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Since the introduction of cell therapy as a strategy for the treatment of many
diseases, mesenchymal stem cells have emerged as ideal candidates, yet the
underlying mechanisms of their beneficial effects are only partially understood.
At the start of the 21st century, a paracrine effect was proposed as a mechanism
of tissue repair by these cells. In addition, a role was suggested for a
heterogeneous population of extracellular vesicles in cell-to-cell communication.
Some of these vesicles including exosomes have been isolated from most fluids
and cells, as well as from supernatants of in vitro cell cultures. Recent research in
the field of regenerative medicine suggests that exosomes derived from
mesenchymal stem cells could be a powerful new therapeutic tool. This review
examines the therapeutic potential of these exosomes obtained from the sources
most used in cell therapy: bone marrow, adipose tissue, and umbilical cord.
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Core tip: This article reviews the use of exosomes derived from mesenchymal stem cells
to treat various disease states and discusses their possible clinical applications.
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INTRODUCTION
At the start of the 21st century, cell therapy, defined as a series of strategies based on
the use of living cells for therapeutic purposes, emerged as a promising tool in the
field of biomedicine. The aim of cell therapy is to repair, replace or restore the
biological functions of an organ or of damaged tissue. Research efforts in regenerative
medicine have mainly focused on the use of mesenchymal stem cells (MSC).
Friedenstein and co-workers were the first to discover MSC. These authors showed
that bone marrow (BM) contains a population of cells with a high proliferative
capacity that adheres to plastic in culture[1]. Since this observation in the 1970s, many
studies have focused on this type of adult stem cell. However, there was no defined
approach to characterize MSC and different methods of isolation, expansion and
characterization were reported. This made it difficult to compare findings between
independent laboratories. To resolve this issue, in 2006, the Mesenchymal and Tissue
Stem Cell Committee of the International Society for Cellular Therapy proposed
minimal criteria to define human MSC: They should be plastic-adherent when
maintained in standard culture conditions; they must express specific surface
antigens; and they should also show multipotent cell differentiation potential in
vitro[2]. These criteria facilitated the work of many groups which continued their
research with this cell type. MSC have been successfully obtained from many sources
including adipose tissue, Wharton’s Jelly, placenta, dental pulp or amniotic fluid
among others[3]. Furthermore, throughout the years, the regenerative capacity of MSC
and their immunoregulatory properties have been well documented[4].
Due to their characteristics, MSC offer great therapeutic potential and many
therapies based on these cells have been developed to treat a wide range of disorders.
However, despite good results, the underlying mechanisms of their beneficial impacts
are only partially understood. One hypothesis is that MSC induce tissue regeneration
through their capacity to migrate to the site of injury and then to differentiate into the
corresponding cells in the damaged tissue. In 2005, Gnecchi et al[5] were among the
first to propose a paracrine effect of MSC in tissue regeneration[5]. Since then, many
studies have shown these effects of MSC[6,7] and it is recognized today that, besides
releasing cytokines and growth factors, MSC also secrete extracellular vesicles (EV),
which are thought to play an important role in tissue regeneration and
immunomodulation[4]. Based on these data, recent research has focused on EV derived
from MSC as a form of non-cellular therapy[8].
The term EV refers to a heterogeneous population of vesicles[9]. For several decades,
the presence of membrane-enclosed vesicles outside solid tissue cells, as well as
biological fluids such as blood or semen, was described [10] . These vesicles were
considered a vehicle for the cell to discard unwanted proteins[11]. In the first decade of
the 21st century, two independent research groups demonstrated the presence of
RNA, including miRNA in EV. This finding has rekindled interest in EV as possible
mediators of cell-to-cell communication[12,13]. The International Society for Extracellular
Vesicles proposed minimum criteria for their definition: EV is the generic term for
particles naturally released from the cell that are delimited by a lipid bilayer and
cannot replicate, i.e. they do not contain a functional nucleus[14]. To date, EV have been
isolated from most fluids and cells[15] and from supernatants of in vitro cell cultures[16].
It has also been established that the release of EV is an evolutionarily well-conserved
mechanism that the cells exploit for the exchange of bioactive proteins, lipids and
nucleic acids[17].
The term EV encompasses microvesicles/nanoparticles/vesicles, apoptotic bodies
and exosomes [16] . Exosomes are small EV generated thought inward budding of
endosomal membranes. While the definition of exosomes is not completely clear, they
are negatively charged lipid-bilayer vesicles of diameter 30-100 nm and density 1.131.19 g/mL. Exosomes are secreted by fusion of the multivesicular body containing
exosomes with the plasma membrane[18]. The protein content of exosomes has been
extensively studied since their initial description. So far, it is known that the
composition of exosomal proteins varies among cell types. However, proteins such as
Alix, Tsg101 and tetraspanins including CD9, CD63 or CD81 are frequent components
and are often used as exosome markers[19].
Several studies have suggested that exosomes derived from MSC could serve as a
novel therapeutic tool in the field of regenerative medicine. The main benefit
proposed is that as no cells are introduced, mutated or damaged genetic material that
could negatively affect the recipient is avoided. Another advantage is that exosomes
lack immunogenicity[20]. As a shortcoming, exosomes are static and do not reproduce
in vivo[21].
While MSC can be found in most adult tissues, the major sources of MSC for
therapeutic use have been bone marrow, adipose tissue and umbilical cord[22]. This
review updates research addressing the therapeutic potential of exosomes derived
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from MSC obtained from these tissues.

EXOSOMES DERIVED FROM BONE MARROW MSC
MSC derived from bone marrow are probably the most commonly used stem cells in
clinical trials. The use of bone marrow MSC derived exosomes (BM MSC-Ex) as a
promising tool for future therapies has been examined in experimental models of
various pathologies. In a model of liver disease, Damania et al[23] employed rat BM
MSC conditioned medium in in vitro and in vivo experiments. The rich exosome
fraction obtained through ultracentrifugation of this medium was found to have
antiapoptotic and antioxidant effects in in vitro models of liver injury and to improve
liver regeneration and recovery from liver injury in vivo. These results are in
accordance with those reported by Rong et al [24] who, using a rat model of liver
fibrosis, observed that the administration of BM MSC-Ex improved this fibrosis.
Furthermore, these authors proposed that the beneficial effects of these exosomes
consisted of inhibition of the Wnt/β-catenin signaling pathway and suggested their
use to treat liver disease in a clinical setting[24]. The therapeutic potential of BM MSCEx in degenerative diseases, such as intervertebral disc degeneration (IDD), has been
advocated by several researchers. IDD is a cause of lower back pain related to
degenerative musculoskeletal disorders affecting large numbers of patients. Liao et
al[25], using human BM MSC-Ex in a rat tail model proposed that exosomes may delay
or prevent disc degeneration. Exosomes could modulate endoplasmic reticulum stress
and protect against nucleus pulposus cell death. The therapeutic effects of BM MSCEx on IDD are supported by the findings of another study conducted in an IDD model
in rabbits. In this work, Xia et al[26] proposed that the use of BM MSC-Ex significantly
prevents the progression of degeneration via anti-oxidant and anti-inflammatory
effects. The use of BM MSC-Ex for the treatment of cancer has also been explored by
several groups. Recently, BM MSC-Ex overexpressing (exogenous) miR-34a, a
recognized tumor suppressor, were reported to ameliorate glioblastoma in a mouse
model[27]. In another experimental study on pancreatic cancer, Wu et al[28] observed
that BM MSC-Ex-derived miRNA-126-3p blocked the progression of this cancer.
Zhu et al[29] found that exosomes derived from different cell types had different
therapeutic effects. This hypothesis is consistent with recently published data by the
same group. When comparing the effects of exosomes obtained from healthy or
diabetic rats in a rat calvarial defect, these authors observed a more positive effect
when exosomes from rats without type-1 diabetes were used. Accordingly, they
proposed that for patients with type-1 diabetes, the autologous transplantation of BM
MSC-Ex to promote regeneration could be inappropriate[30].
According to the literature, the potential of BM MSC-Ex for the treatment of various
pathologies seems evident. However, in terms of clinical applications we have only
found a letter to the Editor in which their use to treat graft vs host disease (GvHD) is
described. BM-MSC have been employed in the treatment of GvHD in clinical practice
since Blanc et al[31] published their encouraging results for the treatment of refractory
GvHD. In one patient, Kordelas et al[32] used an exosome-enriched fraction processed
from collected MSC supernatants instead of administering the MSC themselves. The
patient was stable for several months post-exosome application. Although the patient
died of pneumonia 7 months after treatment, the authors concluded that BM MSC-Ex
could be a new safe tool to treat therapy-refractory GvHD and most likely other
inflammation-associated diseases[32]. The improvement observed in this patient is
supported by work conducted in mouse models[33,34].

EXOSOMES DERIVED FROM ADIPOSE MSC
As with BM MSC-Ex, there are many literature descriptions of the use of exosomes
derived from adipose MSC (AMSC-Ex), in which a paracrine effect is produced both
in vivo and in vitro. Several research groups have reported positive effects of AMSC-Ex
in various skin disorders. Cho et al[35] were the first to investigate the therapeutic effect
of AMSC-Ex in an atopic dermatitis mouse model. Taken together, the results
suggested that AMSC-Ex could be a novel cell-free treatment for atopic dermatitis.
The limitations reported by these authors were that AMSC donor age seemed to affect
their immunomodulatory properties. Accordingly, they proposed to continue
working on this issue to determine whether the potential of AMSC-Ex could be
influenced by age[35]. Treatment of cutaneous wound healing has also been explored
using exosomes derived from AMSC. To improve the retention of exosomes in the
target area, Liu et al[36] proposed the use of hyaluronic acid and examined the effect of
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AMSC-Ex combined with hyaluronic acid for acute cutaneous wound healing in nude
mice. These authors concluded that this preparation of exosomes combined with
appropriate scaffolds was effective. Their results showed that AMSC-Ex could
markedly promote fibroblast activities, re-epithelialization and vascularization in
wound healing[36]. Other studies have shown that AMSC-Ex accelerate wound healing
via optimizing fibroblast function and collagen deposition[37]. Furthermore, Shen et
al[38] detected a role for AMSC-Ex in corneal stromal cell and extracellular matrix
remodeling.
Other disease states such as heart and neural conditions or cancer have also been
examined as targets of AMSC-Ex therapy. The results of in vitro experiments by Liu et
al[39] indicated that apoptosis induced by oxidative stress in the cardiomyocyte was
blocked by AMSC-Ex. Others have reported the inhibition of ovarian cancer cell
proliferation by exosomes collected from AMSC conditioned medium[40]. Feng et al[41]
also argued that the use of AMSC-Ex to inhibit the activation of microglia cells and
prevent neuroinflammation could be a promising therapeutic strategy for nerve
injury.

EXOSOMES DERIVED FROM UMBILICAL CORD MSC
Umbilical cord MSC and their exosomes have also been examined as potential
therapeutic tools in regenerative medicine. However, as for exosomes derived from
other sources, the underlying mechanisms are still not well understood. Zhang et al[42]
suggested that exosomes derived from umbilical cord MSC (UcMSC-Ex) enhanced
angiogenesis through the Wnt4/β-catenin pathway, which could be an important
mechanism responsible for cutaneous wound healing. This positive effect on
angiogenesis has also been reported by another group. Hence, the authors of a recent
study reported that transplantation of UcMSC-Ex markedly enhanced angiogenesis
and bone healing in a rat model of femoral fracture. Their results unveiled a novel
role of exosomes in accelerating fracture healing via the promotion of angiogenesis[43].
The results of both these studies are in accordance with the data reported by Zhou et
al[44]. These last authors explored the impacts of human UcMSC-Ex on fracture healing
by acting on the Wnt signaling pathway. They concluded that UcMSC-Ex could
participate in repairing fractures in rats through this pathway.
Mao et al [ 4 5 ] investigated the effects of UcMSC-Ex in a model of induced
inflammatory bowel disease. According to their findings, UcMSC-Ex are able to
substantially alleviate induced inflammatory bowel disease in mice and may exert
their impact through IL-7 expression modulation in macrophages. Other authors have
assessed the immunosuppression and therapeutic effects of UcMSC-Ex used to treat
colitis in a mouse model. Exosomes were obtained from MSC cultures in defined
medium thus avoiding the use of fetal bovine serum. The results indicated that
UcMSC-Ex alleviate colon damage in an animal disease model and have
immunosuppressive effects in vitro[46]. These results have interesting implications for
the clinical use of this type of therapy. Due to their immunosuppressive activity,
autoimmune diseases have been a popular target of MSC therapy. This activity has
been related to the secretion of soluble factors. Bai et al[47] analyzed the effect of
UcMSC-Ex in an experimental model of autoimmune uveitis. The results revealed the
therapeutic potential of exosomes for this condition. Bearing in mind that this is a
major cause of visual impairment worldwide, these are promising results. Zhang et
al[48] in 2018 addressed the clinical treatment of another common cause of visual
impairment, idiopathic macular hole. This work is interesting because, as previously
mentioned, the translation of exosome-based therapies to clinical practice is still very
limited. Five patients with large, long-standing idiopathic macular holes were treated
with an intravitreal UcMSC-Ex injection. The authors proposed that these exosomes
could improve anatomic and visual outcomes of surgery for that disease, and
suggested the need for a clinical trial with a greater number of patients[48]. In a mouse
model of acute liver failure, Jiang et al[49] observed that UcMSC-Ex decreased the
expression of the NLRP3 inflammasome and improved acute liver failure in that
model. Animal models have also been used to examine the treatment of ischemic
heart disease using exosomes. In a recent study, Han et al[50] encapsulated UcMSC-Ex
in a functional peptide hydrogel designed to increase the retention and stability of
exosomes. The hydrogel containing UcMSC-Ex was then used in a rat myocardial
infarction model, injecting it into the infarcted border of the heart. The authors
concluded that this is an effective way of harnessing exosomes for cardiac
regeneration[50].
The data available in the literature related to the use of exosomes derived from
different MSC to treat various pathologies are practically all at the experimental stage.
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These data supporting their therapeutic potential are summarized in Table 1, Table 2
and Table 3. Although many studies have interesting clinical implications, there are
still few data on the clinical use of exosomes including very few registered trials
(www.ClinicalTrials.gov).
There is still much work to do. The optimization and standardization of obtaining
exosomes is an important goal. Some authors advocate inducing hypoxia or stress in
exosome-producing cells to increase exosome production [18] . This could be an
interesting way of generating exosomes for clinical applications. Another interesting
issue is related to adjusting doses for treatment. Further questions that need to be
addressed are: Which is the ideal time to administer exosomes? Will scaffolds be
necessary in some applications? The different laboratories are presently working on
these issues to standardize how exosomes are obtained.

CONCLUSION
In summary, cell therapy “without cells”, is an emerging field. While still at the
experimental level, recent research efforts are starting to explore its translation to
clinical practice. In the meantime, research into MSC cell therapy continues and there
are hundreds of registered trials at different stages. We envisage that clinical trials in
the near future will compare the benefits and shortcomings of cell therapy with and
without cells.
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Table 1 Exosomes derived from bone marrow mesenchymal stem cells
In vitro study

In vivo study (animal
model / clinical use)

Liver disease

+

Liver disease

Results

Ref.

Liver injury model (Rat)

Improves liver regeneration
and recovery

Damania et al[23], 2018

+

Liver fibrosis model (Rat)

Reduces liver fibrosis

Rong et al[24], 2019

Intervertebral disc
degeneration

-

Tail model (Rat)

Prevents disc degeneration
progression

Liao et al[25], 2019

Intervertebral disc
degeneration

+

IDD model (Rabbit)

Prevents the progression of
Xia et al[26], 2019
degeneration via anti-oxidant
and anti-inflammatory effects

Cancer

+

Xenografted with
glioblastoma cells (Nude
mice)

Improves glioblastoma

Wang et al[27], 2019

Cancer

+

Pancreatic cancer cells
xenografted (Nude mice)

Inhibits cancer development

Wu et al[28], 2019

Bone regeneration

+

Calvarian defect (Rat)

Promotes bone regeneration
and neovascularization

Zhu et al[30], 2019

Graft vs host disease

+

GvHD model (Mouse)

Enhances Treg production in
vitro and in vivo

Zhang et al[34], 2018

Graft vs host disease

+

GvHD model (Mouse)

Ameliorates aGvHD via the
therapeutic infusion of BM
MSC-Ex

Fuji et al[33], 2018

Graft vs host disease

-

Clinical patient

Patient stable for several
months after exosome
application

Kordelas et al[32], 2014

GvHD: Graft vs host disease; BM MSC-Ex: Bone marrow mesenchymal stem cells derived exosomes; IDD: Intervertebral disc degeneration.

Table 2 Exosomes derived from adipose mesenchymal stem cells
Condition

In vitro study

Atopic dermatitis

-

Acute cutaneous wound
healing

In vivo study (animal
model / clinical use)

Results

Ref.

Atopic dermatitis model
(Mouse)

Reduces clinical symptoms

Cho et al[35], 2018

-

Acute cutaneous wound
healing (Nude mice)

Promotes fibroblast activities, Liu et al[36], 2019
re-epithelialization,
vascularization in wound
healing

Wound healing

+

Mouse full-thickness incision Accelerates wound healing
wound model
by optimizing fibroblast
function

Corneal stromal cells

+

-

Role of ASC-Ex in corneal
Shen et al[38], 2018
stromal cell and extra cellular
matrix remodeling

Apoptosis in cardiomyocyte +
caused by oxidative stress

-

Prevents apoptosis

Ovarian cancer

+

-

Ovarian cancer cells inhibited Reza et al[40], 2016
by exosomes

Neural injury

+

-

Could inhibit the activation
Feng et al[41], 2019
of microglia cells and prevent
neuroinflammation

Zhang et al[37], 2018

Liu et al[39], 2019

ASC-Ex: Exosomes derived from adipose mesenchymal stem cells.
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Table 3 Exosomes derived from umbilical cord mesenchymal stem cells
Condition

In vitro study

In vivo study (animal
model / clinical use)

Results

Ref.

Cutaneous wound healing

+

Wound model (Rat)

Proangiogenic effect

Zhang et al[42], 2015

Bone healing

+

Femoral fracture model (Rat)

Accelerated fracture healing
via the promotion of
angiogenesis

Zhang et al[43], 2019

Bone healing

-

Fracture model (Rat)

Repairs fractures in rats
through the Wnt signaling
pathway

Zhou et al[44], 2019

Inflammatory bowel disease +

Inflammatory bowel disease
model (Mouse)

Alleviates induced
inflammatory bowel disease

Mao et al[45], 2017

Acute liver failure

+

Liver injury model (Mouse)

Decreases acute liver failure
in that model

Jiang et al[49], 2019

Colitis

+

Colitis model (Mouse)

Improves colon damage in an Ma et al[46], 2019
animal disease model and has
immunosuppressive effects in
vitro

Autoimmune uveitis

+

Autoimmune uveitis model
(Rat)

Ameliorates autoimmune
uveitis by inhibiting the
migration of inflammatory
cells

Bai et al[47], 2017

Idiopathic macular hole

-

Clinical patients (5)

May improve anatomic and
visual outcomes of surgery
for that disease

Zhang et al[48], 2018

Myocardial infarction

+

Myocardial infarction model
(Rat)

UcMSC-Ex encapsulated in a
functional peptide hydrogel
could be effective for cardiac
regeneration

Han et al[50], 2019

UcMSC-Ex: Exosomes derived from umbilical cord mesenchymal stem cells.
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Abstract
Scaffold-free techniques in the developmental tissue engineering area are
designed to mimic in vivo embryonic processes with the aim of biofabricating, in
vitro, tissues with more authentic properties. Cell clusters called spheroids are the
basis for scaffold-free tissue engineering. In this review, we explore the use of
spheroids from adult mesenchymal stem/stromal cells as a model in the
developmental engineering area in order to mimic the developmental stages of
cartilage and bone tissues. Spheroids from adult mesenchymal stromal/stem cells
lineages recapitulate crucial events in bone and cartilage formation during
embryogenesis, and are capable of spontaneously fusing to other spheroids,
making them ideal building blocks for bone and cartilage tissue engineering.
Here, we discuss data from ours and other labs on the use of adipose
stromal/stem cell spheroids in chondrogenesis and osteogenesis in vitro. Overall,
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recent studies support the notion that spheroids are ideal "building blocks" for
tissue engineering by “bottom-up” approaches, which are based on tissue
assembly by advanced techniques such as three-dimensional bioprinting. Further
studies on the cellular and molecular mechanisms that orchestrate spheroid
fusion are now crucial to support continued development of bottom-up tissue
engineering approaches such as three-dimensional bioprinting.
Key words: Adipose stromal/stem cells; Spheroids; Building-blocks; Bottom-up;
Developmental tissue engineering; Cartilage and bone
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Classic approaches to tissue engineering rely on scaffold-based strategies,
which have limited ability to recapitulate organogenesis in vitro and are not capable of
generating hierarchical engineered tissues. Scaffold-free strategies, in particular those
using spheroids, are appealing, mainly due to the capacity of spheroids to recapitulate
three main embryonic processes: (1) Cell-to-cell and cell-to-extracellular matrix
interactions; (2) Cell differentiation; and (3) Fusion. The use of spheroids to recapitulate
embryonic tissue formation in vitro represents a potent strategy in developmental tissue
engineering. In particular, the fusion capacity of spheroids allows their use as buildingblocks in bottom-up tissue engineering through three-dimensional bioprinting
techniques.
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INTRODUCTION
Classic approaches to tissue engineering rely on scaffold-based strategies, which have
limited ability to recapitulate organogenesis in vitro[1,2]. In scaffold-based approaches,
limitations are related to the replication of morphological, biomechanical and
biochemical signs that occur in vivo, mainly because of the prevalence of cell
interactions with scaffolds instead of cell-cell and cell-extracellular matrix interactions
found in the natural tissues microenvironment[1]. Other disadvantages of scaffoldbased approaches are (1) The homogeneous distribution of cells to fill the entire area
of the scaffold; (2) The final density of the cells reached in the scaffold area; (3) The
diffusion of nutrients; and (4) The cost and time to produce a proper design of the
desired scaffold to support the desired regeneration in vivo[3-5]. The emerging approach
of scaffold-free tissue engineering often relies on the cultivation of cells as spherical
clusters known as “spheroids”, which mimic the physiological conditions of tissues in
vitro[6]. During spheroid formation, cells aggregate by cadherins-based interactions in
the absence of a fixation medium, in a process known as self-assembly[7]. Spheroids
can be used in developmental tissue engineering due to their capacity to form
hierarchical tissue structures by recapitulating embryonic processes in vitro.
As a result of their three-dimensional (3D) architecture, spheroids have improved
cell biological properties such as increased cell viability and proliferative capacity,
more stable morphology and polarization, and improved metabolic functions (as
compared to 2D cultures)[2]. Consequently, adult stem cell spheroids show distinct
properties suitable for regenerative medicine approaches, such as high adhesion
capacity and the secretion of a variety of growth factors[8]. Spheroids can be formed
from different cell types, including mature cells[9-11]; however, for tissue engineering
approaches, spheroids formed of mesenchymal stromal/stem cells (MSCs) are
particularly appealing, due to the regenerative and multipotential properties of these
adult stem cells[6].
The subcutaneous adipose tissue is an abundant source of MSCs, recently termed
adipose derived stem/stromal cells (ASCs)[12]. Various studies have reported that
ASCs have osteogenic[13-17] as well as chondrogenic[18-20] potential for use in scaffoldbased approaches of tissue engineering. In agreement with these studies, ASCs were
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used successfully in pre-clinical and clinical trials for bone and cartilage repair[21-30].
Despite the osteogenic and chondrogenic potential of ASCs, the use of spheroids of
ASCs (or other MSCs) in bone tissue engineering is still in its infancy[31]. Saburina et
al[32] reported that ASC spheroids express osteoblast markers such as osteocalcin and
osteopontin, and have angiogenic potential and calcium deposits. In addition, the use
of scaffold-free 3D culture, including spheroids, in chondrogenesis studies led to the
identification of important molecular markers of cartilage formation[33-35]. Spheroids
have the capacity to express crucial extracellular matrix molecules such as collagen
type II, tenascin-C, collagen type IX and aggrecan [36] , recapitulating cartilage
formation. Spheroids also secrete COMP (cartilage oligomeric matrix), a
thrombospondin family protein (TSP-5) [ 3 7 , 3 8 ] recognized as a biomarker for
chondrogenesis[39].
Our research group recently reported the production of a stably engineered
cartilage using ASC spheroids under chondrogenic and hypoxic conditions[35]. In
addition, we have recently established a hypertrophic engineered cartilage
(manuscript submitted) for future use in bone engineering[31]. Although hypertrophic
cartilage has been used as a template for osteogenesis in vivo based on different
strategies[40-42], hypertrophic cartilage made from spheroids has not been tested in this
context.
Finally, spheroids have already been used as building blocks for the biofabrication
of different tissues (such as nervous and cardiac tissues) and recent data support their
potential use in 3D bioprinting approaches[43,44].

USE OF SPHEROIDS FOR CARTILAGE AND BONE
ENGINEERING
Cultures of MSCs as 2D monolayers are widely used and suitable for cell expansion.
However, 2D cultures have numerous limitations; in particular, these cultures have
limited cell differentiation potential [45,46] . In vivo, stem cells dwell in specific
compartments of tissue microenvironments known as “niches”, which regulate cell
physiology[47]. In 3D cultures - particularly in scaffold-free strategies such as spheroids
(Figure 1) - niche conditions can be recreated[48].
The use of 3D scaffold-free cultures, including spheroids, as an in vitro cartilage
model has been widely explored in the past few years [49,50] , because the hypoxia
gradient found inside spheroids mimics the microenvironment of native cartilage,
favoring the differentiation of MSCs and ASCs down the chondrogenic pathway[51].
Yoon et al [52] showed that ASCs in 3D cultures have improved chondrogenic
potential when compared with monolayers. More recently, Occhetta et al[53] showed
that the downregulation of bone morphogenetic protein (BMP) signaling in bone
marrow MSCs guides embryonic progenitors towards articular cartilage formation,
and is responsible for stable chondrogenesis, protecting against vessel invasion and,
consequently, bone formation. In a co-culture approach, spheroids composed of a
mixture of chondrocytes and ASCs had upregulated expression of chondrogenic
markers[54]. Importantly, Dikina et al[55] successfully used a modular system based on
MSC spheroids to engineer cartilaginous scaffold-free tissue for tracheal tissue
replacement. MSC differentiation was optimized by delivering TGF-β entrapped in
gelatin microspheres, and MSC spheroids were guided to form a cartilaginous tube
structure with mechanical properties similar to those of native trachea.
Our research group isolated and characterized human cartilage progenitor cells
(CPCs) capable of spontaneous chondrogenesis in vitro[56] in the absence of exogenous
stimuli of chondrogenic growth factors, when using a 3D scaffold and serum-free
culture[57]. Recently, we modified our 3D culture system to a scalable methodology
using micro-molded, non-adhesive hydrogel [58] . This methodology prevents cell
attachment, and encourages cell-cell interactions, improving chondrogenic
differentiation[59]. The micro-molded hydrogel strategy showed promising results not
only for chondrogenesis, but also for the formation of spheroids of homogeneous size
and shape, and with high cell viability[58].
ASC spheroids made using micro-molded hydrogel are also homogeneous in size,
shape and have increased cell viability [35] . Induced ASC spheroids showed a
chondrogenic potential similar to that of CPC spheroids, as validated by proteomic
analysis of spheroid culture supernatants, known as “secretomes”[35]. When in vivo,
these spheroids might be able to secrete cartilage specific extracellular molecular
proteins and bioactive molecules, in order to promote the formation of cartilage tissue
(Figure 2). Interestingly, our secretome data on differentiated ASC spheroids revealed
the absence of collagen type X, a classic marker of chondrocyte hypertrophy [60] .
Furthermore, comparative secretome analysis revealed that induced ASC spheroids
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Figure 1

Figure 1 Three-dimensional cell culture techniques to fabricate spheroids in vitro. A: Microfluidics; B: Hanging drop; C: Automatic platforms; D: Non-adherent
agarose micromolded hydrogel produced from a silicone mold (3D Petri dish®, Microtissues); E: Non adhesive surfaces; F: Pellet culture.

secreted higher levels of the chondrogenesis biomarkers collagen type II and COMP
than CPC spheroids. Induced ASC spheroids also had increased secretion of a new
biomarker of chondrogenesis - TSP-1[35] - an anti-angiogenic protein recently described
as anti-hypertrophic[61].
While several studies have reported successful chondrogenic differentiation using
spheroids, only a few studies have reported the use MSC or ASC spheroids in bone
engineering[31]. Osteogenic differentiation is commonly reached by the addition of
inducers to the culture medium. Hildebrandt et al[62] showed that MSC spheroids
induced using dexamethasone, ascorbic acid and β-glycerophosphate had a
widespread distribution of collagen type I, the main collagen found in bone
extracellular matrix. In addition, Shen et al[63] reported that ASC spheroids induced
into the osteogenic pathway using a cocktail of vitamin D3, ascorbic acid,
dexamethasone and β-glycerophosphate developed calcium deposits (stained with
Alizarin red); these deposits were associated preferentially with the inner spheroid
cells. In agreement with these data, Gurumurthy et al[64] observed that growth as
spheroids improved the synthesis of calcium deposits by ASCs. In that study, ASC
spheroids and monolayers were maintained in medium containing ascorbic acid,
dexamethasone, β-glycerophosphate and 10% fetal bovine serum. Recently, Rumiński
et al[65], compared the osteogenic potential of ASCs by culturing them as monolayer,
spheroids or seeded in a scaffold. The results showed that ASCs spheroids presented
an up-regulation of osteogenic markers. In addition, after the induction of cells to later
osteogenic differentiation events, cells dissociated from spheroids produced mineral
and osteocalcin. In this study, ASCs spheroids were kept in a medium containing the
inducing factors 10 nmol dexamethasone, 50 μg/mL ascorbic acid 2-phosphate and 3
mmol NaH2PO4. During the induction of later differentiation events, the medium was
supplemented with 10 nmol 1α,25-dihydroxyvitamin D3.
BMP-7 stimulates bone metabolism, as well as modulating the proliferation and
differentiation of MSCs into bone tissue cells[66]. According to our preliminary results,
ASC spheroids induced using BMP-7 had calcium deposits, they were negative for
typical bone extracellular matrix components, showing a restricted area of positivity
for osteocalcin. Nevertheless, even in the absence of BMP-7, ASC spheroids had
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Figure 2 Spheroids in cartilage and bone tissue microenvironments. Adipose stem/stromal cells (ASCs) spheroids delivered to defect area in vivo can secrete
bioactive molecules and synthetize typical extracellular matrix proteins of cartilage, promoting regeneration. Our group have detected collagen type II and COMP in
the secretome of in vitro ASCs spheroids, as the production of typical extracellular matrix proteins of cartilage in situ[35]. ASCs spheroids delivered to critical-size bone
defects can stimulate angiogenesis by secretion of vascular endothelial growth factor (VEGF) and synthesize bone typical extracellular matrix proteins, promoting
regeneration. Our group have detected higher levels of VEGF secreted in ASCs spheroids induced to form a hypertrophic cartilage in vitro, as the production of typical
extracellular matrix proteins of bone in situ (manuscript submitted).

strong in situ staining for collagen type X, a classic early marker of hypertrophic
chondrocytes[60,67], the precursors of endochondral ossification.
In agreement with the intrinsic capacity of ASC/MSC spheroids to form
hypertrophic chondrocytes suggested by our preliminary results, Muraglia et al[68]
reported a transition from chondrogenesis to osteogenesis in human MSC spheroids
produced using the pellet technique. Initially, a chondrogenic induction medium was
used, composed of human TGF-β1 and dexamethasone. At the end of four weeks, the
medium was replaced with osteogenesis inducing factors (β-glycerophosphate and
dexamethasone) for an additional three weeks. The authors found crystallization
inside the spheroids, together with remodeling from a typical cartilage extracellular
matrix to bone. Table 1 summarizes in vitro and in vivo studies with ASCs spheroids
for cartilage and bone engineering.

USE OF SPHEROIDS FOR THE DEVELOPMENTAL
ENGINEERING OF CARTILAGE AND BONE
Developmental engineering for bone tissue formation in vitro aims to recapitulate the
stages of bone development that occur in vivo[76,77]. Chondrogenesis is the primordial
stage of skeletal development, involving the migration and recruitment of MSCs, the
condensation of progenitor cells, and the differentiation and maturation of
chondrocytes, which culminate in the formation of cartilage and bone, during
endochondral ossification [78,79] . Fell [80] first described one of the early events in
chondrogenesis: The aggregation of chondroprogenitor MSCs that leads to pre-
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Table 1 In vitro and in vivo studies with adipose derived stem/stromal cells spheroids for cartilage and bone engineering
Spheroid production
method

Tissue

Defect/Animal model

Main outcomes

Cartilage

Spontaneous formation in 48- In vitro
well plate

Further optimization of
chondrogenic induction will
be required

Cartilage

Scaffold

Subchondral bone in Rabbit

The structure and function of
regenerated tissue was
similar to hyaline cartilage

Cartilage

Spinner flask

Transplanted subcutaneously Spheroid culture is a viable
in Mice
method for chondrogenic
differentiation and in vivo
cartilage formation

Cartilage

Porous scaffold

Femur trochlea on the
femoropatellar groove in
Rabbit

Formation of mature cartilage
in vivo

Cartilage

Micro-molded non-adhesive
hydrogel

In vitro

The study confirms that
spheroids mimic a stable
cartilage tissue

Bone

Hanging droplet

Muscle pouch in femur in a
Rat

Spheroids presented upregulation of osteogenic
markers, extracellular matrix
mineralization and, when
implanted in vivo, greater
bone volume

Bone

Overlay

In vitro

Spheroids presented calcium
deposits and cells were
positive for CD31 (classic
endothelial marker)

Bone

Pellet culture

Osteochondral (femoral
trochlear groove) in
microminipigs

Spheroids may induce
regeneration of cartilage and
subchondral bone

Bone

Agarose chip

Dorsal in Mice

Formation of ectopic bone

Bone

Elastin-like Polypeptide
In vitro
(ELP) and Polyethyleneimine
(PEI) surface

Spheroids showed superior
osteogenic differentiation
than monolayer culture.
Spheroids produced bone
extracellular matrix and
presented greater
mineralization

Bone

Centrifugation

In vitro

Composite spheroids
enhanced expression of
osteogenic genes and
mineralization after fusion
process

Bone

Non-adhesive surfaces

In vitro

Spheroids up-regulated
osteogenic markers, showed
low mineral production and
produced osteocalcin protein

Ref.
[69]

[70]

[52]

[71]

[35]

[63]

[72]

[73]

[74]
[64]

[75]

[65]

cartilage condensation. This process depends on cell-cell and cell-matrix interactions,
and is associated with intense changes in cytoskeletal architecture[81].
Bone engineering studies rely on mimicking endochondral ossification, the main
mechanism of bone regeneration/repair after injury or fractures[82]. Endochondral
ossification is tightly coordinated by cellular and molecular mechanisms[77]. MSCs
initially condense and differentiate into chondrocytes, forming a hyaline cartilaginous
matrix template that is subsequently replaced by vascularized bone tissue[83].
All hypertrophic cartilage-associated molecular events seem to occur in ASC
spheroids, suggesting that these cells can be used to faithfully recapitulate
endochondral ossification in vivo[73]. According to our preliminary results, these main
events can also be recapitulated in vitro from ASC spheroids induced down the
chondrogenic and osteogenic pathways (manuscript submitted). The stage of precartilage condensation is closely linked to an increase in hyaluronidase activity and to
the appearance of cell adhesion molecules, mainly cadherins [36,84] . In spheroid
formation, N-cadherin expression is directly correlated with successful chondrogenic
differentiation, because it mimics the mesenchymal condensation that occurs in
embryos [85] by a process of self-assembly [86] . Decorin and extracellular matrix
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molecules such as tenascin, TSP-1 and COMP then interact with cell adhesion
molecules to activate intracellular signaling pathways and trigger the maturation of
chondroprogenitor cells into chondrocytes [ 8 4 ] . Furthermore, induced ASC
differentiation upregulates a trio of SOX genes (SOX9, SOX5, SOX6), and this is
followed by the downregulation of RUNX2, the master inducer of osteogenesis[87], and
ALP, a gene involved in mineralization [88,89] . Although spheroids are capable of
recapitulating chondrogenesis steps, in our model spheroid-based chondrogenesis
does not progress to bone differentiation as seen in endochondral ossification in
vivo[35].
During endochondral ossification, mature hypertrophic chondrocytes express
classic osteogenic markers, such as RUNX-2, osterix, collagen type I, osteocalcin and
osteopontin[82,83,90]. Calcification starts in the cartilage template, when hypertrophic
chondrocytes secrete vascular endothelial growth factor, leading to cartilage
vascularization and enabling osteoblasts to replace the calcified cartilage by
mineralized mature bone[91]. Various studies have attempted to harvest the high
angiogenic potential of hypertrophic chondrocytes to improve bone repair, by
mimicking the events of hypertrophy in vitro to engineer optimized bone-like tissue or
to improve angiogenesis and bone repair in vivo[31]. Most studies were performed with
cells surrounded by biomaterials, and obtained positive results[92-95]. Studies using
spheroids as a template for ossification showed that spheroids present an elevated
capacity to differentiate into bone in vitro[68], and to regenerate this tissue in vivo[73,96],
which may be linked to their ability to form hypertrophic chondrocytes (Figure 2).
In conclusion, ASC spheroids can be used as a model to mimic the differentiation
events of stable or hypertrophic cartilage, depending on inducers and oxygen
conditions. Spheroid cells differentiate into chondrocytes mainly due to hypoxia, and
are capable of maintaining a stable chondrocyte phenotype. Subsequent
differentiation into bone tissue appears to rely on an intermediate state of
chondrocyte hypertrophy, which recapitulates endochondral ossification.

SPHEROIDS AS BUILDING-BLOCKS
In the last decade, the major challenge in the field of tissue engineering has been the in
vitro manufacture of tissues compatible in size to injury sites and with a high density
of cells, similar to that observed in native tissues and organs[97]. These requirements
were the driving force for the development of “bottom-up” tissue engineering[98],
where tissues are created by assembling “building blocks” into higher ordered 3D
structures. The building blocks are represented by engineered, scaffold-free, 3D
constructs such as spheroids, which are assembled into higher order structures using
different technologies, of which the most common is 3D bioprinting[98-100].
The success of “bottom-up” tissue engineering relies on the inherent capacity of
building blocks to fuse to each other, resulting in larger tissue constructs[5]. Given the
ability of spheroids to recapitulate the main morphogenetic events in tissue formation,
including fusion, they represent an ideal choice for building blocks in bottom-up
tissue engineering[2]. Improving our understanding of the cellular and molecular
mechanisms that underlie spheroid fusion is essential for the biofabrication of
complex tissues using spheroids[101].

SPHEROID FUSION
Tissue fusion is a spontaneous process in embryonic development and occurs by cellto-cell and cell-to-extracellular matrix interactions, involving complex molecular and
biophysical processes[102]. When spheroids are used to mimic tissue fusion, the process
is controlled by surface tension forces culminating into a single cohesive
structure [ 1 0 2 , 1 0 3 ] . One advantage of spheroid fusion is that the kinetics and
morphological changes can be easily quantified using high-throughput technology,
mainly by time-lapse brightfield images and fluorescence microscopy[104]. Then, the
images obtained can be analyzed with a customized image analysis script[104] running
on the free NIH image analysis software ImageJ.
Different studies have investigated the fusion process of spheroids in vitro. Fleming
et al [105] fused uniluminal vascular spheroids in vitro, in a process that closely
resembles the formation of the descending aorta during embryonic development, in
vivo. Lehmann et al [ 1 0 6 ] produced 3D cartilage-like single spheroids using
dedifferentiated chondrocytes, and generated larger microtissues consisting of several
spheroids fused together, as a scaffold-free strategy for reliable treatment of
osteoarthritis and cartilage defects due to trauma. These authors observed that fused
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spheroids showed increased production of extracellular matrix and higher levels of
collagen II compared with single spheroids. Susienka et al [104] designed a highthroughput platform to quantify spheroid fusogenicity using two different assays:
Initially, a “tack” assay is used to measure the minimum time taken by two spheroids
to form a stable microtissue “doublet”, while a fusion assay tracks the morphological
parameters of fusion. This method is useful to explore the mechanisms involved in
spheroid fusion and can be applied to different cell types, to identify differences in
fusion processes.
Our preliminary results using the fusogenicity assay described above showed that
ASC spheroids, when placed in pairs, start fusing at 24 h, while the whole fusion
process is finished by day 7. The cellular and molecular mechanisms that control
spheroid fusion remain poorly described. According to our preliminary results, at day
4 of culture, a population of spheroid cells migrates from the spheroid periphery to
the region of fusion, at the center of the spheroid. In agreement with these data,
Fleming et al[105] showed that the fusion of uniluminal vascular spheroids is mediated
by the ability of spheroid cells to reposition themselves, maximizing their interadhesive interactions and minimizing the free energy of the system as a whole.
In ASC spheroids, we also observed a resistance to fusion directly related to
osteogenic differentiation (manuscript in preparation). Similarly, Ahmad et al [75]
showed that, when subjected to a protocol for mineralization in vitro, ASCs spheroids
only fused after seven days in culture; in this period, the cells remained viable and
stained for Alizarin red O, indicating the presence of calcium deposits.
With regard to cartilage engineering, a study by Lehmann et al[106] showed that
chondrogenesis increases when spheroids undergo fusion. Fused spheroids presented
some similarities to native hyaline cartilage and were highly positive for collagen type
II and proteoglycans, which are typical of cartilage extracellular matrix. Our group
has shown that fusion is not impaired in ASC spheroids induced to undergo
chondrogenesis [35] . Furthermore, in a different spheroid model, using CPCs, we
observed that spheroids undergo fusion at day 7[58]; however, the contact area in fused
CPC spheroids is reduced compared with that observed in ASC spheroids induced to
undergo chondrogenesis.
In conclusion, spheroid fusion is the event that allows bottom-up tissue engineering
to form larger tissue constructs. Ours and other research groups have shown that
spheroid fusion is a fast, efficient and scalable process. However, further molecular
and cellular studies are necessary to understand the mechanisms involved in fusion,
in order to produce stable tissue constructs that recapitulate tissue morphogenesis
and exhibit the desired functionality.

SPHEROID BIOPRINTING
The 3D bioprinting of tissue constructs is considered one of the latest technologies in
tissue engineering and regenerative medicine, promising to facilitate the development
of complex tissues and organ constructs[107]. Bioprinting evolved from 3D scaffold
printing, a technique developed by Hull[108] in the 80s, and initially applied to improve
scaffold properties[109,110].
Currently, 3D bioprinting techniques are an attractive strategy for bottom-up tissue
engineering due to the possibility of engineering with precision larger and complex
tissue constructs with suitable mechanical properties and desirable biological
functions. In 3D bioprinting, biomaterials containing bioactive molecules and
encapsulated cells, referred to as the “bioink,” are added layer-by-layer to form
previously designed patterns[109]. The state-of-the-art is to distribute cells or spheroids
and bioactive agents with precision to form a 3D structure, via the controlled
extrusion activity of a bioprinter[111].
Visconti et al[103] discussed the importance of spheroid fusion to form an intra-organ
vascular tree by 3D bioprinting. Vascular spheroid fusion resulted in a functional and
physiologically relevant 3D structure similar to a blood vessel, showing both
vasodilatory and contractile responses[112]. Importantly, the fabrication of a vascular
structure is an essential initial step to successfully engineer large tissue constructs due
to the need for vascularization in native organs. The biofabrication of larger constructs
requires spheroids to be homogeneous in the desired size and shape[113], and our
research group has shown that this homogeneity can be obtained by the use of
molded non-adherent hydrogel[35].
One interesting strategy, developed by Yu et al[114] used a scalable bioink referred to
as “tissue strands” in scaffold-free bioprinting, to facilitate the accurate biofabrication
of biomimetically developed tissues. The model was based on chondrocyte spheroid
fusion to produce the tissue strands, which were then bioprinted into a more complex
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cartilage construct without the use of hydrogels. The authors successfully produced
bovine articular cartilage tissues with morphological, biochemical and mechanical
properties close to those of native cartilage.
In a recent outstanding study, Daly et al[115] used inkjet bioprinting to deposit a cell
suspension of MSCs and chondrocytes into 3D printed microchambers, to form highly
organized arrays of spheroids. The morphological composition and the biomechanical
properties of the bioprinted cartilage-like tissue construct were similar to those of
native cartilage found in vivo.
Despite different efforts and advances in spheroid 3D bioprinting, many challenges
must still be overcome to allow this technique to reach its full potential. These
challenges include the incorporation of blood vessels and nerve fibers in tissue
constructs[116], and the production of large and uniform constructs suitable for future
clinical applications[117].

CONCLUSION AND PERSPECTIVES
Recent advances in the developmental engineering area, which aims to recapitulate
the cell and molecular stages of embryonic development to form a desired tissue[76,77],
have allowed the establishment of spheroid-based in vitro models that mimic more
closely embryonic processes, including endochondral ossification and mesenchymal
condensation, which represent stages of bone and cartilage formation, respectively.
Spheroids are ideal building blocks for bottom-up tissue engineering mainly due to
their high fusion capacity. Further studies on the spheroid fusion process and the
refinement of in vitro tissue biofabrication technologies such as 3D bioprinting are
now essential for the production of higher order tissues in vitro. In conclusion, 3D
bioprinting using ASC spheroids as cartilage and bone building blocks is a promising
technology for future development of tissue constructs for clinical use, by bottom-up
tissue engineering.
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BACKGROUND
Endothelial colony-forming cells (ECFCs) have been implicated in the process of
vascularization, which includes vasculogenesis and angiogenesis. Vasculogenesis
is a de novo formation of blood vessels, and is an essential physiological process
that occurs during embryonic development and tissue regeneration.
Angiogenesis is the growth of new capillaries from pre-existing blood vessels,
which is observed both prenatally and postnatally. The placenta is an organ
composed of a variety of fetal-derived cells, including ECFCs, and therefore has
significant potential as a source of fetal ECFCs for tissue engineering.
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AIM
To investigate the possibility of isolating clonal ECFCs from human early
gestation chorionic villi (CV-ECFCs) of the placenta, and assess their potential for
tissue engineering.
METHODS
The early gestation chorionic villus tissue was dissociated by enzyme digestion.
Cells expressing CD31 were selected using magnetic-activated cell sorting, and
plated in endothelial-specific growth medium. After 2-3 wks in culture, colonies
displaying cobblestone-like morphology were manually picked using cloning
cylinders. We characterized CV-ECFCs by flow cytometry, immunophenotyping,
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tube formation assay, and Dil-Ac-LDL uptake assay. Viral transduction of CVECFCs was performed using a Luciferase/tdTomato-containing lentiviral vector,
and transduction efficiency was tested by fluorescent microscopy and flow
cytometry. Compatibility of CV-ECFCs with a delivery vehicle was determined
using an FDA approved, small intestinal submucosa extracellular matrix scaffold.
RESULTS
After four passages in 6-8 wks of culture, we obtained a total number of 1.8 × 107
CV-ECFCs using 100 mg of early gestational chorionic villus tissue.
Immunophenotypic analyses by flow cytometry demonstrated that CV-ECFCs
highly expressed the endothelial markers CD31, CD144, CD146, CD105, CD309,
only partially expressed CD34, and did not express CD45 and CD90. CV-ECFCs
were capable of acetylated low-density lipoprotein uptake and tube formation,
similar to cord blood-derived ECFCs (CB-ECFCs). CV-ECFCs can be transduced
with a Luciferase/tdTomato-containing lentiviral vector at a transduction
efficiency of 85.1%. Seeding CV-ECFCs on a small intestinal submucosa
extracellular matrix scaffold confirmed that CV-ECFCs were compatible with the
biomaterial scaffold.
CONCLUSION
In summary, we established a magnetic sorting-assisted clonal isolation approach
to derive CV-ECFCs. A substantial number of CV-ECFCs can be obtained within
a short time frame, representing a promising novel source of ECFCs for fetal
treatments.
Key words: Placenta; Endothelial colony forming cells; Chorionic villi; Angiogenesis;
Tissue engineering
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: We established a magnetic sorting-assisted clonal isolation protocol to derive
chorionic villus endothelial colony-forming cells (CV-ECFCs) from early gestation
placentas. Using our protocol, a substantial number of CV-ECFCs can be obtained from
chorionic villus sampling specimens within a short time frame, making it feasible for
autologous fetal treatment. CV-ECFCs are comparable to umbilical cord blood-derived
ECFCs in terms of surface marker expression, tube formation capability, transducibility,
and compatibility with biomaterial delivery vehicles. CV-ECFCs represent a novel
autologous source of cells for fetal or postnatal treatment of congenital anomalies or
defects.

Citation: Gao K, He S, Kumar P, Farmer D, Zhou J, Wang A. Clonal isolation of endothelial
colony-forming cells from early gestation chorionic villi of human placenta for fetal tissue
regeneration. World J Stem Cells 2020; 12(2): 123-138
URL: https://www.wjgnet.com/1948-0210/full/v12/i2/123.htm
DOI: https://dx.doi.org/10.4252/wjsc.v12.i2.123

INTRODUCTION
Over the past three decades, fetal medicine, especially fetal surgery, has been
substantially developed for the treatment of congenital disorders. These include
structural defects, such as spina bifida, congenital diaphragmatic hernia,
sacrococcygeal teratoma, cardiac malformations[1-3], and genetic disorders, such as
hemophilia[4,5], Duchenne muscular dystrophy[6] and cystic fibrosis[7,8]. For the past
several years, our group has been exploring and establishing stem cell-based
regenerative fetal treatments combined with tissue engineering for a variety of
congenital disorders. For instance, we have successfully isolated placental
mesenchymal stem/stromal cells (PMSCs) from the chorionic villus of early gestation
placentas, and developed a PMSC-based fetal treatment for spina bifida (SB)[3,4,9-12].
Using the surgically-created fetal ovine SB model, we showed that augmenting in
utero surgical repair of SB defects with PMSCs can rescue neurons and cure SB-
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associated motor function deficits at birth[3,9-11]. However, consistent with numerous
other cases in which therapeutic effects were observed using MSCs, the transplanted
PMSCs did not persist following transplantation, nor contribute to tissue regeneration
by integration[3,13-17]. Rather, the PMSCs rescued neurons via paracrine mechanisms. In
the aforementioned studies, small intestinal submucosa extracellular matrix (SISECM) was the biomaterial scaffold used to deliver the stem cells in vivo[9,18,19]. Porcine
small intestinal submucosa (SIS) scaffold is a Food and Drug Administrationapproved natural ECM, which serves as a suitable provisional matrix for tissue
regeneration. Based on our previous application of SIS-ECM, we believe it can be
useful as a scaffold for delivering various types of stem cells to different affected
tissues.
In another recent study of hemophilia A, we showed that when co-transplanting
PMSCs with cord blood-derived endothelial colony-forming cells (CB-ECFCs), PMSCs
integrated into the host environment and formed stable, long-term engraftment[20].
This observation suggests that ECFCs play a critical role in facilitating the long-term
survival and engraftment of PMSCs[20].
The potential of ECFCs is also noted in vascularization, including vasculogenesis
and angiogenesis. Vasculogenesis is the de novo formation of blood vessels, and is an
essential physiological process that occurs during embryonic development and tissue
regeneration. Angiogenesis is the growth of new capillaries from pre-existing blood
vessels, which is observed both prenatally and postnatally [21] . ECFCs are highly
proliferative endothelial progenitor cells that can differentiate into mature endothelial
cells [ 2 2 ] , and facilitate the functional formation of angiogenesis and thus
vascularization. Therefore, cell therapies using ECFCs isolated from various tissue
sources, such as bone marrow [23] , adipose tissue [24] , peripheral blood [25] and cord
blood[20,26], have been sought as a therapeutic method to improve vascularization for
various disorders[27]. Vascularization is vital to the development, maintenance, and
regeneration of tissues. Angiogenesis, one vascularization process in which new blood
vessels are formed from preexisting ones, plays a crucial role in embryonic and fetal
development[21,28]. A defect in angiogenesis can lead to a variety of diseases, such as
heart and brain ischemia, neurodegeneration, hypertension, osteoporosis, respiratory
distress, and preeclampsia, to name a few[29]. Therefore, improving angiogenesis can
ameliorate these aforementioned disorders by substantially increasing the supply of
nutrients and oxygen to the affected tissues, and thus subsequently promoting tissue
regeneration and functional repair[30-32]. Furthermore, the proliferative capacity of
ECFCs, as well as their ability to integrate into the circulatory system, has allowed
them to also be used as a delivery method of mutant genes to treat genetic vascular
diseases[20,33]. Overall, the potential of ECFCs is greatly noted, and they may be ideal
for treating the various disorders listed above, both adult and congenital. For
example, an ideal long-term treatment strategy for congenital genetic diseases, such as
hemophilia, is to apply appropriate stem cells during the first trimester of gestation,
and treat the fetus prior to the development of a fetal immune system[4,34].
The placenta is a highly vascularized organ that plays a pivotal role in supporting
and regulating fetal development with active vascularization beginning at an early
gestational age[35]. During the first trimester of gestation, the placenta rapidly develops
from the trophectoderm. The developmental process includes the formation of the
villus tree and the extensive vasculature necessary to support the developing fetus.
Hence, the early gestation placenta may pose a source from which we can reliably
obtain a variety of progenitor cells such as ECFCs, in addition to the PMSCs that we
have already established[35-37].
Several methods have been established to isolate ECFCs from term placentas. Patel
et al [ 3 8 ] isolated large numbers of ECFCs by flow cytometry enrichment of
CD45 - CD34 +- CD31 Lo cells from term placentas, and found that placenta-derived
ECFCs possessed angiogenic qualities similar to CB-ECFCs. Solomon and colleagues
obtained ECFCs from the micro- and macrovascular tissues of human term placentas
using CD31 magnetic bead sorting and colony isolation[39]. Thus far, a protocol for
isolating ECFCs from early gestational preterm placentas has not been wellestablished, and the feasibility of using these ECFCs as an autologous source for fetal
treatment has not been explored. In this study, we established a method for isolating
ECFCs from early gestation placentas, and characterized their phenotype and
angiogenic functions.

MATERIALS AND METHODS
Isolation of single cells from the chorionic villus of early gestation human placenta
by enzymatic dissociation

WJSC

https://www.wjgnet.com

125

February 26, 2020

Volume 12

Issue 2

Gao K et al. Isolation of placental endothelial colony-forming cells

Discarded human early gestation (GA 12-16 wk) placentas were collected from the
University of California, Davis, Medical Center. The study was submitted to the
University of California, Davis, Institutional Review Board, and was determined to be
exempt from review. The chorionic villi of the placenta were dissected into small
pieces and washed three times with 1X phosphate-buffered saline (PBS) solution
containing 100 IU/mL of penicillin and 100 μg/mL of streptomycin. Chorionic villus
tissue (100 mg) was placed in a 100 mm dish and digested with 10 mL of enzyme
solution containing 1 mg/mL collagenase Type I (Gibco), 0.1% trypsin (Invitrogen),
and 0.2 mg/mL DNase (Invitrogen) by incubating at 37 °C, 5% CO2 for 20 min. The
cell suspension was collected, neutralized with a medium containing 10% fetal bovine
serum (FBS), and placed on ice. Fresh enzyme solution was added to the remaining
tissue in the petri dish and incubated for an additional 20 min. The collection of cells
and enzyme digestion was repeated until the whole tissue was completely
dissociated. The cell suspensions were pooled, filtered through 70 μm nylon mesh,
and incubated with red blood cell lysate buffer for 5 min at room temperature.

Sorting CD31-positive cells by magnetic beads and culture
Cells that were obtained by enzyme dissociation, as described above, were labeled
with magnetic bead antibodies, and sorted according to the manufacturer’s protocol
(MACS cell separation system; Miltenyi Biotec). Briefly, cells were first labeled with
PE-mouse anti-human CD31 antibody and then bound to anti-PE microbeads
(MiltenyiBiotec). Labeled cells were passed through a separation column under the
magnetic field, and CD31-positive cells were collected and seeded on a rat-tail
collagen Type I (BD Biosciences Discovery)-coated tissue culture treated dish at a low
seeding density (2000-4000 cells/cm2). Cells were cultured in Endothelial Cell Growth
Medium MV-2 media (ECGM-MV2, PromoCell) with the addition of 250 ng/mL TGFβ inhibitor SB431542 (Stemcell Technologies) and 10 ng/mL vascular endothelial
growth factor (VEGF; R&D Systems). Cells were fed every day for the first 7 d and
every 2 d until the appearance of cell colonies.

Isolation of cell clones using the cloning cylinder
Once a cell colony with a cobblestone-like morphology appeared and grew to about
20 cells, it was hand-picked using a cloning cylinder. The rim of a sterile cloning
cylinder (Millipore/Sigma) was coated with sterile vacuum grease and placed onto
the location of the target clone marked under the microscope. Trypsin-EDTA was
used to detach the cells within the cloning cylinder. All cells obtained from each of the
selected colonies was seeded into one well of a 24-well plate (Corning). After about 23 wks of culture and upon reaching about 90% confluency, the cells were passaged
into a 6-well tissue culture treated dish. In addition, 5000 cells from each colony were
seeded into one well of a 96-well plate for CD31 and VE-Cadherin staining to confirm
the ECFC phenotype. The monoclonal cells that displayed cobblestone-like
morphology and co-expressed CD31 and VE-Cadherin underwent further expansion.
CV-ECFCs were frozen at passage five and subsequently used for all experiments.

Cord blood-derived ECFCs isolation and culture
Cord blood was collected from discarded term placentas obtained from the University
of California Medical Center. CB-ECFCs were isolated as previously described[20].
They were cultured in ECGM-MV2 media (PromeCell). CB-ECFCs between passages
4-6 were used in this study.

Flow cytometry
Flow cytometry was used to characterize the cellular composition of the chorionic
villus of human early gestation placental tissue, and the surface markers of isolated
and expanded CV-ECFCs. The Attune NxT Flow Cytometer (ThermoFisher Scientific)
was used for performing flow cytometry, and FlowJo software (FlowJo LLC) was used
for data analyses. All antibodies were obtained from BD Biosciences. For
characterization of early gestation placenta cellular composition, single cells obtained
from enzymatic dissociation of placental villi were fractionated into tubes containing
approximately 5 x 105 cells per sample and stained with PE-CD31 (555446), APC-CD13
(561698), APC-CD90 (561971), APC-CD34 (560940), APC-CD45 (560973), APC-CD105
(562408), APC-CD117 (561118), and Alexa Fluor 647-CD146 (563619). For phenotypic
characterization of CV-ECFCs, cells were stained with PE-CD31 (555446), PE-CD34
(555446), PE-CD144 (560410), PE-CD90 (561972), PE-CD45 (555483), APC-CD105
(562408), Alexa Fluor 647-CD146 (563619), and Alexa Fluor 647-CD309 (560495). PEMs IgG1 κ (555749), APC-Ms IgG1 κ (550854), and Alexa Fluor 647-Ms IgG1 κ (557783)
were used as isotype controls, and anti-mouse Igκ CompBeads were used to generate
compensation controls. The LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit
(ThermoFisher Scientific) was used to exclude interference from the non-specific
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staining of dead cells. CV-ECFCs were transduced using an established protocol[20].
Transduction efficiency was assessed by tdTomato expression quantified by flow
cytometry.

Immunohistochemistry and immunocytochemistry staining
Chorionic villus tissue was dissected from human early gestation placentas, fixed
with 10% formalin for 24 h, protected by 30% sucrose dehydration until the tissue
specimen settled to the bottom of the tube, and then embedded in O.C.T compound
(Sakura Finetek). Serial sections were made at 6 µm thickness using a Cryostat (Leica
CM3050S) and mounted onto microscope slides (Matsunami Glass). O.C.T compound
was washed off by water. Tissue sections were permeabilized by incubating the
tissues with PBS containing 0.5% Triton X-100 for 10 min. Tissue sections were then
incubated with PBS containing 5% bovine serum albumin (BSA) for 1 h at room
temperature to block non-specific binding sites. Samples were incubated with primary
antibody diluted in PBS containing 1% BSA at 4 °C overnight. The dilutions of
primary antibodies were: Mouse anti-human CD146 (BD Biosciences) 1:50, mouse
anti-human NG2 (BD Biosciences) 1:50, mouse anti-human CD34 (Dako) 1:25, rabbit
anti-human von Willebrand factor (vWF) (Dako) 1:200. Tissue sections were then
stained with the respective secondary antibodies: donkey anti-rabbit, conjugated with
Alexa647 (ThermoFisher Scientific) and donkey anti-mouse, conjugated with Alexa647
(ThermoFisher Scientific), diluted 1:500 with 1% BSA in PBS, and incubated for 1 h at
room temperature. The slides were then counterstained with 1:5000 dilution of DAPI
for 5 min, mounted with Prolong Diamond Antifade Mountant (Invitrogen), and
imaged with a Zeiss Observer Z1 microscope. For CV-ECFC immunocytochemical
characterization, cells were seeded in 96-well plates and fixed with 10% formalin.
Cells were stained using rabbit anti-VE-Cadherin (Cell Signaling) at 1:400 dilution or
mouse anti-CD31 antibodies (Dako) at 1:40 dilution and imaged, as described above.

Acetylated low-density lipoprotein uptake
The CV-ECFCs were cultured in 0.5% BSA for 24 h and then incubated with 10
μg/mL Dil-Ac-LDL (Alfa Aesar) in serum-free culture medium at 37 °C for 5 h. Cells
were then washed three times with PBS, fixed with 10% formalin for 15 min, and
stained with DAPI (1:5000 in water) to label nuclei. The cells were imaged using a
Zeiss Observer Z1 microscope.

Tube formation assay
Twenty-four-well culture dishes were coated with 300 µL Matrigel (BD Biosciences)
per well and allowed to gel for 60 min at 37 °C. CV-ECFCs (100,000) were seeded onto
the Matrigel-coated wells and incubated at 37 °C, 5% CO2. Phase contrast images were
acquired 12 h after seeding using a Zeiss Observer Z1 microscope. Tube formation
was quantified using the angiogenesis analyzer in ImageJ software for total junction
numbers and total branch lengths.

Genetical modification and viral transduction of CV-ECFCs
CV-ECFCs could serve as a promising autologous cell source for the treatment of
genetic diseases. To test if CV-ECFCs can be genetically modified, we transduced CVECFCs using lentiviral vectors for proof-of-concept evaluations. All lentiviral
constructs were generated at the Institute for Regenerative Cures (IRC) Vector Core,
University of California, Davis. CV-ECFCs were transduced in a transduction
medium composed of DMEM high glucose, 10% FBS and 8 μg/mL protamine sulfate
(MP Biomedicals) with pCCLc-MNDU3-LUC-PGK-Tomato-WPRE for quantitative
analysis at a multiplicity of infection (MOI) of 10 for 6 h. After 6 h, the transduction
medium was discarded, and cells were cultured in ECGM-MV2 medium for 72 h. A
fluorescence microscope (Zeiss Observer Z1) was used to observe tdTomato
expression, and flow cytometry was used to detect transduction efficiency.

Cytocompatibility of CV-ECFCs with biomaterial scaffolds
CV-ECFCs represent a promising new cell source for various fetal or adult tissue
engineering applications. To test the cytocompatibility of CV-ECFCs with biomaterial
scaffolds, we used a clinical grade SIS-ECM scaffold as a representative scaffold to be
tested in vitro. Punch-outs (6 mm) of the SIS-ECM scaffold (BiodesignÂ® Dural graft,
Cook Biotech, West Lafayette, IN) were incubated in the culture medium overnight. A
quantity of 2 × 105 transduced CV-ECFCs were suspended in 10 μL culture medium,
seeded onto the pre-equilibrated SIS-ECM scaffold, and cultured at 37 °C, 5% CO2 for
4 h to allow cells to attach. Then, the culture medium was subsequently added to
cover the CV-ECFC/SIS scaffold composite, and incubated at 37 °C, 5% CO2 for 24 h.
A fluorescence microscope (Zeiss Observer Z1) was then used to observe cell
morphology on the scaffold.
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Statistical analysis
All data analysis was performed using PRISM 7 software (GraphPad Software Inc.).
Descriptive statistical data are reported as mean ± SD.

RESULTS
Cellular composition characterization of the human early gestation placenta
chorionic villus
The placenta is composed of a variety of progenitor cells, and undergoes rapid
development during the early gestational period of pregnancy. Hence, it serves as a
unique source for obtaining progenitor cells that could be utilized for tissue
engineering purposes. We first analyzed the cellular composition of early gestation
placenta villi. The typical endothelial cell markers CD31, CD34 and vWF were used to
characterize the endothelial cells present in the chorionic villus tissue (gestation age of
14 wk 5 d). Results confirmed that these endothelial cell markers were broadly
distributed throughout the chorionic villus tissues (Figure 1A, the first three panels).
CD146 is a marker expressed on the endothelium in capillaries and perivascular cells
around the venules. We found that CD146-positive cells were widely present in
placental villi tissues (Figure 1A, the 4th panel). Flow cytometry quantitative analysis
was used to characterize the cell phenotypes derived from the enzymatic dissociation
of placental tissue. We found that during early gestation (12-16 wk), placental
chorionic villus tissues had 52.3% ± 24.1% CD45-positive cells , 43.9% ± 10.39% CD13positive cells, 23.98% ± 14.28% CD90-positive cells, 24.5% ± 5.47% CD105-positive
cells, 23.83% ± 13.66% CD31-positive cells, 14.79% ± 7.65% CD34-positive cells, 9.57%
± 2.5% CD146-positive cells, and 7.35% ± 10.79% CD117-positive cells (Figure 1B and
C). Since CD31 is an established, specific endothelial cell marker, it was selected for
the magnetic sorting strategy of CV-ECFCs from chorionic villi. We also analyzed the
co-expression of CD31 and other markers on the isolated cells derived from early
gestation placental chorionic villus tissues. We found that 12.56% ± 4.24% of CD31positive cells were also CD45 positive, and most likely of the non-adherent
hematopoietic lineage. A subpopulation of CD31-positive cells (4.22% ± 1.53%) were
also positive for CD34, a marker of immature endothelial progenitor cells. This
subpopulation will most likely be able to grow into colonies with high proliferative
potential. A subpopulation of CD31-positive cells (1.34% ± 0.67%) were also positive
for CD90, and CD90 is generally considered as an MSC marker (Figure 1D). Although
the cells that simultaneously expressed CD31 and CD90 account for only a small
fraction of all cells, their higher proliferative capacity overtook the expansion of
CD31-sorted CV-ECFCs. Hence, manual cloning was necessary to obtain pure
populations of CV-ECFCs.

Clonal isolation of CV-ECFCs by magnetic beads sorting
By enzymatically dissociating tissues, we obtained 1.22 × 106 ± 0.32 × 106 single cells
from 100 mg of chorionic villus tissue (n = 5). Single cells were then subjected to
magnetic bead sorting and manual cloning. After 4-6 passages and confirmation of
surface markers, an ECFC cell line with proliferative potential was obtained. A brief
illustration of this process is shown in Figure 2A. The CD31-positive cells were added
to ECGM-MV2 containing TGF-β inhibitor and VEGF. Cell colonies grown from
single cells appeared 5-10 d after being cultured, and they presented with multiple
morphologies (Figure 2B). CV-ECFC colonies exhibited a cobblestone-like
morphology, whereas MSC clones exhibited a spindle-shaped morphology. There
were also colonies that exhibited non-uniform morphologies. Cell colonies that
displayed a cobblestone-like morphology were chosen using a cloning cylinder,
seeded, and cultured in a 24-well plate. In order to get a uniform population and
increased cell number for subsequent characterization by immunocytochemistry, cells
underwent two additional passages. Those cell lines that co-expressed CD31 and
CD144 were expanded for subsequent experiments (Figure 2C). After a total of four
passages within 6-8 wk of culture, a total number of 1.8 × 107 CV-ECFCs per 100 mg of
chorionic villus tissue was obtained.

Flow cytometry analysis of CV-ECFC morphology
The immunophenotypic profile of CV-ECFCs was analyzed by flow cytometry. These
cells were positive for well-established ECFC surface markers, including CD31
(99.55% ± 0.49%), CD144 (98.95% ± 0.64%), CD146 (98.3% ± 1.98%), CD105 (97.7% ±
1.56%), CD309 (39.6% ± 0.99%), and low expression of CD34 (23.2% ± 12.87%). They
were negative for hematopoietic and MSC surface markers CD45 (1.87% ± 2.18%) and
CD90 (2.95% ± 4.02%) (n = 3) (Figure 3). The expression levels of various surface
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Figure 1 Characterization and cellular composition of the human early gestation placenta. Cellular composition of the human early gestation placenta chorionic
villi was characterized. A: Immunofluorescence staining of CD31, CD34, von Willebrand factor and CD146 showed positive cells, depicted with arrows, located in
chorionic villi and organized into blood vessel structures; B, C: Flow cytometry analysis of the surface markers of single cells derived by enzymatic dissociation of the
placental chorionic villi; each marker’s expression is quantitively presented (data were expressed as mean ± SD, n = 3); D: Flow cytometry analysis of the coexpression of typical endothelial cell marker CD31 and other surface markers. Scale bar = 100 µm.

markers were similar to CB-ECFCs, as previously published [20] , except for the
expression level of CD34 of CV-ECFCs, which was higher than that of CB-ECFCs
(2.16% ± 1.06%).

CV-ECFCs are functionally comparable to CB-ECFCs
Tube formation and Dil-Ac-LDL uptake experiments are commonly used to identify
endothelial cells from a functional perspective. Like CB-ECFCs, CV-ECFCs formed a
similar tubular structure on the surface of Matrigel, which can persist for more than
48 h and then disintegrate. The capacity of in vitro angiogenesis of CV-ECFCs and CBECFCs showed no significant difference in quantity by the angiogenesis analyzer in
ImageJ (Figure 4A). These CV-ECFCs showed a comparable ability of Dil-Ac-LDL
uptake to CB-ECFCs (Figure 4B).
To explore the possibility of CV-ECFCs expressing exogenous proteins, and their
potential for treating genetic defects, the transduction rate of these cells was explored.
CV-ECFCs were transduced with a tdTomato-expressing lentiviral vector, and the
transduction rate reached 85.1% at an MOI of 10 by flow cytometry analysis of
transduced and non-transduced cells (Figure 5A). We tested the compatibility of CVECFCs with SIS biomaterial scaffold for future potential tissue engineering. CVECFCs adhered well to the surface of the SIS scaffold, and displayed normal
morphology, similar to CB-ECFCs. These results show that CV-ECFCs can be
delivered to a defective site via a SIS-ECM scaffold or other similar collagen-based
scaffolds (Figure 5B).
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Figure 2 Isolation procedure of endothelial colony-forming cells from placental chorionic villi. A: Depiction of the isolation of chorionic villus endothelial colonyforming cells from chorionic-villus cells by enzymatic dissociation of chorionic villus tissue, followed by CD31 magnetic bead sorting and subsequent manual clonal
isolation and expansion; B: Morphology of the colonies formed by CD31+-sorted cells. CD31 was expressed only by colonies that had a cobblestone-like morphology
and not by ones that displayed spindle shaped morphology. Two representative colonies are shown for each morphology; C: Immunofluorescence staining of isolated
colonies for expression of CD31 and CD144. Scale bar = 100 µm.

DISCUSSION
The placenta is a highly vascularized organ, and the vascularization process begins at
an early gestational age[35]. This study confirmed that endothelial cells account for
about 20%-40% of total placental cells present during early gestation. We showed that
endothelial cells are present in the chorionic villi and likely involved in the formation
and development of blood vessels. Proliferative ECFCs are rare in placental cell
populations, which makes the isolation of viable ECFCs technically challenging,
especially since the number of available cells from clinical chorionic villus sampling
(CVS) specimens is limited[40,41]. Flow cytometry sorting is one method that has been
used to isolate subpopulations from mixed cells and tissues. However, the viability of
flow cytometry-sorted cells is predominantly low, making it unfeasible to obtain large
numbers of cells from limited amounts of tissue[41] for any in utero autologous fetal
therapy. Hence, to isolate a viable and expandable purified population of endothelial
progenitor cells (CV-ECFCs), we first utilized CD31 magnetic bead sorting, which
resulted in two distinct populations of cells with high proliferative potential. One
population had an endothelial progenitor cobble-stone like morphology and coexpressed CD31 and CD34, and are therefore most likely CV-ECFCs. The second
population had a mesenchymal spindle shape morphology, and unlike PMSCs that
are CD31-negative, these cells co-expressed CD31 and CD90. These cells had a higher
proliferative capacity compared to CV-ECFCs, and when co-existing with CV-ECFCs,
they outnumber CV-ECFCs. This observation was consistent with the findings of
Rapp et al[42], where they isolated and cultured ECFCs from term placentas. The recent
study showed the presence of bipotent progenitor cells in term placenta, where the
CD31Lo population differentiated into both endothelial and mesenchymal colonies[40].
Hence, CD31/CD90-double positive cells, with the mesenchymal phenotype in our
isolation method, could be these bipotential progenitor cells. In addition, according to
our previous study, PMSCs could transform into the mesenchymal phenotype and
undergo growth arrest when they were co-cultured[20]. Studies have reported that
TGF-β can promote the endothelial-to-mesenchymal transition process to make
endothelial cells gain a mesenchymal phenotype and induce growth arrest [43,44] .
Therefore, we added TGF-β inhibitor to the ECGM-MV2 medium to maintain the
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Figure 3 Chorionic villi-derived endothelial colony-forming cells express typical endothelial surface markers, similar to cord blood-derived endothelial
colony-forming cells. A: Flow cytometry immunophenotypic analyses demonstrate that chorionic villus endothelial colony-forming cells were positive for the
endothelial markers CD31, CD144, CD146, CD105, CD309, low expression of CD34, and were negative for the hematopoietic and MSC markers CD45 and CD90,
respectively; B: Quantification of the markers; C and D: Flow cytometry immunophenotypic analysis of the surface marker of cord blood-derived endothelial colonyforming cells. Data are expressed as mean ± SD, n = 3.

endothelial cell phenotype. Due to the above reasoning, in order to separate these two
cell populations, we picked colonies manually based on their morphology. The
expanded cells were further characterized for surface expression of endothelial
markers, leading to a pure ECFC cell line that was obtained within 8 wk of culture.
One key element of developing well-vascularized, viable regenerative therapeutics
is the incorporation of autologous or allogeneic endothelial cells or endothelial
progenitor cells derived from various tissue sources to the therapeutic modality or
construct. This strategy has been widely used in treating vasculogenesis and/or
angiogenesis-related diseases and conditions such as heart failure, acute kidney
injury, stroke and wound healing[45-48]. CB-ECFCs are a good source of postnatal
treatments, but cannot be used as an autologous cell source for fetal treatments. In this
study, we developed a protocol to derive CV-ECFCs from early gestation placentas
that could potentially be used as an autologous source of cells for fetal treatment. Our
approach allows one to obtain CV-ECFCs from small amounts of tissue (about 100
mg), which is similar to the size of clinical CVS specimens. This method can also be
applicable to large-scale expansion and banking of CV-ECFCs from large or whole
placental tissue. CV-ECFCs are similar to CB-ECFCs with respect to cell phenotype, in
vitro tube-forming capability, transducibility, and compatibility with biomaterial
scaffolds. Compared with CB-ECFCs, the CV-ECFCs we isolated express higher levels
of the stem cell marker CD34, which likely correlates with a more primitive function
and therapeutic capacity. Finally, in combination with the current fetal surgery
techniques, these cells hold promise as a novel autologous and/or allogeneic
regenerative treatment for congenital anomalies or defects. Further in vivo functional
evaluation of these cells is warranted.
In summary, we established a CD31 magnetic sorting-assisted approach to isolate
clonal CV-ECFCs from human early gestation placentas that hold promise to be used
as an autologous cell source for fetal treatment of congenital anomalies or defects.
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Figure 4 Chorionic villus endothelial colony-forming cells have endothelial functions. A: Representative phase-contrast images of chorionic villus endothelial
colony-forming cells (CV-ECFCs), cord blood-derived ECFCs (CB-ECFCs) tube formation assay, and quantification of junction numbers and total branch lengths.
There is no difference between CV-ECFCs and CB-ECFCs; B: Representative images for Dil-Ac-LDL uptake by CV-ECFCs and CB-ECFCs. There is no difference in
their respective uptake rates. Data are expressed as mean ± SD, n = 3, Scale bar = 100 µm.
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Figure 5 Chorionic villus endothelial colony-forming cells can be transduced by lentiviral vector and are compatible with a small intestinal submucosa
scaffold. A: Representative images of chorionic villus endothelial colony-forming cells (CV-ECFCs) and cord blood-derived ECFCs (CB-ECFCs) transduced with a
pCCLc-MNDU3-LUC-PGK-Tomato-WPRE lentiviral vector. Flow cytometric analysis showed a transduction rate of 85.1% and 82.8%, respectively; B: tdTomato
lentiviral vector-transduced CV-ECFCs (left panel) and CB-ECFCs (right panel) seeded onto a small intestinal submucosa extracellular matrix scaffold, showing
adherence. Scale bar = 100 µm.

ARTICLE HIGHLIGHTS
Research background
Fetal medicine and fetal surgery have been substantially developed for the treatment of
congenital defects. Stem cell transplantation is an important means of tissue reconstruction and
repair of genetic defects. Endothelial colony-forming cells (ECFCs) represent a promising cell
candidate for their unique role in facilitating the formation of angiogenesis and vascularization.

Research motivation
ECFCs isolated from the chorionic villus tissue of early gestation placentas can serve as a source
of cells for prenatal autologous fetal cell transplantation, as well as provide a basis for studying
the development, physiological function, congenital disease, and fetal treatment of the
developing fetus and placenta.

Research objectives
The objective of this study is to establish an isolation protocol to obtain ECFCs from the
chorionic villus of human early gestation placentas, as well as to investigate the characterization
of these cells and their potential applications in gene delivery and tissue engineering.

Research methods
Dissected chorionic villus tissues were enzymatically digested to obtain single cells. Then,
magnetic bead sorting, monoclonal culture and colony isolation were performed to obtain
chorionic villi-derived ECFCs (CV-ECFCs). Immunohistochemical identification, flow cytometry,
Matrigel tube formation assays, LDL uptake assays and lentiviral transduction were carried out
to characterize the morphology, phenotype and function of the purified and expanded CVECFCs.

Research results
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Using the established isolation protocol, we were able to obtain 1.8 × 107 pure CV-ECFCs from a
single cell colony culture within 6-8 wks. CV-ECFCs showed typical endothelial phenotypes and
functions. CV-ECFCs have demonstrated the ability to be transduced with lentiviruses, and
function as carriers for gene therapy. They also possess good biocompatibility with biomaterial
delivery vehicles, such as small intestinal submucosa extracellular matrix for potential tissue
engineering applications.

Research conclusions
This study shows that ECFCs are present in early gestation placental chorionic villi, and can be
isolated and expanded to a significant number in a short period of time. These CV-ECFCs
possess typical endothelial cell phenotypes and functions, and hold the potential of being used in
gene therapy and tissue engineering applications.

Research perspectives
CV-ECFCs isolated from early gestation placentas provide a new source of ECFCs for the fetal
treatment of congenital disorders. Combined with existing in utero treatment technologies, this
cell therapy could be widely applied toward a variety of diseases and conditions. In future
research, we will further explore the in vivo applications of these cells in various animal models.
Investigating the phenotype and functions of CV-ECFCs will also facilitate our understanding of
the development, cellular composition, and function of the developing placenta and its
interaction with the developing fetus.
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Abstract
BACKGROUND
Despite the availability of current therapies, including oral antidiabetic drugs and
insulin, for controlling the symptoms caused by high blood glucose, it is difficult
to cure diabetes mellitus, especially type 1 diabetes mellitus.
AIM
Cell therapies using mesenchymal stem cells (MSCs) may be a promising option.
However, the therapeutic mechanisms by which MSCs exert their effects, such as
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whether they can differentiate into insulin-producing cells (IPCs) before
transplantation, are uncertain.
METHODS
In this study, we used three types of differentiation media over 10 d to generate
IPCs from human Wharton’s jelly MSCs (hWJ-MSCs). We further transplanted
the undifferentiated hWJ-MSCs and differentiated IPCs derived from them into
the portal vein of rats with streptozotocin-induced diabetes, and recorded the
physiological and pathological changes.
RESULTS
Using fluorescent staining and C-peptide enzyme-linked immunoassay, we were
able to successfully induce the differentiation of hWJ-MSCs into IPCs.
Transplantation of both IPCs derived from hWJ-MSCs and undifferentiated hWJMSCs had the therapeutic effect of ameliorating blood glucose levels and
improving intraperitoneal glucose tolerance tests. The transplanted IPCs homed
to the pancreas and functionally survived for at least 8 wk after transplantation,
whereas the undifferentiated hWJ-MSCs were able to improve the insulitis and
ameliorate the serum inflammatory cytokine in streptozotocin-induced diabetic
rats.
CONCLUSION
Differentiated IPCs can significantly improve blood glucose levels in diabetic rats
due to the continuous secretion of insulin by transplanted cells that survive in the
islets of diabetic rats. Transplantation of undifferentiated hWJ-MSCs can
significantly improve insulitis and re-balance the inflammatory condition in
diabetic rats with only a slight improvement in blood glucose levels.
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Core tip: The therapeutic mechanism of differentiated and undifferentiated human
Wharton’s jelly mesenchymal stem cells in streptozotocin-induced diabetic rats may
differ. Differentiated insulin-producing cells can significantly improve blood glucose
levels due to continuously secretion insulin by the transplanted cells that survive in the
islets of diabetic rats. Transplantation of undifferentiated human Wharton’s jelly
mesenchymal stem cells can significantly improve insulitis and re-balance the
inflammatory condition with only a slight improvement in blood glucose levels. The
results of this study will provide basic and essential information for future application of
cell regenerative therapy in diabetic patients.
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INTRODUCTION
Diabetes mellitus (DM) is a chronic metabolic disease in which the primary
disturbance is an inappropriately high blood glucose level. DM is caused by
insufficient insulin secretion or by varying degrees of insulin resistance in tissues. The
former is called type 1 diabetes, and the latter is type 2 diabetes. Type 1 diabetes is
also known as juvenile-onset DM or insulin-dependent DM and usually develops in
childhood or adolescence. Patients with type 1 DM have traditionally been treated
with long-term insulin injections to maintain normal blood glucose levels. Insulin
injection therapy can only temporarily lower blood glucose levels, and cannot
alleviate DM complications such as nephropathy, neuropathy, and retinopathy.
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Currently, clinicians have the ability to offer other diabetes treatments, such as islet
transplantation or cadaveric whole pancreas transplantation. A shortage of donors,
high perioperative risks, and the long-term postoperative need for
immunosuppressants are some of the major concerns and challenges of these
treatments[1]. Researchers are currently moving towards finding more appropriate and
effective medical technologies, such as cell therapy, to cure diabetes.
Stem cells, which are the source of cell therapy, are undifferentiated cells that have
the ability of self-renewal and differentiation. There are wide differences between
stem cells in what they can achieve, depending on their specific microenvironment.
Human mesenchymal stem cells (hMSCs) are a type of multipotent stem cell that can
differentiate into mesodermal (e.g., osteocytes, adipocytes and chondrocytes),
ectodermal (neurocytes), and endodermal (hepatocytes) lineages[2]. hMSCs were first
identified in the bone marrow and subsequently isolated from various tissues
including adipose tissue, amniotic fluid, dental tissues, umbilical cord blood, and
Wharton’s jelly. hMSCs are believed to have immunomodulatory features, which
make them an effective tool in the treatment of chronic diseases[3]. Human Wharton’s
jelly mesenchymal stem cells (hWJ-MSCs), which can be easily obtained from the
connective tissue of the umbilical cord, are a type of multipotent MSC that are not
prone to spontaneous differentiation when cultured in vitro [4] . Compared with
embryonic stem cells, the use of hWJ-MSCs does not have ethical concerns.
Additionally, these cells are less likely to cause rejection after transplantation and will
not cause teratomas in vivo[5,6]. Our research team has well studied the characteristics,
recognition, and function of hWJ-MSCs and published an article in Stem Cells in
2004[5]. In addition to their ability to improve cardiac function in animal models of
acute myocardial infarction[7], treat carbon tetrachloride-induced liver failure in rats[8],
reverse pulmonary fibrosis in a bleomycin-induced pulmonary fibrosis rat model[9],
and ameliorate mouse spinocerebellar ataxia type 1[10], our research team found that
hWJ-MSCs can also restore the hypoglycemic state in diabetic animals[11-13]. However,
the therapeutic effects and mechanism of action of hWJ-MSCs, such as whether they
differentiate into insulin-producing cells (IPCs) before transplantation, remains
unknown. We hypothesized that IPCs differentiated from hWJ-MSCs have a more
efficient and curative effect than undifferentiated WJ-MSCs in streptozotocin (STZ)induced diabetic rats. We first generated IPCs from hWJ-MSCs by using three
successive types of differentiation media over 10 d. Subsequently, we transplanted the
undifferentiated hWJ-MSCs and differentiated IPCs derived from them into the portal
vein of the STZ-induced diabetic rats, and recorded the physiological and
pathological changes.

MATERIALS AND METHODS
WJ-MSC culture
All procedures were approved by the Institutional Review Board. The isolation of
hWJ-MSCs was conducted as described by Wang et al[5]. Briefly, with the written
informed consent of the parents, fresh human umbilical cords were obtained after
birth and stored in Hank’s balanced salt solution (Biological Industries, Beit HaEmek,
Israel) prior to tissue processing to obtain MSCs. After the blood vessels were
removed, the mesenchymal tissue was scraped off Wharton’s jelly and centrifuged at
250 g for 5 min. After centrifugation, the pellets were resuspended in 15 mL serumfree Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand Island, NY, United
States) containing 0.2 g/mL collagenase and incubated for 16 h at 37°C. Next, the cells
were washed, resuspended in DMEM containing 2.5% trypsin, and incubated for 30
min at 37°C with agitation. Finally, the cells were washed again and cultured in
DMEM supplemented with 10% fetal bovine serum (Sigma St. Louis, MO, United
States) and glucose (4.5 g/L) in 5% CO2 in a 37°C incubator.

Differentiation of WJ-MSCs into IPCs
The differentiation protocol followed the steps described in our published article[11].
Briefly, at the fourth passage, after reaching 70% confluence, MSCs were induced to
differentiate into IPCs. Differentiation was divided into three stages. Undifferentiated
WJ-MSCs were detached by HyQTase, diluted with SFM-A, and centrifuged. Cells
were counted for initial seeding density and when they reached 106 cells/cm2, they
were resuspended in SFM-A and seeded on ultralow attachment tissue culture plates
(Corning, Fisher Scientific International, Hampton, NH, United States). SFM-A
contained DMEM/F12 (1:1) (Gibco, Grand Island, NY, United States) with 17.5 mM
glucose, 1% fatty acid free BSA Cohn fraction V (Sigma-Aldrich), 1%
penicillin/streptomycin/amphoteric B (PSA; Biological Industries), 1X insulin-
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transferrin-selenium-X (ITS-X; 5 mg/L insulin, 5 mg/L transferrin, 5 mg/L selenium),
4 nM activin A, 1 mM sodium butyrate, and 50 μM 2-mercaptoethanol. The cells were
cultured in this medium for 2 d. On the third day, the culture medium was changed to
SFM-B, which contains DMEM/F12 (1:1) with 17.5 mM glucose, 1% BSA, 1% PSA,
ITS-X, and 0.3 mM taurine. On the fifth day, the cell culture was replaced by SFM-C,
which contained DMEM/F12 (1:1) with 17.5 mM glucose, 1.5% BSA, ITS-X, 1% PSA, 3
mM taurine, 100 nM glucagon-like peptide-1 (amide fragment 7–36; Sigma Aldrich), 1
mM nicotinamide, and 1X nonessential amino acids. For the next 5 d, the culture
medium was exchanged with fresh SFM-C every 2 d.

Immunofluorescence staining of IPCs and undifferentiated MSCs
The target cells were seeded in 12-well cell culture plates with a circular coverslip on
each well. After 20 min of fixation in 4% paraformaldehyde, primary antibodies were
added in 1 × PBS supplemented with 10% goat serum and 0.1% TRITON X-100, and
incubated overnight at 4°C. The next day, 0.5% Fluorescein AffiniPure Donkey AntiRabbit IgG (H+L) in 1 × PBS supplemented with 10% goat serum and 0.1% TRITON
X-100 was added for 90 min. The coverslips were then lifted and flipped onto a slide
mounted with FluoroQuest tm Mounting medium with DAPI (AAT Bioquest,
Sunnyvale, CA, United States). A confocal microscope was used to check the results of
the immunofluorescence staining.

Measuring C-peptide and insulin secretion of the cells by ELISA
The media were collected from IPCs and undifferentiated MSCs and stored at -20°C.
The C-peptide concentration was determined using the C-peptide ELISA kit
(Mercodia, Uppsala, Sweden). Insulin concentration was determined using the insulin
ELISA kit (Mercodia).

Establishing the diabetic rat model and cell transplantation
The animal study was approved by the Institutional Animal Care and USE Committee
of Taipei Veterans General Hospital (No: 2017-055). Hyperglycemia was induced in
male Sprague-Dawley rats of a closed colony (body weight 250-300 g) through
intraperitoneal injection of 30 mg/kg of STZ on three consecutive days. Blood glucose
levels were determined using the Roche ACCU-CHEK glucose meter (Roche
Diagnostics, Indianapolis, IN, United States) from tapped tail vein blood. Stable
hyperglycemia (blood glucose levels ranging between 380 and 480 mg/dL) developed
1 wk later. The diabetic rats were anesthetized with pentobarbital (40 mg/kg,
intraperitoneal injection). After midline laparotomy, the portal vein was identified.
Subsequently, 5 × 106 differentiated IPCs or 5 × 106 undifferentiated MSCs suspended
in 1 mL heparinized saline were injected into the portal vein, followed by 2 mL
normal saline (NS) to push the grafts into the portal vein. The control group
underwent the same procedure, but was only injected with NS. Body weight and
blood sugar levels were recorded before and after cell transplantation. Blood was
collected from a tail vein and blood sugar levels were measured with a blood glucose
meter (Roche, Basel, Switzerland).

Intraperitoneal glucose tolerance test
The diabetic rats were fasted for 6 to 8 h, after which 10% glucose (2 g glucose/kg of
body weight) were administered intraperitoneally. Blood samples were obtained from
the tail vein and analyzed for glucose levels using the Roche ACCU-CHEK glucose
meter (Roche Diagnostics).

Immunofluorescence, immunohistochemical analyses, and hematoxylin and eosin
staining of the pancreas in rats
The diabetic rats were sacrificed 8 wk after transplantation. The pancreas was
removed and embedded in optimal cutting temperature compound (Sakura Finetek
United States Inc, Torrance, CA, United States) in liquid nitrogen. The cryosections (5
μm) were washed twice with PBS. The sections were mounted with mounting
medium (Vector Laboratories, Burlingame, CA, United States). After applying the
primary and secondary antibodies, immunofluorescence staining was checked by
fluorescence microscopy using appropriate filters and immunohistochemistry
staining was checked under the optical microscope.

Assessment of insulitis
Pancreatic tissue obtained from the rats 8 wk after transplantation was fixed in
formalin, embedded in paraffin, serial sectioned at 5 μm thickness, stained with
hematoxylin and eosin, and examined for inflammation. The degree of insulitis in the
pancreas was evaluated by scoring 100 pancreas serial sections/rat in a blinded
fashion using the following criteria: 0, normal islet; 1, peri-insulitis (mononuclear cell
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infiltration < 25% of the islet); 2, intra-insulitis (mononuclear cell infiltration 25%–50%
of the islet); 3, severe insulitis (mononuclear cell infiltration > 50% of the islet); as
previously described[12,14]. Investigators were blinded to the identity of the section.

Statistical analysis
Statistical analysis was carried out using SPSS 14.0 software program (Statistics
Package for Social Sciences, SPSS Inc. Chicago, Illinois, United States). The data in this
article are expressed as the mean ± standard deviation (SD). Statistical analyses used
the parametric independent t-test and nonparametric Mann-Whitney U test (two
independent samples). A P value of less than or equal to 0.05 was considered
statistically significant.

RESULTS
Differentiation of hWJ-MSCs into IPCs
As in our previous study, we successfully differentiated hWJ-MSCs into IPCs by our
three-stage protocol in 10 d[8]. Figure 1A shows the spindle-shaped hWJ-MSCs before
differentiation, and Figure 1B shows the islet-like clusters after differentiation. The
islet-like clusters stained positive with dithizone, which labels insulin-secreting cells
(Figure 1C). Anti-insulin antibodies (green) revealed that insulin was expressed in the
islet-like clusters that were co-stained with anti-human nuclear antibodies (red) by
immunofluorescence staining (Figure 1D-G). We confirmed that the islet-like clusters
were insulin-producing cells both by inverted microscopy and by confocal
microscopy.

Comparison of serum C-peptide concentration and insulin concentration between
undifferentiated hWJ-MSCs and IPCs in response to glucose stimulation
The concentration of C-peptide and insulin in the culture media from undifferentiated
hWJ-MSCs and IPCs was measured using the insulin ELISA kit and C-peptide ELISA
kit. Differentiated IPCs secreted large amounts of C-peptide and insulin, whereas
undifferentiated hWJ-MSCs secreted them in lower amounts. Importantly, the
differentiated IPCs secreted more C-peptide (high glucose vs low glucose = 30.79 ± 2.5
vs 6.1 ± 1.0 pmol/L, P < 0.001) and insulin (29.8 ± 2.8 vs 9.7 ± 1.7 mU/L, P < 0.001) in
response to the higher glucose levels in the environment (Figure 2).

Comparison of the physiological changes between STZ-treated diabetic rats treated
with undifferentiated hWJ-MSCs and IPCs
The blood sugar rose to more than 400 mg/dL after three doses of intraperitoneal STZ
(30 mg/kg) administration. Compared to the NS treatment group, the rats that
received IPC treatment showed significantly decreased blood glucose levels 7 d after
the transplantation (NS vs IPC = 435.6 ± 32.0 vs 250.3 ± 27.0 mg/dL, P < 0.001).
Although hyperglycemia diminished gradually from the second week to the eighth
week (NS vs IPC = 511.6 ± 43.5 vs 349.1 ± 39.4 mg/dL, P = 0.018) after IPC
transplantation, the blood glucose level was still significantly lower every week than
that in the NS treatment group. In the rats from the undifferentiated hWJ-MSCs
group, the decrease in blood glucose levels after transplantation was lower than that
in the IPC treatment group (1 wk: NS vs MSC = 435.6 ± 32.0 vs 361.6 ± 30.7 mg/dL, P <
0.001; MSC vs IPC = 361.6 ± 30.7 vs 250.3 ± 27.0 mg/dL, P < 0.001. 8 wk: NS vs MSC =
511.6 ± 43.5 vs 439.6 ± 32.8 mg/dL, P = 0.026; MSC vs IPC = 439.6 ± 32.8 vs 349.1 ± 39.4
mg/dL, P = 0.001), and showed a relative stability until the fifth week (Figure 3A).
The insulin content of the blood samples collected from the tail vein of rats was
measured every 2 wk using the insulin ELISA kit, which not only detected human
insulin but also rat insulin. The serum insulin level in the rats from the IPC group was
higher than that in the animals from the NS treatment group (192.2 ± 25.9 vs 53.7 ±
14.2 mU/L, P < 0.001), and was stable for 8 wk (92.2 ± 18.2 vs 50.7 ± 9.3 mU/L, P <
0.001) after transplantation. It is worth noting that the serum insulin level in rats from
the IPC group decreased progressively between weeks 1 and 8. Compared to the
undifferentiated hWJ-MSCs group, the insulin level of rats in the IPC group was
significantly higher only at the first week after transplantation (192.2 ± 25.9 vs 112.6 ±
15.6 mU/L, P < 0.001). When the undifferentiated hWJ-MSC group and NS group
were compared, we found that the insulin level of the animals in the former group
was also significantly higher (1 wk: 112.6 ± 15.6 vs 53.7 ± 14.2 mU/L, P = 0.001) until
the eighth week after transplantation (99.1 ± 14.4 vs 50.7 ± 9.3 mU/L, P < 0.001),
although the weekly decline in serum insulin levels was not volatile (Figure 3B). We
also measured the serum C-peptide level using the ELISA kit, which could detect
human C-peptide levels. The changes in serum C-peptide levels in the IPC treatment
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Figure 1

Figure 1 Morphology of undifferentiated human Wharton's jelly mesenchymal stem cells and islet-like clusters differentiated from human Wharton's jelly
mesenchymal stem cells. A: Undifferentiated spindle-shaped human Wharton's jelly mesenchymal stem cells (20 ×); B: Islet-like clusters after differentiation (20 ×);
C: Dithizone-positive cells, which represent insulin-secreting cells (20 ×); D-G: Immunofluorescence staining with anti-insulin antibodies (green) and anti-human-nuclei
antibodies (red) (40 ×).

group was consistent with the changes seen for insulin (1 wk: 64.5 ± 23.9 vs 26.4 ± 0.7
pmol/L, P = 0.001). However, the serum C-peptide level of rats in the undifferentiated
hWJ-MSC treatment group had a smaller change than the one seen in the NS group (1
wk: 28.4 ± 1.2 vs 26.4 ± 0.7 pmol/L, P = 0.002), a finding that was more consistent with
the results of blood glucose changes (Figure 3B).
The intra-peritoneal glucose tolerance test (IPGTT) was performed 1 and 8 wk after
transplantation to estimate the kinetics of glucose metabolism. Diabetic rats receiving
IPC treatment had significantly better glucose metabolism than those from the NS
treatment group, at wk 1 or 8. However, the IPGTT curve in the IPC treatment group
was flatter at wk 8 than at wk 1, a change that may have been related to the gradual
death of transplanted IPCs over time. Diabetic rats receiving undifferentiated hWJMSC treatment also had some ability to improve their glucose metabolism, but this
was not statistically significant (Figure 3C). The area under the curve was calculated
from the IPGTT graph curve and provided a quantitative analysis of the ability to
metabolize glucose. The greater the area under the curve, the worse the ability to
metabolize glucose. We found that rats in the IPC treatment group had a significantly
better capacity to metabolize glucose than the other two groups in the first week (IPC
vs NS: P = 0.002; IPC vs MSC: P = 0.03), but improvement in the ability to metabolize
glucose decreased in the eighth week (Figure 3C).
Furthermore, we checked the serum cytokine level of diabetic rats in the eighth
week after transplantation by the enzyme-linked immunosorbent assay. The
inflammatory response was observed by serum levels of interferon gamma (IFN-γ)
and interleukin 1 beta (IL-1β) (Figure 4A and B), while serum IL-4 and transforming
growth factor beta (TGF-β) level were observed for anti-inflammatory response
(Figure 4C and D). Serum IFN-γ (23.0 ± 1.6 vs 68.9 ± 5.5 pg/mL, P < 0.001) and IL-1β
(7.8 ± 0.8 vs 15.7 ± 1.7 pg/mL, P < 0.001) levels were significantly decreased in the
undifferentiated hWJ-MSC treatment group compared with the NS treatment group.
Serum IL-4 and TGF-β levels increased in both the differentiated IPC and
undifferentiated hWJ-MSC treatment group with a much more significant change in
the undifferentiated hWJ-MSC treatment group. (IL4:MSC vs NS = 322.6 ± 42.0 vs
149.2 ± 12.7 pg/mL, P < 0.001; TGF-β:MSC vs NS = 97.1 ± 10.1 vs 57.2 ± 4.5 pg/mL, P <
0.001).

Comparison of the pathological changes between treatment with undifferentiated
hWJ-MSCs and IPCs in STZ-induced diabetic rats
The rats were sacrificed 8 wk after transplantation and the pancreas was used for
further pathological examinations. We found that the cells co-localized with strong
red (human nucleus) and strong green (human insulin) fluorescence in the pancreas
of IPC-treated rats by confocal microscopy. These cells were the differentiated human
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Figure 2

Figure 2 Comparison of serum C-peptide concentration and insulin concentration between undifferentiated human Wharton's jelly mesenchymal stem
cells and insulin-producing cells in response to glucose stimulation. Differentiated insulin-producing cells (IPCs) secreted significant amounts of C-peptide and
insulin, whereas undifferentiated human Wharton's jelly mesenchymal stem cells (MSCs) secreted lower amounts. aP < 0.05 when comparing the concentration of Cpeptide and insulin by differentiated insulin-producing cells in response to the higher glucose (HG) and lower glucose (LG) environments.

IPCs that we transplanted via the portal vein and subsequently traveled to and
survived in the pancreas. In the pancreas of undifferentiated hWJ-MSC treatment
group, we found cells that only had red (human nucleus) fluorescence without green
fluorescence as well as a few cells with red (human nucleus) fluorescence and very
weak green fluorescence. These meant that the undifferentiated hWJ-MSCs
transplanted via the portal vein could also travel to and survive in the pancreas, and a
few of them could be differentiated into IPCs in rat pancreatic tissues (Figure 5).
In addition, we used DAB and FastRed immunohistochemistry staining and optical
microscopy to examine sections of the pancreas. The presence of insulin could be
identified by the brown color, and the human nuclei would appear red. No redstained cells could be seen on pancreatic sections in animals from the NS treatment
group, but a few brown cells were present (Figure 6A and B). In pancreatic sections of
animals from the undifferentiated hWJ-MSC treatment group, we saw some redstained cells and some separately brown-stained cells as well as a few cells that were
double-stained red and brown. (Figure 6C and D). We could easily find cells doublestained red and brown in the islets of the rats from the IPC treatment group, which
indicated that the transplanted IPCs could functionally survive in the pancreas
(Figure 6E and F).
Finally, we performed systemic samplings of pancreatic sections with hematoxylin
and eosin to score for the presence and the degree of insulitis. The percentage of islets
free from lymphocyte infiltration was about 7% in the NS treatment group, but 38% in
the hWJ-MSC treatment group (P = 0.004). Only 18% of the islets from hWJ-MSCtreated rats had severe insulitis compared with 43% of NS-treated animals (P = 0.003,
Figure 6G).

DISCUSSION
Oral anti-hyperglycemic drugs and subcutaneous insulin injections are used to
clinically control hyperglycemia. Pancreas or islet cell transplantation are other
options for patients with type 1 diabetes. However, a shortage of donors and an
annual decline in the incidence of insulin-dependent diabetes are the Achille’s heel of
these therapeutic approaches. To date, no efficient therapies exist to cure type 1
diabetes mellitus. Recent research efforts have revealed that transplanting derivatives
of stem cells can reduce the symptoms of diabetes[15]. The derivatives of stem cells are
insulin-secreting cells that are induced by different environments. In a previous
study, we found that insulin-secreting cells that are induced by hWJ-MSCs cells can
treat the hyperglycemic state in diabetic rats[8]. However, the mechanism for this is not
clear. The aim of this study was to investigate and compare the therapeutic effects of
undifferentiated human hWJ-MSCs and IPCs differentiated from the hWJ-MSCs in
diabetic rats.
Some findings from the literature indicated that MSCs could differentiate in vitro,
prior to transplantation, into cells with specific functions. These studies claimed that
cells differentiated in this manner would be able to better target the treatment of
specific diseases[16,17]. Other investigators believe that undifferentiated MSCs can home
to sites of injury and repair the damage after transplantation, and also differentiate
into functional cells in specific microenvironments[17,18]. Consistent with the literature,
our study showed that undifferentiated hWJ-MSCs could indeed exist in the pancreas
of STZ-induced diabetic rats and reduce the insulitis. Even though the transplantation
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Figure 3

Figure 3 Comparison of differences in blood glucose, serum insulin, serum C-peptide, and intraperitoneal glucose tolerance test results between
streptozotocin-induced diabetic rats treated with undifferentiated human Wharton's jelly mesenchymal stem cells and insulin-producing cells. A: aP < 0.05,
compared to the normal saline (NS) treatment group, the rats in the two treatment groups had significantly decreased blood glucose levels; cP < 0.05, blood glucose
levels in rats in the insulin-producing cell (IPC) group were significantly lower than in rats from the undifferentiated human Wharton’s jelly mesenchymal stem cell
(hWJ-MSC) group; B: aP < 0.05, compared to the NS treatment group, the rats in other two treatment groups had significantly higher serum insulin levels; cP < 0.05,
serum insulin levels in rats from the IPC group were significantly higher than those in rats from the undifferentiated hWJ-MSC group; aP < 0.05, compared to the NS
treatment group, rats in the IPC treatment group had significantly higher serum C-peptide levels; cP < 0.05, serum C-peptide level blood glucose level of rats from the
IPC group was significantly higher than those in rats from the undifferentiated hWJ-MSC group; C: IPC and MSC treatment led to better improvement in the
intraperitoneal glucose tolerance test (IPGTT) result than NS treatment in both the first and eighth weeks.

of undifferentiated hWJ-MSCs was able to only slightly ameliorate the hyperglycemia,
these cells were more stable during the entire observation period. By comparison, the
transplantation of IPCs differentiated in vitro from undifferentiated hWJ-MSCs
exposed to three differentiation media, containing different growth factors, was able
to dramatically rescue the hyperglycemia in the first week, but the effects declined
gradually afterwards.
In addition to measuring blood glucose, we also measured serum insulin and Cpeptide levels. The proinsulin secreted by the pancreatic islets would be cleaved into
two parts, functional insulin and the by-product C-peptide, both of which are released
into the blood in an equimolar ratio. Clinically, serum C-peptide would not be
attacked by the anti-insulin antibodies, nor would it be affected by the additional
insulin supplementation. Thus, the serum level of C-peptide, which has no
physiological functions, was used to more accurately assess the proportion of
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Figure 4

Figure 4 Comparison of the serum cytokine profile in the different treatment groups of diabetic rats.aP < 0.05, P < 0.05 when compared with the serum
concentration of the normal saline (NS) group. cP < 0.05, P < 0.05 when comparing the serum concentration between the mesenchymal stem cell (MSC) group and
insulin-producing cell (IPC) group. NS: Normal saline treatment group; MSCs: Undifferentiated Wharton’s jelly mesenchymal stem cells treatment group; IPCs: Insulinproducing cells treatment group.

remaining islets that had the ability to secrete insulin. In our study, we used the
insulin ELISA kit to determine serum insulin levels. However, the commercial insulin
ELISA kit cannot clearly distinguish between human and rat insulin. The level of
serum insulin that we measured was the total insulin that was secreted by both the
transplanted human IPCs and original rat islets. On the other hand, the commercial Cpeptide ELISA kit that we used was specific for human C-peptide. Thus, the level of
serum C-peptide that we measured represented only the C-peptide released by the
transplanted human IPCs.
Both the serum C-peptide levels and insulin levels in rats from the IPC
transplantation group were significantly higher than those in the other two groups
and gradually declined afterwards. The IPGTT also significantly improved in the IPC
transplantation group. This demonstrated that the transplanted human IPCs indeed
had secreted insulin in vivo and directly contributed to reducing the hyperglycemia.
However, because the IPCs are not stem cells, their survival would inevitably decline
over time. The above result was compatible with that obtained from measuring blood
glucose levels. With respect to the undifferentiated hWJ-MSCs group, we found that
the serum C-peptide level was similar to the one from the NS treatment group, but the
serum insulin level was slightly higher. This indicated that the transplanted
undifferentiated hWJ-MSCs could improve the ability of the injured rat islets to
secrete insulin, as opposed to secreting much insulin. The improvement was
quantitatively less pronounced but more stable than in the IPC treatment group
throughout the entire observation period. These data were also compatible with the
changes in blood glucose levels.
Further, we checked the serum cytokine level of diabetic rats in the eighth week
after transplantation by enzyme-linked immunosorbent assay. The serum
proinflammatory cytokine, including IFN-γ and IL-1β, were significant decreased in
the undifferentiated hWJ-MSCs treatment group than NS treatment group. The serum
anti-inflammatory cytokine, including IL-4 and TGF-β, presented significant increase
in both the undifferentiated hWJ-MSCs treatment group and differentiated IPCs
treatment group in comparison with the NS treatment group. Both undifferentiated
hWJ-MSCs and differentiated IPCs treatment could have the anti-inflammatory effect
while the undifferentiated MSCs treatment could also dramatically diminish the
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Figure 5

Figure 5 Comparison of pancreatic immunofluorescence staining in the different treatment groups of diabetic rats. A: Pancreas of rats from the saline
treatment group (20 ×); B: Pancreas of rats from the mesenchymal stem cell treatment group (10 ×); C: Pancreas of rats from the insulin-producing cell treatment
group (10 ×). Red: Human cell nucleus; green: human insulin.

inflammatory response in STZ-induced diabetic rats. The function of restoration of
immune balance was more prominent in the undifferentiated hWJ-MSCs treatment
group.
In contrast with the rats from the transplanted differentiated IPC group, the
insulitis was significantly improved in the rats transplanted with undifferentiated
hWJ-MSCs. However, to our disappointment, this great pathological improvement
resulted in smaller improvements in the actual blood glucose levels and glucose
metabolism in the animals. This could be explained by the fact that the islets did not
have sufficient time to return to their normal working environment from a very
severe infiltration stage due to the insufficient observation time after treatment or the
insufficient transplantation dosage. Another potential explanation could be that the
insulin produced by the rat pancreatic β cells failed to achieve a substantial
hypoglycemic effect.
Overall, cell therapy has the ability to mitigate the hyperglycemia of diabetic rats to
a certain degree. However, more in vivo studies are needed to develop methods to
improve the survival of cells and to effectively extend the period of euglycemia after
treatment. In future research studies exploring the treatment of diabetes with cell
therapies, administering higher numbers of cells or increasing the frequency of their
administration, and the simultaneous application of differentiated and
undifferentiated hWJ-MSCs, should be considered to achieve better therapeutic
effects. It is expected that the results of these experiments will provide a better basis
for the future treatment of diabetes.
In conclusion, transplantation of differentiated IPCs can significantly reduce blood
glucose levels and improve glucose metabolism in diabetic rats. The therapeutic
mechanism of this intervention may reside in the continuous secretion of insulin by
transplanted cells that survive in the pancreatic islets of the rats. Meanwhile, the
transplantation of undifferentiated hWJ-MSCs can significantly improve islet
infiltration and restore immune balance in diabetic rats, with less pronounced
improvements in the blood glucose levels.
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Figure 6

Figure 6 Comparison of pancreatic immunohistochemistry staining in the different treatment groups of diabetic rats. A, B: Pancreas of rats from the normal
saline (NS) treatment group (40 ×); C, D: Pancreas of rats from the mesenchymal stem cell (MSC) treatment group (40 ×); E, F: Pancreas of rats from the insulinproducing cell (IPC) treatment group (40 ×); G: Intact islets: 0% lymphocyte infiltration, peri-insulitis: < 25% lymphocyte infiltration, intra-insulitis: 25%-50% lymphocyte
infiltration, severe insulitis: > 50% lymphocyte infiltration. The percentage of islets free from lymphocyte infiltration was about 7% in rats from the NS treatment group
but was 38% in rats from the MSC treatment group (aP < 0.05). Only 18% of the islets from MSC-treated rats showed severe insulitis compared with 43% of rats from
the NS treatment group (aP < 0.05). NS: normal saline treatment group; MSCs: Undifferentiated Wharton’s jelly-MSCs treatment group; IPCs: Insulin-producing cells
treatment group; Red: Human cell nucleus; Brown: Human insulin.

ARTICLE HIGHLIGHTS
Research background
Despite the availability of current therapies, including oral antidiabetic drugs and insulin, to
control the symptoms caused by high blood glucose, it is difficult to cure diabetes mellitus,
especially type 1 diabetes mellitus.

Research motivation
Both islet transplantation and cadaveric whole pancreas transplantation are the treatment choice
for diabetes. However, shortage of donors, high perioperative risks, and the long-term
postoperative need of immunosuppressants are some of the major concerns and challenges for
these treatments. More appropriate and effective medical technologies to cure diabetes are
needed. Cell therapies using mesenchymal stem cells (MSCs) may be a promising option.
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Research objectives
In this study, we tried to figure out the therapeutic mechanisms by which MSCs exert their
effects for diabetic rats.

Research methods
We used three types of differentiation media over 10 d to generate insulin-producing cells (IPCs)
from human Wharton’s jelly MSCs (hWJ-MSCs). We further transplanted the undifferentiated
hWJ-MSCs and differentiated IPCs derived from them into the portal vein of rats with
streptozotocin-induced diabetes and recorded the physiological and pathological changes.

Research results
Using fluorescent staining and C-peptide ELISA, we have shown that we were able to
successfully induce the differentiation of hWJ-MSCs into IPCs. Transplantation of both IPCs
derived from hWJ-MSCs and undifferentiated hWJ-MSCs had the therapeutic effect of
ameliorating blood glucose levels and improving intraperitoneal glucose tolerance tests. The
transplanted IPCs homed to the pancreas and functionally survived for at least 8 wk after
transplantation, whereas the undifferentiated hWJ-MSCs were able to improve the insulitis and
ameliorate the serum inflammatory cytokine in streptozotocin-induced diabetic rats.

Research conclusions
The therapeutic mechanism of differentiated and undifferentiated human hWJ-MSCs in
streptozotocin-induced diabetic rats may be different. Differentiated IPCs can significantly
improve blood glucose levels due to continuously secretion insulin by the transplanted cells that
survived in the islets of diabetic rats. Transplantation of undifferentiated hWJ-MSCs can
significantly improve insulitis and re-balance the inflammatory condition with only a slight
improvement in blood glucose levels.

Research perspectives
The results of this study will provide basic and essential information for future application of cell
regenerative therapy in diabetic patients.
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Abstract
BACKGROUND
Human-derived mesenchymal stromal cells have been shown to improve
cognitive function following experimental stroke. The activity of exosomes has
been verified to be comparable to the therapeutic effects of mesenchymal stromal
cells. However, the effects of exosomes derived from human umbilical cord
mesenchymal stem cells (HUC-MSCs) (ExoCtrl) on post-stroke cognitive
impairment (PSCI) have rarely been reported. Moreover, whether exosomes
derived from C-C chemokine receptor type 2 (CCR2)-overexpressing HUC-MSCs
(ExoCCR2) can enhance the therapeutic effects on PSCI and the possible underlying
mechanisms have not been studied.
AIM
To investigate the effects of ExoCtrl on PSCI and whether ExoCCR2 can enhance
therapeutic effects on PSCI.
METHODS
Transmission electron microscopy, qNano® particles analyzer, and Western
blotting were employed to determine the morphology and CCR2 expression of
ExoCtrl or ExoCCR2. ELISA was used to study the binding capacity of exosomes to
CC chemokine ligand 2 (CCL2) in vivo. After the intravenous injection of ExoCtrl or
ExoCCR2 into experimental rats, the effect of ExoCtrl and ExoCCR2 on PSCI was
assessed by Morris water maze. Remyelination and oligodendrogenesis were
analyzed by Western blotting and immunofluorescence microscopy. QRT-PCR
and immunofluorescence microscopy were conducted to compare the
microglia/macrophage polarization. The infiltration and activation of
hematogenous macrophages were analyzed by Western blotting and transwell
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migration analysis.
RESULTS
CCR2-overexpressing HUC-MSCs loaded the CCR2 receptor into their exosomes.
The morphology and diameter distribution between ExoCtrl and ExoCCR2 showed
no significant difference. ExoCCR2 bound significantly to CCL2 but ExoCtrl showed
little CCL2 binding. Although both ExoCCR2 and ExoCtrl showed beneficial effects
on PSCI, oligodendrogenesis, remyelination, and microglia/macrophage
polarization, ExoCCR2 exhibited a significantly superior beneficial effect. We also
found that ExoCCR2 could suppress the CCL2-induced macrophage migration and
activation in vivo and in vitro, compared with ExoCtrl treated group.
CONCLUSION
CCR2 over-expression enhanced the therapeutic effects of exosomes on the
experimental PSCI by promoting M2 microglia/macrophage polarization,
enhancing oligodendrogenesis and remyelination. These therapeutic effects are
likely through suppressing the CCL2-induced hematogenous macrophage
migration and activation.
Key words: Cognitive impairment; Stroke; Exosomes; C-C chemokine receptor type 2;
Microglia/macrophage polarization; Remyelination
©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Exosomes have been reported to possess the therapeutic benefit comparable to
the therapeutic effects of mesenchymal stromal cells. However, the effects of exosomes
derived from human umbilical cord mesenchymal stem cells (ExoCtrl) on post-stroke
cognitive impairment (PSCI) have rarely been reported. Moreover, whether exosomes
derived from C-C chemokine receptor type 2 (CCR2)-overexpressing human umbilical
cord mesenchymal stem cells (ExoCCR2) have better therapeutic effects on PSCI and the
possible mechanisms underlying these effects remained unclear. This study provides new
insights into the use of genetically modified exosomes for PSCI treatment, offering new
ideas for the clinical application of exosome-based therapies for PSCI.
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INTRODUCTION
Post-stroke cognitive impairment (PSCI) occurs frequently after stroke. The
prevalence of PSCI in ischemic stroke patients ranges from 25% to 30%[1], which has
been increasing gradually due to the development of modern medicine and the
increasing survival rate of stroke patients[2,3]. PSCI imposes a heavy burden on the
patients, their families, and societies. However, the treatment of PSCI is still not
satisfactory and requires further improvement.
Previous research has shown that mesenchymal stem cell (MSC) therapy faciliates
the cognitive recovery after stroke [4,5] . However, the disadvantages of therapies
involving MSCs, such as their high in vivo clearance rate after transplantion[6,7], limited
capacity to cross blood-brain barrier [8,9] , potential immunogenicity [10,11] , and
unpredictability of cell growth and differentiation [12] , have emerged with the
development of research. Recent studies have indicated that MSCs mostly act via
specific paracrine mechanisms, while exosomes play a key role in the general progress
and recovery under conditions of disease[13]. MSC-derived exosomes have displayed
positive effects in animal models of various ischemic injuries such as stroke [14] ,
myocardial infarction[15], and renal ischemic injury[16]. To a certain extent, MSC-derived
exosomes exert therapeutic effects comparable to those of MSCs and overcome the
potential risks and disadvantages associated with MSCs[17,18]. However, there are only
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a few studies focusing on exosome-based treatments for PSCI.
CC chemokine ligand 2 (CCL2) is highly expressed in the ischemic hemisphere
after a stroke; this mediates the migration of C-C chemokine receptor type 2 (CCR2)positive blood-derived macrophages, thus exacerbating brain tissue damage[19,20].
CCR2 knockout mice[21] or CCL2 knockout[22] mice have shown a significant reduction
of macrophage proliferation within 2 wk after a stroke, accompanied by neuronal
regeneration and decreased infarct volume, suggesting that inhibition of the
CCL2/CCR2 axis may play a neuroprotective role after strokes. In addition, CCR2
antagonism[23] or CCR2 knockout[24] can promote the M2 polarization of microglia/
macrophages by inhibiting CCR2+ macrophages and improve cognitive impairment
in mice with traumatic brain injury.
It is noticeable that in recent years, exosomes secreted by human umbilical cord
MSCs (HUC-MSCs) have shown powerful effects on microglia/macrophage
activation and polarization in animal models such as the Alzheimer's disease
model[25], hypoxic-ischemic encephalopathy model[26], and the peripheral nerve injury
model [ 2 7 ] . However, the effects of HUC-MSC-derived exosomes (Exo C t r l ) on
microglia/macrophage polarization and cognitive function after stroke have not yet
been reported. Furthermore, we hypothesize that CCR2-overexpressing HUC-MSCderived exosomes (ExoCCR2) further promote microglia/macrophage M2 polarization
by competitively binding to the CCR2 ligand CCL2 and inhibiting the CCL2-mediated
infiltration of blood-derived mononuclear macrophages. Particularly, we compared
the therapeutic effects of the systemic administration of ExoCCR2 and ExoCtrl on PSCI,
which will provide new insights into genetically modified exosome-based therapies
for PSCI treatment and serve as a preclinical study on cerebral protection after stroke.

MATERIALS AND METHODS
Establishment of the tMCAO model and animals grouping
Adult Sprague-Dawley rats (male, weighing 280-350 g) were underwent the right
transient middle cerebral occlusion (tMCAO) for 2 h in accordance with the method as
Longa et al[28] described with modifications. Experimental procedures were approved
by the Institutional Animal Ethics Committee of Life Sciences School, Sun Yat-sen
University. The modified neurological severity score (mNSS) and 2,3,5Triphenyltetrazolium chloride (TTC) (G3005, Solarbio, China) staining were utilized
to confirm the establishment of the tMCAO model. Rats with moderate injury (mNSS
values 7-12) were randomly divided into the sham group, tMCAO group, ExoCtrl
treatment group, and ExoCCR2 treatment group. As described in a previous study, 100
µg of the exosomes was dissolved in 500 µL of phosphate-buffered saline (PBS)[29]. One
day after operation, the rats from sham and tMCAO groups were injected with 500 µL
of PBS, the rats in the ExoCtrl and ExoCCR2 treatment groups were injected with equal
volumes of the respective exosomal solutions via tail vein injections. BrdU (50
mg/kg/d; B5002, Sigma, United States) was injected intraperitoneally for 14
continuous d one day after the induction of tMCAO.

Transfection of HUC-MSCs with lentiviral vectors and comparison of their biological
characteristics
HUC-MSCs were obtained from three healthy donors after they signed the informed
consent forms. Briefly, the Wharton gum tissues with blood vessels removed were cut
up and digested with collagenase II (1 mg/mL, 234155, Millipore) under 37 °C for 30
min with shaking. The cells were filtered from the suspensions with a cell strainer
(diameter 70 μm). The cells were washed with Hank's Balanced Salt Solution
(SH30031.02, Hyclone) and cultured in low-glucose DMEM (L-DMEM) (C11885500BT,
Gibco) containing 10% fetal bovine serum (04-001-1A, Biological Industries, Israel) in
a 5% CO2 incubator.
At passage 3, the HUC-MSCs were transfected with lentiviral vectors expressing
both the CCR2 and eGFP genes, and vectors expressing the eGFP gene in accordance
with the manufacturer’s instructions. The vector construction is indicated in Supplement Figure 1. Three days after the transfection, the HUC-MSCs transfected with
lentiviral vectors encoding CCR2 (namely HUC-MSCsCCR2) or eGFP (namely HUCMSCs Ctrl ), were sorted using fluorescence-activated cell sorting (Influx, Becton
Dickinson). The HUC-MSCsCtrl and HUC-MSCsCCR2 (passage 6) were identified by
microscopic analysis, flow cytometry analysis for detecting the following surface
markers: CD13-APC (1:50, 17-0138-41, eBioscience, United States), CD29-APC (1:50,
559883, BD Bioscience, United States), CD44-APC (1:50, 559942, BD Bioscience, United
States), CD34-PE (1:50, 550761, BD Bioscience, United States), CD45-PE (1:50, 560975,
BD Bioscience, United States), CD73-PE (1:50, 60044, Stemcell Technologies, Canada),
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CD90-PE-Cy7 (1:50, 561558, BD Bioscience, United States), CD105-PerCP-Cy5.5 (1:50,
560819, BD Bioscience, USA), HLA-DR-V500 (1:50, 561225, BD Bioscience, United
States). Osteogenesis and lipogenesis induction experiments were conducted with
modification as described in a previous study[30]. Briefly, for osteogenisis induction
experiments, cells were cultured in L-DMEM containing fetal bovine serum (20%),
ascorbic acid (100 μg/mL), β-glycerophosphate (10 mmol) and dexamethasone (100
nmol) for three weeks with medium changed every 3 d. For adipogenesis induction
experiments, the cells were induced in L-DMEM supplemented with FBS (10%),
dexamethasone (100 nmol), indomethacin (0.2 mmol), insulin (10 μg/mL), 3-isobutyl1-methylxanthine (0.5 mmol). After 3 wk, Osteogenic and adipogenic differentiation
were confirmed by oil red O staining and alizarin red staining.

Exosome isolation and identification
The isolation of exosome was performed according to a previous study[31]. Briefly, the
exosomes were collected by differential ultracentrifugation, and their morphology
was analyzed by transmission electron microscopy. The distribution of the exosomes
based on their diameters was performed using a qNano ® system (Izon Science,
Oxford, United Kingdom). Western blotting was used to detect the CCR2 expression
and the exosome-specific markers CD9, CD63, and CD81.

Enzyme-linked immunosorbent assay (ELISA)
To test the CCL2-binding capacity of the exosomes, Exo Ctrl and Exo CCR2 were coincubated with recombinant rat CCL2 (100 ng/well, 400-12, PeproTech, United
States). Differential ultracentrifugation was performed to obtain exosome-free
supernatants. ELISA kits (CSB-E07429r, Cusabio Biotech, China) were utilized to
detect the CCL2-binding capacity of ExoCCR2 and ExoCtrl, according to the protocol of
manufacturer.

Cognitive function test
The Morris water maze test was conducted as our previous study described[32]. The
test was carried out at 23 d after the induction of tMCAO. The rats were first subjected
to five consecutive days of the place navigation test. On day 6, a spatial probe test (60
s) was performed under the same condition without platform. During the test, the
latency to the platform and the time recorded in the target quadrants were analysed.
The mNSS values were recorded at 1, 4, 14, and 28 d after exosome treatment, as
described previously[33]. The rats were tested by an individual blinded to the grouping
for three times, and the means of the mNSS results were recorded. The normal score is
0, while the maximal deficit score is 18. Rats with mNSS values ranging from 7-12
were included in the study.

Western blotting
Western blotting was conducted in accordance with the protocol as our previous
study described [34] . First, the proteins were obtained from the ischemic cerebral
hemisphere or cultured cells by treatment with the kit of protein extraction (KeyGen
BioTech, China) according to the protocol of manufacturer. The protein samples were
loaded onto 10% polyacrylamide gels and electrophoresed under 120V voltage; the
resultant bands were transferred onto polyvinylidene difluoride membranes. Next,
the polyvinylidene difluoride membranes were incubated with rabbit anti-CD9
(1:2000, ab92726, Abcam, United Kingdom), rabbit anti-CD63 (1:10000, 25682-1-AP,
ProteinTech, United States), rabbit anti-CD81 (1:1000, ab109201, Abcam, United
States), rabbit anti-CCR2 (1:1000, DF2711, Affinity Biosciences, United States), rabbit
anti-CCL2 (1:1000, ab25124, Abcam, United States), mouse anti-iba-1 (1:500, MABN92,
Millipore, United States), rabbit anti-NF-κB (1:1000, ab16502, Abcam, United States),
mouse anti-CD68 (1:1000, ab201340, Abcam, United States), rabbit anti-myelin basic
protein (anti-MBP) (1:200, ab40390, Abcam, United States), and rabbit anti-β-actin
(1:1000, #3700, Cell Signaling Technology, United States) antibodies at 4 °C overnight,
and then with peroxidase-conjugated secondary antibodies at 37 °C for 1 h. The
protein bands were developed using a specific chromogenic substrate (ECL, KeyGen
BioTech, China), according to the manufacturer’s instructions.

RNA isolation, reverse transcription, and real-time PCR
Total RNA from the ischemic cerebral hemispheres or cultured cells was extracted by
TRIzol (Invitrogen, United States), according to the protocol of manufacturer. Reverse
transcription for synthesizing the cDNA was performed using the PrimeScript™ RT
Master Mix (Takara, Japan), according to the manufacturer's instructions. The
resulting cDNA was then subjected to quantitative real-time PCR for the evaluation of
the relative mRNA levels. The real-time PCR amplifications were performed with a
final reaction volume of 20 μL using the TB Green™ Premix Ex Taq™ II kit (Takara,
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Japan), according to the manufacturer's instructions. The reaction mixtures were
preheated at 95°C (30 s) for one cycle and then amplified at 95°C (5 s) and 60°C (34 s)
for 40 cycles. The Ct (threshold cycle) value of each sample was analyzed by the 2-Ct
method, and the mRNA expression levels of the target genes were normalized to the
expression level of β-actin to obtain the relative expression levels. The sequences of
the used primers are as follows (Table 1).

Immunofluorescence
Frozen sections for immunofluorescence staining were prepared as described in our
previous study[34]. First, the frozen sections were treated for 5 min with hot EDTAcitrate buffer (95 °C) (P0085, Beyotime Biotechnology, China) for antigen retrieval,
followed by treatment with a blocking reagent (Beyotime Biotechnology, China) for 1
h at 25 °C. Then, the sections were incubated with mouse anti-iba1 (1:200, MABN92,
Millipore, United States), rabbit anti-CD206 (1:200, ab64693, Abcam, United States),
rabbit anti-CD16 (1:100, ab211151, Abcam, United States), and rabbit anti-MBP (1:200,
ab40390, Abcam, United States) antibodies overnight at 4 °C. The sections were rinsed
in PBS for 5 min each for three times, and were then incubated with goat anti-mouse
secondary antibodies and goat anti-rabbit secondary antibodies for 1 h at 25 °C.
Fluorescence signals were detected using a confocal laser scanning microscope
(Dragonfly, Oxford Instruments, United Kingdom). For Brdu/NG2 double
immunostaining, rabbit anti-NG2 (1:200, AB5320, Millipore, United States) and rat
anti-BrdU (1:200, ab6326, Abcam, United Kingdom) antibodies were used according
the protocol described in our previous study[32].

Transwell assays
The transwell assay was performed for examining the migration of mouse
macrophages (raw 264.7 cells, CC9001, CELLCOOK, China), according to a previous
study[35]. The macrophage suspension (106/mL, 100 µL) was transferred into the upper
transwell chamber (pore size of 8 μm; Corning, United States). Cells from the CCL2
control, CCL2 + ExoCtrl and CCL2 + ExoCCR2 groups, which were subjected to different
treatments, were added into the lower transwell chamber. After co-incubation for 16 h
at 37 °C, the macrophages remained in the upper transwell chamber were scraped.
The membranes were fixed using 4% paraformaldehyde and stained with DAPI
(F6057, Sigma, United States). The macrophages that remained in the lower chamber
were observed using a fluorescence microscope (Leica DM6B, Germany).

Statistical Analysis
The results were expressed as the mean ± standard error of mean (SEM). SPSS22.0 for
Windows was applied for the statistical analysis. One-way Analysis of Variance
(ANOVA), followed by Least Significant Difference (LSD)-t test procedure or
Student’s T test, was applied for comparing the statistical differences. P < 0.05 was
statistically significant.

RESULTS
CCR2-overexpressing HUC-MSCs load the CCR2 receptor into their exosomes
Cultured human MSCs express extremely low levels of the CCR2 receptor during
continuous passage[30]. This result was consistent with that of the study by Huang et
al[30], as indicated by flow cytometry, Western blotting, and quantitative real-time PCR
(qRT-PCR) analyses, which indicated that the HUC-MSCsCtrl (passage 6), following the
fluorescent-activated cell sorting analysis, showed a low CCR2 protein and mRNA
expression. Moreover, the CCR2 protein and mRNA expression in HUC-MSCsCCR2
increased significantly (Figure 1A-1D). Since HUC-MSCs are characterized by specific
surface markers such as CD13, CD29, CD44, CD34, CD45, CD73, CD90, CD105, HLADR[36,37], and the osteogenesis and lipogenesis capacity[38], we checked the biological
characteristics changes by flow cytometry analysis, and osteogenesis and lipogenesis
induction experiments. The results showed CCR2 overexpression had no significant
effects on the biological characteristics of the HUC-MSCs (Supplementary Figure 2).
The morphology and diameter distribution of ExoCtrl and ExoCCR2 were confirmed
using transmission electron microscopy and the qNano® system (Izon Science, Oxford,
United Kingdom), respectively; there was no significant difference between the ExoCtrl
and ExoCCR2 (Figure 1E, 1F). Since exosomes are characterized by specific marker CD9,
CD63, and CD81[38,39], we investigated the expressions of them by Western blotting.
The results indicated both ExoCtrl and ExoCCR2 expressed CD9, CD63, and CD81(Figure
1G); however, Exo CCR2 expressed high amounts of CCR2, while Exo Ctrl expressed
extremely low amounts of CCR2 (Figure 1H).
To further compare the CCL2-binding capacity of ExoCCR2 and ExoCtrl, ELISA was
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Table 1 Lists of the sequences of the used primers
Gene

Primer sequences (5’-3’)

Human-β-actin

F

GGCTGTATTCCCCTCCATCG

R

CCAGTTGGTAACAATGCCATGT

Human-CCR2

F

TACGGTGCTCCCTGTCATAAA

R

TAAGATGAGGACGACCAGCAT

Rat-β-actin

F

GCCCTGAGGCTCTTTTCCAG

R

TGCCACAGGATTCCATACCC

Rat-CD16

F

TGTGTGTCGTCGTAGACGGT

R

TTCGCACATCAGTGTCACCA

Rat-IL-1β

F

GGCAACTGTCCCTGAACT

R

TCCACAGCCACAATGAGT

Rat-CD206

F

ACTGCGTGGTGATGAAAGG

R

TAACCCAGTGGTTGCTCACA

Rat-Arg-1

F

TGGCGTTGACCTTGTCTTGT

R

TTTGCTGTGATGCCCCAGAT

Mouse-IL-1β

F

TTGTTGCTGTGGAGAAGCTGT

R

AACGTCACACACCAGCAGGTT

Mouse-TNF-α

F

AGCAAACCACCAAGTGAGGA

R

GCTGGCACCACTAGTTGGTTGT

performed. The results suggested that ExoCCR2 bound significantly to CCL2, compared
to ExoCtrl, while ExoCtrl showed little CCL2-binding capacity, compared to the case for
the CCL2 control group (Figure 1J).

ExoCCR2 showed more beneficial effects against PSCI than ExoCtrl
The Morris water maze is a common tool for performing cognition tests in animals
with experimental stroke [40,41] (Figure 2A). The establishment of tMCAO were
confirmed mNSS behavioral test and TTC staining at 1 d after surgery, as indicated in
Supplementary Figure 3. Compared with the tMCAO group, the rats in both the
ExoCCR2 and ExoCtrl treatment groups showed a significant decrease in the escape
latency spent finding the platform (indicating spatial learning) from day 4 and day 5
during the navigation test. The latency spent finding the platform in case of the
animals from the ExoCCR2 treatment group further decreased significantly compared to
the case for the animals from the ExoCtrl treatment group at day 4 and day 5 during the
navigation test (Figure 2B). During the spatial probe test, the rats from both the
ExoCCR2 treatment and ExoCtrl treatment groups showed a significant increase in the
time spent in the target quadrant (indicating spatial memory). Moreover, the rats from
the ExoCCR2 treatment group showed a further improvement with regards to the time
spent in the target quadrant, compared to those from the ExoCtrl treatment group
(Figure 2C). At the same time, the mNSS values of the rats in the ExoCCR2 and ExoCtrl
treatment groups decreased significantly compared to those of the rats from the
tMCAO group; the mNSS values of the rats from the ExoCCR2 treatment group showed
a further decrease compared to those of the rats from the ExoCtrl treatment group
(Figure 2D).

ExoCCR2 showed more beneficial effects with regards to oligodendrogenesis and
remyelination than ExoCtrl
Oligodendrogenesis and remyelination contribute to the recovery from PSCI[42,43].
Therefore, we examined the fluorescence intensity of MBP indicating the integrity of
myelination and the number of BrdU+/NG2+ cells indicating the proliferation status
of oligodendrocyte around the ischemic area by immunofluorescence staining; the
expression of the MBP protein extracted from the ischemic hemispheres was
quantified by Western blotting analysis. Compared to the samples obtained from rats
in the tMCAO group, samples from the rats subjected to the Exo Ctrl and Exo CCR2
treatments exhibited increased fluorescence intensity and protein expression of MBP
at day 28 after tMCAO. Moreover, ExoCCR2 treatment showed superior effects on the
fluorescence intensity and protein expression of MBP compared to that showed by
ExoCtrl treatment (Figure 3A-D). Compared to the samples from rats in the tMCAO
group, the samples obtained from rats in both the ExoCtrl and ExoCCR2 treatment groups
showed an increased number of BrdU+/NG2+ cells around the ischemic area at day
28 after tMCAO. Moreover, the changes in samples obtained from rats in the ExoCCR2
treatment group were more enhanced than those in the samples obtained from rats in
the ExoCtrl treatment group (Figure 3E, 3F).

Exo C C R 2 promoted microglia/macrophage M2 polarization and inhibited
microglia/macrophage M1 polarization in vivo compared to that by ExoCtrl
Since microglia/macrophage polarization plays an important role in the process of
oligodendrogenesis and remyelination after stroke [40,44] , we performed qRT-PCR
analysis to quantify the mRNA levels of the M1 markers CD16 and IL-1β and the M2
markers CD206 and Arg-1; we also performed immunofluorescence staining to detect
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Figure 1

Figure 1 Human umbilical cord mesenchymal stem cellsCCR2 load the C-C chemokine receptor type 2 receptor into their exosomes. A, B: Flow cytometry
analysis of the C-C chemokine receptor type 2 (CCR2) receptor on human umbilical cord mesenchymal stem cells (HUC-MSCs)Ctrl and HUC-MSCsCCR2, n = 3, cP <
0.001; C: CCR2 mRNA expression in HUC-MSCsCtrlvs HUC-MSCsCCR2, n = 3, cP < 0.001; D: Western blotting analysis for the quantification of the CCR2 expression
in HUC-MSCsCtrlvs HUC-MSCsCCR2, n = 3; E, F: Analysis of the exosomal morphology and diameter distribution of ExoCtrl and ExoCCR2 using transmission electron
microscopy and the qNano® system, respectively, n = 3; G: Western blotting analysis for the detection of the exosomal specific markers CD9, CD63, and CD81 in
ExoCtrl and ExoCCR2, n = 3; H: Western blotting analysis for the quantification of the exosomal CCR2 expression in the ExoCtrl and ExoCCR2 samples, n = 3; I:
Schematic diagram describing the extraction of the exosomes from the medium; J: Detection of the CCL2-binding ability of the exosomes by ELISA, n = 3, cP < 0.001.
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Figure 2 ExoCCR2 improved the spatial learning and memory at day 28 after transient middle cerebral occlusion compared to ExoCtrl. A: Experimental
schedule to observe the effects of exosomes on rats with transient middle cerebral occlusion (tMCAO); B: Effect of exosomes on the mean escape latency to find the
platform in each group. n = 10, eP < 0.01, ExoCtrl vs tMCAO, cP < 0.001, ExoCCR2 vs tMCAO, aP < 0.05, ExoCCR2 vs ExoCtrl; C: Effect of exosomes on the time spent in
the target quadrant in case of rats from each group. n = 10. dP < 0.05, eP < 0.01, fP < 0.001; D: Effect of exosomes on the mNSS values of rats from each group. n =
10. eP < 0.01, ExoCtrl vs tMCAO, fP < 0.001, ExoCtrl vs tMCAO, cP < 0.001, ExoCCR2 vs tMCAO, aP < 0.05, ExoCCR2 vs ExoCtrl.

CD16/iba-1 and CD206/iba-1, to compare the effects of Exo Ctrl and Exo CCR2 on
microglia/macrophage polarization. The CD16 and IL-1β mRNA expression levels in
samples obtained from rats after ExoCCR2 and ExoCtrl treatment decreased significantly
and the mRNA expression levels of CD206 and Arg-1 increased significantly
compared to those in samples obtained from rats in the tMCAO group at day 4 and
day 14 after tMCAO. The changes in rats from the ExoCCR2 treatment group were more
enhanced compared to those in rats from the ExoCtrl treatment group (Figure 4A-H).
These results were validated by immunofluorescence staining for CD16/iba-1 and
CD206/iba-1 at day 14 after tMCAO (Figure 4I, 4J).

ExoCCR2 suppressed CCL2-induced macrophage migration and activation in vivo and
in vitro compared to ExoCtrl
In pathological conditions such as cerebral ischemia, numerous CCR2+ blood-derived
macrophages migrate into the ischemic area due to the high in situ expression of
CCL2 [19,20] , which plays a critical role in microglia/macrophage activation and
polarization. Downregulation of the CCL2/CCR2 axis inhibits mononuclear
macrophage infiltration, which reduces the over-activation and M1 polarization of
microglia/macrophages and promotes the alternative M2 activation of
microglia/macrophages[21-23,45]. Therefore, we examined the expression of the CCL2,
nuclear factor kappa B (NF-κB), ionized calcium-binding adapter molecule 1 (iba-1),
and CD68 proteins by Western blotting analysis. The results showed that the
expression levels of CCL2, NF-κB, iba-1, and CD68 in samples obtained from rats in
the ExoCCR2 and ExoCtrl treatment groups decreased significantly compared to the
samples obtained from rats in the tMCAO group; additionally, the changes in samples
from rats in the ExoCCR2 treatment group were more enhanced compared to those in
samples from rats in the ExoCtrl treatment group (Figure 5A-E).
To further confirm these results in vitro, a transwell assay for quantifying the
number of migrated macrophages, qRT-PCR analysis for quantifying the mRNA
expression levels of IL-1β and tumor necrosis factor α (TNF-α), and Western blotting
analysis for quantifying the NF-κB protein expression were performed to evaluate the
effects of ExoCCR2 and ExoCtrl on the migration and activation of macrophages in vitro.
The results indicated that Exo CCR2 treatment significantly inhibited macrophage
infiltration, and reduced the mRNA expression levels of IL-1β and TNF-α and the
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Figure 3

Figure 3 ExoCCR2 exerts superior beneficial effects on remyelination and oligodendrogenesis at day 28 after transient middle cerebral occlusion compared
to ExoCtrl. A, B: Western blotting analysis of the MBP expression in samples from rats in each group. n = 5, aP < 0.05, bP < 0.01, cP < 0.001; C, D: Analysis of MBP
fluorescence intensity in samples from rats in each group. Scale bar = 50 μm, n = 6, aP < 0.05, bP < 0.01, cP < 0.001; E, F: NG2+/ BrdU+ cell colocalization count by
immunofluorescence staining. Scale bar = 50 μm, n = 6. bP < 0.01, cP < 0.001.

expression levels of the NF-κB protein, compared to the cells from the Exo Ctrl
treatment and CCL2 control group; on the contrary, ExoCtrl showed no significant
effects on macrophage migration, the mRNA expression levels of IL-1β and TNF-α,
and the expression levels of the NF-κB protein, compared to the case for cells from the
CCL2 control group (P > 0.05) (Figure 5F-5K).

DISCUSSION
With increasing studies seeking to isolate the specific paracrine factors that mediate
the therapeutic effects of MSCs, the therapeutic efficacy of exosomes derived from
their parent cells has been found to be comparable to that of MSC therapies[13,14].
Intravenous administration of MSC-derived exosomes to a rodent model of stroke or a
rodent model of traumatic brain injury has been shown to substantially promote
white matter damage repair, thereby improving the behavioral and cognitive
outcomes[29,46]. Moreover, genetically modified exosomes such miR-17-92- or miR133b-overexpressing exosomes have been found to enhance the therapeutic effects of
exosome-based treatment in a model of experimental stroke[47,48]. Exosome-mediated
intercellular communications via the transfer of exosomal proteins or RNAs between
the source and target cells have been extensively evaluated[49]. However, only a few
studies have focused on the surface receptors on exosomes. Ciullo et al[50] have found
that treatment with C-X-C motif chemokine receptor 4 (CXCR4)-overexpressing
exosomes showed more beneficial outcomes in a myocardial infarction animal model
than the treatment with control exosomes, suggesting that the receptors on exosomes
may also contribute to their therapeutic effects. Shen et al[35] have found that CCR2positive exosomes suppress macrophage migration and alleviate ischemic renal
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Figure 4 ExoCCR2 drove microglia/macrophage M2 polarization and inhibited microglia/macrophage M1 polarization at day 4 and day 14 after transient
middle cerebral occlusion compared to ExoCtrl. A-D: Relative CD16, IL-1β, CD206, and Arg-1 mRNA expression changes in samples obtained from rats in each
group on day 4 after transient middle cerebral occlusion (tMCAO), n = 6, aP < 0.05, bP < 0.01, cP < 0.001; E-H: Relative CD16, IL-1β, CD206, and Arg-1 mRNA
expression changes in samples obtained from rats in each group on day 14 after tMCAO, n = 6, bP < 0.01, cP < 0.001; I: CD16/iba-1 immunofluorescence staining and
cell colocalization counts 14 d after tMCAO. Scale bar = 50 μm, n = 6, aP < 0.05, cP < 0.001; J: CT206/iba-1 immunofluorescence staining and cell colocalization
counts 14 d after tMCAO. Scale bar = 50 μm, n = 6, aP < 0.05, cP < 0.001.

injury. Since Huang et al [30] have demonstrated that CCR2-overexpressing MSCs
enhance the therapeutic effects of MSC treatment in rats with tMCAO, we further
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Figure 5

Figure 5 ExoCCR2 showed more powerful effects on CCL2-induced macrophage migration and activation in vivo and in vitro than ExoCtrl. A-E: Comparison of
the expression levels of the CCL2, iba-1, CD68, and NF-κB proteins in samples from rats in each group (in vivo) at day 4 after transient middle cerebral occlusion, n =
6, bP < 0.01, cP < 0.001; F: Schematic diagram of the transwell experiment. Immunofluorescence detection of the migrated macrophages in case of each treatment
group (in vitro), n = 3; scale bar = 200 μm, bP < 0.01, cP < 0.001; D-K: Comparison of the mRNA expression levels of TNF-α and IL-1β and the expression levels of the
NF-κB protein in cells from each group (in vitro), n = 3, bP < 0.01, cP < 0.001.

explored whether exosomes derived from CCR2-overexpressing MSCs can show
enhanced therapeutic effects. The results indicate that HUC-MSCs Ctrl and their
secreted ExoCtrl expressed low amounts of CCR2, while HUC-MSCsCCR2 and ExoCCR2
showed a high expression of CCR2. Moreover, the results showed that ExoCCR2 showed
significant binding capacity to the ligand CCL2 in vitro compared to ExoCtrl; this is
consistent with the results of the study by Shen et al[35], Based on this finding, we
hypothesize that when present on exosomes, the CCR2 receptor may exert more
powerful therapeutic effects for the treatment of PSCI.
MSC-based treatments have been evaluated to promote cognitive recovery in an
animal model of stroke[4] or traumatic brain injury[51]. Previous studies have indicated
that exosome treatment can promote the repair of white matter damage after stroke
and facilitate the recovery of neurological function after stroke [48,52] . Exosomes
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produced by MSCs mediate several therapeutic effects of MSCs; however, reports
about the effects of exosome treatment on cognitive impairment after stroke are rare.
Since HUC-MSC-derived exosomes have shown potent effects on microglial
activation and polarization in animal models such as the hypoxic-ischemic
encephalopathy model[26] and the peripheral nerve injury model[27], and improved the
cognitive function in an Alzheimer's disease model by modulating microglial
polarization[25], we utilized HUC-MSC-derived exosomes in this study. The results
showed that the spatial learning and memory in the rats from the ExoCtrl and ExoCCR2
treatment groups were significantly better than those in the rats from the tMCAO
group; additionally, ExoCCR2 treatment significantly promoted the recovery of spatial
learning and memory in rats, compared to that by ExoCtrl treatment.
Although PSCI is a heterogeneous disease, white matter damage is the most
common pathological change observed in almost all cases of vascular dementia[53] and
most types of stroke[54]. Both basic medical studies and clinical studies have suggested
that white matter damage after stroke is highly correlated with PSCI[43,55,56]. In the acute
phase of stroke, oligodendrocyte damage causes the demyelination of the white
matter, leading to neurotransmission disorders. During the recovery phase of stroke,
oligodendrocytes and their precursor cells proliferate and differentiate into mature
oligodendrocytes, which play a key role in remyelination[57]. Thus, facilitating the
proliferation of oligodendrocytes and their precursor cells promotes remyelination
and cognitive function after stroke[58]. Our finding is consistent with that of Xin et
al[48,52], who also found that exosomes promote oligodendrogenesis and remyelination
following experimental stroke. Another important finding is that ExoCCR2 treatment
further promoted oligodendrogenesis and remyelination, compared with Exo Ctrl
treatment. These results indicate that Exo CCR2 treatment notably promoted the
recovery from PSCI by enhancing oligodendrogenesis and remyelination compared to
that by ExoCtrl treatment.
Microglia, which are the resident macrophages in the central nervous system, as
well as blood-derived macrophages, activate and display dynamic M1 and M2
polarization after stroke[59]. Since activated microglia and blood-derived macrophages
are similar with regards to morphology and biological function, and co-express iba-1,
CD11b, and F4/80, many scholars have referred to activated microglia and bloodderived macrophages as the same group of cells[60,61]. M1 microglia/macrophage
polarization deteriorates oligodendrogenesis and white matter damage by releasing
inducible nitric oxide synthase and pro-inflammatory factors such CD16, IL-1β, and
TNF-α, while M2 microglia/macrophage polarization facilitates oligodendrogenesis
and white matter repair by releasing the mannose receptor CD206 and antiinflammatory factors such as IL-10, Ym-1 and Arg-1 and engulfing tissue fragments
after stroke[40,43,62]. Promoting M2 polarization and inhibiting M1 polarization boosts
oligodendrogenesis and remyelination[63,64], and facilitates the recovery from PSCI[40].
The results of our study show that both the ExoCtrl and ExoCCR2 treatments promoted
M2 microglia/macrophage polarization and inhibited M1 microglia/macrophage
polarization, compared to the case for the rats in the tMCAO group, and ExoCCR2
showed enhanced effects compared to ExoCtrl. Therefore, the enhanced beneficial
effects of ExoCCR2 against PSCI may be related to their more effective regulation of
microglial polarization-mediated oligodendrogenesis and remyelination.
It is well-known that CCL2 is expressed in high amounts in the ischemic
hemisphere after stroke, which mediates the infiltration of CCR2+ mononuclear
macrophages into the ischemic site and aggravates the excessive activation and M1
polarization of microglia/macrophages [23,45] . Therefore, we postulate that CCR2overexpressing exosomes may function as endogenous CCL2 sponges binding to
these ligands, block the over-infiltration of macrophages, and subsequently inhibit the
excessive activation and M1 polarization of microglia/macrophages. These results
support the findings from previous studies, which have reported that MSC-derived
exosomes downregulate CCL2 overexpression [65] and microglia/macrophage
overactivation[27]; ExoCtrl significantly downregulated the expression of CCL2, iba-1,
CD68, and NF-κB in vivo, compared to the case for rats in the tMCAO group.
Moreover, ExoCCR2 further downregulated the expression of CCL2, iba-1, CD68, and
NF-κB. To verify this in vivo finding, in vitro experiments were performed, which
showed that ExoCCR2 bound significantly to CCL2 in vitro compared with ExoCtrl, while
ExoCtrl showed a low degree of binding to CCL2. Meanwhile, ExoCCR2 significantly
inhibited in vitro macrophage infiltration and the release of inflammatory factors, and
reduced the NF-κB expression, compared to ExoCtrl. Therefore, CCR2 molecules on
exosomes may function as endogenous CCL2 sponges that bind to these ligands and
inhibit the infiltration of macrophages and the subsequent over-activation and M1
polarization of microglia/macrophages.
In conclusion, the present study demonstrated that both Exo Ctrl and Exo CCR2
improved the cognitive function in rats after ischemic stroke by promoting M2

WJSC

https://www.wjgnet.com

163

February 26, 2020

Volume 12

Issue 2

Yang HC et al. Exosomes on PSCI

microglia/macrophage polarization, thereby enhancing oligodendrogenesis and
remyelination. Furthermore, this study is the first to provide evidence that ExoCCR2
have enhanced beneficial effects compared to ExoCtrl, partially due to the action of
CCR2 molecules as endogenous CCL2 sponges, whereby they bind to these ligands
and inhibit the infiltration and activation of macrophages. Since we utilized human
MSC-derived exosomes, our research serves as a pre-clinical study; further studies on
stroke patients are required to confirm our hypothesis.

ARTICLE HIGHLIGHTS
Research background
Post-stroke cognitive impairment (PSCI) is a common sequela of stroke with considerable impact
on the health well-being and quality of life to patients, and poses significant financial burden on
society. Exosomes have been shown to possess therapeutic effects that are comparable to the
mesenchymal stromal cells. However, few studies have focused on the effects of exosomes
derived from human umbilical cord mesenchymal stem cells (HUC-MSCs) (ExoCtrl) on PSCI.
Here in this study, we aimed to explore the if exosomes derived from C-C chemokine receptor
type 2 (CCR2)-overexpressing HUC-MSCs (ExoCCR2) have any therapeutic effects on PSCI, and
clarify the possible underlying mechanisms.

Research motivation
Effective treatment strategies for PSCI in stroke patients are an unmet clinical need.

Research objectives
In the present study, we aimed to: (1) Investigate whether CCR2 over-expressing exosomes
possess improved therapeutic effects on PSCI; and (2) The possible underlying mechanisms
involved in the therapeutic benefits of exosomes.

Research methods
The morphology of ExoCtrl and ExoCCR2 were determined by transmission electron microscopy
and qNano® particles analyzer; the CCR2 expression in the ExoCtrl and ExoCCR2 was evaluated by
Western blotting; the binding capacity of exosomes to CC chemokine ligand 2 (CCL2) in vivo was
examined by ELISA; the effects of ExoCtrl and ExoCCR2 on PSCI in experimental stroke rats were
assessed by Morris water maze. Remyelination and oligodendrogenesis was analyzed by
Western blotting and immunofluorescence microscopy, and microglia/macrophage polarization
were investigated by qRT-PCR and immunofluorescence imaging. The infiltration and activation
of hematogenous macrophages were analyzed by transwell migration analysis and Western
blotting.

Research results
CCR2-overexpressing HUC-MSCs could deliver CCR2 receptor rich exosomes. There were not
significant difference in the size and morphology between ExoCtrl and ExoCCR2. ExoCCR2 showed
more powerful binding capacity to CCL2, while ExoCtrl hardly bound to CCL2. ExoCCR2 enhanced
the beneficial effects of Exo Ctrl on PSCI through further promoting microglia/macrophage
polarization-mediated oligodendrogenesis and remyelination. Compared with ExoCtrl, ExoCCR2
showed more powerful suppression on CCL2-induced macrophage migration and activation in
vivo and in vitro.

Research conclusions
CCR2 over-expressing on exosomes showed enhanced therapeutic benefits on PSCI through
more powerful modulation on microglia/macrophage polarization-mediated oligodendrogenesis and remyelination. The additional therapeutic effect maybe related to the
suppression on CCL2-induced macrophage infiltration and activation.

Research perspectives
Our study provides great insight in the application of stem cells-based therapies for neural
degenerative disorders. Comparisons of the therapeutic effects of ExoCtrl and ExoCCR2 on more
clinically relevant animal models of stroke are warranted.
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