the introduction of
normal cells alone would rehabilitate the keratoconic cornea, and the introduction of
normal cells to a post collagen cross-linked cornea may also prove of benefit. We have
shown that stem cell enriched spheres cultured in the laboratory from limbal cell
extracts can be successfully seeded onto keratoconic en face tissue sections and
implanted into full thickness central corneal tissue. We have confirmed the ability of
these spheres to respond to diseased tissue in a similar way to their response to
normal tissue and that the cells showed the correct markers and morphological
tendencies for the tissue structures they were placed in. Spheres were able to
repopulate the diseased tissue surface either partially or entirely with the number of
spheres implanted appearing to be the only limitation to complete surface
repopulation. Over 14 d, the cells remained in a largely migratory state but the cells
showed the beginning of differentiation into the appropriate cell types. Longer term
experiments coupled with the addition of appropriate cell signalling molecules may
direct them towards a more regenerative state. Our findings indicate that the presence
of diseased matrix does not appear to direct normal cells to behave abnormally and
thus conversely normal cells implanted into diseased matrix may drive the repair of
the matrix into a normal phenotype. These results are an important initial step
towards the development of an enhanced treatment or perhaps even cure for
keratoconus in the future.

ARTICLE HIGHLIGHTS
Research background
Keratoconus is a disease in which the front part of the eye, the cornea, becomes cone-shaped
resulting in impaired vision. It is not clear why this disease occurs and why it progresses,
although current treatments can help to improve vision. Reports in the literature of cross link
treatments that removed some of the native cells and strengthened the matrix, only halted or
slowed the disease process for relatively short periods. On the contrary, transplanting healthy
tissue containing healthy cells and matrix reduced recurrence rates. From this, we hypothesised
that introducing healthy cells may be able to stop progression of the disease process. Stem cells
possess many reparative and regenerative characteristics. Stem cell-enriched spheres cultured
from healthy human corneal donors have been shown to be able to elicit healing responses and
also can be implanted into normal corneal tissue to repopulate it. However, this regenerative
ability of spheres has not previously been studied in diseased corneal tissue.
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Research motivation
This study aimed to analyse how stem cell spheres behave in keratoconic tissue. It was not
known whether stem cell spheres could survive or how they would behave when implanted into
diseased corneal tissue. The eventual goal is to be able to use stem cell spheres for implantation
and direct them to regenerate or repair diseased cornea with minimal invasiveness to donors and
recipients.

Research objectives
Our research objectives were to implant stem cell spheres into keratoconic tissue and observe cell
survival, proliferation, migration and differentiation. This data will inform the use of stem cell
spheres for implantation into diseased tissue as a therapeutic tool.

Research methods
Spheres were implanted into full-thickness keratoconic tissues and also onto 10 µm thin slices of
keratoconic stromal tissues. Similar implants were done in non-keratoconic tissues for
comparison. Spheres were stained with the live cell stain Calcein-AM and imaged between days
0 and 14. Sphere implanted tissues were also analysed using indirect immunohistochemistry and
droplet digital PCR.

Research results
Our results showed that spheres were able to survive to 14 d after being implanted into
keratoconic and non-keratoconic tissues, both into full-thickness tissues as well as onto 10 µm
tissue slices. There were no significant differences observed between how spheres migrated on
keratoconic tissue compared to non-keratoconic tissue. Cells migrated from spheres radially and
aligned with tissue edges. Cells were observed to increase in number with time by direct
observation and by detection of cell proliferation markers. Putative stem cell markers were still
detected 14 d post implantation but with lower levels of expression in the spheres implanted on
keratoconic tissue compared to those implanted on normal tissue. Stromal cell markers increased
while epithelial cell markers reduced indicating that spheres exhibit a response appropriate to
the stimulus of stromal tissue. Future work will determine whether the cells will ultimately
differentiate into keratocytes or how sphere-derived cells would progress in vivo.

Research conclusions
This study provided a novel insight into the implantation of healthy cells aimed at reducing
disease progression in degenerative diseases like keratoconus. It has shown early insights into
how spheres behave when implanted into diseased keratoconic corneal tissues. If healthy cells
derived from implanted stem cell spheres can influence the diseased milieu into a healthier
scenario, stem cell sphere implantation could be used to supplement corneal cross-linking
procedures and delay the deterioration of vision for patients with keratoconus.

Research perspectives
This study informs the use of stem cell-enriched spheres as therapeutic agents in ocular tissue
matrices. Future research would aim to study these interactions and how best to progress
towards being able to use stem cells as a therapeutic adjunct to current treatments.
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Abstract
BACKGROUND
Critically sized bone defects represent a significant challenge to orthopaedic
surgeons worldwide. These defects generally result from severe trauma or
resection of a whole large tumour. Autologous bone grafts are the current gold
standard for the reconstruction of such defects. However, due to increased
patient morbidity and the need for a second operative site, other lines of
treatment should be introduced. To find alternative unconventional therapies to
manage such defects, bone tissue engineering using a combination of suitable
bioactive factors, cells, and biocompatible scaffolds offers a promising new
approach for bone regeneration.
AIM
To evaluate the healing capacity of platelet-rich fibrin (PRF) membranes seeded
with allogeneic mesenchymal bone marrow-derived stem cells (BMSCs) on
critically sized mandibular defects in a rat model.
METHODS
Sixty-three Sprague Dawley rats were subjected to bilateral bone defects of
critical size in the mandibles created by a 5-mm diameter trephine bur. Rats were
allocated to three equal groups of 21 rats each. Group I bone defects were
irrigated with normal saline and designed as negative controls. Defects of group
II were grafted with PRF membranes and served as positive controls, while
defects of group III were grafted with PRF membranes seeded with allogeneic
BMSCs. Seven rats from each group were killed at 1, 2 and 4 wk. The mandibles
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were dissected and prepared for routine haematoxylin and eosin (HE) staining,
Masson's trichrome staining and CD68 immunohistochemical staining.
RESULTS
Four weeks postoperatively, the percentage area of newly formed bone was
significantly higher in group III (0.88 ± 0.02) than in groups I (0.02 ± 0.00) and II
(0.60 ± 0.02). The amount of granulation tissue formation was lower in group III
(0.12 ± 0.02) than in groups I (0.20 ± 0.02) and II (0.40 ± 0.02). The number of
inflammatory cells was lower in group III (0.29 ± 0.03) than in groups I (4.82 ±
0.08) and II (3.09 ± 0.07).
CONCLUSION
Bone regenerative quality of critically sized mandibular bone defects in rats was
better promoted by PRF membranes seeded with BMSCs than with PRF
membranes alone.
Key words: Platelet-rich fibrin membrane; Bone marrow-derived stem cells; Critical-sized
mandibular defects; Rats; Histological and immunohistochemical staining
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Our findings are derived from a rat model for treating critical-sized mandibular
bone defects. Defects were grafted with platelet-rich fibrin (PRF) membranes seeded
with allogeneic bone marrow-derived stem cells (BMSCs). Our findings confirm the in
vivo anti-inflammatory effects of allogenic BMSCs. In addition, BMSCs seeded on the
PRF membranes exhibited beneficial syngeneic effects in promoting and accelerating the
healing of critically sized mandibular defects. Routine and specific histological and
immunohistochemical staining demonstrated for the first time that experimentally treated
critically sized mandibular defects with PRF membrane and BMSC combined therapy
increased the amount and the rate of the newly formed bone and decreased the amount of
granulation tissue with a reduction in the number of inflammatory cell infiltrates.
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INTRODUCTION
Animal models are often considered appropriate analogues to clinical conditions.
Such models have been appropriately used to check the reliability of a particular
hypothesis to recognize the pathogenesis of new toxicity before clinical settings[1].
Rodents share many features with humans, and they are suitable for answering many
research questions. They have biological, genetic, and behavioural characteristics
closely resembling those of humans, and many symptoms of human disorders can be
replicated in rats[2]. One of the major surgical challenges in regenerative medicine is
the reconstruction of critically sized bone defects in the craniofacial complex. The
treatment of such defects remains debated, particularly defects that are of a critical
size caused by removal of a tumour, trauma or congenital malformations and
abnormalities. Current treatments depend on the use of autologous bone grafts as a
gold standard and consequently have many disadvantages, such as an insufficient
amount of bone for prosthetic rehabilitation and donor site morbidity[3].
The advent of a new era of tissue engineering-based strategies has led to promising
techniques for the reconstruction of cranio-maxillofacial defects that are of critical
size[4]. Significant progress has been made in craniofacial surgery with the usage of
tissue engineering-based therapies that employ biomaterial scaffolds covered with
adult osteogenic cells and/or osteoinductive factors[5]. Adult mesenchymal stem cells
and biomaterials/scaffold-based bone substitutes are a favourable alternative to
natural bone grafts[6]. Tissue-engineered bone alternates are fundamentally intended
to reproduce bone autograft performance with the least injury and morbidity to the
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patient while achieving the mechanical properties that are mandatory for bone
regeneration and reconstruction. Several techniques have been developed that
integrate combinations of osteoinductive signals, osteogenic cells and osteoconductive
scaffolds or matrices[7].
Platelet concentrates are used to enhance osseous tissue healing in oral and
craniofacial surgery [8] . They can stimulate bone regeneration with minimum
inflammatory response and unwanted complications. The usage of these concentrates
was derived from the high content of growth factors that can be liberated from
platelets at the time of tissue damage; these growth factors are essential for hard and
soft tissue repair mechanisms. Among the advantages of platelet concentrates, their
safety as an autologous source helps enhance early stability of grafts[9]. In recent years,
platelet-rich fibrin (PRF) has gained wide attention for its utilization as a
biocompatible regenerative material not only in the dental field but also in medical
fields[10].
Mesenchymal stem cells (MSCs) are multipotent, can be isolated from multiple
distinctive tissues, and have the ability to differentiate into several cell types of cells,
such as osteoblasts and pre-osteogenic chondroblasts[11]. The use of MSCs in tissue
engineering is highly recommended because they have a high osteogenic
differentiation capacity [12] . The integration of MSCs into bone tissue-engineered
biomaterials is a widely studied technique for enhancing bone osteointegration and
formation in the repair of bony defects. These cells can migrate to sites of injury, they
are capable of suppressing the local immune response, and they are available in large
quantities from the patients themselves[13]. Cumulative evidence has proven that bone
marrow-derived stem cells (BMSCs) play an efficient role in bone regeneration in a
variety of orthopaedic diseases; however, some restrictions still hinder their use in
clinical settings. A major obstacle lies in their very low yield, and accordingly, an
adequate number of MSCs for successful bone regeneration may be transplanted into
defect sites[14].
Previous studies have reported the use of combined therapy of MSCs with PRF
concentrate for the treatment of articular cartilage defects [ 1 5 - 1 8 ] , mandibular
reconstruction and regeneration[19,20], alveolar bone defects and clefts[21,22], tibial bone
defects [23] and bone remodelling [24] . However, none of these studies performed
experiments on a critically sized defect model. We hypothesized that combination
therapy of PRF membranes and BMSCs may enable the reconstruction of critically
sized mandibular defects in rats. The main purpose of the present study was to assess
the possible regenerative capacity of PRF membranes with/without allogeneic BMSCs
on critically sized defects in rat mandibles. Our null hypothesis was that PRF
membranes, in combination with BMSCs, have no effect on the regenerative capacity
of critically sized mandibular defects in rats. The ARRIVE Checklist
(https://www.nc3rs.org.uk/arrive-guidelines) and the guidelines of the Animal
Research: Reporting In Vivo Experiments were followed in performing this study.

MATERIALS AND METHODS
Animal selection and ethical approval
G* Power 3.1.9.2 software was used to statistically compute the sample size of this
animal study. An a priori analysis was performed to compute the required sample
size, and ANOVA was then performed to test for fixed effects, special effects, main
effects, and interactions. The input parameters were an α error probability of 0.05, an
effect size f of 0.40, a power of 0.95 and 3 degrees of freedom, as the predictor
variables included 3 examination time points and 3 groups. The estimated sample size
was 121. Five additional rats were included to allow division of the total number by 3
without a remainder, and consequently, the sample size was 126 (42 rats/group). The
mandibular surgical defects were performed bilaterally (21 rats/group); thus, the
sample size was 63 rats.
Sixty-three adult, male, pathogen-free Sprague Dawley rats were selected, housed
and cared for in standard cages in accordance with the guiding principles of the
Faculty of Medicine, Medical Research Centre, Mansoura University, Egypt. The rats
were housed at a temperature under 22 °C and at 65%-70% relative humidity. All rats
were maintained in a 12-h light and 12-h dark cycle and were fed a regular diet with
water. The Research Randomizer software package (https://www.randomizer.org/)
was used to randomly assign the rats into 3 equal groups (I, II, and III) of 21 animals
each. All experimental steps and protocols were approved by the Ethical Committee
of Research Center at Faculty of Dentistry, Mansoura University, Egypt.
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PRF preparation technique
Blood samples were collected from the orbital sinus of ten rats under anaesthesia
(xylazine + ketamine) through a punctured tube devoid of anticoagulant into 10-mL
test tubes, which were rapidly centrifuged (Centrifuge Z 206 A HERMLE
Labortechnik GmbH, Germany) for 10 min at 3000 rpm. After centrifugation, three
layers formed in the test tube: red blood cells collected at the bottom, a PRF clot
formed in the middle and cellular plasma collected at the surface. The PRF clot was
easily separated from the tube and then squeezed between two hard objects to
transform it into a thin PRF membrane (Figure 1A).

Source of allogeneic BMSCs
Second passage rat allogeneic BMSCs were purchased and obtained through a
cryopreserved sub-cultured primary cell line of 106 cell density from Nile Center for
Experimental Researches, Mansoura, Egypt (Figure 1B). After six months of
cryopreservation, cells were thawed under a proper aseptic technique, and work was
performed in a laminar flow hood. The lower half of the cryovial containing the
frozen cells was rapidly thawed for 60 s in a 37 °C water bath. The cryovial was
decontaminated by spraying and wiping the exterior of the vial with 70% ethanol. In a
biosafety hood, cells were gently resuspended and transferred to a sterile 15-mL
conical tube containing 5 mL DMEM with 10% foetal calf serum (FCS), pre-warmed at
37 °C, using a sterile transfer pipette. The BMSCs were centrifuged for 3 min at 200×
g, and the supernatant was aspirated without disturbing the cell pellet. The cell pellet
was resuspended in fresh, pre-warmed DMEM and transferred to a T25 flask. The
flask was gently rocked and incubated in a humidified incubator specified for tissue
culture at 37 °C with 5% CO2.

Assessment of cell viability
The cell viability was determined by adding 10 μL trypan blue to 10 μL cell
suspensions and mixing. Finally, 10 μL of the mixture was placed in a
haemocytometer chamber (Cambridge Instruments, Buffalo, NY, United States), and
the cell number was determined.

Characterization
Four million BMSCs were trypsinized and harvested. They were washed and then
resuspended in phosphate-buffered saline (PBS) enriched with 3% foetal bovine
serum that contained a saturating concentration (1:100) of the six subsequent
fluorescein isothiocyanate-conjugated monoclonal antibodies anti-CD14, anti-CD19,
anti-CD44, anti-CD45, anti-CD105 and anti-CD90 and one phycoerythrin-conjugated
monoclonal antibody, anti-CD34. The cells were incubated against isotype controls in
the dark for 30 min at room temperature. Normal rat IgG peridinin chlorophyll
protein complex was used as an isotype control to differentiate nonspecific
background signals from specific antibody signals. Then, the cells were washed using
2 mL PBS and centrifuged for 5 min at 1500 rpm, and the resulting supernatant was
discarded. The cells were suspended in 0.2 mL of 0.5% paraformaldehyde in PBS.
Fluorescein activated cell sorting [(FACS) Canto, BD, United States)] was used for
acquisition and analysis of CD34 and CD45, and the data were analysed with BD
CellQuestTM Pro version 6.0 software (dot plot). A BD Accuri C6 flow cytometer was
used for the analysis of CD14, CD19, CD44, CD105 and CD90, and the data were
analysed with BD Accuri C6 program software (histogram plot). All these steps were
carried out at the Genetic Department, Children’s Hospital, Mansoura University.

Osteogenic differentiation assay
The in vitro differentiation of BMSCs toward an osteogenic lineage was induced using
an alizarin red assay with an ELISA reader on the 14 th day. The osteogenic
differentiation potential of BMSCs was assessed using a protocol described by Saeed
et al[25].

Seeding of BMSCs on PRF membranes
Using 48-well plates, BMSCs of passage 3 were seeded on PRF pieces at a density of 5
× 103 cells/well. The cells were cultured on the PRF membrane pieces in 200 μL of
DMEM with 5% CO2 at 37 °C in a humidified atmosphere for 3 d. The cultures were
microscopically observed at this stage.

Surgical procedures
Critical-sized bone defects were created in accordance with the method reported by
Zhang et al[26]. Briefly, all rats were anaesthetized by an intraperitoneal injection of 75
mg/kg body weight ketamine and 25 mg/kg body weight xylazine. The operative
areas of all animals were shaved, and the skin covering these regions was scrubbed
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Figure 1 PRF and BMSCs in nutritional media. A: Photographs showing platelet-rich fibrin membrane in nutritional media ready for incubation; B: Photographs
showing a T25 flask containing 1 × 106 of bone marrow-derived stem cells in nutritional media.

thoroughly with povidone-iodine (Betadine). A 1-cm incision above and parallel with
the mandible was made using Bard-Parker No. 15 blade. The lower boundary of the
mandible was exposed by blunt dissection. A bone defect of critical size with a depth
of 2 mm was produced using a 5 mm diameter trephine bur, contiguous with the
inferior border of the mandible and posterior to the incisor (Figure 2A).

Experimental design
In group I, defects were irrigated with saline solution and left empty to serve as
controls. Group II defects were grafted with PRF membrane by which the incubated
PRF membrane was sliced into 5 mm pieces and then carefully placed into the defects
using sterilized scissors. Group III defects were grafted with PRF membrane seeded
with BMSCs. The previously isolated and cultured BMSCs were seeded on PRF
membrane that was sliced into 5 mm segments and placed into the defects. The
surgical area was washed with normal saline, and the two edges of the skin were
sutured using 3/0 silk mounted on a 3/8 half-circle needle. Seven rats from each
group were euthanized at time points of 1, 2 and 4 wk.

Histological analysis
The mandibles were removed, fixed in buffered formalin for 4 h, decalcified in
ethylenediaminetetraacetic acid solution and embedded in paraffin. Serial sections
were cut at 4 µm thickness. Sections of specimens were processed for routine
haematoxylin and eosin (HE) staining, Masson’s trichrome staining (for revealing
collagen fibres and newly formed bone), and CD68 immunohistochemical staining to
detect the number of inflammatory cell infiltrates.

Histomorphometric analysis
Slides stained with Masson’s trichrome were investigated using an Olympus
microscope with a 1/2 photo adaptor. Digital images were captured by a ToupView
digital camera with an objective lens for a magnification of ×4. Seven images with 300
dpi resolution from each group at each time point were digitally analysed with Fiji
Image processing software (https://fiji.sc/). The parameters assessed were the total
tissue area, including unmineralized bone or osteoid area (OA), and granulation
tissue (GT) [27] . To count the number of inflammatory cell infiltrates, VideoTest
Morphology® software (Russia) on an Intel® Core I3® based computer was used for
staining quantification and area measurements of the resultant immunostained
images.

Statistical analysis
Statistical Package for the Social Sciences, version 21.0 (SPSS, IBM Corp., Armonk,
NY, United States) was used for statistical evaluation of the tabulated raw data.
Normality of the distribution was evaluated using the Shapiro–Wilk statistical test,
and homogeneity of variance was tested using Levene’s test. OA, GT, and the number
of inflammatory cell infiltrates were calculated as descriptive values. Two-way
ANOVA was used to determine significant differences between the different groups,
followed by Tukey's post hoc statistical test. Student’s t-test was used to determine
significant differences between the two groups. Mean differences were considered
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Figure 2 CBCT and inverted microscopic imaging. A: CBCT images of critical-sized defects (arrows) in rats' mandibles; B: An inverted light microscopic image of
bone marrow-derived stem cells differentiated in osteogenic medium with mineralized deposits identified by alizarin red staining on the 7th day.

statistically significant at P < 0.05.

RESULTS
Clinical results
Rats generally recovered quickly within 2 d after surgery and returned to their routine
activities, such as grooming, eating and drinking. The rats showed normal chewing
efficiency without any weight loss or postoperative complications at the three
experimental time points.

Osteodifferentiation results
Mineralized nodules were formed and stained with alizarin red within all wells
(Figure 2B).

Flow cytometric analysis for characterization of BMSCs
The results of flow cytometric analysis revealed that surface markers of the BMSCs
were strongly negative for CD34 (6.8%), CD45 (6.8%) and CD19 (2.7%) and
moderately negative for CD14 (48.4%), while their surface markers were positive for
CD44 (59.1%), CD105 (61.4%) and CD90 (74%) (Figure 3), confirming the
immunophenotypic profile of the BMSCs and the adequate collection and isolation of
these cells from bone marrow samples.

HE staining results
One week postoperatively, group I empty bone defects that were irrigated only with
normal saline showed loose connective tissue containing many inflammatory cells
and debris of bone spicules. At 2 wk postoperatively, fibroblast-like cells were
increased in number, and the connective tissue became more organized concomitant
with a decrease in the number of inflammatory cells. Four weeks postoperatively, the
majority of the area of the bone defects remained free of bone and was filled only with
dense connective tissue that contained fewer cells and more collagen fibres with a
very minute amount of newly formed bone limited to the borders of the defects. After
the first postoperative week, the bone defects of group II were filled with connective
tissue of high vascularity consisting of proliferating fibroblasts, newly formed
capillaries and a residual of inflammatory cells. In addition, thin layers of osteoid
were formed at the edges of the defects. At the second postoperative week, newly
formed thin projections of interconnected trabecular bone were formed and extended
from the lateral walls to the central regions of the defects. The GT at the edges of the
defects was markedly decreased. At the fourth postoperative week, the defects
showed thin osteoid bone trabeculae oriented perpendicular to the old bone and
radiated to the centre of the defects with wide bone marrow spaces. In group III, the
bone defects after the first postoperative week showed newly formed thin bone
trabeculae lined by osteoblasts at the borders of the defects and osteoid tissue
formation intermingled with GT with inflammatory cell infiltration in the central area.
At 2 wk postoperatively, there was an increased number of more organized bone
trabeculae with narrow bone marrow spaces. At 4 wk postoperatively, the borders of
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Figure 3 Plots of the flow cytometric analysis of bone marrow-derived stem cells. A: anti-CD14; B: anti-CD19; C: anti-CD44; D: anti-CD34 (FL1-H) and antiCD45 (FL2-H); E: anti-CD105; F: anti-CD90. A, B, C, E, and F are histograms of the relative fluorescence height (FL1-H) of surface markers against cell count, while D
is a dot plot of the relative fluorescence height of the surface marker CD34-PE (FL1-H) against the relative fluorescence height of the surface marker CD45-FITC
(FL2-H).

the bone defects became indistinct and were difficult to differentiate from the original
surrounding bone (Figure 4).

Masson’s trichrome staining results
With Masson’s trichrome staining, the cytoplasm and osteoids are coloured red,
collagen and mineralized bone are coloured blue, and nuclei are stained black to dark
brown. Four weeks postoperatively, the group I bone defects showed a small amount
of loose irregular connective tissue without new bone formation throughout the
whole defect (Figure 5A-C). Engrafting the defects with PRF membranes in the defects
of group II encouraged the formation of bony projections that enlarged to form thin
bone tissue strips in the central area of the bony defect. These centrally located bony
islands were enclosed by dense connective tissue of blue colour. The bone defects
revealed intimate integration of newly formed osteoid tissue with the old mature
lamellar bone, characterized by more red-stained newly formed osteoid tissue and
deep blue-stained mineralized areas (Figure 5D-F). A marked increase in the amount
of new bone formation was observed after the fourth postoperative week in group III,
which was treated with both PRF membrane and BMSCs. The development of highquality lamellar mature bone was clearly observed at 4 wk postoperatively, and the
defect was ultimately occupied with bone (Figure 5G-I).
Two-way ANOVA of the mean values of OA (Figure 6) and the amount of GT
(Figure 6) revealed significant differences between different time points (P < 0.05) and
different groups (P < 0.05) and a significant interaction of time and group (P < 0.05).
After weeks 1, 2, and 4, group III exhibited the highest mean values of OA (0.18 ± 0.04,
0.40 ± 0.02 and 0.88 ± 0.02, respectively), whereas group I exhibited the lowest mean
values at the same time points (0.01 ± 0.00, 0.02 ± 0.00 and 0.02 ± 0.00, respectively).
The mean values of OA in group II after weeks 1, 2, and 4 were 0.10 ± 0.02, 0.22 ± 0.04
and 0.60 ± 0.02, respectively (Table 1). After weeks 1, 2 and 4, the mean values of the
amount of GT in group III were 0.88 ± 0.02, 0.60 ± 0.03 and 0.12 ± 0.02, respectively,
whereas mean values of GT in group I after the same time points were 0.03 ± 0.00, 0.05
± 0.00 and 0.20 ± 0.02, respectively. The mean values of GT after weeks 1, 2 and 4 in
group II were 0.90 ± 0.03 and 0. 88 ± 0.03 and 0.40 ± 0.02, respectively (Table 2).
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Figure 4 Hematoxylin and eosin staining. A-C: Decalcified 4-µm thick sections showing the empty bone defect area of group I at 1, 2 and 4 wk; D-F: the bone
defect area of group II grafted with rich fibrin membrane at 1, 2 and 4 wk; G-I: the bone defect area of group III grafted with platelet-rich fibrin membrane and seeded
with bone marrow-derived stem cells at 1, 2 and 4 wk. Black arrowheads (osteoid bone); red arrowheads (granulation tissue).

Tukey's post hoc test revealed significant differences in OA between groups I and II,
groups I and III and groups II and III at each examination time point. The statistical
test revealed significant differences in the amount of GT between groups I and II,
groups I and III and groups II and III at 2 and 4 wk. At the 1-wk examination, no
significant difference was found between groups II and III, whereas significant
differences were found between groups I and II and groups I and III. Student’s t-test
revealed significant differences in the mean OA between 1 and 2 wk, 1 and 4 wk and 2
and 4 wk for group II and group III but no significant differences between these time
points for group I. Significant differences were found in the amount of GT between 1
and 4 wk and 2 and 4 wk for groups I, II and III. No significant differences were found
between 1 and 2 wk for groups I and II, while a significant difference was found for
group III (Tables 1 and 2).

Immunohistochemical results
According to CD68 immunostaining, the bone defects of group I at the 4th week
showed intense positive immune reactivity to CD68. The GT of group II at the 4th
week showed moderate immune reactivity to the CD68 antibody. The bone defects of
group III at the 4 th week showed negativity for the immune reaction after the
formation of large bone trabeculae. Two-way ANOVA of the number of inflammatory
cell infiltrates (Figure 6) revealed a significant difference between different time
points (P < 0.05) and groups (P < 0.05) and a significant interaction of time and group
(P < 0.05). The highest mean values of CD68-immunostained inflammatory cells were
found in group I, which corresponded to 29.22 ± 2.53, 15.62 ± 1.09 and 4.82 ± 0.08 at
weeks 1, 2, and 4, respectively. The lowest mean values of CD68-immunostained
inflammatory cells were found in group III, which were 19.04 ± 0.95, 8.13 ± 0.13, and
0.29 ±0.03 at weeks 1, 2, and 4, respectively. The mean values in group II were 23.57 ±
1.08, 9.92 ± 1.07 and 3.09 ± 0.07 at weeks 1, 2, and 4, respectively (Table 3, Figure 7).
Tukey's post hoc test revealed significant differences in CD68-immunostained
inflammatory cells between groups I and II, groups I and III and groups II and III at
each examination time point. Student’s t-test for the mean values of CD68
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Figure 5 Masson’s trichrome staining. A-C: Decalcified 4-µm thick sections showing the empty bone defect area of group I at 1, 2 and 4 wk; D-F: the bone defect
area of group II grafted with rich fibrin membrane at 1, 2 and 4 wk; G-I: the bone defect area of group III grafted with platelet-rich fibrin membrane and seeded with
bone marrow-derived stem cells at 1, 2 and 4 wk. Green arrowheads (osteoid bone); yellow arrowheads (granulation tissue).

immunostained inflammatory cells revealed significant differences between 1 and 2
wk, 1 and 4 wk and 2 and 4 wk for each group (Table 3).

DISCUSSION
Bone healing depends on the coordinated action of several cell types and a cascade of
biological events. Bone healing is an extremely complex process and has been
considered a major medical concern[28]. The current study evaluated the efficacy of
BMSCs seeded on PRF membrane in comparison with PRF membrane alone for the
treatment of critically sized mandibular defects in a rat model. The HE staining results
revealed that the bone defects of group II grafted with PRF membranes exhibited
faster GT formation and more newly formed osteoid tissue than the bone defects of
group I that were irrigated with normal saline. These results are in accordance with
those of He et al[29], who reported that PRF membranes released autologous and
multiple growth factors that gradually induced a more durable and stronger effect on
the differentiation and proliferation of rat osteoblasts. Usage of the PRF membrane
appears to be a highly favourable approach for improving bone healing in a
manageable and reasonably long-term effect.
The slow and natural polymerization that occurs during centrifugation of PRF
leads to the development of a fibrin network with a consistent 3-dimensional pattern.
Massive platelet activation occurs as a consequence of the absence of anticoagulant in
the test tube. The structural configuration of PRF with progressive polymerization
significantly increases the incorporation of circulating intrinsic cytokines into the
fibrin meshes. This configuration implies an increase in the lifespan for these
cytokines, as they will be released and used only at the time of initial cicatricial
remodelling[30].
The present study reports that group III, which was treated with a combination of
BMSCs and PRF membrane, exhibited faster healing of bone defects than group II,
and thus, this combination could be used to repair alveolar bone defects without the
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Table 1 Two-way ANOVA for the amount of osteoid area (%) and the significance of comparisons
mean ± SD

Student t-test (P value)

Groups

Two-way ANOVA (P value)
Week 1

Week 2

Week 4

1×2

1×4

2×4

I

0.01 ± 0.00

0.02 ± 0.00

0.02 ± 0.00

P > 0.05

P > 0.05

P > 0.05

II

0.10 ± 0.02

0.22 ± 0.04

0.60 ± 0.02

P < 0.05

P < 0.05

P < 0.05

III

0.18 ± 0.04

0.40 ± 0.02

0.88 ± 0.02

P < 0.05

P < 0.05

P < 0.05

P < 0.05

Tukey's test (P value)
I × II

P < 0.05

P < 0.05

P < 0.05

I × III

P < 0.05

P < 0.05

P < 0.05

II ×III

P < 0.05

P < 0.05

P < 0.05

need for exogenous scaffolds or additional growth factors. These results are in
accordance with those of Chen et al[31], who reported that PRF membrane stimulates
the proliferation of BMSCs and improves osteogenic capacity in vivo and in vitro more
than PRF membrane alone. In addition, Gassling et al[32] evaluated the use of PRF
membranes as scaffolds for periosteal tissue engineering and compared the in vitro
biocompatibility and effects of both PRF membranes and collagen membranes on the
proliferation of periosteal stem cells. They found that the PRF membrane is preferable
to collagen as a scaffold material for human periosteal cell proliferation and is a
suitable candidate for the in vitro cultivation of periosteal cells for engineering bony
tissues.
The seeding of BMSCs on PRF membranes for topical engraftments in bone defects
was performed in accordance with the report of Knapen et al[33], who found that the
PRF membrane has no limited effect on the quantity, quality and kinetics of bone
regeneration. This result could be attributed to the early engraftment of the PRF
membrane at the time of surgery, when neither osteoblast precursors nor connectivevascularized tissue are yet available on site. In addition, the use of autologous PRF
membranes seeded with BMSCs in alveolar bone defects is beneficial for organizing
formative cells (especially osteoblasts) and promoting neovascularization with more
rapid and faster apposition of bone matrix[34].
These results were supported by the increase in the amount of trabecular bone with
more extended trabecular width and cortical width and the greater number of
osteoblasts, osteocytes and blood vessels in the bone defects in group III than in group
I and group II. These results were in accordance with Simonpieri et al [35] , who
explained that the PRF membrane can integrate with the fibrin network and facilitate
cellular migration and angiogenesis.
The statistical analysis of the histomorphometric results, namely, the amount of GT
and osteoid tissue formation, revealed that the use of PRF membranes seeded with
BMSCs not only enhanced new bone formation but also decreased the amount of GT
formation. These results are in accordance with those of Yuanzheng et al[22], who used
a combination of PRF membranes and BMSCs to enhance osteointegration of
autologous iliac bone grafts in dogs and reported that complete healing was achieved
according to histologic and histomorphometric analysis of the specimens.
In the current work, the statistical results of the immunohistochemical analysis of
the presence of macrophages in bony defects suggested that the bone defects of group
I showed the highest degree of early macrophage presence in the first week,
compared with the other two groups. The obvious presence of macrophages in group
III decreased markedly by the end of the 4th week, while the other groups showed
higher levels of macrophages. Our results were in accordance with those of Andrew et
al[36], who reported that macrophages present in wound sites increase during the early
differentiation of osteoblasts and decrease during bone formation. Macrophages are
important angiogenic effector cells that produce a number of growth inhibitors,
stimulators and proteolytic enzymes that have the capacity to modulate new vessel
formation[37].
Compared with the results of a study performed by Alge et al[38], flow cytometric
analysis of the surface markers used in the present study showed a higher profile in
the negativity of CD34 and CD45 and a lower profile in the positivity of CD14, CD19,
CD44, CD105, and CD90. These features may be attributed to the differences in
medium composition, cell seeding density, and oxygen partial pressure, as these
conditions influence cell phenotype.
Within the limitations of the current animal model and the present findings, we
reject the null hypothesis and conclude that bone regenerative quality was better
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Table 2 Two-way ANOVA for the amount of granulation tissue (%) and the significance of comparisons
Groups

mean ± SD

Student t-test (P value)
Two-way ANOVA (P value)

Week 1

Week 2

Week 4

1×2

1×4

2×4

I

0.03 ± 0.00

0.05 ± 0.00

0.20 ± 0.02

P > 0.05

P < 0.05

P < 0.05

II

0.90 ± 0.03

0. 88 ± 0.03

0.40 ± 0.02

P > 0.05

P < 0.05

P < 0.05

III

0.88 ± 0.02

0.60 ± 0.03

0.12 ± 0.02

P < 0.05

P < 0.05

P < 0.05

P < 0.05

Tukey's test (P value)
I × II

P < 0.05

P < 0.05

P < 0.05

I × III

P < 0.05

P < 0.05

P < 0.05

II x× III

P > 0.05

P < 0.05

P < 0.05

promoted with the use of PRF membranes seeded with BMSCs than with PRF
membranes alone in critically sized bone defects in rats. However, further long-term
and large-scale in vivo studies are necessary to verify our results in terms of
determining the most suitable method for PRF membrane application and the
adequate number of BMSCs for treating critical-sized mandibular defects. Moreover,
more in-depth studies are needed to identify how the presence of BMSCs contributes
to more effective bone regeneration in the presence of PRF and whether BMSCs
improve growth factor release from the PRF membrane or excrete other factors that
synergistically promote bone regeneration.
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Table 3 Two-way ANOVA for the number of CD68 positively stained cells and the significance of comparisons
mean ± SD

Student t-test (P value)

Groups

Two-way ANOVA (P value)
Week 1

Week 2

Week 4

1×2

1×4

2×4

I

29.22 ± 2.53

15.62 ± 1.09

4.82 ± 0.08

P < 0.05

P < 0.05

P < 0.05

II

23.57 ± 1.08

9.92 ± 1.07

3.09 ± 0.07

P < 0.05

P < 0.05

P < 0.05

III

19.04 ± 0.95

8.13 ± 0.13

0.29 ±0.03

P < 0.05

P < 0.05

P < 0.05

P < 0.05

Tukey's test (P value)
I × II

P < 0.05

P < 0.05

P < 0.05

I × III

P < 0.05

P < 0.05

P < 0.05

II × III

P < 0.05

P < 0.05

P < 0.05

Figure 6

Figure 6 Mean values of osteoid area, granulation tissue and CD68 positively stained cells. A: Bar charts of the mean values and standard deviations of osteoid
bone; B: Amount of granulation tissue; C: Number of CD68 positively stained cells.
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Figure 7

Figure 7 Photomicrograph of bone cavities of different groups at 1, 2 and 4 wk showing different immune reactivity to CD68 antibody. A-C: Group I; D-F:
Group II; G-I: Group III.

ARTICLE HIGHLIGHTS
Research background
Regeneration of critical-sized bone defects remains a major clinical problem in the field of
orthopaedic surgery, and therefore, novel treatment methods must be developed. Currently, the
management of such defects mainly depends on the use of autologous bone grafts. However,
complications such as donor site morbidity drive us to find other lines of treatments.

Research motivation
To investigate whether allogenic bone marrow-derived stem cells (BMSCs) seeded on plateletrich fibrin (PRF) membranes have the ability to regenerate critical-sized mandibular defects in
rats and, therefore, whether this combination therapy is a suitable approach for developing a
new line of treatment for such bony defects.

Research objectives
The objectives of the present study were to create critical-sized mandibular defects, to seed
BMSCs on PRF membranes, to fill these defects with the combination therapy, and finally, to
assess the possible regenerative effect of PRF membranes with or without allogeneic BMSCs on
such bony defects in rat models.

Research methods
We induced critically sized defects and treated these defects with a combined therapy, followed
by performing histological and immunohistochemical analyses. The data of the
histomorphometric analysis were statistically analysed.

Research results
The percentage area of newly formed bone was significantly higher in the defects treated with
the combined therapy than in the defects treated with the PRF membrane alone and untreated
defects. However, the amount of granulation tissue formation and the number of inflammatory
cells were lower in the defects treated with the combined therapy than in the defects treated with
the PRF membrane alone.

Research conclusions
The combined therapy of BMSCs and PRF membrane showed a regenerative effect in critically
sized bone defects and may represent a potential therapeutic alternative for bone regeneration.
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Research perspectives
Based on our results, we believe that BMSCs seeded on platelet-rich plasma could be clinically
applied for treating critically sized bone defects and promoting wound regeneration in the
future.
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Abstract
BACKGROUND
Recently, the exclusive use of mesenchymal stem cell (MSC)-secreted molecules,
named as the secretome, have been evaluated for overcoming the limitations of
cell-based therapy while maintaining its advantages.
AIM
To improve cell-free therapy by adding disease-specificity through stimulation of
MSCs using disease-causing materials.
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METHODS
We collected the secretory materials (named as inducers) released from AML12
hepatocytes that had been pretreated with thioacetamide (TAA) and generated
the TAA-induced secretome (TAA-isecretome) after stimulating adipose-derived
stem cells with the inducers. The TAA-isecretome was intravenously
administered to mice with TAA-induced hepatic failure and those with partial
hepatectomy.
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TAA-isecretome infusion showed higher therapeutic potential in terms of (1)
restoring disorganized hepatic tissue to normal tissue; (2) inhibiting
proinflammatory cytokines (interleukin-6 and tumor necrosis factor-α); and (3)
reducing abnormally elevated liver enzymes (aspartate aminotransferase and
alanine aminotransferase) compared to the naïve secretome infusion in mice with
TAA-induced hepatic failure. However, the TAA-isecretome showed inferior
therapeutic potential for restoring hepatic function in partially hepatectomized
mice. Proteomic analysis of TAA-isecretome identified that antioxidant processes
were the most predominant enriched biological networks of the proteins
exclusively identified in the TAA-isecretome. In addition, peroxiredoxin-1, a
potent antioxidant protein, was found to be one of representative components of
TAA-isecretome and played a central role in the protection of TAA-induced
hepatic injury.
CONCLUSION
Appropriate stimulation of adipose-derived stem cells with TAA led to the
production of a secretome enriched with proteins, especially peroxiredoxin-1,
with higher antioxidant activity. Our results suggest that appropriate stimulation
of MSCs with pathogenic agents can lead to the production of a secretome
specialized for protecting against the pathogen. This approach is expected to
open a new way of developing various specific therapeutics based on the high
plasticity and responsiveness of MSCs.
Key words: Adipose-derived stem cells; Disease-specificity; Mesenchymal stem cells;
Secretome; Peroxiredoxin-1; Thioacetamide; Toxic hepatic failure
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Appropriate stimulation of adipose-derived stem cells with thioacetamide
(TAA) led to the production of a secretome enriched with proteins, especially
peroxiredoxin-1, with higher antioxidant activity. Free radicals are principal pathogenic
agents in the pathogenesis of TAA-induced hepatic injury. The TAA-induced secretome
was superior to the naïve secretome in restoring hepatic function while minimizing
inflammatory processes in mice with TAA-induced hepatic failure. However, it was less
effective in the mice with partial hepatectomy, suggestive of disease-specificity. Our
results suggest that appropriate stimulation of adipose-derived stem cells with pathogenic
agents can lead to the production of a secretome specialized for protecting against the
pathogen.

Citation: Kim OH, Hong HE, Seo H, Kwak BJ, Choi HJ, Kim KH, Ahn J, Lee SC, Kim SJ.
Generation of induced secretome from adipose-derived stem cells specialized for diseasespecific treatment: An experimental mouse model. World J Stem Cells 2020; 12(1): 70-86
URL: https://www.wjgnet.com/1948-0210/full/v12/i1/70.htm
DOI: https://dx.doi.org/10.4252/wjsc.v12.i1.70

INTROCUCTION
For several decades, numerous efforts have been made to harness the potential of
mesenchymal stem cells (MSCs) for biotherapeutic applications. MSCs have a variety
of advantages, including high availability, ease of isolation and expansion, functional
plasticity, and low immunogenicity[1-3]. Although application of MSCs has shown
promising preclinical and clinical outcomes, their clinical applications remain
challenging, possibly because of their genetic instability during in vitro expansion,
poor growth kinetics, early senescence, and particularly the potential for malignant
transformation[4-9].
Recently, the exclusive use of MSC-secreted molecules rather than the cells alone
has gained attention for overcoming the limitations of cell-based therapy while
maintaining its advantages. The total set of molecules secreted or surface-shed by cells
is generally referred to as the secretome. The secretome includes bioactive peptides,
such as cytokines, chemokines, and growth factors [10,11] . Accumulating evidence
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supports that the principal action mechanism of MSCs is secretome-mediated[10,12-14].
These soluble factors are released from MSCs either alone or in extracellular vesicles
(EVs). Therefore, using these cell-free products may indeed represent an alternative to
therapies based on cell transplantation.
The composition of the secretome is influenced by various external factors,
including the cell source, type of culture media, culturing period, and preconditioning
treatment. Therefore, one can use a secretome therapeutically either without
manipulation or by manipulating MSCs to release specific secretome components. The
latter includes (1) adjustments to the physicochemical environment during secretome
preparations; and (2) development of genetically-engineered MSCs. We previously
validated the amplified therapeutic potential of adipose-derived stem cell (ASC)secretome by physicochemically controlling the secretome-obtaining process, such as
hypoxic preconditioning[15,16] or using an endotoxin (lipopolysaccharide)[17].
Interestingly, proteomic analysis of EVs obtained from hepatocytes exposed to liver
toxins revealed that they contained higher levels of vital liver-specific proteins, such
as carbamoyl phosphate synthetase 1, S-adenosyl methionine synthetase 1, and
catechol-O-methyltransferase[18,19]. This suggests that MSCs can be induced to generate
a specialized secretome customized to a specific disease. We herein defined induced
secretome (isecretome) as the secretome released from MSCs that had been stimulated
by disease-causing materials to treat the specific disease. Thioacetamide (TAA) is a
well-known hepatotoxin. In this study, we attempted to validate the higher
therapeutic effects of the secretome induced by TAA (TAA-isecretome) compared to
the naïve secretome, specifically in mice with TAA-induced hepatic failure. If the
superiority of an isecretome over a naïve secretome is demonstrated, it could provide
a foundation for producing a disease-specific isecretome applicable to specific
diseases.

MATERIALS AND METHODS
Cell culture
The AML12 mouse hepatocyte cell line was obtained from American Type Culture
Collection (ATCC; Manassas, VA, United States). AML12 cells were maintained in
DMEM/F12 (Dulbecco's Modified Eagle Medium/Ham's F-12; Thermo, Carlsbad,
CA, United States). The medium was supplemented with 10% FBS (fetal bovine
serum; GibcoBRL, Carlsbad, CA, United States), 1% antibiotics (Thermo), 1x ITS
supplement (Insulin-Transferrin-Selenium-G supplement; Invitrogen, Carlsbad, CA,
United States), and 40 ng/ml dexamethasone (Sigma-Aldrich, St. Louis, MO, United
States) at 37 °C. Human ASCs were kindly donated by Hurim BioCell Co. (Seoul,
South Korea). ASCs were cultured in MesenPRO RS basal medium (GibcoBRL)
supplemented with antibiotics (Penicillin-streptomycin; GibcoBRL) at 37 °C.

Preparation of the secretome released from ASCs
After reaching 70%–80% confluence, ASCs were refed with serum free DMEM lowglucose medium (Thermo Fisher Scientific, Waltham, MA, United States) at 37 °C
under 5% CO2. The conditioned media (CM) obtained from each set of ASCs were
concentrated by 25-fold using ultrafiltration units (Amicon Ultra-PL 3; Millipore,
Bedford, MA, United States) with a 3-kDa cutoff. The concentrated CM, which had
been attained from TAA-untreated, TAA-treated, and pcDNA-HBx[20] transfected
culturing conditions, was named as CM (or control secretome), TAA-induced CM
(TAA-iCM, representing the TAA-isecretome), and HBx-induced CM (HBx-iCM),
respectively.

Cell proliferation assay
Cell proliferation was evaluated with 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4disulfophenyl)-2H-tetrazolium (water soluble tetrazolium salt, WST-1) assay using
EZ-Cytox Cell Proliferation Assay kit (Itsbio, Seoul, South Korea) according to the
manufacturer’s instruction. Absorbance was measured at 450 nm using the microplate
reader (model 680; Bio-Rad, Hercules, CA, United States)[16].

Western blot analysis
AML12 cells and liver specimens obtained from mice were lysed using the EzRIPA
Lysis kit (ATTO Corporation; Tokyo, Japan) and quantified by Bradford reagent (BioRad). Proteins were visualized by western analysis using the following primary
antibodies (1:1000 dilution) at 4 °C overnight and then with horseradish (HRP)conjugated secondary antibodies (1:2000 dilution) for 1 h at 25 °C [16] . From Cell
Signaling Technology (Beverly, MA, United States), we obtained primary antibodies
against BAX (Bcl-2-like protein 4), BIM (Bcl-2-like protein 11), GPx (glutathione
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peroxidase), HGF (hepatocyte growth factor), Mcl-1 (myeloid cell leukemia 1), PARP
(poly ADP-ribose polymerase), PCNA (proliferating cell nuclear antigen), p-ERK
(phosphorylated extracellular signal-regulated kinase), p-STAT3, SOD (superoxide
dismutase), STAT3 (signal transducer and activator of transcription 3), VEGF
(vascular endothelial growth factor), c-caspase-3 (cleaved caspase 3), fibronectin,
F4/80, p-ERK, β-actin, and HRP-conjugated secondary antibody. Specific immune
complexes were detected using the Western Blotting Plus Chemiluminescence
Reagent (Millipore, Bedford, MA, United States).

Animals and study design
Eight-week-old male BALB/c mice (Damool Science, Daejeon, South Korea) were
used in this study. Animal studies were carried out in compliance with the guidelines
of the Institute for Laboratory Animal Research, Korea (IRB No: CMCDJ-AP-2016001). We compared the effects of the TAA-isecretome in an in vivo model of TAAinduced hepatic failure. The in vivo model was generated by subcutaneous injection of
TAA (300 mg/kg, 24 h intervals for 2 d) into experimental mice. Subsequently, control
mice and TAA-treated mice were intravenously (using tail vein) infused with normal
saline (n = 15), CM (n = 15), and TAA-iCM (n = 15). An in vivo model of 70% partial
hepatectomy was performed (n = 12)[21].

Serology test and enzyme-linked immunosorbent assay
Blood samples were collected from each mouse, centrifuged for 10 min at 9500 g, and
serum was collected. We measured the concentrations of markers for liver injury and
kidney injury, such as aspartate transaminase, alanine transaminase, and creatine,
using an IDEXX VetTest Chemistry Analyzer (IDEXX Laboratories, Inc., Westbrook,
ME, United States). The concentrations of mouse IL-6 and tumor necrosis factor
(TNF)-α were measured by sandwich enzyme-linked immunosorbent (ELISA) assay
(Abcam, Cambridge, United Kingdom) according to the manufacturer’s instructions.

Histological assessment of mouse specimens
Mouse livers and kidneys from each group were fixed in 10% buffered formalin,
embedded in paraffin, and sectioned at 4 µm thickness. Tissue sections were stained
with hematoxylin and eosin. The scores for the severity of liver and kidney injury
were as follows: 1 (normal); 2 (mild injury); 3 (moderate injury); and 4 (severe injury).
Three liver sections were examined per mouse, and three randomly selected highpower fields (40x) were analyzed for each liver section. The mean score for each
animal was determined by summing all scores.

Immunohistochemistry staining
For immunohistochemical analysis, formalin-fixed, paraffin-embedded tissue sections
were deparaffinized, rehydrated in an ethanol series, and subjected to epitope
retrieval using standard procedures. Antibodies against CD68, PECAM (platelet
endothelial cell adhesion molecule), and albumin (Cell Signaling Technology,
Danvers, MA, United States) were used for immunochemical staining. The samples
were then examined under a laser-scanning microscope (Eclipse TE300; Nikon, Tokyo,
Japan) to analyze the expression of CD68, PECAM, and albumin.

Liquid chromatography–mass spectrometry/mass spectrometry on the Q-Exactive
Plus mass spectrometry
All digested peptides were separated and identified using online nano liquid
chromatography and analyzed by electrospray tandem mass spectrometry. For
peptide identification, MS/MS spectra were searched by MASCOT (Matrix science,
version 2.41) [22] . The genome sequence of the Uniprot_Human was used as the
database for protein identification. To predict affected pathways among the
differentially expressed genes, gene ontology (GO) enrichment analysis were
performed using DAVID (http://david.abcc.ncifcrf.gov/).

Statistical analysis
Statistical analyses were performed with SPSS 11.0 software (SPSS Inc., Chicago, IL,
United States) and SigmaPlot® ver. 12.0 (Systat Software Inc., Chicago, IL, United
States). The data are presented as mean ± SD. Statistical comparison among groups
was determined using Kruskal–Wallis test followed by Dunnett’s test as the post hoc
analysis. Probability values of P < 0.05 were regarded as statistically signiﬁcant.
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RESULTS
Generation of an isecretome specialized for recovering TAA-induced toxic hepatic
failure
Figure 1A shows the concept of generating the TAA-isecretome for treating TAAinduced hepatic failure. We first determined the TAA concentration required to
produce the TAA-isecretome. To achieve this, we investigated AML12 cell
proliferation and the expression of proliferation intermediates (PCNA, p-STAT3, and
STAT3) in AML12 cells at different TAA concentrations (Figure 1B and 1C). We found
that 0.25 mmol/L TAA was appropriate because it moderately increased proliferation
intermediates without significantly decreasing cell viability. We named the secretory
materials released from TAA-treated AML12 cells as “inducer.”
Next, we examined the dilution rate of inducers that maximizes the expression of
the proliferation markers (PCNA, p-ERK, p-STAT, and HGF) in ASCs. Of the tested
dilution rates (1:100, 1:500, and 1:1000), 1:1000 maximally induced the expression of
these markers (Figure 1D).

Determination of in vitro effects of TAA-isecretome
Next, we evaluated the effects of the TAA-isecretome in an in vitro model of TAAinduced hepatic failure. We found that 50 mM TAA was effective for generating the in
vitro model of TAA-induced hepatic failure based on the results of cell viability assay
and western blot analyses (Figure 2A and 2B). Briefly, we named the secretome
obtained from 48 h of incubation of ASCs as CM (normal conditioned media) and that
used to generate the TAA-isecretome as iCM (induced conditioned media). We then
treated normal and TAA-treated hepatocytes with CM and iCM, respectively. Cell
viability tests showed that iCM-treated hepatocytes had the highest cell viability in
both normal and TAA-treated hepatocytes (Figure 2C). Additionally, iCM-treated
hepatocytes showed the highest expression of markers reflecting liver regeneration
(HGF, VEGF, PCNA, and p-ERK) and lowest expression of markers reflecting
apoptosis and inflammation (PARP, BIM, BAX, and F4/80) by western blot analysis
(Figure 2D).

Determination of in vivo effects of isecretome and comparison of systemic markers
after each treatment
We then compared the effects of the TAA-isecretome in an in vivo model of TAAinduced hepatic failure. The in vivo model was generated by subcutaneous injection of
TAA (300 mg/kg, 24-h intervals for 2 d) into experimental mice. Subsequently, control
mice and TAA-treated mice were intravenously (using tail vein) infused with normal
saline, CM, and iCM (Figure 3A). At 48 h after treatment, the mice were euthanized,
and the specimens were investigated. Serologic tests showed that among these
groups, iCM administration showed the greatest effects in lowering the serum levels
of aspartate transaminase, alanine transaminase, and creatinine in TAA-treated mice
(Figure 3B). Similarly, ELISA showed that iCM administration decreased the serum
levels of IL-6 and TNF-α in TAA-treated mice more than in the other groups (Figure
3C).

Comparison of markers reflecting liver regeneration and inflammation in liver
specimens of each group
We performed western blot analysis to compare the expression of various markers
reflecting liver regeneration and inflammation in the liver specimens of each group.
iCM infusion caused the highest expression of PCNA, p-ERK, p-STAT, and
fibronectin in both control livers and those of TAA-treated mice (Figure 4A).
Additional western blot analysis showed that iCM infusion most significantly
increased the expression of antioxidant enzymes (SOD, catalase, and GPx), and an
antiapoptotic protein (Bcl-xL) and most significantly decreased the expression of
proapoptotic proteins (c-caspase-3 and Bax) (Figure 4B and 4C).
iCM infusion most significantly decreased both liver-damage and kidney-damage
scores that had been calculated based on hematoxylin and eosin staining (Figure 5A).
Further, immunohistochemical staining showed that iCM infusion most significantly
decreased the expression of inflammatory markers (CD68 and PECAM) and most
significantly increased the expression of albumin (Figure 5B).

Validation of disease-specificity of isecretome and analysis of their contents
To validate disease-specific effectiveness of the TAA-isecretome, we intravenously
infused the TAA-isecretome into another model of liver injury, a mouse model of 70%
partial hepatectomy. At 2 d after infusion, the mice were euthanized, and the
specimens were investigated. Western blot analysis revealed that CM infusion, rather
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Figure 1 Generation of thioacetamide-induced secretome specialized for thioacetamide-induced toxic hepatic failure. A: Basic concept of induced secretome
(isecretome) conditioned media-based therapy. Induced secretome conditioned media therapy utilizes the mesenchymal stem cell ability to generate diseaseprotecting materials for specific pathogens. After identifying disease-causing materials (TAA), mouse hepatocytes were treated with TAA, and then secretary proteins
(inducers) were collected. The inducers were utilized to induce adipose-derived stem cells to release the TAA-induced secretome; B: AML12 cell proliferation assay
according to TAA concentrations. No significant changes in the range of tested concentrations were found; C: Western blotting showing the expression of proliferation
markers in AML12 cells according to TAA concentrations. We determined that 0.25 mmol/L TAA was an “inducer” of adipose-derived stem cells because it moderately
increased proliferation marker expression without reducing proliferation; D: Western blotting to determine dilution rate of inducers that maximized the expression of
markers related to liver regeneration in adipose-derived stem cells. A dilution rate of 1000-fold maximally induced marker expression. Values are presented as mean ±
SD of three independent experiments. aP < 0.05. PCNA: Proliferating cell nuclear antigen; p-ERK: Phosphorylated extracellular signal-regulated kinases; p-STAT3:
Phosphorylated signal transducer and activator of transcription 3; TAA: Thioacetamide; ASCs: Adipose-derived stem cells.

than TAA-iCM infusion, induced higher expression of proliferation markers (p-ERK
and PCNA) and an antiapoptotic marker (Mcl-1) as well as lower expression of a
proapoptotic marker (Bax). (Figure 6A). Taken altogether, the TAA-isecretome had
the best proliferative and anti-inflammatory effects, particularly in TAA-induced
hepatic failure, indicating the potential for disease-specific treatment.
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Figure 2

Figure 2 Determination of in vitro effects of thioacetamide-induced secretome. A, B: Cell proliferation test (A) and western blotting (B) of AML12 cells to
determine TAA concentration for generating an in vitro model of TAA-induced hepatic failure. A TAA concentration of 50 mM was used for TAA-induced hepatocytes;
C, D: Effects of the TAA-induced secretome on the in vitro model of TAA-induced hepatic failure. Cell proliferation test (C) demonstrated that induced conditioned
media-treated hepatocytes showed the highest cell proliferation in both normal and TAA-treated hepatocytes. In western blot analysis (D), induced conditioned mediatreated hepatocytes showed the highest expression of liver regeneration markers and lowest expression of apoptosis and inflammation markers. Values are presented
as mean ± SD of three independent experiments. aP < 0.05; cP < 0.05 vs media; eP < 0.05 between conditioned media and induced conditioned media. Bax: Bcl-2-like
protein 4; BIM: Bcl-2-like protein 11; Ct: Control; iCM: Induced secretome group of which components were the TAA-induced secretome; HGF: Hepatocyte growth
factor; M: Media group of which components were commercialized conditioned media; Mcl-1: Myeloid cell leukemia 1; CM: Normal conditioned media group of which
components were the naïve secretome; PARP: Poly adenosine diphosphate-ribose polymerase; PCNA: Proliferating cell nuclear antigen; p-ERK: Phosphorylated
extracellular signal-regulated kinases; p-JNK: Phosphorylated Jun N-terminal kinase; TAA: Thioacetamide; VEGF: Vascular endothelial growth factor.

Various sets of isecretome specialized for individual diseases can be produced
using corresponding disease-causing materials. We additionally generated an HBxisecretome (HBx-iCM) using hepatitis X antigens as inducer and compared the
components of the CM, TAA-iCM, and HBx-iCM using liquid chromatography–mass
spectrometry (LC/MS). Of the total proteins identiﬁed in the CM, TAA-iCM, and
HBx-iCM, 32 secretory proteins were quite different according to each secretome
(Figure 6B). Of them, we further investigated ten proteins that had been identified in
TAA-iCM, but not in the CM. To predict affected pathways among the differentially
expressed genes of the ten proteins, GO enrichment analysis were performed using
DAVID (http://david.abcc.ncifcrf.gov/). GO enrichment analysis identified 19
enriched biological networks of the 10 proteins that had been exclusively identified in
TAA-isecretome. Of the 19 enriched biological networks, the two most prominent
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Figure 3

Figure 3 Animal study design and comparison of systemic effects in each group. A: Animal study design. Control mice and TAA-treated mice were
intravenously (using tail vein) infused with normal saline, conditioned media (CM), and induced CM (iCM); B: Serology tests of aspartate transaminase, alanine
transaminase, and creatinine in TAA-treated mice. iCM infusion decreased the serum levels of aspartate transaminase, alanine transaminase, and creatinine to the
greatest extent; C: Results of ELISA showing serum levels of inflammatory markers (IL-6 and TNF-α) in each group. iCM administration lowered the serum levels of
IL-6 and TNF-α the most in TAA-treated mice. Values are presented as mean ± SD of three independent experiments. cP < 0.05 vs control (saline); eP < 0.05 between
CM and iCM. ALT: Alanine transaminase; AST: Aspartate transaminase; iCM: Isecretome group of which components were the TAA-induced secretome; NCM:
Normal conditioned media group of which components were the naïve secretome; PECAM: Platelet endothelial cell adhesion molecule; TAA: Thioacetamide.

biological processes were the response to reactive oxygen species and cell redox
homeostasis, all of which were related with antioxidant activity. Of the ten proteins,
peroxiredoxin-1 (Prdx-1) attracted our attention because it is known to have potent
antioxidant activity (Figure 6C).
Prdx-1 exerts its antioxidant activity by catalyzing the reduction of H2O2 and alkyl
hydroperoxide and thus protects cells from the attack of free radicals. Prdx-1 belongs
to the toll-like receptor 4 (TLR4) ligand[23]. We thus compared the expression of a
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Figure 4 Molecular studies validating effects of thioacetamide-induced secretome in the mouse model of thioacetamide-induced hepatic failure. A: Proproliferative actions of the TAA-induced secretome in the mouse model of TAA-induced hepatic failure. Western blot analysis comparing the expression of various
markers reflecting liver regeneration and inflammation in liver specimens of each group. TAA-induced conditioned media infusion induced the highest expression of
PCNA, p-ERK, p-STAT, and fibronectin in both control livers and those of TAA-treated mice; B: Antioxidant actions of TAA-induced secretome in the mouse model of
TAA-induced hepatic failure. Western blot analysis was performed to compare the expression of antioxidant enzymes (SOD, catalase, and GPx) in liver specimens
from each group. The TAA-induced conditioned media infusion group showed the higher expression of antioxidant enzymes in the livers of TAA-treated mice
compared to in the control group; C: Anti-apoptotic actions of the TAA-induced secretome in the mouse model of TAA-induced hepatic failure. TAA-iCM infusion group
showed lower expression of proapoptotic proteins (c-Caspase-3 and Bax) and higher expression of an anti-apoptotic protein (Bcl-xL) in the livers of TAA-treated mice
compared to in the control group. Values are presented as mean ± SD of three independent experiments. cP < 0.05 vs control (saline). Bax: Bcl-2-like protein 4; BclxL: B-cell lymphoma-extra large; c-Cas3: Cleaved caspase-3; GPx: Glutathione peroxidase; iCM: Induced secretome group of which components were the TAAinduced secretome; CM: Normal conditioned media group of which components were the naïve secretome; PCNA: Proliferating cell nuclear antigen; p-ERK:
Phosphorylated extracellular signal-regulated kinases; p-STAT3: Phosphorylated signal transducer and activator of transcription 3; SOD: Superoxide dismutase; TAA:
Thioacetamide.

hepatoproliferative marker (p-ERK) according to the expression of Prdx-1 (Figure 6D).
After treatment with the TAA-iCM, AML2 hepatocytes showed the higher expression
of p-ERK as well as Prdx-1 compared with AML2 cells treated with the CM (P < 0.05).
Subsequently, we compared the efficacy of the TAA-iCM after pre-treatment of
TAK242, a TLR4 inhibitor. Pre-treatment of TAK242 did not only inhibit the
expression of Prdx-1 but also inhibited the expression of p-ERK, the hepatoproliferative marker. Taken altogether, our results suggest that Prdx-1 is one of the
essential components in TAA-iCM and plays a central role in the protection of TAA-
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Figure 5 Various stains validating effects of thioacetamide-induced secretome in the mouse model of thioacetamide-induced hepatic failure. A: TAAinduced conditioned media infusion significantly decreased both liver damage and kidney damage scores calculated based on hematoxylin and eosin staining; B:
Immunohistochemical staining of liver specimens. Immunohistochemical stains showed that TAA-induced conditioned media infusion significantly decreased the
expression of inflammatory markers (CD68 and PECAM) and significantly increased the expression of albumin. Values are presented as mean ± SD of three
independent experiments. cP < 0.05 vs control (saline); eP < 0.05 between conditioned media and induced conditioned media. iCM: Induced secretome group of which
components were the TAA-induced secretome; CM: Normal conditioned media group of which components were the naïve secretome; TAA: Thioacetamide.

induced hepatic injury.

DISCUSSION
In this study, we showed that the TAA-isecretome was superior to the naïve
secretome in restoring hepatic function while minimizing inflammatory processes in
mice with TAA-induced hepatic failure. Specifically, isecretome infusion showed
higher therapeutic potential in terms of (1) Restoring disorganized hepatic tissue to
normal tissue; (2) inhibiting proinflammatory cytokines; and (3) reducing abnormally
elevated liver enzymes compared to naïve secretome infusion. The plasticity of MSCs
in response to specific toxins may have led to the generation and secretion of
protective agents (isecretome) against them. Our proteomic analysis indicated that the
secretome components exhibited considerable differences according to the “inducing
materials.” We expect that clinical application of this concept would be useful for
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Figure 6 Validation of disease specificity and analysis of secretome components. A: Western blot analysis showing effectiveness of the TAA-induced
secretome (isecretome) in partially hepatectomized mice. TAA-induced conditioned media (iCM) infusion was inferior to CM infusion in partially hepatectomized mice,
considering the lower expression of proliferation markers (p-ERK and PCNA), and an anti-apoptotic marker (Mcl-1) and higher expression of a proapoptotic marker
(Bax) following TAA-iCM infusion; B: Heat map generated from label-free liquid chromatography–mass spectrometry for quantitative proteomics reflecting protein
expression values of the secretome, TAA-isecretome, and HBx-isecretome. Samples are arranged in columns and proteins in rows. Red shades indicate increased
expression in samples compared to in control samples; green shades indicate reduced expression; black indicates median expression. Each sample for liquid
chromatography–mass spectrometry was pooled from three samples of the secretome. The components and concentration of various essential proteins varied widely
between iCM and HBx-iCM, validating their specificity. Values are presented as mean ± SD of three independent experiments; C: Gene ontology enrichment analysis
of the ten proteins that had been exclusively identified in the TAA-isecretome. Gene ontology enrichment analysis identified the 19 enriched biological networks of the
10 proteins. Of the 19 enriched biological networks, two of the most prominent biological processes were the response to reactive oxygen species and cell redox
homeostasis, all of which were related to antioxidant activity; D: Peroxiredoxin-1 (Prdx-1) inhibition test. Prdx-1 is one of the potent antioxidant proteins and was found
to be one of ten proteins that had been exclusively identified in the TAA-isecretome. We performed Prdx-1 inhibition test for the determination of the role of Prdx-1 in
the hepatic reparative process. Herein, liver regenerative capacity was estimated by the expression of a hepatoproliferative marker (p-ERK). When treated with the
TAA-iCM, AML2 hepatocytes showed increased expression of p-ERK as well as Prdx-1 compared with AML2 cells treated with the control CM (P < 0.05).
Subsequently, we compared the efficacy of the TAA-iCM after pre-treatment of TAK242, a TLR4 inhibitor. Pre-treatment of TAK242 did not only inhibit the expression
of Prdx-1 but also inhibited the expression of p-ERK, the hepatoproliferative marker, suggesting the hepatoprotective role of Prdx-1 in the liver. cP < 0.05 vs control
(saline); eP < 0.05 between CM and iCM; gP < 0.05 between iCMs with or without TAK242. BIM: Bcl-2-like protein 11; iCM: Isecretome group of which components
were the TAA-induced secretome; HBx-iCM: Isecretome group of which components were the HBx-induced secretome; Mcl-1: Myeloid cell leukemia 1; CM: Normal
conditioned media group of which components were the naïve secretome; PCNA: Proliferating cell nuclear antigen; Prdx-1: Peroxiredoxin-1.

overcoming a variety of diseases for which therapeutics have not been discovered.
Generally, cells have the propensity to protect themselves after exposure to
detrimental stimuli or toxins. Because MSCs are unspecialized cells, they have higher
plasticity and responsiveness than other cell types, i.e. they can either differentiate
into specialized cells or release responsive materials more proficiently than
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differentiated cells depending on the external stimuli. Rodríguez-Suárez et al [18]
investigated the proteome of EVs secreted by primary hepatocytes after exposure to
well-known liver toxins (galactosamine and Escherichia coli-derived lipopolysaccharide). EVs exposed to liver toxins contained higher levels of vital liverspecific proteins, such as carbamoyl phosphate synthetase 1, S-adenosyl methionine
synthetase 1, and catechol-O-methyltransferase compared to control EVs. The
secretome composition is influenced by a variety of external factors, including the cell
source, type of culture media, culturing period, and physicochemical environment.
Vizoso et al[24] classified the external stimuli into four major categories: (1) Hypoxic
preconditioning; (2) Pro-inflammatory stimuli, such as TNF-α, lipopolysaccharide,
toll-like receptor agonists; (3) Three-dimensional growth, such as spheroid culture,
which stimulates trophic factor secretion; and (4) Microparticle engineering, by which
the release of a secretome is manipulated. Using the higher plasticity and
responsiveness of MSCs, we induced a specific secretome specialized for treating a
specific disease.
Whereas the secretome was obtained by nonspecific stimulation, the isecretome
was obtained by using stimuli specific for individual diseases, allowing for diseasespecific therapy. The isecretome for a specific disease is obtained by stimulating MSCs
with specific pathogens involved in the pathogenesis of the disease. This concept is
based on the superior responsiveness and plasticity of MSCs compared to host cells,
which were exploited in several previous studies[25,26]. Prado et al[27] reported the
successful prevention of allergic reaction by intranasal administration of EVs in a
murine model of Ole e 1 (the main allergen of olive tree pollen)-allergic sensitization.
The EVs were first obtained from bronchoalveolar lavage fluid in mice that had been
exposed to Ole e 1. Their favorable results were based on the plasticity of mature
respiratory cells. In contrast, our experiment is based on the plasticity of MSCs that
are far higher than that of mature cells and demonstrated the increased therapeutic
potential.
A prerequisite to obtaining a disease-specific secretome is to determine optimized
conditions under which pathogenic materials appropriately induce MSCs to produce
protective materials. Too strong or too weak stimulation of MSCs is undesirable
because this can lead to either MSC damage or insufficient generation of the
isecretome, respectively. To obtain the TAA-isecretome, we first collected the
secretory materials from hepatocytes after treating the cells with a TAA, which were
named as inducers. We then harnessed ASCs to release the isecretome by treating
ASCs with inducers. For this, we determined (1) the concentration of TAA that both
maximally stimulated and minimally damaged hepatocytes; and (2) the optimal
dilution rate of inducers for harnessing ASCs to release the isecretome with maximal
therapeutic potential. We validated this process by western blot analyses of markers
reflecting the proliferation and apoptosis of cells.
The hepatotoxic effect of TAA is attributed to its metabolic intermediate,
thioacetamide-S-oxide[28]. It is a free radical that binds to hepatic macromolecules,
subsequently leading to necrosis of hepatocytes. Silymarin is one of the best known
hepatoprotective drugs (the mechanism of action is largely dependent on its
antioxidant and free radical scavenging activities)[29]. Throughout LC/MS analysis, we
recognized ten proteins that had been exclusively identified in the TAA-iCM but not
in the CM. GO enrichment analysis of these proteins found that antioxidant processes
were the most predominant enriched biological networks. Of the ten proteins, Prdx-1
attracted our attention because it is known to have potent antioxidant activity.
Prdx-1 is an antioxidant enzyme belonging to the peroxiredoxin family of proteins.
It has excellent antioxidant activity by catalyzing the reduction of H2O2 and alkyl
hydroperoxide and thus protects cells from the attack of free radicals. In an
experiment, Prdx-1 knockdown significantly increased the cellular levels of free
radicals, while Prdx-1 overexpression reversed them[30]. Binding of Prdx-1 to TLR4
induced the release of numerous cytokines and growth factors, such as IL-6, TNF-α,
and VEGF[23,31]. Moreover, we found that the inhibition of TLR4 by TAK242 (a TLR4
inhibitor) led to significant reduction in the expression of p-ERK (a proliferative
marker) as well as Prdx-1. Taken altogether, our results suggest that Prdx-1 is one of
the representative components released from ASCs that had been induced by TAA
and plays a central role in the protection of TAA-induced hepatic injury.
The principle of generating the isecretome is similar to how antibodies against
specific antigens are obtained in serotherapy. In serotherapy, introduction of
attenuated antigens into the host induces the generation of antibodies against these
antigens, which are collected to treat patients suffering from antigen-related disease.
Similarly, in isecretome-based therapy, presensitization of MSCs with pathogens
induced the generation of the secretome including protective agents against
pathogens, which were collected to treat pathogen-causing disease. Because
isecretome therapy provides a disease-specific approach, specific therapeutics can be
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developed based on high plasticity and responsiveness of MSCs. Further studies on
the isecretome are expected to identify therapeutic materials by reproducing the
pathogenesis of a certain disease within MSCs. There are numerous diseases for
which therapeutics have not been developed or are ineffective. We presumed that
MSCs can reproduce the repair materials against certain incurable illnesses when
encountered during pathogenesis. There are two main clinical applications of the
isecretome:1) direct utilization as therapeutic materials and 2) identification of more
specific ingredients as therapeutic materials. The latter is accomplished by proteomic
studies of isecretome components. Using isecretome-based technology, we could
build “biological drug factories” based on the plasticity of MSCs that produce
therapeutic materials from MSCs.
In conclusion, we showed that the TAA-isecretome was superior to the naïve
secretome in restoring hepatic function while minimizing inflammatory processes in
mice with TAA-induced hepatic failure. However, such superiority was not observed
in the mouse model of partial hepatectomy. This suggests that the specific pathogen
induces MSCs to release the secretome specialized for the pathogen. Free radicals are
principal pathogenic agents in the pathogenesis of TAA-induced hepatic injury.
LC/MS analysis and subsequent GO enrichment analysis of TAA-isecretome
identified that antioxidant processes were the most predominantly enriched biological
networks of the proteins exclusively identified in the TAA-isecretome. In addition,
Prdx-1, a potent antioxidant protein, was found to be one of the representative
components of the TAA-isecretome and played a central role in the protection of
TAA-induced hepatic injury.

ARTICLE HIGHLIGHTS
Research background
The exclusive use of mesenchymal stem cell (MSC)-secreted molecules, named as the secretome,
rather than stem cells have been evaluated for overcoming the limitations of cell-based therapy
while maintaining its advantages. As recent studies have shown that this secretome has
therapeutic effects similar to stem cells, the secretome has become the basis of cell-free therapy.

Research motivation
The composition of the secretome is influenced by various external factors, including the cell
source, type of culture media, culturing period, and preconditioning treatment. Previous studies
suggest that MSCs can be induced to generate a specialized secretome customized to a specific
disease. We herein defined induced secretome (isecretome) as the secretome released from MSCs
that had been stimulated by disease-causing materials to treat the specific disease.

Research objectives
Thioacetamide (TAA) is a well-known hepatotoxin. We thus attempted to validate the higher
therapeutic effects of the secretome induced by TAA (TAA-isecretome) compared to the naïve
secretome, specifically in mice with TAA-induced hepatic failure. If the superiority of the
isecretome over the naïve secretome is demonstrated, it could provide a foundation for
producing a disease-specific isecretome applicable to specific diseases.

Research methods
We collected the secretory materials (named as inducers) released from AML12 hepatocytes that
had been pretreated with TAA and generated the TAA-isecretome after stimulating ASCs with
the inducers. The TAA-isecretome was intravenously administered to mice with TAA-induced
hepatic failure and those with partial hepatectomy. In addition, we generated an HBx-isecretome
using hepatitis X antigens as inducers and compared the components of the naïve secretome,
TAA-isecretome, and HBx-isecretome using liquid chromatography–mass spectrometry.

Research results
Compared to the naïve secretome infusion, TAA-isecretome infusion showed higher therapeutic
potential in terms of (1) restoring disorganized hepatic tissue to normal tissue; (2) Inhibiting
proinflammatory cytokines (interleukin-6 and tumor necrosis factor-α); and (3) Reducing
abnormally elevated liver enzymes (aspartate aminotransferase and alanine aminotransferase) in
mice with TAA-induced hepatic failure. However, the TAA-isecretome showed inferior
therapeutic potential for restoring hepatic function in partially hepatectomized mice. Proteomic
analysis of the TAA-isecretome identified that antioxidant processes were the most predominant
enriched biological networks of the proteins exclusively identified in the TAA-isecretome. In
addition, peroxiredoxin-1, a potent antioxidant protein, was found to be one of the
representative components of the TAA-isecretome.

Research conclusions
We showed that the TAA-isecretome was superior to the naïve secretome in restoring hepatic
function while minimizing inflammatory processes in mice with TAA-induced hepatic failure.
However, such superiority was not observed in the mouse model of partial hepatectomy,
suggesting disease-specificity of the TAA-isecretome. Free radicals are principal pathogenic
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agents in the pathogenesis of TAA-induced hepatic injury. Proteomic analysis of TAAisecretome identified that antioxidant processes were the most predominantly enriched
biological networks of the proteins exclusively identified in the TAA-isecretome. In addition,
Prdx-1, a potent antioxidant protein, was found to be one of the representative components of
the TAA-isecretome.

Research perspectives
Our results suggest that appropriate stimulation of MSCs with pathogenic agents can lead to the
production of a secretome specialized for protecting against the pathogen. This approach is
expected to open a new way of developing various specific therapeutics based on the high
plasticity and responsiveness of MSCs.
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Abstract
BACKGROUND
Breast cancer is a common malignant tumor that seriously threatens women’s
health. Breast cancer stem cell (CSC)-like cell population may be the main factor
for breast cancer metastasis. Therefore, targeted therapy for CSCs has great
potential significance. Hypoxia-inducible factor is a transcription factor widely
expressed in tumors. Studies have shown that down-regulation of the hypoxia
signaling pathway inhibits tumor stem cell self-renewal and increases the
sensitivity of stem cells to radiotherapy and chemotherapy mediated by hypoxiainducible factor-2α (HIF-2α). However, the specific mechanism remains unclear
and further research is necessary.
AIM
To investigate the effect of HIF-2α down-regulation on stem cell markers,
microsphere formation, and apoptosis in breast cancer cell line MDA-MB-231
under hypoxia and its possible mechanism.
METHODS
Immunohistochemistry was used to detect the expression of HIF-2α and CD44 in
triple-negative breast cancer (TNBC) and non-TNBC tissues. Double-labeling
immunofluorescence was applied to detect the co-expression of HIF-2α and CD44
in MDA-MB-231 cells and MCF-7 cells. HIF-2α was silenced by RNA interference,
and the expression of CD44 and transfection efficiency were detected by real-time
fluorescent quantitative PCR. Further, flow cytometry, TdT-mediated X-dUTP
nick end labeling, and mammosphere formation assays were used to evaluate the
effect of HIF-2α on CSCs and apoptosis. The possible mechanisms were analyzed
by Western blot.
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RESULTS
The results of immunohistochemistry showed that HIF-2α was highly expressed
in both TNBC and non-TNBC, while the expression of CD44 in different
molecular types of breast cancer cells was different. In in vitro experiments, it was
found that HIF-2α and CD44 were expressed almost in the same cell. Compared
with hypoxia + negative-sequence control, HIF-2α small interfering ribonucleic
acid transfection can lower the expression of HIF-2α and CD44 mRNA(P < 0.05),
increase the percentage of apoptotic cells (P < 0.05), and resulted in a reduction of
CD44+/CD24− population (P < 0.05) and mammosphere formation (P < 0.05) in
hypoxic MDA-MB-231 cells. Western blot analysis revealed that phosphorylated
protein-serine-threonine kinase (p-AKT) and phosphorylated mammalian target
of rapamycin (p-mTOR) levels in MDA-MB-231 decreased significantly after HIF2α silencing (P < 0.05).
CONCLUSION
Down-regulation of HIF-2α expression can inhibit the stemness of human breast
cancer MDA-MB-231 cells and promote apoptosis, and its mechanism may be
related to the CD44/phosphoinosmde-3-kinase/AKT/mTOR signaling pathway.
Key words: Breast cancer; Hypoxia-inducible factor-2α; Cancer stem cells; CD44
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Cancer stem cells (CSCs) play an important role in tumor formation, growth,
invasion, metastasis, and recurrence. Hypoxia can promote the differentiation of various
tumor cells, enable cells to acquire stem cell characteristics, and enhance tumor cell
invasion and tumorigenicity. In the long-term exposure of tumors to hypoxia, the major
regulatory factor is hypoxia-inducible factor-2α (HIF-2α), which can promote the
malignant biological behavior of tumors by activating its downstream target genes.
Studies have shown that the effect of HIF-2α on tumor cells may be related to CD44, a
marker for breast CSCs. In this study, breast cancer cell line MCF-7 and basal breast
cancer cell line MDA-MB-231 were utilized to investigate the relationship between HIF2α and CD44 gene expression and the regulatory effect of HIF-2α on CD44.

Citation: Bai J, Chen WB, Zhang XY, Kang XN, Jin LJ, Zhang H, Wang ZY. HIF-2α
regulates CD44 to promote cancer stem cell activation in triple-negative breast cancer via
PI3K/AKT/mTOR signaling. World J Stem Cells 2020; 12(1): 87-99
URL: https://www.wjgnet.com/1948-0210/full/v12/i1/87.htm
DOI: https://dx.doi.org/10.4252/wjsc.v12.i1.87

INTRODUCTION
Breast cancer is one of the most common malignant tumors. Its incidence rate is the
highest in females and has a rising trend[1-3]. Although advanced medical technology
has significantly improved the 5-year survival rate of many types of breast cancer,
there are still 20% to 30% of patients who will have recurrence, serious complications,
and even death after treatment[4-6]. According to the report by Dent et al[7], the 5-year
survival rate of patients with recurrent breast cancer is only about 60%. Distant
metastasis is one of the most important reasons. In particular, attention needs to be
paid to patients with triple-negative breast cancer (TNBC), which is highly invasive
and more prone to recurrence and metastasis than other forms of breast cancer[8-10].
Therefore, studies on TNBC are popular in clinical research. In recent years,
researchers have found a small number of highly tumorigenic cell populations in
breast tumors that express stem cell-like properties and are capable of self-renewal
and differentiation, which are considered to be the source of tumor recurrence[11-13].
Some latest studies have suggested that deaths caused by TNBC are mainly associated
with persistent cancer stem cells (CSCs)[14-16]. An in vitro experiment with CSCs from
Lu et al[17] also showed that chemotherapy can enrich CSCs in TNBC and induce
recurrence. Hence, targeted therapy for inhibiting CSC population has great clinical
value. In the study of Samanta et al[18], hypoxia can promote the ability of tumor cells
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to obtain the features of stem cells and enhance the resistance of breast cancer cells to
chemotherapy. Carroll et al [19] revealed the role of gene expression of hypoxiainducible factor-1α (HIF-1α) and hypoxia-inducible factor-2α (HIF-2α) in breast
cancer cell proliferation. It is worth noting that HIF-2α is more important in
regulating the state of CSCs. Studies have confirmed that HIF-2α can affect the
biological characteristics of breast CSCs, which is related to CD44 and its downstream
pathway[20,21]. As a widely distributed transmembrane glycoprotein, CD44 regulates
the phosphoinosmde-3-kinase (PI3K)/protein-serine-threonine kinase
(AKT)/mammalian target of rapamycin (mTOR) signaling pathway and participates
in the migration of cancer cells. It is also highly expressed in CSCs and is one of the
important markers of CSCs. Current studies have shown that the change of CD44
expression is consistent with the trend of HIF-2α expression[22-24], but the relationship
between CD44 and HIF-2α and its regulation mechanism are still unknown. The aim
of this study was to investigate the relationship between HIF-2α, CD44, and
PI3K/AKT/mTOR signaling by using breast cancer cell line MDA-MB-231, and
further analyze the mechanism of CSC activation in TNBC and its role in the
malignant progression of TNBC.

MATERIALS AND METHODS
Patients and breast cancer tissues
A total of 49 female patients with primary breast cancer diagnosed at Cangzhou
Central Hospital were enrolled in our study from 2016 to 2017. Among them are 29
cases of TNBC and 20 cases of lumen type breast cancer (non-TNBC). All the patients
had never been treated with radiotherapy or chemotherapy and the diagnosis was
confirmed pathologically by more than two pathologists. Patients who had recurrent
or metastatic breast cancer were excluded. Tumor tissues from TNBC and non-TNBC
patients obtained during surgery were fixed in 10% neutral buffered formalin and
then embedded in paraffin wax for immunohistochemistry analysis. This study was
approved by the Ethics Committee of Cangzhou Central Hospital.

Immunohistochemistry
The expression of HIF-2α and CD44 in breast cancer was measured by immunohistochemistry analysis. Briefly, sections of 4 μm thickness, obtained from patients
with TNBC and non-TNBC, were subjected to deparaffinization, rehydration, and
microwave antigen retrieval. The tissue sections were incubated in 0.3% H2O2 for 10
min and blocked using 1% BSA/PBS. The slides were then incubated with the
following primary antibodies: anti-CD44 (dilution, 1:800) and anti-HIF-2α antibodies
(dilution, 1:400; Abcam, Cambridge, MA, United States) overnight at 4 °C.
Afterwards, the tissues were incubated with horseradish peroxidase-labeled
secondary antibody (dilution, 1:1000; Santa Cruz Biotechnology, Inc) at 37 °C for 30
min and and stained with DAB, followed by haematoxylin counterstaning. The result
was evaluated by pathologists based on the following criteria: >10% of cells stained
represented positive expression and >30% of cells stained were considered as high
expression.

Cell culture
Human breast cancer cell lines MDA-MB-231 and MCF-7 were obtained from
American Type Culture Collection (ATCC, Manassas, VA, United States) and
routinely cultured in Dulbecco’s modified Eagle’s medium-F12 medium containing
10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco,
Grand island, NY, United States). Cells were grown at 37 °C in a humidified incubator
containing 5% CO2 and the complete medium changed 24 h. Digestion and passage
were performed and cells in exponential growth stage were harvested for various
experiments. For hypoxia treatment, all cells were cultured in a constant-temperature
incubator with 1%O2, 5%CO2, and 94%N2.

Immunofluorescence
Cells were seeded on coverslides for 24 h and then fixed in 4% paraformaldehyde,
followed by permeabilization with 0.2% Triton X-100. The nonspecific sites of samples
were blocked with normal sheep serum at room temperature, and then the cells were
stained with the primary antibody CD44-PE (dilution, 1:200) and rabbit anti-HIF-2α
antibody (dilution, 1:600) provided by BD Biosciences overnight at 4 °C. Then, the
samples were washed three times with PBS and incubated with the fluorophorelabelled goat anti-rabbit antibody for an additional 30 min at room temperature. After
three washes with PBS, the samples were counterstained with 1 μg/mL 4',6diamidino-2-phenylindole (Sigma, St. Louis, MO, United States) to visualize cell
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nuclei and the stained cells were analyzed under a fluorescence microscope.

RNA interference and transfection
5 × 105 cells were seeded in 6-well plates containing antibiotic-free medium after
enzyme digestion and cultured in a CO 2 incubator for 24 h. Transfection was
performed in cells at 70%-80% confluence with small interfering ribonucleic acid
(siRNA) using Lipofectamine 2000 (Invitrogen, United States) according to the
manufacturer’s instructions. siRNAs targeting HIF-2α were designed and synthesized
by Sangon Biotech (Shanghai) Co., Ltd. Three siRNAs were tested and that with the
highest efficiency of HIF-2α down-regulation was chosen. Briefly, siRNA and
Lipofectamine 2000 were diluted with Opti-MEM medium (Invitrogen, United States)
prior to the mixing and then cultured at room temperature for 20 min to allow the
formation of a mixture of siRNA-Lipofectamine 2000. The mixture was added to each
well, and culturing continued for 24 h. The medium was replaced with complete
medium and incubated for an additional 24 h after hypoxia treatment. RNA was
harvested to detect the expression of HIF-2α after 48 h by reverse transcription-PCR.

Real-time fluorescent quantitative PCR
Total RNA was isolated from MDA-MB-231 and MCF-7 cells with Trizol reagent
(Invitrogen, United States) and the quality of RNA was detected by 1% agarose gel
electrophoresis in strict accordance with the manual. 3μg of mRNA was used as
template to reverse-transcribe into cDNA, and real-time fluorescent quantitative PCR
was conducted utilizing Maxima SYB RGreen /ROX qPCR Master Mix (2X)
(Fermentas, United States) and the ABI 7500 real-time PCR system. The 2-ΔΔCt method
was used to calculate the relative expression level of target genes. GAPDH as a
housekeeping gene control was purchased from Sangon Biotech (Shanghai) Co., Ltd,
and the specific primer sequences were designed using Primer 5. 0 software as
follows: HIF-2α forward, 5’-GG TGAAAGTCTACAACAACTGCC-3’ and reverse, 5’ATGGGTGCTGGATTGGTTC-3’; CD44 forward, 5’-CCAAGACACATTCCACCCCA3’ and reverse, 5’-GCCAAGAGGGATGCCAAGAT-3’; GAPDH forward, 5’TGGCACCCAGCACAATGAA-3’ and reverse 5’-CTAAGTCATAGTCCGC
CTAGAAGCA-3’. The conditions for qPCR reactions were: 95 °C for 10 min, followed
by 45 cycles of 15 s at 95 °C, 15 s at 57 °C, and 30 s at 72 °C. Melting curve analysis was
performed to confirm the specificity of the target gene.

Flow cytometry
Briefly, MDA-MB-231 cells were washed once with PBS and enzymatically dissociated
with trypsin-EDTA (Corning, Manassas, VA, United States). Detached cells were
resuspended in PBS supplemented with 2% fetal bovine serum. The cell suspension at
a density of 10 6 cells/100 μL were incubated with staining buffer containing
monoclonal antibodies purchased from BD Biosciences (San Diego, CA, United
States), including anti-human CD44-APC at a dilution of 1:40 and CD24-PE at a
dilution of 1:40, for 30 to 40 min on ice, with IgG antibody labeled with APC and PE
as isotype controls. Labeled cells were washed and resuspended in PBS, and analyzed
on a Becton-Dickinson FACSCalibur flow cytometer. Specific CSC markers in control
and HIF-2α siRNA transfected cells were detected.

TdT-mediated X-dUTP nick end labeling (TUNEL) assay
The effect of hypoxia treatment and downregulation HIF-2α on apoptosis of MDAMB-231 cells was detected with a TUNEL assay kit following the manufacturer’s
instructions (Roche Molecular Diagnostics, Pleasanton, CA, United States). In brief,
cells were seeded on glass coverslips, fixed with 4% paraformaldehyde in PBS, and
permeated with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min on ice, after which
they were incubated with 50 μL reaction mixture in a humidified chamber at 37 °C for
1 h. Then, cells were washed with PBS three times and 4',6-diamidino-2-phenylindole
staining was performed for 10 min at room temperature. Five random fields of each
stained section were photographed under a fluorescence microscope (Olympus
Corporation, Tokyo, Japan). The percentage of TUNEL-positive cells was determined
by counting cells in at least eight ﬁelds and more than 500 cells in total.

Mammosphere formation assay
Following treatment, cells were harvested and dissociated into single cell suspension
prior to filtration. Subsequently, cells were cultured in ultra-low attachment 96-well
plates (Corning Incorporated, NY, United States) at a density of 1 × 105/mL. The
serum-free DMEM/F-12 (HyClone, Logan, UT, United States) containing 2% B27
(Invitrogen, Carlsbed, CA, United States), 20 ng/mL b-FGF (Promega, United States),
20 ng/mL EGF (Promega, United States), and 5 μg/mL insulin was used for
mammosphere culture. After culturing for 7-21 d, mammosphere were monitored and
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the number of mammospheres was counted with an Olympus digital camera.

Western blot analysis
Cells were washed three times with ice-cold PBS and lysed in RIPA buffer (Beyotime,
Shanghai, China) supplemented with 1% phosphatase inhibitor (Sigma-Aldrich),
followed by centrifugation. The supernatant was harvested and protein concentration
was determined using a bicinchoninic acid assay kit (Beyotime, Shanghai, China).
Total proteins (10–30 μg) were subjected to 8%-15% sodium dodecyl sulfatepolyacrylamide gel electrophoresis. Then, the proteins were transferred to a
polyvinylidene fluoride membrane (Millipore, United States), which was blocked
with 5% BSA and then incubated with primary antibodies at 4 ˚C overnight. After
washing, the membranes were incubated with an IgG antibody conjugated to
horseradish peroxidase (dilution 1:2000) for 1 h at room temperature. Visualization of
protein bands was performed with enhanced chemiluminescence solution (Thermo
Fisher Scientific, Inc.), and GAPDH (Cell Signaling Technology, Danvers, United
States) was used as a loading control. The primary antibodies were p-AKT (phosphorser473, dilution 1:500), AKT (dilution 1:500), p-mTOR (phosphor-ser2448, dilution
1:1000), and mTOR diluted to 1:1000 (Abcam, Cambridge, United Kingdom).

Statistical analysis
All data are represented as the mean ± standard deviation and analyzed with
SPSS19.0 software. The independent t-test was used for two-group comparisons and
one-way analysis of variance was applied to compare the means among three groups.
Pairwise comparison was performed by the LSD test. P < 0.05 was considered to
indicate a statistically significant difference.

RESULTS
Expression of HIF-2α and CD44 in different breast cancer patients
In this study, we analyzed HIF-2α and CD44 expression by immunohistochemical
staining. The results showed that a high density of cancer cells positive for HIF-2α
was observed in both TNBC and non-TNBC cells. CD44 was highly expressed in
TNBC but lowly expressed in luminal breast cancer cells. The expression of HIF-2α in
different molecular types of breast cancer cells was relatively consistent, while the
expression of CD44 in different molecular types of breast cancer cells was different
(Figure 1).

Immunofluorescent analysis for the expression of CD44 and HIF-2α in MCF-7 and
MDA-MB-231 cells
After hypoxia treatment, immunofluorescence assay showed that HIF-2α was mainly
expressed in the nucleus, while CD44 was mainly expressed on the cell membrane. It
was found by image fusion that HIF-2α and CD44 were expressed almost in the same
cell. The expression of HIF-2α and CD44 in MCF-7 was less than that in MDA-MB-231
cells (Figure 2).

HIF-2α and CD44 mRNA expression levels in MCF-7 and MDA-MB-231 cells after
transfection
In contrast with normoxic control, the expression of HIF-2α and CD44 mRNAs in
MDA-MB-231 cells was significantly increased after induction of hypoxia. HIF-2α
siRNA transfection can lower the expression of HIF-2α and CD44 mRNAs in hypoxic
cells, and the difference was statistically significant (P < 0.05). The expression of HIF2α in MCF-7 cells treated with HIF-2α siRNA and hypoxia was higher than that in
cells treated by hypoxia + negative-sequence control (NC), but there was no
significant difference between the normoxic control and hypoxia cells (P > 0.05)
(Figure 3).

HIF-2α silencing significantly reduces the CD44+/CD24- population in MDA-MB-231
cells
To determine the effect of HIF-2α silencing on CSC properties, we assessed the
percentage of CD44+/CD24− population in hypoxia with or without HIF-2α silencing
by flow cytometry. As shown in Figure 4, the percentage of CD44+/CD24− cells was
96.27% in the hypoxia group, and 84.02% in the hypoxia cells transfected with HIF-2αsiRNA. SiRNA-mediated HIF-2α depletion resulted in a reduction of CD44+/CD24−
population by 12.25%.

TUNEL assay to detect apoptotic cells
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Figure 1

Figure 1 Expression of hypoxia-inducible factor-2α and CD44 in carcinoma tissues of triple-negative breast cancer and non-triple-negative breast cancer
patients (×200). TNBC: Triple-negative breast cancer; HIF-2α: Hypoxia-inducible factor-2α.

To evaluate the effect of hypoxia and HIF-2α silencing on apoptosis in vitro, MDAMB-231 cell apoptosis was detected using TUNEL assay. The results showed that the
percentage of apoptotic cells was decreased under hypoxia compared to normoxic
cells (P < 0.05). Further research found that transfection of HIF-2α–siRNA in MDAMB-231 cells induced by hypoxia can increase the percentage of apoptotic cells than
that in cells treated by hypoxia + NC, and the difference was statistically significant (P
< 0.05), indicating that HIF-2α plays an important role in apoptosis of MDA-MB-231
cells (Figure 5).

Effect of HIF-2α on mammosphere formation efficiency (MFE) of MDA-MB-231 cells
From Figure 6, it is observed that mammospheres were successfully generated from
MDA-MB-231 cells. In MDA-MB-231 cells, mammospheres appeared after 7 d of
culture, and mammospheres of 100-200 µm in diameter formed and tended to attach
after 21 d of culture. MFE of cells treated by hypoxia + NC and hypoxia + siRNA at 7
d was 0.32% ± 0.06% and 0.26% ± 0.05%, respectively. At the 21 d, MFE of the above
cells was 0.33% ± 0.26% and 0.17% ± 0.09%, respectively, and the difference was
statistically significant (P < 0.05). These data suggest that HIF-2α silencing
significantly reduces mammosphere formation.

Effect of HIF-2α on the PI3K/AKT signaling pathway
PI3K/AKT/mTOR signaling is commonly activated in breast cancer and plays
important roles in tumor invasion and metastasis. Therefore, in this study, the main
signaling molecules of the PI3K-AKT-mTOR signaling pathway including AKT,
mTOR, and their phosphorylation levels were identified by Western blot analysis. The
results revealed that p-AKT and p-mTOR levels in MDA-MB-231 cells increased
slightly under anoxic conditions, while decreased significantly with HIF-2α
knockdown, and the difference was statistically significant (P < 0.05), which suggests
that hypoxia could increase the HIF-2α level to promote stem phenotype conversion
via the PI3K/AKT signaling pathway (Figure 7).

DISCUSSION
CSCs are considered as cells capable of highly proliferation, self-renewal, and
multidirectional differentiation, which play an important role in tumorigenesis,
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Figure 2

Figure 2 Expression of hypoxia-inducible factor-2α and CD44 in MCF-7 and MDA-MB-231 cells (×200). The expression of HIF-2α and CD44 in MDA-MB-231
cells was significantly higher than that in MCF-7 cells. HIF-2α: Hypoxia-inducible factor-2α; DAPI : 4',6-diamidino-2-phenylindole.

growth, invasion, metastasis, and recurrence [25-27] . Hypoxia can promote the
dedifferentiation of differentiated cancer cells, enable cells to acquire stem cell
characteristics, and enhance the invasiveness and tumorigenicity of cancer cells[28-30].
The expression of HIF-2α gene is positively correlated with the proliferation of breast
cancer cells. A previous study found that HIFs and its target genes are highly
expressed in TNBC[31]. Under hypoxic conditions, the expression of HIF-1α increased
rapidly and generally decreased sharply within 2-12 h, while the expression of HIF-2α
began to increase 48-72 h after hypoxia, and then continued to express steadily for
about 2 wk[32-34]. Therefore, we believe that HIF-2α may play a more important role in
tumors and other chronic hypoxic diseases. In this study, we found that HIF-2α was
highly expressed in both TNBC and non-TNBC, and was higher in TNBC. This result
is consistent with the findings of Goggins et al[35]. Further, clinical studies have shown
that high expression of HIF-2α suggests a poor prognosis for both locally advanced
breast cancer and early breast cancer patients[36-38].
The reduction of breast cancer recurrence rate and improvement of its cure rate in
clinical practice are based on in-depth exploration of CSCs[39-41]. Therefore, this study
analyzed the relationship between HIF-2α and CD44 by immunofluorescence after
hypoxia treatment, and the results showed that HIF-2α and CD44 were expressed
almost in the same cell, leading us to hypothesize that there is a close relationship
between CD44 and HIF-2α. The latter may regulate the expression of the former, but
the specific regulatory mechanism still needs to be further explored. Furthermore,
RNA interference, flow cytometry, and TUNEL assays were applied to identify the
effect of HIF-2α expression on the biological function of CSCs in breast cancer cells. In
this experiment, it was found that the expression of HIF-2α mRNA in MDB-MB-231
and MCF-7 cells was significantly increased under hypoxic conditions, while
significantly decreased after specific HIF-2α siRNA transfection, indicating successful
cell transfection. Moreover, the results also showed that HIF-2α silencing can lower
the expression of HIF-2α and CD44 mRNAs in hypoxic cells, suggesting that HIF-2α
could affect the level of CD44.
In breast cancers, CSCs carry the phenotypic signature of being CD24-/CD44+[42].
Flow cytometry showed that the proportion of CD44 cells in hypoxia-induced cells
was significantly lower than that in the hypoxia control group after HIF-2α downregulation. The results confirmed that down-regulation of HIF-2α in hypoxic
microenvironment can slow the formation of MDA-MB-231 tumor stem cells, and the
results are consistent with those of Xie et al[43]. It is suggested that HIF-2α plays an
important role in maintaining the stemness of CSCs. Alternatively, TUNEL assay
showed that HIF-2α siRNA in MDA-MB-231 cells induced by hypoxia can increase
the percentage of apoptotic cells, and high-level HIF-2α was believed to be linked to
an increased risk of breast cancer recurrence and metastasis [44,45] . Invasion and
metastasis are important factors affecting the prognosis of tumor patients. It was
found that the percentage of apoptotic cells was decreased under hypoxic conditions,
and increased after transfection of specific HIF-2α siRNA, which further confirms that
HIF-2α can promote the migration and invasion of breast cancer cells and inhibit the
apoptosis of breast cancer cells.
Activation of the PI3K/mTOR/mTOR signaling pathway is very common in breast
cancer patients[46,47]. Whole-genome sequencing in ER-positive metastatic breast cancer
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Figure 3

Figure 3 Expression of HIF-2α and CD44 mRNAs in human breast cancer cells after transfection.aP < 0.05 vs normoxia; bP < 0.05 vs hypoxia + NC. HIF-2α:
Hypoxia-inducible factor-2α; NC: Negative-sequence control.

patients revealed frequent mutations in many genes. Sharma et al[48] showed that
p7170, a dual inhibitor of PI3K/mTOR, has a strong inhibitory effect on proliferation
of endocrine-sensitive and -resistant ER+/Her-2- breast cancer cells. In this study, we
hypothesized that HIF-2α silencing mediated by siRNA in human breast cancer
MDA-MB-231 cells can inhibit the expression of CD44, thus inhibiting the expression
of the intracellular p-AKT and p-mTOR, and the migration and invasion of cancer
cells were suppressed.
In conclusion, down-regulation of HIF-2α expression can inhibit the stemness of
human breast cancer MDA-MB-231 cells and promote apoptosis, and its mechanism
may be related to the CD44/PI3K/AKT/mTOR signaling pathway, which is expected
to be a target for the treatment of TNBC.
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Figure 4

Figure 4 HIF-2α silencing reduces the CD44+/CD24− population in MDA-MB-231 cells. Flow cytometry of the stem cell-associated cell surface markers CD44 and
CD24 in hypoxia and HIF-2α-siRNA treated cells. HIF-2α: Hypoxia-inducible factor-2α.
Figure 5

Figure 5 TUNEL assay of hypoxia-induced MDA-MB-231 cells after transfection (×200). Light green cells are TUNEL-positive staining cells. aP < 0.05 vs
normoxia; bP < 0.01 vs hypoxia + NC. DAPI: 4',6-diamidino-2-phenylindole; NC: Negative-sequence control.
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Figure 6

Figure 6 Quantification of mammosphere formation assay of MDA-MB-231 cells before and after transfection. Cells were cultured for 7-21 d under
mammosphere culture conditions. bP < 0.01 vs hypoxia + NC. NC: Negative-sequence control.
Figure 7

Figure 7 Effect of HIF-2α on the PI3K/AKT signaling pathway. In MDA-MB-231 cells induced by hypoxia, HIF-2α knockdown reduced the AKT and mTOR
phosphorylation levels; aP < 0.05 vs normoxia; bP < 0.05 vs hypoxia + NC. PI3K: Phosphoinosmde-3-kinase; AKT: Protein-serine-threonine kinase; mTOR:
Mammalian target of rapamycin; p-AKT: Phosphorylated AKT; p-mTOR: Phosphorylated mTOR; NC: Negative-sequence control.

ARTICLE HIGHLIGHTS
Research background
Breast cancer has a high degree of phenotype and functional heterogeneity, and the intratumoral
variation is obvious. Traditional chemical and endocrine therapies are not effective in treating all
cells in a tumor. Researchers have found a small group of highly tumorigenic cell populations in
breast tumors. They have stem cell-like properties that are critical for tumorigenesis, progression,
progression, and recurrence, and are closely associated with breast cancer metastasis. In the
development of tumors, hypoxia-inducible factor-2α (HIF-2α) plays an important role in
enhancing the drug resistance and migration of breast cancer stem cells. At present, whether the
expression of cancer stem cells can be regulated by interfering with the expression of HIF-2α has
not been reported in the literature.

Research motivation
Due to the rapid growth of triple-negative breast cancer (TNBC), and the lack of self-vascular
supply to meet the needs of rapidly growing tumor cells, a hypoxic environment is gradually
formed. In the long-term chronic hypoxia of tumors, the major regulatory factor is HIF-2α, which
increases the malignant biological behavior of tumors by activating its downstream target genes.
As a marker of breast cancer stem cells, CD44 is closely related to the invasion and metastasis of
tumor cells. Previous studies have found that HIF-2α can regulate the expression of the cell
adhesion molecule CD44, but the relationship between the two and the regulatory mechanism
are not clear.

WJSC

https://www.wjgnet.com

96

January 26, 2020

Volume 12

Issue 1

Bai J et al. Expression of HIF-2α and CD44 in TNBC

Research objectives
This study analyzed the relationship between the expression of HIF-2α and CD44 in patients
with TNBC and non-TNBC. Then, the effects of HIF-2α on the expression of CD44 in human
breast cancer cell lines MCF-7 and MDA-MB-231 and its possible mechanism were explored.

Research methods
We analyzed the expression of HIF-2α and CD44 in patients with TNBC (n = 29) and non-TNBC
(n = 20) using immunohistochemistry. The co-expression of HIF-2α and CD44 in MDA-MB-231
cells and MCF-7 cells was characterized by double-labeling immunofluorescence. The impact of
siRNA-mediated HIF-2α knockdown on the CSCs and apoptosis of MDA-MB-231 cells was
detected by real-time fluorescent quantitative PCR, flow cytometry, TUNEL, and mammosphere
formation assays. Data were statistically analyzed using the independent t-test and one-way
analysis of variance followed by LSD pairwise comparison tests.

Research results
Our data showed that HIF-2α had a high level expression in both TNBC and non-TNBC, and
HIF-2α and CD44 were located in the same cell. Functionally, HIF-2α silencing significantly
reduced the expression of HIF-2α and CD44 mRNAs, but increased cell apoptosis. Flow
cytometry and mammosphere formation assay results indicated downregulation of
CD44+/CD24− population (P < 0.05) and mammosphere formation upon HIF-2α suppression in
hypoxic MDA-MB-231 cells. Moreover, HIF-2α siRNA transfection could decrease the levels of
phosphorylated protein-serine-threonine kinase (p-AKT) and phosphorylated mammalian target
of rapamycin (p-mTOR) in MDA-MB-231 cells.

Research conclusions
HIF-2α plays an important role in the stemness and apoptosis of human breast cancer MDA-MB231 cells via the CD44/PI3K/AKT/mTOR signaling pathway, thus emerging as a target for the
treatment of TNBC.

Research perspectives
The molecular regulation mechanism of CSCs in TNBC tissues is still unclear. Inhibition of CSC
activation or elimination of CSCs has become a difficult and critical step in the current treatment
of TNBC. In this study, the effect of HIF-2α on CSCs was explored by clinicopathological
specimens and in vitro experiments, and the mechanism of action was preliminarily analyzed.
The conclusions of this study have important clinical and pathological significance for
understanding the mechanism of CSC activation in TNBC tissues, blocking the signaling
pathway of HIF-2α, inhibiting the malignant progression of TNBC, and improving the prognosis
of patients.
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