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Editorial on the Research Topic

The 11'" Edition of the International Meeting of the SPCE-TC: Advances in Stem Cells and
Cell Therapies

The key role of stem cells on tissue development, maintenance, and repair is becoming increasingly
evident in health and disease. The special issue on The 11" Edition of the International Meeting
of the SPCE-TC: Advances in Stem Cells and Cell Therapies gathers several scientific contributions
in this area while featuring the collaborative and interdisciplinary approach among Portuguese
scientists within the stem cell community.

With the main focus on stem cells and regenerative medicine, our selected content embraces
novel discoveries on metabolic and cell reprogramming, tissue engineering, regenerative medicine
and cell transplantation while highlighting major advances in developmental biology, cancer and
neuroscience scientific fields.

Original research articles include novel stem cell engineering approaches to breakthrough
neuroscience. For example, Rocha et al. reveal that the combination of two type of cells in 3D
biodegradable hydrogels promotes an efficient re-vascularization in trauma-related injuries of the
central nervous system. In fact, acute traumatic spinal cord injury is a devastating event without
effective therapeutic approach (Ahuja et al., 2017). In this study, the authors show that, under
specific bio-engineering conditions, adipose-derived stem cells are capable of regulating protein
expression in human umbilical vein endothelial cells to stimulate neuritogenesis and increase
vascularization of dorsal root ganglia explants. These data open up promising avenues toward
the implantion of this biomaterial-based cell therapy after spinal cord injury, possibly inducing
revascularization and functional recovery. Regarding the value of neural organoids for disease
modeling and therapy, Gomes et al. have managed to derive both dorsal and ventral 3D structures
from health individuals- and Rett patient-specific induced pluripotent stem cells (hiPSCs) and
study the organization and functional network complexity of the Rett Syndrome. Although brain
organoids derived from Rett patients have been already used to identify promising treatments
(Samarasinghe et al., 2019; Trujillo et al., 2021) this work provides a deeper understanding of the
neural defects associated early stages of the developmental process in this Syndrome. Noteworthy,
a premature development of the deep-cortical layer and a lower expression of neural progenitor
cells were observed in dorsal organoids of female Rett-derived organoids, along with impairments
of interneuron’s migration and other electrophysiological and functional defects. In line with
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the previous works, Serras et al. further demonstrate the
value of tissue organoids, in particular, 3D liver models for
drug development. Around 40-50% of the drug candidates
associated with hepatotoxicity in humans do not present the
same toxicological concern in animal models (van Tonder et al.,
2013). This has led to the proposal that the better the quality
of non-clinical safety profiles, the higher the success rates for
moving phase II upward (Cook et al, 2014; Walker et al,
2020). Consequently, in vitro liver models are growing strong
while new drugs advance into clinical trials. This comprehensive
review addresses the drug-induced hepatotoxicity mechanisms
and the currently available 3D liver in vitro models, their
characteristics, as well as their advantages and limitations for
human hepatotoxicity assessment.

In addition, and going back to neuroscience field, the use
of hiPSC to dissect neuropathological mechanisms was also
performed by Lopes et al., who reveal profound alterations on
mitochondrial biogenesis, function and morphology in both
iPSC and neural stem cells derived from Huntington disease
(HD) patients. HD is caused by CAG repeat expansion in
the HTT gene and, like other neurodegenerative conditions,
this disease continues to lack an effective cure. In this
work, the authors demonstrate that deletion of CAG repeat
by CRISPR/Cas9 technology ameliorates all mitochondrial
phenotypes of HD-derived cells, bringing significant new
information to tackle metabolic dysfunction associated with this
neurological condition.

The remarkable contribution of Garcez et al. is another
step toward our understanding on the role of mitochondrial
dynamics and morphology in stem cell activity. Here, it has been
elegantly revealed that mitochondrial dynamics are pivotal to
assure basal oxidative phosphorylation levels in female germ stem
cells of Drosophila ovary, and, importantly, that the number
and morphology of these cells is greatly dependent on their
basal respiration levels. Indeed, these findings are absolutely
in line with recent studies demonstrating that aging-induced
germline stem cell loss is dependent on mitochondrial dynamic
shifts (Amartuvshin et al., 2020) and that maintenance of male
germline stem cells relies on mitochondrial fusion processes
(Demarco et al., 2019).

Still in the developmental biology field, this Research Topic
also includes two personal perspectives from Seco et al. and
from Soares-da-Silva et al. Specifically, Seco et al. discuss the
embryonic source of aortic hematopoietic stem cells, a matter
of intense debate within in the hematopoietic development
field. The authors reflect on recent fate-mapping discoveries
to re-interpretate classical studies in avian embryos and unify
principles that better clarify the identity and origin of aortic
hematopoietic stem cells. They also present conflicted data
and discuss how future research may contribute to clarify
some controversies, while also providing exciting data in
chick embryos. On the other hand, Soares-da-Silva et al.
explore hematopoietic and hepatic fetal systems concurrent
establishment and evaluate to what degree they modulate their
respective development. Indeed, deeper insights on the dynamics
of fetal liver composition along development, and on how
these different cell types impact hematopoiesis, are needed

(Ema and Nakauchi, 2000). As insights into the molecular
networks governing physiological hematopoietic stem cell (HSC)
expansion accumulate, it is foreseeable that strategies to enhance
HSC proliferation will be also improved.

Moving to cancer biology, Boemi et al. reveal for the first time
that tamoxifen has no significant effect on cellular functions of
adipose-derived stem cells. This ex-vivo single-center study come
to contradict previous in vitro reports showing that tamoxifen
inhibits proliferation and multi-lineage differentiation rates of
adipose-derived stem cells (Pike et al., 2015), rising the discussion
in this area of research. Further insights on the fast-growing
cancer stem cells research area can also be found on our review
collection, in which Pddua et al. emphasize the relevance of
several transcription factors as potential biomarkers for cancer
stem cells, but also as putative therapeutic targets in gastric
and colorectal cancer. Still within the cancer field, but with a
different approach, Silva M. et al,, hold a promising future for
the use of human mesenchymal stromal cells (MSCs), as cell
delivery systems for anticancer proteins, due to their unique
biological features (Ayuzawa et al., 2009). Upon treatment with
hazurin-MSC-secretome, the authors observed a decrease in
cancer cell proliferation, migration, and invasion, as well as
an increase in cell death of lung and breast cancer cell lines,
suggesting that MSC-derived secretome containing azurin elicits
an anticancer effect.

Other important potential of stem cells is their application
for regenerative medicine and developing new Advanced
therapeutic medicinal products (ATMPs), namely for cell
therapies (Samsonraj et al., 2017). In particular, human
MSCs have gather special interest as a universal and feasible
add-on therapy for several pathologies. This has been also
extensively explored in this issue by Coelho et al, Laundos
et al, and Silva M. et al.. Coelho et al, in a critical and
very actual revision paper, approach MSCs as a potential
therapeutic strategy in COVID-19 patients. On the other hand,
Laundos et al, in a murine myocardial infarction model,
show that umbilical cord matrix (UCM)-MSC based cellular
products improved cardiac function and limited adverse cardiac
remodeling post-ischemic injury, supporting the sustained and
long-term beneficial therapeutic effect of MSCs. Silva A. C. et
al., in turn, review the impact of extracellular matrix (ECM)
alterations on cardiac cells, throughout heart ontogeny and
disease, a hot topic as well (Bonnans et al, 2014). They
further debate on available strategies based on cell-ECM
interactions, toward the design of new regenerative therapies.
Finally, Indcio et al., further highlight the importance of
deciphering the regenerative mechanisms of mammalian adult
heart. Indeed, heart failure, due to cardiomyocyte loss, is still
one of the significant health burdens worldwide. In order
to further contribute to the field, the authors demonstrate
that DAN domain family member 5 precursor (DANDS5) is a
key driver for the generation and expansion of iPSC-derived
cardiomyocytes systems, and therefore with further clinical
application purposes.

We are particularly pleased to present this Collection and
hope our readers will consider this a useful resource for the
state of the art in the emerging field of stem cells and cell
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Vascular disruption following spinal cord injury (SCI) decisively contributes to the poor
functional recovery prognosis facing patients with the condition. Using a previously
developed gellan gum hydrogel to which the adhesion motif GRGDS was grafted (GG-
GRGDS), this work aimed to understand the ability of adipose-derived stem cells (ASCs)
to impact vascular organization of human umbilical vein endothelial cells (HUVECs), and
how this in turn affects neurite outgrowth of dorsal root ganglia (DRG) explants. Our
data shows that culturing these cells together lead to a synergistic effect as showed by
increased stimulation of neuritogenesis on DRG. Importantly, HUVECs were only able
to assemble into vascular-like structures when cultured in the presence of ASCs, which
shows the capacity of these cells in reorganizing the vascular milieu. Analysis of selected
neuroregulatory molecules showed that the co-culture upregulated the secretion of
several neurotrophic factors. On the other hand, ASCs, and ASCs + HUVECs presented
a similar profile regarding the presence of angiotrophic molecules herein analyzed.
Finally, the implantation of GG-GRGDS hydrogels encapsulating ASCs in the chick
chorioallantoic membrane (CAM) lead to increases in vascular recruitment toward the
hydrogels in comparison to GG-GRGDS alone. This indicates that the combination of
ASCs with GG-GRGDS hydrogels could promote re-vascularization in trauma-related
injuries in the central nervous system and thus control disease progression and induce
functional recovery.

Keywords: vascularization, spinal cord injury, neurovascular, biomaterial, cell therapy, secretome, adipose-
derived stem cells
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INTRODUCTION

According to latest estimations, approximately 27 million people
worldwide live with disabilities caused by spinal cord injury
(SCI; James et al., 2019). This condition causes severe motor,
autonomic, and sensory deficits. To date, treatment options are
restricted to palliative care (Silva et al., 2014). Disruption of the
vascular architecture of the spinal cord occurs concomitantly
with injury and originates intraparenchymal hemorrhage, tissue
edema, and swelling that leads to tissue ischemia (Mautes et al.,
2000). Consequently, the blood spinal cord barrier (BSCB) is
compromised and blood-borne molecules and inflammatory cells
infiltrate the tissue indiscriminately (Bartanusz et al, 2011).
Vascular damage initiates in gray matter and progressively
extends into surrounding white matter leading to disrupted
myelin and axonal and periaxonal swelling (Tator and Koyanagi,
1997). Altogether, these events exacerbate the already deleterious
injury environment and contribute to the poor recovery scenario
facing SCI patients. Endogenous attempts of revascularization
(through angiogenesis) are observed from day 3 and peak
about 1 week following injury, where some reports showed
a return to basal vascular levels or even a 5-fold increase
in vascular density at SCI injury site (Casella et al, 2002;
Whetstone et al., 2003; Dray et al., 2009). This compensatory
mechanism fails to integrate newly formed vessels into functional
neurovascular units and most are pruned 2 weeks after
injury. Additionally, Glut-1 transporters, which act as constant
glucose transporters across the BSCB, are only reestablished
at this time point and leave surviving neurons in a persistent
metabolic imbalance (Whetstone et al., 2003). Recently it was
shown that vascular perfusion below injury during the chronic
phase of SCI was half that in comparison to normal spinal
cords or above injury, resulting in local chronic hypoxia, and
that transiently reestablishing oxygenation levels lead to brief
motor recovery (Li et al., 2017). This finding highlights the
relevance of vascularization therapies for SCI, showing that
even though specific neuronal circuits bellow injury may remain
functional, chronic hypoxia, and insufficient nutrient supply
dictates their inability to undergo normal homeostasis. Thus,
different approaches, either directly targeting vascularization
(Rauch et al., 2009; Han et al., 2010; De Laporte et al., 2011;
Yu et al., 2016) or not, concretely using neurotrophin-3-loaded
chitosan (Duan et al., 2015), chitosan microhydrogels (Chedly
et al., 2017), or a poly(lactic-co-glycolic) acid scaffold to deliver
mesenchymal stem cells (MSCs; Ropper et al., 2017), revealed
that modulation of this parameter is intricately involved in
enhanced SCI recovery.

In this regard, transplantation of MSCs following SCI has
shown protective effects to local vasculature (Matsushita et al.,
2015; Morita et al., 2016; Vawda et al., 2019). Additionally, MSCs
are also capable of promoting neuroprotection and modulation
of the immune response toward a more regenerative-prone
environment, which broadens the range of their effect and
make them a promising candidate to treat SCI (Novikova et al,,
2011; Spejo et al, 2013; Ribeiro et al., 2015). These effects
have been extensively connected to the panel of molecules
that MSCs secrete (secretome), including neurotrophic factors

[brain derived nerve growth factor (BDNF), nerve growth factor
(NGF), or glial-derived growth factor (GDNF)], pro-angiogenic
molecules [vascular endothelial growth factor (VEGEF), basic
fibroblast growth factor (bFGF), or angiopoietin-1 (Ang-1)],
or immunomodulatory molecules [monocyte chemoattractant
protein-1 (MCP-1), transforming growth factor beta (TGF
beta), or tumor necrosis factor alpha (TNF alpha)] though
this profile varies across distinct MSC sources (Salgado et al,,
2015; Pires et al, 2016). Among MSCs, adipose-derived
stem cells (ASCs) are a clinically-relevant population for cell
therapy applications as their isolation takes advantage of
otherwise discarded tissue, being minimally invasive, and their
transplantation does not elicit host immune response (Bunnell
etal., 2008; Bronckaers et al., 2014). Despite the richness of ASCs’
secretome in angiogenic factors, different reports demonstrated
limited capacity to produce fully branched vascular networks,
contrasting to direct contact experiments where ASCs lead to
the development of matured vascular structures, highlighting
the advantage of including these cells in SCI therapies targeting
vascularization (Merfeld-Clauss et al., 2010; Verseijden et al.,
2010; Rohringer et al, 2014). Thus, including this type of
MSCs in such therapies is appealing as it could possibly
enable the modulation of vasculature toward homeostasis and
overcome the host deficient response. Furthermore, endothelial
cells positively affect neuronal proliferation and neurogenesis,
being able to act as physical tracks for axonal growth (Li
et al., 2013; Lange et al., 2016; Himmels et al.,, 2017; Paredes
et al, 2018). The development of a cell therapy based on
the transplantation of ASCs benefits from their capacity in
protecting spared neurons, modulating the environment to
a regenerative phenotype, whilst acting on the preservation
of the BSCB and enhancing vascular organization following
SCIL. This can, in turn, contribute to quickly restore the
compromised BSCB, controlling the infiltration of inflammatory
cells and other inappropriate agents, preventing prolonged
tissue hypoxia, providing simultaneously physical cues for
neuronal regeneration.

To improve poor survival rates associated with cell
transplantation, hydrogels are being used as they enable
replication of the physical properties of the native central
nervous system (CNS), whilst providing appropriate cues for cell
survival, proliferation, and integration into host tissue (Orive
et al., 2009; Khaing et al., 2014). Taking this into consideration,
in this work we intended to develop a co-culture system based on
the encapsulation of ASCs and human umbilical vein endothelial
cells (HUVECs) within an in-house developed gellan gum (GG)
matrix modified with the adhesion motif GRGDS (Silva et al.,
2012; Gomes et al., 2016). This GG-based biomaterial has been
previously reported as suitable to culture distinct neuronal
cells and ASCs, which later translated into improved functional
outcomes following its implantation in a SCI animal model.

The main goals of the present work were to study the
simultaneous impact of ASCs in the vascular organization of
HUVECs and neurite extension of dorsal root ganglia (DRG)
explants, as well as to understand how the angiogenic and
neuroregulatory nature of their secretome is altered by the
presence of HUVECs in 3D conditions. Finally, we assessed
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the capacity of ASCs encapsulated in GG-GRGDS hydrogels to
recruit blood vessels in a simple in vivo setting using the chick
chorioallantoic membrane (CAM) assay.

MATERIALS AND METHODS

Coupling of Maleimide-GRGDS to

Furan-Gellan Gum

The coupling of GRGDS to GG was done using a two-step
methodology where first GG is modified with furan by creating
an amide bond, through the activation of its -COOH groups,
and then coupled to maleimide-modified GRGDS (mal-GRGDS)
taking advantage of Diels-Alder cyclization chemistry between
the maleimide group of the peptide and the furan group of
GG in accordance to previously described protocols (Silva et al.,
2012; Gomes et al, 2016). A 1% (w/V) gellan gum (GG,
Sigma, United States) solution was dissolved in 100 mM 2-
(N-morpholino)ethanesulfonic acid (MES, Sigma, United States)
buffer at pH 5.5 and 37°C. Then, a 750 mM 4-(4,6-Dimethoxy-
1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM,
Sigma, United States) solution is added in a 1:4 molar
ratio (GG:DMT-MM) to activate the-COOH groups of the
polymer, which is followed by the addition of furfurylamine
(Acros Organics, Belgium) using the same molar ratio. The
reaction continues for 24 h and afterwards the obtained
products are dialyzed in membranes with a cutoff of 12-
14 kDa (Spectrum Labs, United States) to purify the modified
polymer from reaction by-products alternatively against distilled
water and PBS (0.1 M, pH 7.2) for 5 days. GG-furan
was recovered as a white powder by removing its aqueous
content by lyophilization. To immobilize the peptide in furan-
GG, 1.2 mg/mL of the modified polymer was dissolved in
100 mM MES buffer at pH 5.5 and 37°C. After complete
dissolution, mal-GRGDS peptide (Anaspec, United States)
was added in a 1:5 molar ration (furan:maleimide), and
the reaction continued under vigorous stirring for 48 h.
The purification of the peptide-modified GG is done by
dialysis (Mw cutoftf 12-14 kDa) against distilled water and
PBS (0.1 M, pH 7.2) in alternance. Removal of water by
lyophilization allowed to obtain GRGDS-modified GG (GG-
GRGDS) as a white powder. To quantify the amount of
peptide immobilized onto the backbone of GG we performed
an amino acid analysis. The protocol consists on the acidic
hydrolysis of the peptide with 6 N HCI for 24 h followed
by derivatization with phenylisothiocyanate. HPLC was used
to quantify the derivatized hydrolizates. A defined amount of
mal-GRGDS previously incubated with native GG suffered the
same derivatization protocol and amino acid analysis and was
used as a control.

Cell Isolation and Culture

Adipose-derived stem cells were isolated by LaCell LLC from
the lipoaspirates of consenting donors according to Dubois and
coworkers (Dubois et al, 2008) under a protocol previously
approved by an institutional review panel at LaCell LLC.
Upon isolation, ASCs were cultured in a-MEM (Invitrogen,

United States) supplemented with 10% Fetal Bovine Serum (FBS,
Biochrom AG, Germany), and 1% (V/V) penicillin-streptomycin
(pen/strep, Invitrogen, United States) at 37°C and 5% CO; (V/V)
with medium exchanges every 3 days.

Human umbilical vein endothelial cells were obtained from
the umbilical cord of healthy consenting patients from the
Gynecology and Obstetrics Service of Hospital de Braga using
a protocol approved by the review board of the Ethical
Commission for Health of Braga Hospital (CESHB). After rinsing
and cleaning the umbilical cord with PBS, a cannula was inserted
into the umbilical vein. Then, the vein was washed with PBS
to remove blood clots and excesses of blood. Afterwards, the
other extremity of the umbilical cord was closed with forceps
and the vein was filled with a-MEM containing 0.2% (w/V;
210 U/mL) Type I Collagenase (Gibco, Thermo Fischer Scientific,
United States) and 1% pen/strep. To allow for digestion, the
umbilical cord was transferred into a cell culture incubator
[T = 37°C and 5% (V/V) CO;] for 15 min. Before opening,
the cord was massaged to guarantee a homogenous digestion
and then its content transferred to a 50 mL Falcon, being
subsequently washed with a-MEM having 10% FBS (w/V) and
1% pen/strep, PBS, and finally with a syringe filled with air.
This was followed by the centrifugation of the suspension
for 10 min at 1200 rpm, removal of the supernatant and
resuspension of the pellet in Endothelial Growth Media (EGM,
R&D Systems, United States) supplemented with 1x Endothelial
Growth Supplement (EGS, R&D Systems, United States), and
1% (V/V) pen/strep. The cellular suspension was then equally
divided into the wells of a 6-well plate pre-coated with 1%
(w/V) Type B bovine gelatin (Sigma, United States) and
cultured in Endothelial Growth Media (EGM, R&D Systems,
United States) supplemented with 1x Endothelial Growth
Supplement (EGS, R&D Systems, United States) and 1% (V/V)
pen/strep at 37°C and 5% (V/V) CO, overnight to allow
the attachment of HUVECs. The following day media was
changed to remove unattached cells and debris and from this
point onwards media is exchanged every two days to keep
purifying the culture. Upon confluence, part of the cells were
stored in liquid nitrogen until further use and the rest were
transferred to a T75 flask pre-coated with gelatin and cultured
as previously described.

Hydrogel Preparation

Lyophilized GG-GRGDS and unmodified GG was exposed to UV
lights for 15 min (Silva et al., 2013). To produce hydrogels for the
3D environment experiments, a 1% (w/V) solution composed of
equal parts of GG-GRGDS and unmodified GG was prepared and
dissolved at 40°C in ultra-pure water. Prior to the experiments
the polymeric solution was ionically crosslinked by adding 10%
(V/V) of a 0.3% (w/V) CacCl, [to a final concentration of 0.03%
(w/V)]. The volume of hydrogels for the experiments was 50 L.

3D Cell Cultures - ASCs, HUVECs and

Their Co-Culture
Prior to their encapsulation in GG-GRGDS ASCs and HUVECs
were cultured as detailed in section “Cell isolation and culture”
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and the hydrogels prepared according to section “Hydrogel
preparation.” The pellets with the appropriate number of
ASCs and HUVECs were resuspended homogenously in the
corresponding volume of GG-GRGDS at a cell density of
30,000 cells/50 WL of hydrogel and cultured under previously
described conditions for each cell type. The encapsulation of cells
for co-culture experiments was done in a 1:1 ASCs:HUVECs
ratio by mixing the appropriate volume of each cell suspension
obtained subsequently to individual 2D cultures which was
followed by centrifugation at 1200 rpm for 5 min to obtain
the cell mixture pellet. The appropriate volume of GG-RGDS
was then added to the pellet allowing formation of hydrogels
with the previously referred density (15,000 ASCs + 15,000
HUVECs/50 L of hydrogel) being cultured using a-MEM with
10% (V/V) FBS and 1% (V/V) pen/strep.

Dorsal Root Ganglia (DRG) Isolation and
Culture

Dorsal root ganglia explants were used to understand the capacity
that co-culturing ASCs and HUVECs in GG-GRGDS has in
inducing neurite outgrowth from the explants in comparison
to each cell type cultured alone and GG-GRGDS without
cells. Furthermore, using the same experimental setting this
organotypic model allowed to assess the modulation of genes
related to axonal growth and cytoskeleton dynamics (GAP43
and B-Tubulin III, respectively) along their time in culture. The
isolation of DRG explants was effectuated using a previously
detailed protocol (Gomes et al, 2016, 2018). Thus, DRG
from the thoracic regions of the spine of neonatal pups (P5-
7) were removed and placed in cold 1 x HBSS without
Ca’t and Mg?" (Invitrogen, United States) with 1% (V/V)
pen/strep. The remains of peripheral nerve processes were
properly cleaned from DRG and then the explants were placed
on top of the hydrogels across the 4 groups (no cells, ASCs,
HUVECs, ASCs + HUVECs). The cell culture continued for
7 days in Neurobasal medium supplemented with 1 x B27
(Invitrogen, United States), 2 mM L-glutamine (Invitrogen,
United States), 6 mg/mL D-glucose (Sigma, United States), and
1% (V/V) pen/strep with medium changes every two days
and under a humidified atmosphere [37°C and 5% (V/V)
CO;] before fixating the samples using PFA and performing
immunocytochemistry (ICC) to understand neurite outgrowth
as well as the morphology of ASCs and HUVECs inside
the hydrogels.

Dorsal root ganglia collection for PCR analysis followed
the same extraction and culture methodology and was done
at multiple timepoints: 12 h, 24 h, 1 day, 4 days, and
7 days following culture in the hydrogels referring to the
4 s. Pools of 2 DRG were collected at each timepoint to
eppendorfs containing TripleXtractor (Grisp, Portugal; a phenol
and guanidine isothiocyanate-based solution to extract high
quality RNA) and then subjected to RNA isolation or in
alternative were rapidly frozen at —80°C until further use.

Cell encapsulation was performed 24 h before DRG culture
and followed the methodology detailed in section “3D cell
cultures - ASCs, HUVECs and their co-culture.”

Immunocytochemistry (ICC) and

Phalloidin/DAPI Staining

After 7 days of culture hydrogels and explants were fixed in 4%
paraformaldehyde (PFA, Panreac, Spain) for 45 min at room
temperature (RT). This step was followed by washing the samples
3 times with PBS and by permeabilizing cell membranes with
0.3% (V/V) Triton X-100 (Sigma, United States) for 10 min. To
block non-specific binding sites, samples were incubated in PBS
with 10% (V/V) fetal calf serum (FCS, Biochrom AG, Germany)
for 1 h 30 min. Primary antibodies were then properly diluted
in PBS 10% FCS and added to the samples for 48 h at 4°C.
Mouse anti-neurofilament 200 kDa antibody (1:200, Millipore,
United States) was used to unveil neurites and rabbit anti-CD 31
(1:20, Abcam, United Kingdom) to identify HUVECs. Following
3 washes using PBS with 0.5% (V/V) FCS, Alexa Fluor 488
goat anti-rabbit (1:1000, Invitrogen, United States) and Alexa
Fluor 647 goat anti-mouse (1:1000, Invitrogen, United States)
were diluted in PBS and added to the hydrogels overnight
at 4°C. Following 3 washes with PBS, a PBS solution with
1 pg/mL of DAPI (Invitrogen, United States), and 0.1 pg/mL
(Sigma, United States) was added to the hydrogels for 45 min
at RT. Imaging was performed on a confocal point-scanning
microscope Olympus FV1000.

Neurite Extension and Outgrowth

Analysis

The area occupied by the neurites of each DRG explant was
calculated using the Image] (NIH) plugin Neurite-] (Torres-
Espin et al.,, 2014) and using a previously developed protocol
(Gomes et al., 2018). Therefore, after defining the scale, the area
referring to the body of the DRG was defined and the threshold
contrast properly corrected to emphasize its neurites. The image
is automatically translated to 8 bits and using the function
“Analyze particles” the area corresponding to the extension the
neurites is calculated. The longest neurite was also quantified
using Neurite-] after identifying again the DRG body the plugin
automatically creates concentric rings with 25 pm intervals and
is defining as the length at which the last ring is capable of
intersecting neurites.

Analysis of the Vascular Organization of
HUVECs in GG-GRGDS

To analyze the vascular arrangement of HUVECs encapsulated in
GG-GRGDS either in the presence or not of ASCs, AngioTool64
Version 0.6a was used (Zudaire et al., 2011). After opening
the images referring to the fluorescence channel utilized for
CD31 and defining the scale, the background and small particles
were removed by defining the appropriate signal threshold in
the software. After this correction the software automatically
quantifies different parameters related to vascular organization
such as total vessel length, vessel area, vessel percentage area, and
number of junctions.

RNA Extraction and qRT-PCR Analysis
Total RNA was extracted from pools of 2 DRG using
TripleXtractor and following the instructions provided by the
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manufacturers. After quantifying the RNA using a NanoDrop
1000 spectrophotometer (ThermoFisher Scientific, United States)
the samples were diluted to approximately 1 pg/pwL and 1 pg of
sample transcribed into cDNA using the Xpert cDNA Synthesis
Mastermix (Grisp, Portugal) to the manufacturer’s protocol.
Primers were designed using the Primer-BLAST tool (NCBI,
United States) and the name of the genes, GenBank accession
numbers and sequences are found on Table 1. The qRT-
PCR reactions were done in a CFX96 real-time instrument
(BioRad, United States) with the XPert Fast SYBR. mastermix
and using equal cDNA concentrations for each sample following
the manufacturer’s instructions. The expression levels of target
genes (GAP-43 and B-Tubulin III) were normalized against
housekeeping genes (GAPDH and HPRT-1) and presented as
fold-change mRNA levels in comparison to the control group.
The fold-change levels were calculated using the 24T method.

Secretome Collection From 3D Cultures

The collection of the secretome from 3D cell culture sections
was performed after culturing and maintaining cells across the
3 conditions (ASCs, HUVECs and their co-culture) for 6 days as
detailed in section “3D cell cultures - ASCs, HUVECs and their
co-culture.” Subsequently, the hydrogels were washed 3 times
with PBS and Neurobasal with 1% (V/V) pen/strep. This is
followed by their incubation with Neurobasal with 1% (V/V)
pen/strep during 24 h after which their secretome is collected,
centrifuged at 1200 rpm for 5 min and the supernatant recovered
and stored at —80°C until further use.

Neurotrophic and Angiogenic Profile of

3D Secretomes

The evaluation of the angiogenic and neurotrophic profile of the
previously obtained secretomes was performed using the Human
Neuro Discovery Array C1 and Human Angiogenesis Array
C1 (RayBiotech, United States) following the manufacturer’s
guidelines. Briefly, each membrane was blocked for unspecific
interactions using blocking buffer for 30 min at RT which was
followed by its removal and incubation with 1 mL of secretome
overnight at 4°C. Afterwards, the secretome was aspirated and
the membranes washed using the washing buffers provided by
the kit. Subsequently, 1 mL of biotinylated antibody cocktail
was pipetted into each membrane and incubated for 2 h at RT.
The antibody cocktail was removed, and the membranes washed

using the same washing protocol. Then, 2 mL of 1 x HRP-
Streptavidin was added to each well and incubated for 2 h at
RT. The membranes were once again washed and prior to their
revealing, 500 wL of a 1:1 mixture containing Detection buffer C
and D was added for 2 min at RT. Finally, the chemiluminescence
image of each membrane was obtained using a Sapphire
Biomolecular Imager (Azure Biosystems, United States). The
intensity of each dot was quantified using the AzureSpot software
(Azure Biosystems, United States) by designing an 8 x 8
dot grid adjusted to include each individual point. Absolute
values were normalized for the mean of the positive control
of each membrane and the background subtracted to allow the
comparison between membranes and secretomes.

Chick Chorioallantoic Membrane (CAM)
Assay

This simple in vivo system was used to evaluate the chemotactic
capacity of GG-GRGDS hydrogels encapsulating ASCs in
recruiting blood vessels toward the hydrogel in comparison to
GG-GRGDS alone and collagen. The protocol was initiated by
incubating white fertilized chicken eggs at 37°C and under a 40%
humidified atmosphere for 3 days. After carefully cleaning the
eggs with chlorohexidine and putting the egg racks in a laminar-
flow hood a small hole in the smallest extremity of the egg was
made 2 mL of albumin removed with a 20 G needle in a syringe
to dissociate the CAM from the egg shell. Embryo viability was
assessed after creating a circular window (approximately 3 cm)
that allowed to check it and granted access to the CAM. Then,
the opening was sealed with parafilm and the remaining eggs
allowed to return to the incubated where they stayed for 1 week.
At this point, GG-GRGDS hydrogels encapsulating ASCs, GG-
GRGDS alone, and collagen were transferred to a zone with
no major vascularization on top of a CAM, following opening
the eggs and checking for their viability. GG-GRGDS hydrogels
were produced 24 h before implantation as detailed in section
“Hydrogel preparation” and ASCs encapsulated according to
section “3D cell cultures - ASCs, HUVECs and their co-culture.”
GG-GRGDS hydrogels with no cells were incubated in a-MEM
supplemented with 10% (w/V) FBS and 1% pen/strep. Collagen
hydrogels were done at the same time by mixing rat tail
Collagen Type I [3.61 mg/mL, 89.6% (V/V), BD Biosciences,
United States] with 10% (V/V) of 10x DMEM concentrated
medium (Invitrogen, United States) and 0.4% (V/V) of a 7.5%

TABLE 1 | Forward and reverse sequences of the primers used for gqRT-PCR analysis and respective GenBank accession number, gene symbol, name, and product size.

GenBank accession Gene symbol Gene name Primer sequence (5 —3’) Size (bp)

number

NM_017195.3 GAP43 Growth Associated Protein 43 Fw: CAA GCT GAG GAG GAG AAA GAA GC 158

Rv: GCA GGA GAG ACA GGG TTC AGG T

NM_139254.2 Tubb3 Tubulin beta lll Fw: AGA CCC CAG CGG CAA CTATGT 204
Rv: CCA GCA CCA CTC TGA CCG AA

NM_017008.4 GAPDH Glyceraldehyde 3-phosphate dehydrogenase Fw: CAG TGC CAG CCT CGT CTC AT 247
Rv: TGG TGA TGG GTT TCC CGT TGA

NM_012583.2 HPRT1 hypoxanthine phosphoribosyltransferase 1 Fw: CCT CAG TCC CAG CGT CGT GAT TA 231

Rv: TCC AGC AGG TCA GCA AAG AAC T
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(w/V) NaHCOj3 solution. 50 pL hydrogel drops were then made
and incubated for 2 h at 37°C and 5% CO, (Gomes et al.,
2018) for polymerization to occur. Then, the collagen hydrogels
were incubated in a-MEM supplemented with 10% (w/V) FBS
and 1% pen/strep until CAM implantation. Following 3 days of
implantation the hydrogels were photographed in ovo using a
stereomicroscope (Olympus S2x16) and the embryos sacrificed
at —80°C for 10 min and fixated in 4% PFA at RT. The CAM
portion harboring each hydrogel was dissected and excised using
small scissors and transferred to 6-well plates. Ex ovo images of
each CAM were taken and the total number of vessels directly
converging to the hydrogels quantified using Image] which
allowed to discriminate differences in this parameter between
experimental groups.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version
7.04 for Windows (GraphPad Software). Neurite outgrowth
as well as CAM experiments were analyzed by performing
one-way ANOVA followed by the Bonferroni post-hoc test.
Welch's t-test allowed to assess differences among groups for
the vascular arrangement experiments and two-way ANOVA
with Tukey’s multiple comparisons test to assess differences
between groups at each timepoint. Differences were considered
statistically significant if a p-value < 0.05 was observed (95 %
confidence level).

RESULTS

Successful GRGDS Engraftment in GG

The modification of GG followed a click chemistry approach
previously optimized and published by our group (Silva et al.,
2012; Gomes et al., 2016). Quantification of the total peptide
bound to GG using HPLC-based amino acid analysis showed
92.85 nmol of GRGDS per mg of GG (Figure 1).

The Presence of ASCs Is Fundamental to
Increase Neurite Outgrowth on DRG
Explants and the Vascular Assembly of
HUVECs

Given the lack of self-regenerative capacity observed in SCI,
understanding how this parameter is affected is of pivotal
importance during the initial steps of the development of
a therapeutic approach to treat the condition (biomaterial-
based or not). Thus, modulation of neuritogenesis by co-
culturing ASCs and HUVECs in GG-GRGDS was compared
to each cell type alone and the hydrogel by itself using a
DRG organotypic model for axonal regeneration. Following
7 days of culture it was observed that both ASCs and the
co-culture promoted increased neurite outgrowth (Figure 2A).
Quantification of the area occupied by neurites provided similar
values for GRGDS-GG encapsulating ASCs and the co-culture
(7.83 £ 0.75 x 10° pm? and 8.0 £ 1.2 x 10° pm?, respectively),
being superior to HUVECs alone (608757 & 0.86 x 10° jum?),

and statistically significantly higher (p < 0.01) than GG-GRGDS
(2.99 & 0.35 x 10° wm?; Figure 2B).

A biomaterial-based strategy that aims to promote a
revascularization therapy for SCI must provide furnish adequate
conditions for ECs to assemble into vascular structures.
Therefore, this was another parameter analyzed during
these experiments. When encapsulated alone in GG-GRGDS
hydrogels, HUVECs were found to be interspersed along the
hydrogel with no obvious assembly into vascular-like structures.
This was in complete contrast to what occurred when co-
culturing these ECs with ASCs, where the vascular organization
of HUVECs was noticeable (Figure 3A). The presence of
ASCs statistically significantly increased several parameters
related to vasculature such as vessel area (0.28 £ 0.07 mm
vs 1.32 £ 0.16 mm; p < 0.001), vessel percentage area
(6.1 £ 0.90% vs 14.16 + 1.78%; p < 0.01), average vessel
length (0.12 £+ 0.08 mm vs 0.31 &+ 0.07 mm; p < 0.001),
total vessel length (7.79 £+ 1.58 mm vs 39.72 £ 5.02 mm;
p < 0.001), and the number of junctions formed by the vascular
bed (19.50 + 5.39 mm vs 121.30 £+ 27.10 mm; p < 0.01;
Figures 3B-F). These results show that ASCs have the capacity
to induce vascular re-organization of biomaterials and how this
modulation can be important to create a positive interplay on
ECs and finally impact axonal growth.

GAP-43 Expression Rapidly Increases in
DRG From GG-GRGDS Encapsulating
ASCs and Co-Culture Groups as

B-Tubulin Il Decreases

The temporal dynamics of the genetic expression of GAP-43
(highly expressed in the growth cone of regenerating neurons)
and B-Tubulin III (Tubb3, neuronal cytoskeleton) allowed to
understand how the use of ASCs, HUVECs and their co-
culture could be modulating neurite extension from DRG in
comparison to the hydrogel without cells. Analyzing Figure 4A it
is possible to conclude that ASCs and the co-culture upregulated
the expression of GAP-43 in DRG neurons as early as 12 h
following culture (2.71 % 0.14 fold for ASCs and 3.47 £ 0.71 fold
for ASCs + HUVECs), reaching its maximum at 24 h (ASCs:
553 + 2.8 fold, ASCs + HUVECs: 9.1 + 4.33 fold) where
statistically significant differences were found to HUVECs
(p < 0.05 for ASCs and p < 0.01 for ASCs + HUVECs)
and GG-GRGDS alone (p < 0.01 for ASCs and p < 0.001
for ASCs + HUVECs) during the same timepoint. The genetic
expression of this axonal growth-related protein markedly
decreased at the 4 days timepoint for both conditions where ASCs
presented a lesser decrease following 7 days of culture.

GAP-43 expression in DRG cultured together with HUVECs
encapsulated in GG-GRGDS was increased at the 12 and
24 h timepoints relative to the hydrogel alone (1.71 £ 0.10
and 1.94 + 0.46 fold, respectively) but without the dramatic
increase detailed for the other two conditions. Interestingly, the
expression of Tubb3 followed the opposite path (Figure 4B).
Thus, the expression of this neuronal cytoskeleton gene was
downregulated for ASCs and ASCs + HUVECs at 12 h (ASCs:
0.69 =+ 0.23 fold; ASCs + HUVECs: 0.81 =+ 0.20 fold), and 24 h of

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2020 | Volume 8 | Article 489


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

Rocha et al.

ASCs Influence Vascular and Axonal Growth

0.10]
0.08]
0051

2
004

0.021

0.00

Gl
or

\
|
| " | o2}
I | [lei| oo
\ J\ &N \ <
MAJ_‘V\—-J»A»AA—L!—LTA \_'L\A.h..n&

i

-y, [

——RgntPk1

Cys
eu
he
s

o [N >

L -‘-._.__:L‘“-r»‘b—»L—

[

tVal
] FMet

0.00

| AL L (LI B N B L B S B B

050 1.00 150 200 250

3.00 3

T T T LI (LI B B (LB B S (LB B B (LN BN B L B

450 5.00 550 6.00

g
g

Minutes

FIGURE 1 | Amino acid analysis allowed to quantify the amount of peptide bound to gellan (92.85 nmol of GRGDS/mg of gellan). Oval forms identify each peptide.
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FIGURE 2 | Effect of co-culturing ASCs and HUVECs on GRGDS-modified gellan gum in the neurite outgrowth of DRG explants in comparison to each cell type
alone. (A) Representative images of the conditions. (B) Co-culture promoted a similar outgrowth to ASCs, being statistically significantly higher than the hydrogel
without cells. (C) The longest neurite followed the same trend but without statistical differences. Scale bar: 100 wm. Values are shown as mean + SEM (n = 8/10);
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culture (ASCs: 0.42 = 0.06 fold; ASCs + HUVECs: 0.53 &£ 0.31
fold). This gene, however, was slightly upregulated at 4 days
of culture for both conditions (1.39 + 0.50 fold for ASCs and
2.00 £ 0.92 fold for ASCs + HUVECs) which was followed
by its downregulation at 7 days of culture (ASCs: 0.54 £ 0.09
fold; ASCs + HUVECs: 0.62 £ 0.11 fold). The expression
of Tubb3 for DRG cultured with HUVECs presented a more
homogeneous dynamic (1.046 £ 0.29 fold at 12 h; 0.60 =+ 0.10
fold at 24 h; 1.23 £ 0.25 fold at 4 days; and 0.646 £ 0.12 fold at
7 days). These results show that the combination of GG-GRGDS
hydrogels with ASCs or ASCS+HUVECs was able to stimulate
axonal growth, which was reflected by increased GAP-43 levels at
12 h and 24 h following culture, contrarily to HUVECs where
upregulation of this gene was not as markedly as seen for the
other two conditions. On the other hand, it seemed that for
neurite outgrowth to occur the cytoskeleton of DRG neurons had

to be disturbed. These results are in line with what was observed
in the neurite outgrowth experiments described in Figure 2.

Neurotrophic and Angiogenic Signature
of the Secretome of ASCs + HUVECs Is
Distinct From Each Cell Type Alone

The results obtained on DRG experiments showed a clear
beneficial effect on HUVECs by the presence of ASCs, with
enhancement on their organization into vascular-like structures.
This was followed by an increased capacity of the co-culture
and ASCs in promoting neurite outgrowth from the explants in
relation to HUVECs and prompted the study of the neurotrophic
and angiogenic character of their secretomes. The full array of
biomolecules detected, and their relative expression can be found
in Supplementary Figure S1.
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Starting with the neuroregulatory component of the ECs. These include TIMP-1 and TIMP-2, being the latter

conditioned media, the secretome of HUVECs showed increased in the secretome of the co-culture, and CXCL-1/2/3
markedly decreased amounts of growth factors associated which was upregulated in the conditioned media of ASCs.
with neuronal growth and survival, including BDNF, GDNE,  The presence of Angiogenin and CXCL-5 was only observed
B-NGF, IGF-1, or S100-B (Figure 5A). This is the opposite to whenever ASCs were present, showing both relative higher
the other two conditions (ASCs and ASCs + HUVECs) where  quantities in the secretome of ASCs + HUVECs (Figure 5B).
these neuroregulatory factors were upregulated. In fact, the Additionally, we also found similar amounts of bFGE, VEGF-A,
highest relative expression values for BDNE, GDNE B-NGF and VEGF-D in the secretome of ASCs and ASCs + HUVECs
IGF-1, and S100 B were seen in the co-culture (Figure 5A). (Supplementary Figure S1B).
Additionally, it was also observed high amounts of IL-6 and Altogether, these results help to shed some insight in the
MCP-1 on the secretome of ASCs and ASCs + HUVECs, two  way the secretome dynamics of ASCs might be affected by the
cytokines that have an important role in immune response presence of other cells on the environment. Thus, we observed
following neuronal trauma (Supplementary Figure S1A). a positive impact on the expression of neurotrophic factors
The analysis of angiogenic components followed the same when HUVECs were in culture together with ASCs and a
trend, with the secretome of HUVECs in general presenting very similar angiogenic profile for the secretome of ASCs and
decreased expression of the factors, excepting EGF which ASCs + HUVEG s, a fact that may indicate that this modulation
presented increased relative amounts in the secretome of the might be specific for some components of the secretome.
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Vascular Recruitment Is Potentiated by

the Presence of ASCs

To wunderstand the capacity of GRGDS-modified GG
encapsulating ASCs in recruiting blood vessels and induce
vascular reorganization these were tested against the biomaterial
without cells in an in vivo setting: the CAM assay. This model
takes advantage of the highly vascularized CAM (grows by day
7 of chick embryonic development and matures by day 12) to
study angiogenesis. It is a cheap and relatively quick way to study
angiogenesis, especially for drug screening and implantation
of biomaterial-based therapies aiming to transplant cells (due
to limited immune responses, which allow the transplant of
xenografts) serving as proof-of-concept before evolving to more
complex in vivo models (Nowak-Sliwinska et al., 2014). Following
3 days of implantation (Figure 6A), the combination of hydrogel
and ASCs exerted a chemoattractant effect on blood vessels as it
significantly increased their convergence (70.17 £ 3.76 blood)
when comparing to GRGDS alone (38.71 & 4.09 blood vessels;
Figure 6B). As previously detailed, this recruitment is likely to
be mediated by the secretome of ASCs due to its highly rich
angiogenic content. Therefore, these results show that ASCs have
the potential to redesign the vascular milieu of SCI by promoting
vascular attraction and reorganization of spared blood vessels
(helping to revascularize the lesion site and prevent damage
associated to vascular damage in SCI).

DISCUSSION

Vascular damage leading to BSCB disruption occurs in
spinal cord trauma or laceration, playing a critical role in
defining the severity of SCL In fact, Noble and Wrathall
(Noble and Wrathall, 1989a,b) demonstrated that the extension
of the cystic cavity was similar to the intraparenchymal

hemorrhage originated by vessel destruction and opened up
the possibility that controlling this phenomena could lead
to attenuate the severity of the condition. Even though
the permeability of the BSCB is restored 14 days following
injury, it is important to highlight that most vessels are not
associated in neurovascular units, which are crucial in regulating
appropriate blood flow to the spinal cord (Casella et al., 2002;
Goritz et al., 2011).

Li et al. (2017) recently demonstrated that spinal cord tissue
caudal to the lesion site is in permanent hypoxia. By artificially
elevating O, levels, the authors observed a prolonged increased
on tissue oxygenation (in opposition to rostral to lesion where
the values got back to normal 1 min after the stimulus) probably
due to triggering neurovascular coupling, which further dilates
vessels and increases oxygen and neuronal activity, originating
transient locomotor gains of function (Li et al., 2017). This
elegant study clearly underlines the importance of appropriate
vascular functional for neuronal homeostasis.

Aiming to reshape the vascular milieu following SCI, in
this work we started by understanding the potential of ASCs
in modulating this parameter and how it would affect axonal
growth. Thus, these MSCs were encapsulated with HUVECs in an
in-house biomaterial-based approach (GG-GRGDS hydrogels)
and the neurite outgrowth experiments showed that the co-
culture provided potential for axonal regeneration similar to
ASCs alone and superior to HUVECs or the hydrogel, opening
the possibility of positive between both types of cells in the
injury environment. In fact, the co-culture (as ASCs alone)
proved to impact the internal neuronal growth machinery from
early timepoints (12 h at least) as shown by the upregulation
of a protein directly connected to axonal growth (GAP-43).
This protein is highly expressed in regenerating axons where
it acts to potentiate filopodia formation in growth cones (if
phosphorylated) or induces microtubule-based outgrowth (if
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unphosphorylated; He et al., 1997; Dent and Meiri, 1998). One
of the molecules that has been shown to upregulate GAP-43 is
BDNF (Segal et al., 1995; Gupta et al., 2009), being essential
for the neurotrophic action of the latter. Therefore, this is
one of the mechanisms we propose for the neurite outgrowth
results here reported.

The beneficial effects of ASCs on the organization of HUVECs
were quite visible within the hydrogels, since these ECs were only
capable of organizing in vascular-like structures when cultured in
the presence of the MSCs. The characterization of the secretome
of ASCs by our (Pires et al., 2016) and other groups (Nakagami
etal., 2005; Kachgal and Putnam, 2011; Nakanishi et al., 2011) has
showed an enrichment in angiogenic growth factors which could
explain the impact of these MSCs on the vascular organization of
HUVECs. Nevertheless, in line with our findings, others reported
increased tube-formation capacity and vessel network stability
of ECs when co-cultured in the presence of ASCs or other
types of MSCs (Merfeld-Clauss et al., 2010; Holnthoner et al.,
2015). These studies showed that ASCs induced an increased
expression of CD31 in ECs and acted on VEGE HGF and PDGF-
BB pathways being their presence imperative for the formation
and stabilization of such networks.

The present work also showed that the effect of ASCs on
HUVECs probably created a positive synergy that can upregulate
a different variety of neurotrophic factors. These molecules
belong to the PI3K-Akt pathway, which our group previously
identified as one of the effectors of the secretome of ASCs
in injured spinal cord (Gomes et al, 2018). This pathway
contributes to cell growth, proliferation and nutrient uptake and
its activation has been shown to promote the regeneration of
corticospinal tract neurons (Liu et al., 2010), and optic nerve
axons (Park et al, 2008), making it a central signaling cascade
to drive regeneration.

Moving away from classical neurotrophic factors, we desired
to highlight the prevalence of IL-6, and MCP-1 in the secretome
of ASCs and ASCs + HUVECs which are classically defined as

mediators of the inflammatory response and can also impact
neuronal regeneration (Leibinger et al, 2013; Kwon et al,
2015; Willis et al., 2020). Willis et al. (2020) showed that
IL-6 induces neuroprotection in neurons following traumatic
brain injury by a trans-signaling mechanism. MCP-1 seems to
mediate the crosstalk between DRG neurons and macrophages,
inducing neurite outgrowth, and mobilizing M2 macrophages
(Kwon et al., 2015).

The analysis of angiotrophic molecules revealed the presence
of several angiotrophic factors such as Angiogenin, EGE
bFGE, PDGEF-BB, TPO as well as VEGF-A, and VEGEF-D in
the secretome of ASCs and ASCs+HUVECs. During these
experiments it was clear that the secretome of HUVECs showed
a clear downregulation, in some cases lack of expression of
these factors, a fact that highlights the importance of adding
ASCs to provoke their normal homeostasis in GG-GRGDS
and might help to explain their incapacity to assembly into
vascular-like networks in the absence of the MSCs. Two
type of VEGF isoforms (VEGF-A and -D), a key family of
angiogenic proteins, were detected on the analyzed secretomes.
VEGF-A binds VEGFR1 and VEGFR2 and is crucial for
vascular development during embryogenesis, continuing to
stimulate angiogenesis postnatally, and having also a role
in pathological angiogenesis (Holmes and Zachary, 2005).
In addition this isoform is capable exerting neurotrophic
and neuroprotective effects (trough flk-1), being a molecule
capable of connecting angiogenesis with neuronal development
(Sondell et al., 2000).

We also found increased levels of TIMP-1 and TIMP-2 in all
the conditioned media collected from ASCs and ASCs+HUVECs
collected in GG-GRGDS hydrogels, a possible reflection of the
cellular interactions at the time of recollection. These were
collected after 7 days of culture when the cells colonized the
entire hydrogel and vascular networks (for the co-culture) were
established leading to the inhibition of cellular migration, and the
stabilization of the vascular networks formed.
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CXCL5 and CXCL1/2/3 also showed increased relative
amounts in the secretomes of ASCs + HUVECs and ASCs,
respectively. Both chemokines impact angiogenesis after binding
to CXCR2 (Mehrad et al., 2007; Chen et al., 2019). CXCL5 exerts
angiogenic effects through the induction of VEGF-A by binding
FOXD1 protein to a promoter of the growth factor (Chen et al.,
2019). CXCL1/2/3 through CXCR?2, leads to the activation and
migration of ECs (Mehrad et al., 2007). These results allowed us
to understand the relative expression of a myriad of angiogenic
and neurotrophic effectors present in the secretome of ASCs and
how it can be modulated by the presence of other cells in a 3D
environment (in this case HUVECs).

Otherwise a bionert polymer, previous works have
demonstrated that the insertion of RGD motifs into the
backbone of GG allows the polymer to activate cellular integrins
which in turn induces cellular adhesion, proliferation, survival,
and regular homeostasis (Silva et al., 2012; Gomes et al., 2016).
Accordingly, this chemical modification also impacts the quality
of the secretome of MSCs since secretome collected from MSCs
on GRGDS-modified GG enhanced neuronal survival, their
proliferation and metabolism in comparison to native GG
(Silva et al., 2013). Apart from these chemical cues, the physical
properties of the three dimensional environment provided by
hydrogels also have a profound impact on cellular behavior (Lee
and Kim, 2018). Chaudhuri et al. (2016) designed RGD-modified
alginate hydrogels with different stress relaxation properties and
elegantly showed how the simple modulation of this physical
parameter directed MSC differentiation and impacted cellular
proliferation independently of RGD density. Taking this example
into consideration, the elucidation on how such parameters
govern the capacity of GRGDS-GG in promoting for instance the
assembling HUVECs into vascular-like structures or the impact
the physical properties of the hydrogel have on the secretome of
ASCs should be explored in future studies.

Even though our in vitro results showed the potential ASCs
have to influence angiogenesis and vascular organization of
transplanted ECs, these still needed to be validated in an in vivo-
like setting. The CAM assay enabled to observe that ASCs
encapsulated in GG-GRGDS had a significantly higher capacity
in recruiting blood vessels toward the hydrogel when compared
to GG-GRGDS, a feature that shows the impact of their secretome
on reshaping vascular organization and recruitment. This feature
is of primordial importance when thinking on the implantation
of a vascularization strategy in an animal model of SCI
Therefore, it shows that it might have the capacity to stimulate
angiogenesis and with this induce the revascularization of the
lesion site and possibly control the infiltration of inflammatory
cells from the acute phase of the condition. Finally, this might
allow to modulate the severity of the condition.

CONCLUSION

In this work we started by validating in vitro the potential of
developing a therapeutic approach aiming to restore normal
homeostatic vasculature following SCI and with this to positively
modulate inflammation with the final goal of impacting disease

severity and motor and autonomic recovery. The co-culture
ASCs + HUVECs in GG-GRGDS hydrogels lead to a similar
neurite outgrowth and arborization in DRG explants as ASCs
alone, impacting genetic expression of proteins involved in
regeneration as early as 12 h following culture. Moreover, ASCs
were pivotal for the arrangement of HUVECs into vascular-like
structures a feature probably due not only to their paracrine
action but also to cell-to-cell communication. The neurotrophic
part of the secretome of ASCs and HUVECs showed an
upregulation in some of these molecules, proving that the
interaction between these MSCs and ECs may induce benefits
to SCI environment. Regarding the angiotrophic molecules
analyzed, the profile of ASCs and co-culture was similar,
which helps to prove that the major changes in vascular
assembly are majorly mediated by cell-cell contact. Finally,
implantation of the hydrogel together with ASCs in the
CAM lead to increased recruitment of blood vessels which
shows the potential of these cell in reshaping the vascular
milieu in vivo. Altogether, these results open up a promising
possibility of implanting this biomaterial-based cell therapy in
a SCI animal to study its impact on revascularization and
functional recovery.
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Gastric and colorectal cancers have a high incidence and mortality worldwide. The
presence of cancer stem cells (CSCs) within the tumor mass has been indicated
as the main reason for tumor relapse, metastasis and therapy resistance, leading
to poor overall survival. Thus, the elimination of CSCs became a crucial goal for
cancer treatment. The identification of these cells has been performed by using cell-
surface markers, a reliable approach, however it lacks specificity and usually differs
among tumor type and in some cases even within the same type. In theory, the ideal
CSC markers are those that are required to maintain their stemness features. The
knowledge that CSCs exhibit characteristics comparable to normal stem cells that
could be associated with the expression of similar transcription factors (TFs) including
SOX2, OCT4, NANOG, KLF4 and c-Myc, and signaling pathways such as the Wnt/-
catenin, Hedgehog (Hh), Notch and PISK/AKT/mTOR directed the attention to the use
of these similarities to identify and target CSCs in different tumor types. Several studies
have demonstrated that the abnormal expression of some TFs and the dysregulation
of signaling pathways are associated with tumorigenesis and CSC phenotype. The
disclosure of common and appropriate biomarkers for CSCs will provide an incredible
tool for cancer prognosis and treatment. Therefore, this review aims to gather the new
insights in gastric and colorectal CSC identification specially by using TFs as biomarkers
and divulge promising drugs that have been found and tested for targeting these cells.

Keywords: gastric cancer, colorectal cancer, transcription factors, cancer stem cells, signaling pathways,
targeted therapy

INTRODUCTION

Gastrointestinal malignancies are listed among the major causes of cancer death worldwide, being
associated with environmental and genetic risk factors such as older age, chronic inflammation,
family history, smoking, dietary patterns, overweight and physical inactivity, as well as gut
microbiota (Lochhead and El-Omar, 2008; Mattiuzzi et al., 2019). Gastric cancer (GC) and
colorectal cancer (CRC) are among the top five most incident and deadly cancers worldwide
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(Bray et al., 2018). As surgical techniques improve, as well as
radiotherapy, chemotherapy and neoadjuvant therapies, the 5-
year survival rate can reach up to 95% for early GC and 90% for
localized CRC (Song et al., 2017; Sonbol et al., 2019). However,
most patients have advanced-stage disease at diagnosis and so
the best surgical window is missed (Song et al, 2017; Bray
et al,, 2018). They develop recurrent loco-regional disease or
distant metastases with consequent decrease in survival. The
heterogeneity of cancer at molecular, histological and phenotypic
levels plays an important role in therapy resistance and tumor
recurrence, being cancer stem cells (CSCs) among the major
causative factors of cancer heterogeneity and treatment failure
(Iseghohi, 2016; Gullo et al., 2018). The CSC model of tumor
progression hypothesizes that a small subpopulation of cancer
cells that display stem-like properties sustains tumor growth,
metastasis, relapse and resistance to chemotherapy (Iseghohi,
2016). CSCs can undergo symmetric and asymmetric divisions,
having the ability to give rise to all the different types of cancer
cells within the tumor (Marjanovic et al.,, 2013). The origin of
CSCs is still unclear and controversial (Dalerba et al., 2007a;
Brunner et al., 2012). Various hypotheses suggest that depending
on the tumor type, CSCs might be derived from adult stem cells,
adult progenitor cells that underwent mutations, or differentiated
cells that gained stem-like properties through dedifferentiation
(Basu et al., 2016; Phi et al,, 2018). A large number of studies
demonstrate that CSCs share biomarkers with normal stem cells,
thus specific markers for their identification have been explored
in recent years. It is known that some transcription factors (TFs)
can be re-expressed or reactivated in CSCs, playing a crucial role
in the reprogramming of these cells. This review aims to provide
a better understanding on how TFs associated with gastric and
colorectal CSCs phenotype can be used for CSCs identification,
characterization and targeted therapy.

THE CHALLENGES OF CANCER STEM
CELL IDENTIFICATION

The identification of normal stem cells is now an easy process
due to their well-recognized set of biomarkers whereas the
identification of CSCs is a challenging task resulting from
their complex phenotype, that differs from one tumor to
another (Pattabiraman and Weinberg, 2014). Additionally, CSCs
represent a very small percentage of tumor cells within the total
tumor mass making even harder their detection in heterogeneous
tumors (Kim Y. et al.,, 2009). The use of different combinations
of cell-surface markers has been the main strategy to identify
CSCs in several tumor types (Magee et al., 2012). The cell-surface
markers are chosen according to their expression and relevance
in the tumor type allowing the separation of CSCs from non-
CSCs (Pattabiraman and Weinberg, 2014). In GC and CRC, the
list of cell-surface markers capable of identifying CSCs is growing
(Table 1). This means that the interest in gastric and colorectal
CSCs identification and targeting is rising but also means that the
already used markers are not uniformly advantageous for CSCs
detection. In particular, inconsistencies remain concerning which
cell-surface marker may be the ideal marker to identify gastric

and colorectal CSCs from cell lines and primary tumors (Takaishi
et al., 2009; Zhang et al., 2011; Jiang Y. et al., 2012; Rocco et al,,
2012; Wakamatsu et al., 2012; Brungs et al., 2016).

Gastric Cancer

Several cell-surface markers have emerged for gastric CSC
identification. The transmembrane glycoprotein CD44 was
the first described cell-surface marker used in gastric CSC
identification. Takaishi et al. (2009) and his collaborators
analyzed a panel of six GC cell lines and in three of them - NCI-
N87, MKN-45 and MKN-74 - a small CD44™" cell subpopulation
displayed CSC features such as self-renewal, asymmetric division,
spheroid colony formation, and in vivo tumorigenic ability.
They also observed that the CD44% subpopulation had a
higher resistance to anticancer drugs when compared to CD44~
cells (Takaishi et al., 2009). However, in the other three cell
lines - AGS, Kato III and MKN28 - the CD44 cell-surface
marker was not able to mark cells with stem cell properties
(Takaishi et al., 2009). Clinically, CD44" cancer cells at the
invasive GC front are associated with poor patient survival
(Nosrati et al., 2014; Kodama et al., 2017). Later, Zhang et al.
(2011) combined CD44 with CD24, a signal transducer, and
successfully detected a CD44tCD24" cellular subpopulation
with CSCs characteristics, such as the capability to self-renew
and to originate differentiated progeny (Zhang et al, 2011).
Additionally, they showed that CD44TCD24™ cells had higher
ability to form tumors when injected into immunodeficient mice,
compared to the CD44~CD24~ cells (Zhang et al.,, 2011). The
CD54 cell-surface marker, also known as ICAM-1 (intercellular
adhesion molecule 1), was combined with CD44 to isolate gastric
CSCs from tumor tissues and peripheral blood of patients with
GC (Chen et al., 2012). The CD44TCD54™" cells exhibited in vitro
and in vivo self-renewal ability, formed gastric tumorspheres and
originated tumors similar to the original human tumor when
injected into immunodeficient mice (Chen et al, 2012). The
epithelial cell adhesion molecule (EpCAM) has also been used
in combination with CD44 to mark gastric CSCs. The small
EpCAM™/CD44" subpopulation isolated from primary human
GC tissues was more resistant to anticancer drugs including
5-fluorouracil (5-FU), doxorubicin, vinblastine and paclitaxel,
when compared with EpCAM*/CD44~, EpCAM™/CD44" and
EpCAM™/CD44~ cells (Brabletz et al, 20055 Han et al,
2011). It also showed capacity to form sphere-like structures
in serum free conditions and greater ability to originate
tumors in immunocompromised mice (Han et al., 2011). The
tumors formed after inoculation of the EpCAM™/CD44 ™ cells
recapitulated the heterogeneous morphology and phenotype
present in the original gastric tumor (Han et al., 2011). Moreover,
Fukamachi et al. (2013) identified another potential gastric CSC
marker, the CD49f, an integrin a6 (ITGA6) that is a subunit
of laminin receptors. Their work showed that CD49f" cells
from GC originated tumors when subcutaneously injected into
immunodeficient mice, while CD49f~ cells did not (Fukamachi
et al., 2013). They also demonstrated that some of the CD49f"
sphere-forming cells were more resistant to doxorubicin, 5-FU
and doxifluridine than the other GC cells studied (Fukamachi
et al,, 2013). Another cell-surface marker identified as a gastric
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TABLE 1 | Cancer stem cell (CSC) biomarkers for gastric and colorectal cancer.

Gastric Cancer

Colorectal Cancer

CSCs biomarkers References

References

CD44 Takaishi et al., 2009; Zhang X. et al., 2016
CD44 combined with CD24 Zhang et al., 2011

CD44 combined with CD54 Chen et al., 2012

CD44 combined with EpCAM Han et al., 2011

CD44 combined with CD133 -

CD49f Fukamachi et al., 2013

CD71 Ohkuma et al., 2012

CD90 Jiang J. et al., 2012

CD133 Fukamachi et al., 2011; Zhang X. et al., 2016
CD1383 combined with CD166 —

CD184 (CXCR4) Fujita et al., 2015

CD200 -

Lgr5 Gong et al., 2016

Lgr5 combined with EpCAM -

Lgr5 combined with EpCAM and CD44 -

ALDH Zhi et al., 2011
SOX2 Padua et al., 2020

Du et al., 2008; Huang et al., 2015

Dalerba et al., 2007b
Huang et al., 2015
Haraguchi et al., 2013

O’Brien et al., 2007; Ricci-Vitiani et al., 2007; Huang et al., 2015
Dalerba et al., 2007b

Zhang S.S. et al., 2016
Kemper et al., 2012
Lengetal., 2018
Huang et al., 2009
Takeda et al., 2018

The table contains some of the most reported CSCs markers used for both tumor types.

CSC marker is the CD71 transferrin receptor. In this case, it was
demonstrated that the CD71~ subpopulation from the MKN-1
GC cell line displayed CSC features, contrary to CD717" cells.
The CD71 cells were more resistant to 5-FU than CD71",
had higher tumorigenic ability and were mostly present in
the invasive front of the tumor (Ohkuma et al, 2012). The
cell-surface glycoprotein CD90 (Thy-1) appeared as a potential
gastric CSC marker since it was capable of identifying a small
population with in vivo tumorigenic and self-renewal ability
(Jiang J. et al., 2012). Additionally, 25% of the gastric primary
tumors possessed higher expression of erb-b2 receptor tyrosine
kinase 2 (HER2), which was correlated with the higher expression
of CD90 (Jiang J. et al., 2012). CD133 (prominin-1), a pentaspan
transmembrane glycoprotein, is described as a gastric CSC
marker due to the fact that its expression is positively correlated
with tumor aggressiveness in GC patients (Fukamachi et al.,
2011; Lee et al, 2012; Wakamatsu et al, 2012; Hashimoto
et al., 2014; Nosrati et al., 2014). Zhao et al. showed that
the frequency of CD133% in gastric primary tumors samples
was higher than CD133™ cells and CD133 was associated with
poor prognosis in GC (Zhao et al., 2010). Also, spheroid cells
from GC cell lines and primary GC tissues presented CD133
expression and displayed several features of CSCs (Zhang X.
et al, 2016). New cell-surface markers have emerged in the
study of gastric CSCs and demonstrated to be able to mark a
small population in GC with stem-like features, specifically Lgr5
(leucine-rich repeat-containing G-protein coupled receptor 5)
and CXCR4 (C-X-C chemokine receptor type 4) also known
as CD184 (Fujita et al, 2015; Gong et al, 2016). Also, the
intracellular enzyme aldehyde dehydrogenase (ALDH) has been
used to identify gastric CSCs (Zhi et al., 2011; Wakamatsu
et al, 2012). Zhi et al. (2011) were able to divide NCI-N87
and SNU-1 GC cell lines into ALDH' and ALDH™ cells.

The ALDHT cells presented CSC features such as higher
levels of SOX2, NANOG and Nestin, formed more sphere-
like structures and had higher resistance to 5-FU and cisplatin
(Zhi et al., 2011). They also showed that ALDH™ cells were
more sensitive to salinomycin, a drug proposed to target CSCs
(Zhi et al., 2011).

Colorectal Cancer

Several specific cell-surface markers were used to identify
colorectal CSCs (Todaro et al., 2010; Vaiopoulos et al.,, 2012;
Rassouli et al., 2016; Wahab et al., 2017; Zhou et al.,, 2017; Boesch
et al,, 2018; Munro et al., 2018; Parizadeh et al., 2019; van der
Heijden and Vermeulen, 2019). CD133 was shown to be a robust
CSC-surface marker in CRC (O’Brien et al., 2007; Ricci-Vitiani
etal., 2007; Akbari et al., 2020). Positive expression of CD133 was,
for the first time, associated with a significantly worse survival
and poorer clinical response to 5-FU-based chemotherapy in
CRC patients (Ong et al.,, 2010). CD44 is also a valid marker
of colorectal CSCs (Du et al., 2008). In combination with
EpCAM it has already been considered a better strategy, when
compared to CD133 (Dalerba et al., 2007b). Furthermore, CD166
(another transmembrane glycoprotein) could be used to co-
purify CSCs (Dalerba et al., 2007b). More recently, colonospheres
and chemoresistant CRC cells were found to be enriched with
CD133 and CD44 (Huang et al., 2015). A strategy that combines
CD133 with CD44, seems to be more reliable to isolate colorectal
CSCs from both cell lines and primary tumors (Abbasian et al.,
2019). Horst et al. (2009) showed that CD133 may have a
better prognostic capacity per se, but the combination of CD133,
CD44, and CD166 markers may stratify better the risk of
CRC. Lgr5 positivity identifies human colorectal CSCs and is a
prognostic factor for CRC (Kemper et al., 2012; Jiang Y. et al,,
2016). Lgr5 overexpression has been shown to be important in
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CRC progression, as a result of its role in potentiating the Wnt
signaling pathway (Carmon et al., 2012). de Sousa e Melo et al.
(2017) have shown that Lgr5T CSCs are crucial for the formation
of liver metastases, while in the primary tumor Lgr5~ cells
proliferate and are capable of originating Lgr5* cells, assuring
a rapid tumor growth when treatment ends. Lgr5 combined
with CD44 and EpCAM can further improve the identification
of CSCs in CRC (Leng et al., 2018). Vermeulen et al. (2008)
have shown that spheroid cultures of colon CSCs express CD133,
CD166, CD44, CD29, CD24, Lgr5, and nuclear B-catenin, all of
which described markers of the CSC population. Also, CD200
showed a role as a CSC marker in colon cancer, and CD49f
was associated with tumor cell invasion and metastasis in colon
cancer working as an important marker for identifying colorectal
CSCs (Robertson et al., 2009; Haraguchi et al., 2013; Zhang S.S.
etal., 2016). ALDHI also appears as a specific marker for colonic
CSCs and as an independent prognostic factor for patients with
CRC (Huang et al., 2009; Lugli et al., 2010; Kahlert et al., 2012;
Goossens-Beumer et al., 2014; Zhou et al., 2017; Munro et al,,
2018). In patients with stage II-IIT rectal cancer that received
radio-chemotherapy, ALDH1 expression was correlated with
poor prognosis, cancer relapse and metastasis (Huang et al., 2009;
Deng et al., 2014).

TRANSCRIPTION FACTORS AS
POTENTIAL CSC MARKERS

One of the challenges to target CSCs is to identify specific
markers as well as to uncover targetable molecular features
associated with their phenotype. It is known that normal stem
cells and CSCs share core stemness signaling pathways such
as Notch, Hedgehog, WNT/B-catenin and JAK/STAT, that have
pivotal roles in maintaining stem cell properties and regulating
their transcriptional program (Chen K. et al, 2013). SOX2,
OCT4, KLF4, and NANOG are some of the key TFs known
to promote stemness by upregulating genes involved in self-
renewal and pluripotency, while suppressing genes involved in
differentiation (Young, 2011; Tang et al,, 2015; Buczek et al,
2018). Key stem cell TFs like SOX2, OCT4, and NANOG have
been proven to be overexpressed in CSCs. For that reason,
fluorescence reporter systems driven by portions of promoters
where these proteins bind were developed to allow CSCs to be
labeled and tracked in various types of cancer. These reporter
systems seem to be a powerful tool to identify and study
CSCs more efficiently than cell-surface markers (Saygin et al.,
2016). Tang et al. (2015) developed a flexible lentiviral-based
reporter system (SORE6-GFP) that allows direct visualization
of CSCs based on SOX2 and OCT4 expression. By using this
novel reporter system, our group was able to isolate gastric
CSCs from two phenotypically different GC cell lines (AGS and
Kato III) (Pddua et al.,, 2020). Using the same principle, other
authors have been developing similar systems to identify and
characterize CSCs in a variety of solid tumors. Buczek et al.
(2018) established a method using a lentiviral construct carrying
the promoter of NANOG to identify prostate CSCs and more
recently, Ghanei et al. (2020) introduced a similar approach

for the isolation of CSCs in a breast cancer cell line based on
the single expression of OCT4. Although the use of cell-surface
markers is the most trusted approach to detect these cells, several
studies demonstrated that they lack specificity and cannot be
used for real time assessment of CSCs behavior, which could
give new insights about their properties and possible targets
(Tang et al., 2015). Growing evidences support that specific
TFs overexpressed in normal gastrointestinal stem cells may
contribute to the self-renewal characteristics of CSCs in GC and
CRC and are related with patient prognosis (Hadjimichael et al.,
2015; Zhao et al., 2017). This makes them a powerful tool in CSCs
identification and study.

SOX2 (SRY-Box Transcription Factor 2)

SOX2 is a master regulator that belongs to the family of high-
mobility group TFs. It plays many roles throughout development
and cell differentiation in normal tissues, namely in mammalian
embryogenesis, morphogenesis and homeostasis of the foregut-
derived epithelia of the esophagus, lung and trachea (Avilion
et al, 2003; Sarkar and Hochedlinger, 2013). SOX2 role in
stemness was strengthen with Takahashi and Yamanaka’s findings
when reprogramming mouse embryonic fibroblasts into induced
pluripotent stem (iPS) cells, by introducing SOX2 along with
OCT3/4, c-Myc and KLF4 (Takahashi and Yamanaka, 2006).
In cancer, SOX2 has increasingly been associated with a CSC
phenotype in several tumors (Wuebben and Rizzino, 2017;
Takeda et al., 2018). In GC, SOX2 role is still controversial:
some authors associate its high expression with a more aggressive
phenotype, poor prognosis and worse response to therapy
whereas others have shown the opposite (Hiitz et al., 2013;
Camilo et al, 2014; Carrasco-Garcia et al,, 2016; Zhang X.
et al., 2016; Wuebben and Rizzino, 2017; Basati et al., 2020;
Padua et al, 2020). Our group identified subpopulations of
gastric CSCs in two human cell lines based on the expression of
SOX2 and showed that SORE6™ cells presented CSCs properties,
including higher proliferation and ability to form gastrospheres,
enhanced in vivo tumorigenesis and increased resistance to 5-FU
(Padua et al., 2020). Additionally, Hiitz et al. (2013) observed
that inhibition of SOX2 resulted in reduced cell proliferation
and migration, increased apoptosis, changes in cell cycle and
reduced tumorigenic potential of cells in vivo. Similar results
were observed in vivo, where suppression of SOX2 resulted in
reduced tumor growth and decreased tumorigenicity (Tian et al.,
2012; Hiitz et al, 2013). In CRC, SOX2 overexpression has
been associated with tumor progression and disease recurrence
and SOX2 de novo expression was associated with poorly
differentiated and more invasive tumors and poor patient
overall survival (Lundberg et al.,, 2014; Lundberg et al., 2016).
Takeda et al. (2018) have shown that SOX2% cells developed
chemoresistance to oxaliplatin and 5-FU, exhibiting typical
asymmetric cell division and higher CSC markers expression.
They concluded that colon cancer cells expressing SOX2 behave
like CSCs and are therefore associated with poor prognosis
(Lundberg et al., 2016; Takeda et al., 2018). Taken together, these
findings indicate that SOX2 has a critical role in several aspects
of CSCs biology.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2020 | Volume 8 | Article 442


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

Padua et al.

Transcription Factors in Gastrointestinal CSCs

OCT4 (POU Class 5 Homeobox 1)

OCT4, a homeodomain TF of the Pit-Oct-Unc family, is
expressed in embryonic stem cells, where it maintains stem cell-
like properties, and in adult stem cells, being involved in their
proliferation and differentiation (Loh et al., 2006; Han et al.,
2014). Abnormal expression of OCT4 has been observed in
different tumor types, including GC and CRC (Dai et al., 2013;
Basati et al., 2020). Studies report that its expression is positively
correlated with more aggressive and metastatic tumors, as well as
with poorer overall prognosis (Zhang X. et al., 2016; Basati et al.,
2020). Chen and collaborators demonstrated that overexpression
of OCT4 in GC cells led differentiated cancer cells to become
undifferentiated and acquiring self-renewal capacity (Chen et al.,
2009) and another study reported that downregulation of OCT4
induced differentiation in GC cells (Tai et al., 2005). Additionally,
Zhang X. et al. (2016) demonstrated a p-ERK mediated positive
feedback loop between the cell surface marker CD44 and OCT4,
responsible for sustaining gastric CSCs properties. OCT4 has
also been reported in colon CSCs and its knockdown inhibits
cell migration and invasion, suggesting it may act as a novel
prognostic marker in CRC (Miyoshi et al., 2010, 2018; Dai et al.,
2013; Amini et al., 2014).

KLF4 (Kruppel Like Factor 4)

KLF4, also known as the gut-enriched Kruppel like factor
(GKLF), is strongly expressed in post-mitotic and terminally
differentiated epithelial tissues, along with those of the
gastrointestinal tract (Cho et al, 2007; Cui et al., 2013).
It is suggested that it may have an anticancer role in GC,
being downregulated due to hypermethylation and loss of
heterozygosity in gastric CSCs (Cho et al., 2007). Several studies
have shown that KLF4 low expression is negatively associated
with patient overall survival and may be a useful prognostic
marker in GC patients (Li et al., 2012; Zhang et al., 2012; Hsu
et al,, 2013; Hashimoto et al., 2017; Zhao et al., 2020). Regarding
CRC, KLF4 role is still not clear. Some studies reveal KLF4 is
overexpressed in colon CSCs and its knockdown affects the
stemness phenotype and decreases the cells malignant profile,
while others demonstrate that loss of expression is associated
with stem-like features namely formation of colonospheres, cell
growth arrest, uncontrolled cell proliferation, pluripotency and
self-renewal (Shie et al., 2000; Wei et al., 2006; Leng et al., 2013;
Hadjimichael et al., 2015).

NANOG (Nanog Homeobox)

NANOG was first discovered in embryonic stem cells (ESCs) and
is a key TF involved in self-renewal and multipotency (Chambers
et al, 2003). It is typically silenced in normal somatic cells,
though abnormal expression has been reported in malignant
tumors, such as GC and CRC (Lin et al., 2012; Hadjimichael
etal,, 2015). Previous studies demonstrate that NANOG is highly
expressed in GC and significantly associated with tumor size
and grade, along with decreased overall survival (Iv Santaliz-
Ruiz et al., 2014; Basati et al., 2020). Although studies indicate
NANOG is associated with a CSC phenotype, it remains unclear
its role in CSC maintenance in GC (Iv Santaliz-Ruiz et al,

2014). With respect to CRC, NANOG overexpression has been
associated with colony formation and stem cell properties, as
well as worse prognosis (Ibrahim et al., 2012; Zhang et al., 2013;
Hadjimichael et al., 2015).

c-Myc (MYC Proto-Oncogene, bHLH
Transcription Factor)

c-Myc is an essential TF that regulates genes that take part in
biological processes such as self-renewal, differentiation, growth
and metabolism (Dang, 2013; Bretones et al., 2015). Although
it is one of the most commonly activated oncogenes involved
in the pathogenesis of cancer, its overexpression alone is unable
to induce the transformation of normal cells into tumor cells
(Yang et al., 2020). The role of c-Myc in GC is less studied than
in other tumor types. It has been suggested as a CSC marker
in some tumors such as small-cell lung cancer, prostate cancer,
neuroblastoma, glioblastoma and hematopoietic malignancies,
but the expression and relevance in GC has not yet been clarified
(Yang et al., 2020). Some authors associate c-Myc deregulation
with poor prognostic features (Han et al., 1999; de Souza et al.,
2013; Wang et al.,, 2016). Upregulation of c-Myc is common
in 70% of CRC cases and it has been shown to have a crucial
role in maintaining chemoresistance and self-renewal, being
overexpressed in colon CSCs (Muzny et al., 2012; Zhang et al.,
2019). Despite some controversial results, it has been shown that
high expression of c-Myc is an independent poor prognostic
factor in CRC (Lee et al., 2015; Wang et al., 2017).

SOX9 (SRY-Box Transcription Factor 9)

SOX9 regulates developmental processes such as male sex
determination, chondrogenesis, neurogenesis, and neural crest
development (Jo et al., 2014). Also, it plays a vital role in cell
fate decisions and stem cell maintenance during embryonic
development and adulthood in several organs, including the
gastrointestinal tract (Bastide et al, 2007; Huch and Clevers,
2011). Its role in GC is still conflicting, while some studies defend
an association between lower survival and SOX9 high expression,
others demonstrate poor prognosis with a decreased level of
SOX9 expression (Sun et al., 2012; Santos et al., 2016; Mesquita
et al,, 2019). Also, both oncogenic and tumor suppressor activity
of SOX9 have been implicated in CRC (Darido et al., 2008;
Lu et al., 2008; Matheu et al., 2012; Prévostel and Blache,
2017). Previous studies suggest that this TF can influence tumor
proliferation and progression, mainly through the regulation of
the CSC pool, and could correlate with poor prognosis (Lu et al.,
2008; Espersen et al., 2015; Javier et al., 2016).

GLI1 (GLI Family Zinc Finger 1)

GLI1 is part of the Sonic Hedgehog (SHH) pathway and seems
to be essential for the maintenance of cancer cells with stem
like properties in both GC and CRC (Zhang X. et al.,, 2016;
Yang et al., 2018). In GC, its expression is significantly higher in
metastatic cancer tissues and is positively correlated with a more
aggressive tumor phenotype (Zhang X. et al., 2016). Furthermore,
it has been observed that GLI1 overexpression promotes a CSC
phenotype enhancing cell proliferation, migration and therapy
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resistance (Dong et al., 2019; Yao et al., 2019). GLI1 also plays an
important role in CSC characteristics related with aggressiveness
and metastatic spread of CRC cells leading to decreased survival.
Furthermore, GLI1 knockdown downregulates CD133/SOX9
expression and clonogenic ability of CRC cells, indicating this TF
could be a potential marker for CSCs in CRC (Yang et al., 2018).

STATS (Signal Transducer and Activator

of Transcription 3)

STAT3 plays an important role in the regulation of various
physiological functions, such as inflammation, proliferation and
invasion, being highly expressed in gastric and colorectal CSCs
(Yu H. et al, 2009; Lin et al, 2011; Hajimoradi et al., 2016;
Sonbol et al,, 2019). In gastric CSCs, high expression of STAT3
has been reported to be involved in stemness properties and
invasive ability (Hajimoradi et al., 2016; Jiang et al., 2017; Sonbol
etal., 2019). Regarding its prognostic value several studies report
STAT?3 activation as a marker of unfavorable outcome (Kim D.Y.
et al., 2009; Deng et al.,, 2010, 2013; Ji et al.,, 2016). In CRC,
STATS3 is one of the major oncogenic proteins associated with
proliferation, angiogenesis, invasion and chemo-radiotherapy
resistance (Lin et al., 2005, 2011; Munro et al., 2018). Also,
its inhibition prevents tumor initiation, being an attractive
therapeutic target for CRC (Lin et al., 2011).

SALL4 (Spalt Like Transcription Factor 4)

As a TE, SALL4 plays essential roles in maintaining pluripotency
and self-renewal of ESCs, being downregulated or silenced
in differentiated cells (Zhang et al., 2006, 2015; Yang et al.,
2008). SALL4 acts as an oncogene and it is associated with
cancer initiation, development, and progression (Ma et al., 2006).
Zhang et al. (2014) showed that the overexpression of SALL4
is associated with gastric CSC features and could be involved
in the generation and maintenance of these cells. Later, Yuan
etal. (2016) suggested a novel mechanism for SALL4 role in GC,
showing that this TF binds to the promoter region of CD44 and
activates it expression, enhancing cell proliferation, migration
and invasion. Increasing evidence indicates that upregulation
of SALL4 is associated with lymph node metastasis and poorer
overall prognosis (Zhang et al., 2014, 2018b). In CRC, SALL4
overexpression is detected in 87% of tumor tissues and it is
correlated with tumor cell metastasis to lymph nodes being
associated with poor prognosis and showing its essential role in
maintaining the properties of CSCs (Forghanifard et al., 2013;
Zhang et al., 2015).

f-Catenin (Catenin Beta 1)

The Wnt/B-catenin pathway is implicated in the regulation
of the epithelial stem cell self-renewal (Behrens et al., 1996).
Alone, B-catenin signaling has been shown as necessary for
the maintenance of CSC features (Huang et al., 2007; Kanwar
et al., 2010; Jiang R. et al, 2016). The dysregulation of the
Wnt/B-catenin signaling pathway has been implicated in colon
carcinogenesis and plays a critical role in regulating the growth
and maintenance of colonospheres (Kolligs et al., 2002; Kanwar
et al., 2010). The activation of this pathway can lead to the

conversion of intestinal stem cells into CSCs, where expression
levels of B-catenin are higher (Kanwar et al., 2010). Some studies
revealed that high levels of nuclear B-catenin, in CRC patients,
were associated with a poor prognosis and could be used as a
biomarker for late phase CRC (Chen Z. et al., 2013). Gastric CSCs
self-renewal and proliferation ability, both in vitro and in vivo, are
also improved by the Wnt/B-catenin signaling (Mao et al., 2014;
Chiurillo, 2015).

CSCs AND TUMOR
MICROENVIRONMENT

The close interaction between CSCs and their niche is
fundamental for maintaining the stemness of CSCs and tumor
progression. The CSC niche, a specific tumor microenvironment,
which consists of stroma, micro-vessels, hypoxic regions, cancer-
associated fibroblasts (CAFs), cancer-associated mesenchymal
stem cells (MSCs), tumor-associated macrophages (TAMs) and
extracellular matrix, secretes soluble factors (e.g., cytokines
and growth factors) that are necessary for cancer cell survival
(Quante et al, 2013; Lau et al, 2017; Yang et al, 2020).
Growth factors and cytokines regulate Wnt, Notch, JAK-
STAT3 and other signaling pathways thereby stimulating
growth, epithelial-to-mesenchymal transition (EMT), invasion,
angiogenesis, metastasis and inhibiting apoptosis (Yang et al.,
2020). These pathways are required for the self-renewal
and maintenance of CSCs. For instance, growth factors like
hepatocyte growth factor (HGF), secreted by the stromal
myofibroblasts, activate the Wnt-signaling in a subset of colon
cancer cells that maintain the CSC phenotype (Vermeulen et al.,
2010). Another example is hypoxia, which also maintains a
stem-like phenotype in CRC and GC through the increased
expression of hypoxia-inducible factors (HIFs), the transcription
factors HIF-1a and HIF-2q, that maintain the Wnt/B-catenin
signaling pathway and activate stemness-related TFs such as
OCT4 (Gidekel et al., 2003; Liu et al., 2008; Mazumdar et al.,
2010; Yeung et al,, 2011; Vadde et al, 2017). On the other
hand, cancer cells also secrete growth factors and proteases to
promote changes in their microenvironment (Ishimoto et al,
2014). One significant example of this crosstalk between cancer
cells and the microenvironment is the secretion of cytokines
like interleukin-6 (IL-6) by the cancer-associated mesenchymal
stem cells that enhance the progression of CRC through the
IL-6/JAK2/STAT3 signaling (Zhang et al, 2018a). The same
is observed in GC through the secretion of interleukin-8 (Li
W. et al., 2015). On the other hand, cancer cells mediate the
production of inflammatory cytokines with pro-tumorigenic
roles or the inhibition of cytokines involved in immune
surveillance, altering the composition of the immune cells in
the tumor microenvironment (Quante et al., 2013; West et al,,
2015). Specifically, Rezalotfi et al. (2019) suggested that CSCs
could alter the cytokines in the tumor microenvironment by
demonstrating that the balance between suppressive regulatory
T cells (Treg) and T helper cells producing IL17 (Th17) could
be affected. Chaudhry et al. (2009) disclosed further that STAT3
is fundamental for the inhibition of Treg cells development and
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Th17 differentiation. In fact, the STAT3 transcription factor, in
collaboration with NFkB, regulates the expression of these genes
encoding critical cancer-promoting inflammatory mediators,
establishing a crosstalk between cancer and immune cells of
the microenvironment and perpetuating the effects of STAT3
activation in cancer cells (Yu et al., 2007; Grivennikov and Karin,
2010; Yang et al., 2019). However, despite the growing evidences
on the interaction of gastric and colorectal CSCs with the tumor
microenvironment, the specific molecules involved and their
signaling pathways still need further investigation in order to
design safe therapies.

THERAPEUTIC APPROACHES TO
TARGET CSCs

The therapeutic approach in GC and CRC is determined by
the stage of the disease at the time of diagnosis. Patients are
treated with surgery, chemotherapy and/or radiation. In GC,
surgery remains the main treatment for stage I. It can also be
performed at stages I and III but chemotherapy (perioperative,
neoadjuvant or adjuvant) is necessary to improve overall survival
of the patients. For stage IV, chemotherapy with doublet or triplet
platinum/fluoro-pyrimidine combinations or capecitabine is the
main treatment (Neri et al., 2007; Smyth et al., 2016). Resective
surgery is the main curative treatment used in non-metastasized
CRC, although neo-adjuvant treatments are also administered in
rectal carcinoma (Kuipers et al., 2015). After surgery, 5-FU-based
chemotherapy is used to reduce the risk of tumor recurrence and
improve overall survival of patients (Dienstmann et al., 2017).
Currently, the decision of giving adjuvant treatment to early-
stage CRC patients is recommended to high risk patients with one
or more risk factors (Kannarkatt et al., 2017). Patients with very
high risk - microsatellite stable (MSS) and T4 may be considered
for the addition of oxaliplatin (Labianca et al., 2013). However,
in some cases of GC and CRC, after a believed efficacious
treatment, the cancer reappears locally or in distant metastasis.
This results from the presence of CSCs that were able to resist
the therapy applied, revealing that the existence of CSCs is one
of the biggest difficulties in cancer treatment (Dean et al., 2005).
Thus, direct targeting of CSCs seems to be the key for tumor
complete elimination. The therapy against CSCs using specific
molecules should eradicate these cells while the conventional
therapy eliminates the non-CSCs present in the tumor bulk.
Nevertheless, this type of treatment should be administrated in
combination due to the possibility of cell plasticity that facilitates
the appearance of de novo CSCs from non-CSCs. Moreover,
targeting specific TFs or signaling pathways responsible for
maintaining the CSC phenotype could become novel therapies
against GC and CRC. For that reason, several clinical trials are
being undertaken to explore the efficacy of diverse compounds,
that are capable of modulating or inactivating proteins that
gastric and colorectal CSCs use to grow and survive, allowing
their elimination. Additionally, it is worth to mention that several
studies have been conducted to evaluate the efficacy of small
molecules in targeting CSCs in vitro and in vivo, compounds
capable of eliminating or reducing the CSC population that could

also be part of the path in cancer therapy targeting CSCs (Gupta
et al., 2009; Abetov et al., 2015; Shapiro et al., 2016; Miiller et al.,
2017; Park et al., 2017; Padua et al., 2020). Table 2 lists the drugs
that have been or are being investigated in clinical trials, alone or
in combination with other compounds, to treat GC and CRC.

Immunotherapy

Cancer immunotherapy has emerged as a potential tool
for cancer treatment (Farkona et al, 2016). Several
immunotherapeutic strategies have been developed including
cancer vaccines, oncolytic viruses, monoclonal antibodies or
recombinant proteins, chimeric antigen receptor T cell (CAR-
T) cells and other cellular therapies, lymphocyte-activating
cytokines and checkpoint inhibitors (Riley et al., 2019).
Immunotherapy aims to improve the immune system response
against cancer cells through natural mechanisms (Riley et al,
2019). Therefore, it can be used to target cancer cells and also
CSCs in the tumor microenvironment (Badrinath and Yoo,
2019). Many immunotherapeutic agents targeting CSCs have
been tested in clinical trials (Menon et al., 2016). Monoclonal
antibodies that specifically target CSC surface biomarkers have
been used in gastric and colorectal cancer. Ongoing there
is a Phase I study of RO5429083, a monoclonal antibody
against CD44 in patients with metastatic and/or locally advanced
malignant solid tumors (NCT01358903). Also used were EpCAM
antibodies, such as edrecolomab, that was tested in patients with
resected stage II adenocarcinoma of the colon (Niedzwiecki
etal, 2011) and adecatumumab, that is being tested in a Phase II
study to evaluate efficacy and safety, alone or with FOLFOX, in
metastasized CRC (NCT00866944). A Phase I dose finding study
is evaluating the bispecific antibody targeting EGFR and Lgr5
(MCLA-158) in metastatic CRC and other advanced solid tumors
(NCT03526835). In addition, CAR-T cell therapies, have been
developed to target CSCs in GC and CRC. There are three Phase
I or II clinical trials in GC using CAR-T cells targeting EpCAM
(NCT03013712, NCT03563326, and NCT02725125), one of
them consisting in the intraperitoneal infusion in advanced
GC with peritoneal metastasis. NCT03013712 includes patients
with colon cancer. Moreover, there is a Phase I/1I clinical study of
CAR-T cells targeting CD133 in relapsed and/or chemotherapy
refractory malignancies including CRC (NCT02541370).

Targeting the Transcription Factor STAT3

From the list of TFs strongly associated with CSC phenotype
in GC and CRC, STAT3 became crucial as a molecular
target for cancer therapy because napabucasin (BBI608), the
first-in-class cancer stemness (CSCs) inhibitor that works by
targeting STAT3, effectively blocks cancer relapse and metastasis
in xenografted human cancers (Li Y. et al, 2015; Zhang
Y. et al, 2016). Napabucasin is a naturally occurring drug
orally administered. It inhibits CSC self-renewal and induces
apoptosis in CSCs by targeting CSC signaling pathways (STATS3,
NANOG and B-catenin) in GC (Bekaii-Saab and EIl-Rayes,
2017). In CRC, napabucasin has been investigated in several
studies. A phase I/II clinical trial investigated napabucasin
with other standard therapeutic treatments for advanced
gastrointestinal malignancies (Bendell et al., 2017). Another
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TABLE 2 | Complete and ongoing clinical trials of therapeutic agents targeting gastric and/or colorectal CSCs, correlated signaling pathways and the transcription factor STATS.

Drug/Antibody Targets Disease/Condition NCT Identifier Phase Routes of Recruitment Last update Sponsor
administration status
Immunotherapy
R0O5429083 CD44 Metastatic and/or NCT01358903 | Intravenous (IV) Completed, no November 2016 Hoffmann-La Roche
locally advanced results posted
malignant solid tumors
Adecatumumab alone  EpCAM RO resection of NCT00866944 Il Intravenous (IV) Completed, no November 2011 Amgen Research (Munich)
or in combination with colorectal liver results posted GmbH
FOLFOX metastases
MCLA-158 EGFR and Lgr5 Advanced/metastatic NCT03526835 Intravenous (IV) Recruiting August 2018 Merus N.V.
solid tumors, including
CRC
EpCAM CAR-T EpCAM Relapsed or refractory NCT03013712 I/l Intravenous (IV) Recruiting January 2017 First Affiliated Hospital of
EpCAM positive cancer Chengdu Medical College
EpCAM CAR-T EpCAM Advanced GC with NCT03563326 Intravenous (IV) Recruiting September 2018 Jian-Kun Hu
peritoneal metastasis
EpCAM CAR-T EpCAM GC NCT02725125 — Intravenous (IV) Unknown March 2017 Sinobioway Cell Therapy
Co., Ltd.
CART-133 CD133 Chemotherapy NCT02541370 I/l Intravenous (IV) Completed, no December 2019 Chinese PLA General
refractory advanced results posted Hospital
malignancies, including
CRC
Transcription Factor inhibitors
BBI608 or BNC105 in STAT3 Metastatic CRC NCT03647839 Il Oral and Recruiting February 2019 Australasian
combination with Intravenous (IV) Gastro-Intestinal Trials
nivolumab Group
Danvatirsen STAT3 Advanced and NCT02983578 Il Intravenous (IV) Recruiting March 2020 M.D. Anderson Cancer
(AZD9150) in refractory pancreatic, Center
combination with non-small cell lung
Durvalumab cancer, and mismatch
(MEDI4736) repair deficient CRC
Napabucasin (GB201) STAT3 Metastatic CRC NCT03522649 1l Oral and Recruiting June 2019 1Globe Health Institute LLC
in combination with Intravenous (IV)
FOLFIRI
TTI-101 STAT3 Advanced cancers, NCT03195699 Oral Recruiting February 2020 Tvardi Therapeutics,

including gastric
adenocarcinoma and
CRC

Incorporated
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TABLE 2 | Continued

Drug Targets Disease/Condition NCT Identifier Phase Routes of Recruitment Last update Sponsor
administration status
Wnt/g -catenin pathway inhibitors
Artesunate, prior to B-catenin Stage II/lll CRC NCT02633098 I Oral Recruiting April 2019 St George’s, University of
surgery London
DKN-01 in DKK1 GC NCT04166721 /11 Intravenous (IV) Recruiting February 2020 Royal Marsden NHS
combination with Foundation Trust
atezolizumab
ETC-1922159 in PORCN Advanced solid tumors NCT02521844 Oral and Active, not October 2019 EDDC (Experimental Drug
combination with Intravenous (IV) recruiting Development Centre),
pembrolizumab A*STAR Research Entities
Foxy-5 Wnt-5A CRC NCT02020291 Intravenous (IV) Completed, no February 2016 WntResearch AB
results posted
Foxy-5 Wnt-5A Metastatic breast, NCT02655952 Intravenous (IV) Completed, no December 2018 WntResearch AB
colon or prostate results posted
cancer
Foxy-5 as Wnt-5A Colon cancer NCT03883802 Il Intravenous (IV) Recruiting April 2019 WntResearch AB
neo-adjuvant therapy
Genistein in tyrosine kinase and Metastatic CRC NCT01985763 I/l Oral and Completed, has May 2019 Sofya Pintova
combination with topoisomerase-II Intravenous (IV) results
FOLFOX or
FOLFOX-Avastin
LGK974 PORCN Malignancies NCT01351103 Oral Recruiting February 2020 Novartis Pharmaceuticals
dependent on Wnt
ligands, including BRAF
mutant CRC
LGK974 in PORCN BRAF-mutant NCT02278133 I/l Oral Completed, no October 2017 Array BioPharma
combination with metastatic CRC and results posted
LGX818 and cetuximab Wnt pathway mutations
metastatic CRC
MCLA-158 EGFR and LGR5 Advanced/metastatic NCT03526835 Intravenous (IV) Recruiting August 2018 Merus N.V.
solid tumors, including
CRC
Mesalazine induces the CRC NCT02077777 Il Oral Completed, no December 2016 SOFAR S.p.A.
expression of results posted
i-protocadherin
OMP-18R5 Wnt receptor Solid tumors NCT01608867 Intravenous (IV) Completed, no September 2016 OncoMed Pharmaceuticals,
(Vantictumab) results posted Inc.
OMP-54F28 Wnt receptor Solid tumors NCT01608867 Intravenous (IV) Completed, no July 2017 OncoMed Pharmaceuticals,
(Ipafricept) results posted Inc.
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TABLE 2 | Continued

Drug Targets Disease/Condition NCT Identifier Phase  Routes of Recruitment Last update Sponsor
administration status
Hedgehog (Hh) pathway inhibitors
BMS-833923 (XL139) Smoothened Advanced or metastatic =~ NCT01413906 | Oral Completed, no June 2013 Bristol-Myers Squibb
solid tumors results posted
BMS-833923 in Smoothened Metastatic gastric, NCT00909402 Oral and Completed, no June 2013 Bristol-Myers Squibb
combination with gastroesophageal, or Intravenous (IV) results posted
cisplatin and esophageal
capecitabine adenocarcinomas
LDE255 (Sonidegib) Smoothened (and Advanced solid tumors NCT01576666 Oral Completed, no February 2016 Novartis Pharmaceuticals
in combination with PI3K) results posted
BKM120 (Buparlisib)
LEQ-506 Smoothened Advanced solid tumors NCT01106508 Oral Completed, no February 2020 Novartis Pharmaceuticals
results posted
Vismodegib in Smoothened Advanced GC or NCT00982592 Il Oral and Completed, has January 2016 National Cancer Institute
combination with gastroesophageal Intravenous (IV) results (NCI)
standard chemotherapy junction cancer
Vismodegib Smoothened Metastatic CRC NCT00636610 I Oral Completed, has June 2017 Genentech, Inc.
(GDC-0449) with results
concurrent
chemotherapy and
bevacizumab as
first-line therapy
NOTCH pathway inhibitors
BMS-906024 Pan-Notch Advanced or metastatic ~ NCT01292655 | Intravenous (IV) Completed, no January 2020 Bristol-Myers Squibb
solid tumors results posted
CB-103 Pan-Notch Advanced or metastatic =~ NCT03422679 171 Oral Recruiting May 2019 Cellestia Biotech AG
solid tumors, including
CRC
LY3039478 Pan-Notch Advanced solid tumors NCT02836600 Oral Active, not December 2019 Eli Lilly and Company
(Crenigacestat) recruiting
LY3039478 Pan-Notch Advanced or metastatic ~ NCT02784795 Oral and Completed, no March 2020 Eli Lilly and Company
(Crenigacestat) in solid tumors Intravenous (IV) results posted
combination with other
anticancer agents
LY900009 y-Secretase Advanced cancer NCT01158404 Oral Completed, has August 2019 Eli Lilly and Company
results
MEDI0639 DLL4 Advanced solid tumors NCT01577745 Intravenous (IV) Completed, has May 2017 Medlimmune LLC
results
REGN421 DLL4 Advanced solid NCT00871559 Intravenous (IV) Completed, no March 2014 Regeneron
(SAR153192; malignancies results posted Pharmaceuticals

Enoticumab)
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TABLE 2 | Continued

Drug Targets Disease/Condition NCT Identifier Phase  Routes of Recruitment Last update Sponsor
administration status

R04929097 y-Secretase Recurrent and NCTO01116687 Il Oral Completed, has May 2014 National Cancer Institute

metastatic CRC results (NCI)
R04929097 in y-Secretase Refractory solid tumors NCT01158274 Oral Completed, no November 2014 National Cancer Institute
combination with results posted (NCI)
capecitabine
R04929097 in y-Secretase Advanced solid tumors NCT01131234 Oral Completed, no December 2014 National Cancer Institute
combination with including CRC results posted (NCI)
cediranib maleate

PIBK/AKT/mTOR pathway inhibitors

Acetylsalicylic acid — CRC stage I-lll with NCT02647099 1l Oral Recruiting August 2019 Anna Martling
(aspirin) mutations in the PISK

signaling pathway
Acetylsalicylic acid — Resected colon cancer NCT02945033 1l Oral Recruiting October 2019 University Hospital, Rouen
(aspirin) with PIBK mutation

stage Il or Il high risk
Acetylsalicylic acid — Dukes C and high-risk NCT00565708 1l Oral Recruiting September 2019 National Cancer Centre,
(aspirin) dukes B CRCs Singapore
Acetylsalicylic acid — Stage -l CRC patients ~ NCT03047837 Il Oral Recruiting February 2019 Ente Ospedaliero Ospedali
(aspirin) and Galliera
metformin
AZD2014 mTORC1 and RICTOR amplified GC NCT03061708 Il Oral Terminated (lack of May 2019 Samsung Medical Center
(Vistusertib) mTORC2 efficacy)
AZD2014 mTORC1 and TSC1/2 mutated or NCT03082833 Il Oral Terminated (lack of May 2019 Samsung Medical Center
(Vistusertib) mTORC2 TSC1/2 null GC efficacy)
AZD5363 in AKT Advanced gastric NCT02451956 I Oral and Completed, no December 2019 Samsung Medical Center
combination with adenocarcinoma Intravenous (IV) results posted
paclitaxel
AZD8186 in PISK B/8 Advanced GC NCT04001569 /11 Oral and Recruiting June 2019 Seoul National University
combination with Intravenous (IV) Bundang Hospital
paclitaxel
BKM120 (Buparlisib) PI3K and Advanced solid tumors NCT01576666 Oral Completed, no February 2016 Novartis Pharmaceuticals
in combination with Smoothened results posted
LDE255 (Sonidegib)
BYL719 (Alpelisib) in PIBK Advanced or metastatic ~ NCT01613950 Oral and Completed, no February 2020 Novartis Pharmaceuticals
combination with GC Intravenous (IV) results posted
AUY922
BYL719 (Alpelisib) in BRAF, EGFR and in BRAF Mutant NCT01719380 I/l Oral and Completed, no April 2019 Array BioPharma

combination with
LGX818 (Encorafenib)
and Cetuximab

PIBK

Metastatic CRC

Intravenous (IV)

results posted
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TABLE 2 | Continued

Drug Targets Disease/Condition NCT Identifier Phase Routes of Recruitment Last update Sponsor
administration status
Cabozantinib Multikinases Refractory metastatic NCT03542877 Il Oral Active, not April 2019 Academic Thoracic
CRC recruiting Oncology Medical
Investigators Consortium
CB-839 Glutaminase Solid tumors and NCT02861300 I/ Oral Recruiting March 2020 Case Comprehensive
(Telaglenastat) in fluoropyrimidine Cancer Center
combination with resistant PIKBCA
capecitabine mutant CRC
Copanlisib in PI3K Relapsed/refractory NCT03711058 I/ Intravenous (IV) Recruiting July 2019 Sidney Kimmel
combination with solid tumors, Comprehensive Cancer
anti-PD-1 antibody mismatch-repair Center at Johns Hopkins
Nivolumab proficient (MSS) CRC
DS-7423 PI3K and mTOR Advanced solid NCT01364844 Oral Completed, no February 2014 Daiichi Sankyo, Inc.
malignant tumors results posted
Ipatasertib AKT Advanced or metastatic  NCT01896531 Il Oral and Active, not February 2020 Genentech, Inc.
(GDC-0068) in GC or Intravenous (IV) recruiting
combination with gastroesophageal
oxaliplatin, 5-FU and junction cancer
leucovorin
MK-2206 AKT Advanced GC or NCTO01260701 Il Oral Completed, has January 2016 National Cancer Institute
gastroesophageal results (NCI)
junction cancer
MK-2206 AKT CRC that is metastatic NCT01802320 Il Oral Completed, has September 2019 National Cancer Institute
or locally advanced and results (NCI)
cannot be removed by
surgery
MK-2206 in AKT and MEK Advanced CRC NCT01333475 I Oral Completed, has September 2015 National Cancer Institute
combination with results (NCI)
AZD6244 (Selumetinib)
Neratinib in HER2 and EGFR KRAS/NRAS/BRAF/ NCT03457896 I Oral Recruiting November 2019 NSABP Foundation Inc
combination with PIK3CA wild-type
Trastuzumab or with metastatic CRC by
Cetuximab HER2 status
Pembrolizumab JAK1 and Advanced solid tumors, = NCT02646748 Oral Active, not December 2019 Incyte Corporation
(MK-3475) combined PI3K-delta including CRC recruiting

with INCB050465 or
with Itacitinib
(INCB039110)
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TABLE 2 | Continued

Drug Targets Disease/Condition NCT Identifier Phase Routes of Recruitment Last update Sponsor
administration status
PX-866 (Sonolisib) in PIP3 Incurable metastatic NCT01252628 /1l Oral Completed May 2018 Cascadian Therapeutics
combination with CRC Inc.
Cetuximab
RADOO01 (Everolimus) TOR Previously treated NCT00985192 Il Oral Completed, has February 2020 Translational Oncology
serine-threonine unresectable or results Research International
kinases metastatic esophageal
cancer or GC
RADOO01 (Everolimus) TOR Advanced GC NCT00519324 Il Oral Completed, no November 2015 Novartis Pharmaceuticals
serine-threonine results posted
kinases
RADOO1 (Everolimus) TOR Gastrointestinal cancer NCT01058655 I/ Oral Completed, has April 2017 Dana-Farber Cancer
in combination with serine-threonine results Institute
AV-951(Tivozanib) kinases and
VEGFRs 1, 2, and 3
RADOO01 (Everolimus) TOR Advanced GC NCT01049620 Oral and Completed, no January 2020 Asan Medical Center
in combination with serine-threonine Intravenous (IV) results posted
Capecitabine and kinases
Oxaliplatin
RADOO01 (Everolimus) TOR Advanced GC NCT00632268 Il Oral and Completed, no August 2013 National Taiwan University
in combination with serine-threonine Intravenous (IV) results posted Hospital
cisplatin and HDFL kinases
(high-dose 5-FU and
leucovorin)
SAR245409 PISBK, MTOR, Advanced or metastatic ~ NCT01390818 Oral Completed, has March 2017 EMD Serono
(Voxtalisib) in MEKT and 2 solid tumors (GC not results
combination with included)
MSC1936369B
(pimasertib)
Serabelisib in PIBKa and SGLT2 Advanced solid tumors NCT04073680 I/l Oral Not yet recruiting February 2020 Petra Pharma
combination with
Canagliflozin
SF1126 PIBK Solid tumors NCT00907205 Intravenous (IV) Completed, no June 2013 Semafore Pharmaceuticals
results posted
Trametinib in MEK Chemotherapy- NCT03317119 Oral Recruiting January 2020 City of Hope Medical
combination with resistant RAS-mutated Center

Trifluridine and Tipiracil
Hydrochloride

(PIKBCA/PTEN-Wild-
Type) metastatic
CRC

GC corresponds to gastric cancer and CRC to colorectal cancer. FOLFOX corresponds to a chemotherapy regimen with folinic acid (leucovorin), fluorouracil (5-FU) and oxaliplatin (Eloxatin) and FOLFIRI corresponds to

a chemotherapy regimen with folinic acid (leucovorin), fluorouracil (5-FU) and irinotecan (Camptosar).
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study - CanStem303C - a randomized phase III clinical trial
done in adult patients with previously treated metastatic CRC
evaluated napabucasin in combination with FOLFIRI (Grothey
et al, 2017). Napabucasin monotherapy has been reported
in a published phase III trial. The CO.23 trial evaluated
the efficacy of napabucasin monotherapy versus placebo in
metastasized CRC, which failed to demonstrate a significant
difference in the napabucasin group survival. However, in a pre-
specified biomarker analysis, phosphorylated STAT3 (pSTAT3)-
positive patients experienced a significant survival benefit from
napabucasin over placebo (Jonker et al., 2018; Sonbol et al.,
2019). Another ongoing trial involving STAT3 inhibition is the
phase II trial MODULATE (NCT03647839) which specifically
aims to study the modulation of the tumor microenvironment
using either vascular disrupting agents (BNC105) or STAT3
inhibition (BBI608), in synergy with an immune checkpoint
protein (PD1) inhibitor (nivolumab). This trial is recruiting
microsatellite stable, refractory CRC cases.

Targeting the Wnt/g-Catenin Signaling
Pathway

Wnt/B-catenin signaling pathway is a major regulator of normal
intestinal development and its over-activation behaves as a
hallmark of CRC, being particularly significant in drug resistance
and stemness maintenance of colorectal CSCs (Takebe et al.,
2011; Basu et al.,, 2016). The activation of the Wnt/B-catenin
signaling pathway is associated with poor prognosis (Janssen
etal., 2006). It results mostly from the accumulation of mutations
in the APC tumor suppressor gene, oncogenic KRAS-signaling
pathway, p-catenin and p53. Mutations that do not allow the
formation of the APC/Axin/GSK3p destruction complex result
in the accumulation and nuclear translocation of B-catenin that
binds to transcription factors of T cell factor family (TCF4)
and activates target genes like c-Myc, cyclinD1 and survivin,
some involved in maintaining stemness (Myant et al., 2013; Lee
et al., 2015; Zhou et al., 2017). It has been shown that loss of
APC in CRC triggered the expression of a Racl GTPase via the
induced expression of c-Myc, necessary to intestinal stem cell
proliferation and CRC initiation (Myant et al,, 2013). On the
other hand, p53 may affect the outcome of Wnt signaling in
CRC development (Voorneveld et al., 2015), having a role in the
acquisition of pluripotency during reprogramming (Takahashi
and Yamanaka, 2006; Krizhanovsky and Lowe, 2009). The Wnt
signaling pathway is also dysregulated in GC (Chiurillo, 2015).
However, the involvement and mechanisms are not yet as fully
understood as in CRC. A number of studies suggest p-catenin and
APC as driver genes, revealing somatic mutations in both genes
that might have relevance in GC (Horii et al., 1992; Nakatsuru
et al., 1993; Woo et al, 2001; Clements et al., 2002; Zhang
and Xue, 2008). Genomic analysis of several gastric primary
tumors disclosed that Wnt/B-catenin, together with NF-kB and
proliferation/stem cell pathways, were deregulated in more than
70% of the primary tumors. Patient stratification by combinations
of these oncogenic pathways revealed to be a great tool for GC
clinical behavior assessment (Ooi et al., 2009). Many molecules
have been used to target the Wnt/p-catenin in gastrointestinal

CSCs (Chiurillo, 2015; Parizadeh et al., 2019; Patel et al., 2019;
Yang et al., 2020). Genistein, a soy-derived compound, was tested
in a Phase I/II research trial, in combination with FOLFOX or
FOLFOX-Bevacizumab, where it was demonstrated to be well
tolerated by patients and may have improved efficacy in the
treatment of metastatic CRC (Pintova et al., 2019). In vitro and
in vivo studies have shown that Genistein affects mainly Wnt/p-
catenin and PI3K/AKT pathways (Su et al., 2003; Kim et al., 2005;
Zhang and Chen, 2011; Wang et al., 2012).

Targeting the Hedgehog Signaling

Pathway

The dysregulation of Hedgehog (Hh) signaling pathway has
been reported as another main cause of CSCs self-renewal and
chemoresistance, being associated with poor clinical outcome in
patients with GC or CRC (Ma et al., 2005; Varnat et al., 2009;
Takebe et al., 2011; Usui et al.,, 2018). In this pathway, target
gene expression is predominantly regulated by the Smoothened
(SMO) protein but GLI inhibitors are also used (Rimkus et al.,
2016; Didiasova et al., 2018). In GC cells, SMO regulates nuclear
translocation of GLI-1 that in turn promotes transcription of
target genes, such as CD44 (Yoon et al., 2014). Yoon et al. (2014)
showed that in AGS, MKN-45, and NCI-N87 GC cell lines, the
Hh pathway inhibition using SMO shRNA or small-molecule
inhibitors significantly decreased spheroid formation ability and
tumor growth. Vismodegib (GDC-0449), the first Hh pathway
inhibitor used in cancer research, is currently undergoing Phase
IT trials in advanced GC and in metastatic CRC (Gupta et al,,
2010; Berlin et al., 2013). Examination of tumor samples revealed
that Vismodegib has not increased progression-free or overall
survival as a whole, but only in a limited subset of patients
with high CD44 expression (Cohen et al., 2013; Yoon et al,
2014). Disappointingly, these treatments with Vismodegib, did
not increase progression-free survival in CRC patients (Low
and de Sauvage, 2010; McMillan and Matsui, 2012). When
the SMO inhibitor AY9944 was used in combination with the
GLI-1 inhibitor GANT61, there was an increased response to
anti-cancer drugs in tumor organoids and a decreased capacity
to form colonies in SW480 and HCT116 CRC cells (Usui
et al., 2018). These results indicate that this strategy might be
worthwhile in CRC.

Targeting the Notch Signaling Pathway

The Notch signaling pathway is one of the most activated
signaling pathways in cancer, namely in GC and CRC, and
promotes metastization (Du et al., 2014; Hayakawa et al., 2019).
It has a key role in the maintenance and differentiation of CSCs
(Quail et al,, 2012; Lu et al.,, 2013; Yang et al.,, 2020). In GC
and CRC, the expression of Notchl or Jagged! is associated with
poor prognosis (Yeh et al, 2009; Kang et al., 2012; Jackstadt
et al., 2019; Kim et al.,, 2019; Mohamed et al., 2019). In CRC,
Notchl is associated with more aggressive subtypes, recruiting
neutrophils to drive metastasis (Jackstadt et al., 2019). Due to
the fact that the Notch pathway is related to CSC self-renewal
and angiogenesis, targeting this pathway became a potential anti-
CSC therapeutic approach (Venkatesh et al., 2018). Strategies
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used to inhibit Notch signaling include y-secretase inhibition
(GSI), Notch receptor (e.g., Notchl, Notch2, and Notch3) or
ligand (e.g., Jaggedl and Jagged2) antibodies and combination
therapy with inhibitors of other pathways. The inhibition of
Notch receptors using two GSIs has allowed to disclose the
importance of Notch pathway in the growth and survival of
GC cells (Brzozowa et al., 2013). Furthermore, GSIs lead to the
induction of apoptosis and inhibition of tumor-sphere formation
of CD44" gastric CSCs (Barat et al., 2017). However, it is
important to mention that GSIs do not only target Notch-
related proteins but also proteases involved in numerous cellular
processes, which could originate adverse effects in vivo (Shih
Ie and Wang, 2007; Wang et al., 2010; Brzozowa et al., 2013).
Nevertheless, various clinical trials have been performed to
evaluate the efficacy of targeting the Notch signaling pathway in
GC and CRC (Table 2). RO4929097, a selective GSI, showed good
anti-tumor activity in preclinical and early trials but it was not
good enough for metastatic CRC (Luistro et al., 2009; Strosberg
et al., 2012; Tolcher et al., 2012). Combinations of RO4929097
with other drugs in advanced solid tumors, including CRC, were
well tolerated and presented some clinical benefit (Sahebjam
et al., 2013; LoConte et al., 2015). LY900009 is another GSI
tested in advanced cancers, including those of gastrointestinal
tract. It is currently in a phase I trial and revealed a safety
profile, with the majority of patients experiencing low-grade
gastrointestinal adverse effects (Pant et al., 2016). Furthermore, it
was demonstrated to have an inhibitory effect on Notch signaling
pathway, inducing goblet cell differentiation and increased mucin
production, similarly to that observed in rats (Pant et al,
2016). Moreover, MEDI0639 is a monoclonal antibody that
specifically binds to DLL4 and prevents its interaction with Notch
receptors, thereby inhibiting Notch-mediated signaling and
target gene transcription, which may block tumor angiogenesis
and eventually tumor cell growth (Ishigami et al., 2013). A phase
I study in advanced solid tumors demonstrated that MEDI0639 is
well tolerated and preliminary results show evidence of antitumor
activity (Falchook et al., 2015).

Targeting the PISBK/AKT/mTOR Signaling

Pathway

The PI3K/AKT/mammalian target of rapamycin (mTOR)
signaling pathway is typically abnormally activated in many
carcinomas (Michl and Downward, 2005; Johnson et al., 2010;
Narayanankutty, 2019). It is thought to be crucial in angiogenesis,
cell proliferation, metabolism, survival, metastasis and drug
resistance (Cantley, 2002; Edinger and Thompson, 2002; Fingar
et al, 2004; Al-Batran et al., 2012; Tapia et al, 2014). AKT
is commonly overexpressed in tumors and plays an important
role in the metabolic reprogramming of cancer (Yap et al,
2011; Iida et al., 2013). Although the PI3K/AKT/mTOR pathway
has been extensively studied, there are few studies in CSCs.
In GC and CRC, activation of mTOR appears to cause tumor
progression and poor patient survival (Lang et al, 2007;
Murayama et al., 2009; Xiao et al, 2009; Yu G. et al., 2009;
An et al., 2010). Thus, its inhibition seems to be fundamental
for GC and CRC therapy. A phase II study using RAD001

(everolimus) in previously treated unresectable or metastatic
esophageal cancer or GC was performed over the rational
that everolimus may stop tumor growth by blocking some
of the fundamental enzymes for cell growth and by blocking
angiogenesis. Everolimus was well tolerated by the patients
however this study displayed a strong weakness by being
single-arm and non-comparative. However, mTOR suppression
decreased ALDHI activity, which is a marker of CSCs in CRC
(Xia and Xu, 2015). Growth inhibition, using a dual PI3K/mTOR
inhibitor, PF-04691502, was observed in vitro and in xenografted
CRC tumors (Fang et al., 2013). Another mTOR inhibitor
decreased survival and invasion of colorectal CSCs in vitro,
and suppressed tumor growth in vivo (Francipane and Lagasse,
2013). The allosteric AKT inhibitor (MK-2206) led to a decrease
in CSCs proliferation, and reduction of the capacity to form
colonospheres in vitro and to initiate tumor formation in vivo.
Mice with xenografted tumors showed a significant decrease
in tumor progression. Also, MK-2206 significantly inhibited
the growth of patient-derived tumorspheres (Malkomes et al.,
2016). A phase II study in advanced gastric or gastroesophageal
junction cancer has revealed that MK-2206, as second-line
therapy, at a dose of 60 mg was well tolerated by patients
and showed some modest evidence of activity, however, the
overall survival (5.1 months) was lower than the study efficacy
endpoint (6.5 months) (Ramanathan et al, 2015). However,
there is a Phase II clinical trial with MK-2206, to study
patients with previously treated colon or rectal cancer that
has spread and cannot be removed by surgery, concluding
that in contrast to robust preclinical data, it does not have
effect in these tumors (Dasari et al., 2016). MK-2206 was
also used in combination with AZD6244 (Selumetinib), a
mitogen-activated protein extracellular signal-regulated kinase
(MEK)1/2 inhibitor, in a Phase II trial but the level of target
inhibition obtained with the maximum non-toxic dose was not
the expected (Do et al, 2015). SAR245409 (Voxtalisib) was
tested in a Phase I research trial in combination with another
MEK inhibitor, MSC1936369B (Pimasertib), in advanced or
metastatic solid tumors (Schram et al., 2018). The primary
purpose of the study was to determine the maximum tolerated
dose of the drug combination. The drug RAD001 (Everolimus)
downregulates mTOR. A combination of RAD001, mFOLFOX-6
and Bevacizumab has been shown to be efficacious and safe in
metastatic CRC (Weldon Gilcrease et al., 2019). A multicenter
phase II study for patients with refractory, metastatic CRC
concluded good tolerability and efficacy of Everolimus combined
with Tivozanib (an oral VEGF receptor-1, -2, -3 inhibitor)
with 50% of the patients having stable disease at 2 months
(Wolpin et al., 2013).

DISCUSSION

The identification of CSCs remains a challenging task,
particularly in solid tumors like GC and CRC. The use of cell
surface markers as a primary tool to identify gastric and colorectal
CSCs has disclosed some weaknesses and for that reason the
uncovering of more reliable biomarkers must become a priority.
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These biomarkers should include the TFs that are required
for the maintenance of gastric and colorectal CSCs phenotype,
as well as components of the signaling pathways that have
key roles in CSC features. This explains why TFs such as
STAT3 and signaling pathways like Wnt/B-catenin, Hedgehog,
NOTCH and PI3K/AKT/mTOR emerged as powerful targets,
whose inactivation or modulation could eliminate gastric and
colorectal CSCs. This fact is corroborated by several completed
and ongoing clinical trials targeting these potential biomarkers
in both tumor types, where some of the molecules have shown
promising results. The incapacity to achieve the wanted levels
of target inhibition was the major shortcoming of the clinical
trials. Yet, the use of higher doses is not possible due to toxicity
problems, which led to the development of combinations of drugs
targeting different pathways. Furthermore, it is more advisable
to measure the outcome of the treatments in terms of CSCs
behavior, by assessing capacity to metastasize and re-growth after
removing the drug.

FUTURE PERSPECTIVES

The validation of potential gastric and colorectal CSCs
biomarkers and their association with GC and CRC stage
is imperative to understand patient prognosis and apply a
more suitable therapy. The development of a robust therapy
combining CSC targets with conventional chemotherapy could
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Recently, cell-based therapies have been explored as a strategy to enhance the
specificity of anticancer therapeutic agents. In this perspective, human mesenchymal
stromal cells (MSC) hold a promising future as cell delivery systems for anticancer
proteins due to their unique biological features. In this study, we engineered human
MSC to secrete a human codon-optimized version of azurin (hazu), a bacterial protein
that has demonstrated anticancer activity toward different cancer models both in vitro
and in vivo. To this end, microporation was used to deliver plasmid DNA encoding azurin
into MSC derived from bone marrow (BM) and umbilical cord matrix (UCM), leading to
expression and secretion of hazu to the conditioned medium (CM). Engineered hazu-
MSC were shown to preserve tumor tropism toward breast (MCF-7) and lung (A549)
cancer cell lines, comparable to non-modified MSC. Azurin was detected in the CM of
transfected MSC and, upon treatment with hazu-MSC-CM, we observed a decrease in
cancer cell proliferation, migration, and invasion, and an increase in cell death for both
cancer cell lines. Moreover, expression of azurin caused no changes in MSC expression
profile of cytokines relevant in the context of cancer progression, thus suggesting that
the antitumoral effects induced by hazu-MSC secretome might be due to the presence
of azurin independently. In conclusion, data shown herein indicate that MSC-produced
azurin in a CM configuration elicits an anticancer effect.

Keywords: mesenchymal stromal cells, secretome, azurin, cancer, gene delivery

INTRODUCTION

Human mesenchymal stromal cells (MSC) are multipotent cells with the ability to modulate
several biological mechanisms through paracrine activity (Hofer and Tuan, 2016), namely, limiting
apoptosis (Gao et al., 2016) and inducing angiogenesis (Brewster et al., 2018; Mathew et al., 2019;
Rifai et al., 2019), as well as to differentiate into a variety of cell lineages, including osteocytes,
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adipocytes, and chondrocytes (Xie et al, 2013). Cells with
these features hold a promising future for cell therapies and
tissue engineering, by potentially replacing damaged tissues of
mesodermal origin and promoting tissue regeneration,. As such,
the number of clinical trials using MSC has been rising almost
exponentially since 2004 (Murray and Péault, 2015), achieving
a total of 916 studies in 2020 (data from clinicaltrials.gov/,
accessed on February 29th, 2020, using the terms “mesenchymal
stem cell OR mesenchymal stromal cell”), of which 269
have been completed to date. In addition, MSC show an
intrinsic ability to specifically migrate toward pro-inflammatory
microenvironments, such as tumor sites (Kim et al., 2016; Cao
et al., 2018; Chulpanova et al., 2018). This phenomenon occurs
through an intricate crosstalk of biochemical cues, and although
the underlying mechanisms are still not fully elucidated in
this process, it has been recognized that the C-XC chemokine
receptor type 4 (CXCR4)-stromal cell-derived factor 1 (SDFla)
axis plays an important role (Song and Li, 2011; Bhoopathi
et al,, 2012; Ho et al, 2014). Taking advantage of their innate
tropism for tumors, genetically engineered versions of MSC
have been under preclinical and clinical development as cell
delivery systems of several anticancer agents. One of the most
commonly adopted approach is the enhancement of endogenous
antitumor immunity by engineering MSC to produce antitumor
cytokines or soluble factors such as f-interferon (Ahn et al.,
2013; Dembinski et al., 2013; Chen et al., 2019), interleukin-
2 (Mounayar et al., 2013; Zhao, 2013), interleukin-12 (Elzaouk
et al., 2006; Jeong et al., 2015), interleukin-15 (Jing et al., 2014),
INF-alpha (Ren et al., 2008), or CX3CL1 (Xin et al., 2007).
Another approach is the use of MSC to deliver tumor cytotoxic
agents such as TRAIL (TNF-a related apoptosis inducing ligand)
(Grisendi et al, 2010; Loebinger et al, 2010; Deng et al,
2014; Yan et al., 2014; Xia et al., 2015; Rossignoli et al., 2019;
Spano et al,, 2019), osteoprotegerin (OPG) (Qiao et al., 2015),
NK4 (Kanehira et al., 2007), and HGF (Zhu et al., 2009).
The employment of MSC as gene-directed enzyme-producing
vehicles, such as MSC expressing thymidine kinase of the
Herpes simplex virus with ganciclovir as a prodrug (tkHSV-
MSC/GCV system) (Matuskova et al., 2012) and MSC engineered
to express fused yeast cytosine deaminase::uracil phosphoribosyl
transferase (yCD:UPRT) with 5-fluorocytosine (5-FC) as a
prodrug (yCD::UPRT-MSC/5FC system) (Ursula et al., 2019), has
also demonstrated very promising results. Three first-in-human
clinical trials assessing gastrointestinal cancer, lung cancer, and
ovarian cancer are being conducted to investigate the efficacy
of genetically modified MSC in cancer patients with results
demonstrating safety and tolerability, and some preliminary signs
of efficacy (von Einem et al., 2019).

Azurin, a small water-soluble (14-kDa) protein from the
bacteria Pseudomonas aeruginosa, has been explored in what
concerns its antitumoral capacity. Azurin is able to enter
mammalian cells, preferentially cancer cells (Bizzarri et al., 2011;
Bernardes et al., 2018), acting at the membrane level by increasing
its permeability and attenuating proliferative signaling pathways
(Bernardes et al., 2014, 2016). After internalization, azurin forms
a complex with the tumor suppressor protein p53, stabilizing it,
and increasing its concentration at the intracellular level, thereby

inducing apoptosis (Yamada et al., 2004). Azurin is also described
to be able to increase the effectiveness of conventional anticancer
therapeutics such as doxorubicin and paclitaxel (Bernardes et al.,
2018), and gefitinib or erlotinib (Bernardes et al., 2016). In
addition, a peptide derived from this protein (named p28) also
enhances the activity of DNA damaging chemotherapeutic agents
(Yamada et al., 2016). Azurin and p28 have a complex mechanism
of action targeting several independent signaling pathways
relevant in tumor proliferation, while inducing reduced side
effects in vitro and in vivo (Lulla et al., 2016). These features turn
azurin/p28 distinct and promising relatively to other antitumor
agents, which have a more limited range of action.

In the present study, we couple azurin’s antitumoral effect
to the tumor tropism ability of MSC, in a cell-based approach,
by genetically engineering human MSC to produce and secrete
azurin through non-viral methods. Though viral systems have
demonstrated the highest gene transfer efficiencies in preclinical
and clinical trials, non-viral vectors and gene transfer approaches
are emerging as safer and effective alternatives. In this context, we
employ a non-viral method, previously developed by our group,
of human MSC transfection through microporation aiming at a
high gene delivery efficiency, without compromising cell viability
and recovery (Madeira et al., 2011).

When evaluating the role of naive MSC in tumor
progression/suppression, the majority of studies employ
MSC isolated from the BM, the UCM, and the adipose tissue
(AT) (Rahmatizadeh et al., 2019; Liang et al., 2020; Xia et al,,
2020). Considering that MSC isolated from different tissue
sources express different surface markers (Hass et al., 2011; Elahi
et al., 2016), and may differ in what concerns differentiation
potential (Rebelatto et al., 2008), the outcome from these studies
may be dependent on the isolation source of MSC. Therefore,
in the present study, all experiments were validated with MSC
from two tissue sources, BM and UCM. Moreover, envisaging
the translational potential of our approach, this study was
performed under xenogeneic (xeno)-free culture conditions to
avoid the batch-to-batch variations associated with the use of
animal-derived products, allowing a better reproducibility and
preventing contagious health risks from animal-derived viral
agents, mycoplasma, and prions (Leong et al., 2016).

MATERIALS AND METHODS

Cell Lines and Cell Cultures

Cancer cell lines A549 (lung) and MCF-7 (breast) were
obtained from ECACC (European Collection of Authenticated
Cell Cultures) and cultured using high glucose Dulbecco’s
modified Eagles’ medium (DMEM) supplemented with 10% of
heat-inactivated fetal bovine serum (FBS) (Lonza), 100 IU/ml
penicillin, 100 mg/ml streptomycin (PenStrep, Invitrogen),
and passaged between 2 and 3 times per week, by chemical
detachment with trypsin 0.05%.

Human MSC used in this study are part of the cell
bank available at the Stem Cell Engineering Research Group
(SCERG), Institute for Bioengineering and Biosciences at
Instituto Superior Técnico (iBB-IST). MSC were previously
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isolated/expanded according to protocols previously established
at iBB-IST (Santos et al., 2009; Soure et al, 2016). Originally,
human tissue samples were obtained from local hospitals under
collaboration agreements with iBB-IST (bone marrow: Instituto
Portugu“es de Oncologia Francisco Gentil, Lisbon; umbilical
cord: Hospital Sdo Francisco Xavier, Lisbon, Centro Hospitalar
Lisboa Ocidental, Lisbon). All human samples were obtained
from healthy donors after written informed consent according
to the Directive 2004/23/EC of the European Parliament and of
the Council of 31 March 2004 on setting standards of quality
and safety for the donation, procurement, testing, processing,
preservation, storage, and distribution of human tissues and cells
(Portuguese Law 22/2007, June 29), with the approval of the
Ethics Committee of the respective clinical institution. Human
MSC from the different tissue sources (BM and UCM) were
kept cryopreserved in a liquid/vapor-phase nitrogen container.
Upon thawing, cells were cultured in StemPro® Serum-free
(SFM) medium and passaged two times per week, by chemical
detachment with TrypLE™ Select (Gibco).

All cell lines were grown in a humidified atmosphere at 37°C
with 5% CO, (Binder CO, incubator C150).

Construction of Azurin Recombinant
Plasmid and Transfection Into Human
MSC

Azurin coding sequence was obtained by gene synthesis following
a codon optimization algorithm toward the human codon usage
from the coding sequence from P. aeruginosa PAO1, to improve
translation efficiency. Human codon optimized azurin (hazu)
in fusion with the first 21 amino acids (aa) of the human
tissue plasminogen activator (t-PA) (Qiu et al, 2000) was
subcloned into a pVAX1-GFP vector by replacing the GFP gene,
producing the recombinant pVAX-hazu plasmid. pVAX-GFP was
constructed and produced as described elsewhere (Azzoni et al.,
2007). The fidelity of the cloned sequence was evaluated by
DNA sequencing. MSC were transfected with 10 g of pVAX-
hazu plasmid through microporation [Microporator MP100
(Neon/Invitrogen-Life Technologies)] according to Madeira et al.
(2011); Sahin and Buitenhuis (2012). As a control, MSC were
transfected with pVAX-GFP to assess the transfection efficiency.
MSC conditioned media (CM) (MSC-CM) and cells were
harvested at 72 and 96 h post-transfection. The expression and
secretion of azurin were evaluated through Western blotting,
and the percentage of GFP-positive cells was detected by flow
cytometry (FACSCalibur, BD).

Western Blotting

MSC-CM were collected at 96 h, mixed with loading buffer
(Tris-HCl 62.5 mM, pH 6.8, 2.5% SDS, 10% glycerol,
0.002% bromophenol blue, and 5% P-mercaptoethanol),
and boiled at 95°C for 5 min. Denatured samples were
run on 15% polyacrylamide gel and transferred onto
nitrocellulose membranes (Trans-Blot Turbo, BioRad).
The membranes were incubated overnight with 1:2000
dilution of specific custom-made primary anti-azurin
antibody (SicGen) (Bernardes etal.,2013), 1:2000 anti-GFP

(Santa Cruz Biotechnology), or 1:1000 anti-GAPDH (Santa
Cruz Biotechnology). Following incubation, the membranes
were washed with PBS-tween-20 (0.5%) and probed with
1:2000 secondary antibody (Santa Cruz Biotechnology) during
1 h by shaking at room temperature. Proteins were detected
through the addition of ECL reagent (Pierce) as a substrate
and exposed and captured the chemiluminescence by Fusion
Solo (Vilber Lourmat) equipment. For the cleavage of N-linked
oligosaccharides, 10 pg of total protein in MSC-derived
conditioned medium (MSC-CM) was mixed with 1 pl of
Glycoprotein Denaturating Buffer (10x) and H,O, before
boiling the sample for 10 min at 100°C. After briefly chilling on
ice, 2 pl of GlycoBuffer (10x), 2 pl of 10% NP-40, and water
were added to a final volume of 20 pl. Finally, 1 il of PNGase F
(New England Biolabs) was added and the mixture was incubated
at 37°C for 1 h before analysis by Western blotting.

Cancer Cell Proliferation Assay

Presto Blue™ viability assay was used to determine proliferation
of cancer cells upon treatment with MSC-CM. Cells were seeded
on 96-well plates (Orange Scientific) at a density of 1 x 10* and
2 x 10* cells/well for MCF-7 and A549 cell lines, respectively.
After 24 h, medium was exchanged with 100 ul of MSC-CM
(keeping a baseline level of 50% cancer cells' culture media:
0%, 10%, 25%, and 50% MSC-CM). Afterward, Presto Blue
Reagent (ThermoFisher) was added to each well and incubated
at 37°C for 2 h. Fluorescence was determined at the following
wavelengths: 540 nm excitation and 590 nm emission. Untreated
cells were used as control, in order to determine the relative cell
proliferation of treated cells.

Assessment of Cancer Cell Apoptosis

Cancer cell apoptosis was assessed using the Annexin V
Apoptosis Detection kit (BD Sciences). Cells were plated on
6-well plates (Orange Scientific) at a density of 2 x 10° and
1.5 x 10° cells/well for MCF-7 and A549 cell lines, respectively.
On the next day, medium was exchanged with MSC-CM (50%
cancer cells’ culture media/50% MSC-CM). After 24 h incubation,
cells were harvested and stained for Annexin V and propidium
iodide (PI) by flow cytometry.

Cancer Cell Invasion Assay

The ability of MSC to migrate toward tumor cells (tumor
tropism) and cancer cell invasion was evaluated using
CytoSelect™ 24-Well Cell Migration with 8 wm pore size,
coated with Matrigel. For tumor tropism experiments, 1.5 x 10°
lung (A549) and breast cancer (MCF-7) cells were cultured
on 24-well plates and left overnight at 37°C and 5% COs,.
MSC (4 x 10%) were incubated in the upper compartment of
the culture chamber, placed on the wells, and left for 24 h at
37°C and 5% CO;. For cancer cell invasiveness experiments,
1.5 x 10° A549 cells treated or untreated with MSC-CM were
incubated in the upper compartment of the transwell, while
culture medium (i.e., DMEM supplemented with 10% FBS) was
added to the 24-well plates. Incubation was held at 37°C and
5% CO; for 24 h. Non-migrated cells were removed from the
upper side of the chamber’s filter with a cotton swab dipped
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in PBS and chambers were washed with PBS. Migrated cells
were fixed in cold methanol (4°C) for 10 min. The membrane
was removed with a scalpel and placed in a microscope
glass, and cells were stained with DAPI and counted under a
microscope (Zeiss). In each condition, 10 independent fields
were counted, and the average of these fields was considered as
the mean number of migrated cells per condition. Results are
presented as the fold change in the number of cells migrated
in comparison with the control condition where no cancer
cells were added.

Cancer Cell Migration Assay

A scratch assay was used to assess the migration of breast
(MCEF-7) and lung (A549) cancer cells in vitro, upon treatment
with MSC-CM. Approximately 2 x 10° cells were seed in 2-
well culture inserts (Ibidi), to ensure reproducibility within
conditions, on 24-well dish and cultured in growth medium
for 72 h until approximately 70-80% confluence. Inserts were
removed, and cells were treated with 250 pl of MSC-CM (keeping
the proportion 50% MSC-CM/50% cancer cells’ culture medium).
Cells were monitored over time by time-lapse recording and
distance moved by the cells was determined by measuring the
unoccupied scratch area (% of unoccupied area/h).

Cytokine Quantification by ELISA

The levels of IL6, TGF-B, SDF1-a, and VEGF were measured in
100 pl of MSC-CM collected at 96 h with a sandwich ELISA Kkit,
according to the manufacturer’s instructions (RayBiotech).

RESULTS

Human MSC Are Able to Express and
Secrete Azurin Without Cell Viability

Impairment

Bone marrow (BM)- and umbilical cord matrix (UCM)-derived
MSC cultured under xenogeneic (xeno)-free conditions were
transfected by microporation with plasmid DNA (pVAX-hazu)
encoding for a human codon optimized version of azurin coding
sequence containing on its N-terminal a secretory sequence
leading to the secretion upon protein synthesis (Qiu et al., 2000).
Codon optimization was used considering that azurin is from a
bacterial source and its efficiency of translation in animal cells,
such as MSC, could be reduced. In parallel, MSC were transfected
with a control vector, containing a green fluorescence protein
(GFP) sequence (pVAX-GFP).

Notably, azurin production has not induced alterations on
MSC themselves, as we monitored cell viability over a 96-h
period after cell microporation (Figure 1A). Non-transfected
cells (control 1) displayed the highest cell number at day 2, 3,
and 4, followed by cells microporated without DNA (control
2). Nevertheless, cells microporated with pVAX-GFP and pVAX-
hazu entered the exponential growth phase with almost no
differences between the groups. Flow cytometry demonstrated
that 50 to 60% of the cell population was expressing GFP, 72 h
post-transfection (Figure 1B), with a cellular recovery of 46% and

a yield of transfection of 28% (comparable to 70, 40, and 30%,
respectively, in Madeira et al., 2011). As negative controls, non-
transfected cells (control 1) and microporated cells without DNA
(control 2) were also evaluated.

After microporation, MSC were cultured for 96 h and
the secreted azurin was detected in the CM by Western
blotting (Figure 1C) (full membrane images are depicted in
Supplementary Material 1). Specific bands around the expected
MW of 15 kDa were observed only in the supernatants from
MSC transfected with pVAX-hazu (hazu-MSC), which indicated
that azurin was successfully expressed and released to the CM.
However, it was possible to observe two bands corresponding
to possible protein post-translational modifications. After
treatment of MSC-derived CM (MSC-CM) with PNGase F
(endoglycosidase that selectively removes N-glycans), only
one band with more intensity was observed, which indicates
that azurin is N-glycosylated in the CM of MSC-transfected
cells (Figure 1D).

MSC Preserve Tumor Tropism After
Microporation

Human MSC have been described to be intrinsically tropic to
tumor sites (Kidd et al., 2009), which is a central feature to their
potential role as delivery vehicles for anticancer agents in cancer
therapy. In this study, the in vitro tumor tropism properties of
bone marrow-derived MSC (BM MSC) (three donors) toward
a breast cancer cell line (MCF-7) were evaluated by a transwell
migration assay using CytoSelect chambers with 8-um pores.
Aiming at a better mimicry of the in vivo microenvironment, we
studied the effect of physiological barriers like collagen type I and
Matrigel™ as coatings on transwell chambers. Tumor cell lines
were seeded on 24-well plates, and after 24 h, the upper chambers
containing seeded MSC were added to each well at a MSC/tumor
cells ratio = /5. In the control condition, no tumor cells were
added (the corresponding medium volume was added instead).
Tumor cells triggered invasion of BM MSC as compared to the
negative control, and the specificity of this process seems to be
improved by the presence of Matrigel (Figure 1E).

Cell microporation and transgene expression could potentially
induce changes in the physiological properties of MSC.
Therefore, we compared the tumor tropism rate of un-modified
MSC and hazu-MSC toward A549 cells (Figure 1F). As shown,
the expression of azurin does not impact the homing ability of
these cells, and these results are supported by the characterization
of CXCR4 (Supplementary Material 2), a known chemokine
receptor associated with the tumor tropism properties of MSC
(21.2% expression in control MSC versus 23.2% expression in
hazu-MSC, assessed by flow cytometry).

Cancer Cell Proliferation Decreases and
Cell Death Increases Upon Treatment
With hazu-MSC-CM

To investigate whether the secretome of azurin-producing MSC
has an inhibitory effect on cancer cells’ growth and proliferation,
tumor cell lines A549 and MCF-7 were subjected to increasing
concentrations of CM from hazu-MSC cultures, harvested 96 h
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FIGURE 1 | Engineering of mesenchymal stem/stromal cells (MSC) to express azurin. (A) MSC number per square centimeter after microporation. MSC
non-microporated (control 1) (blue line), MSC microporation control were transfected without the plasmid DNA (control 2) (orange line), gfp-MSC were microporated
with pVAX-GFP (gray line), and hazu-MSC were microporated with pVAX-hazu (yellow line). A total of 9.23 x 10° cells per condition were initially microporated and
counted at days 2, 3 and 4. Values are mean + SD (n = 3). (B) Flow cytometry demonstrated that 50 to 60% of cell population was expressing GFP 72 h
post-transfection. (C) Azurin is secreted by MSC to the conditioned media (CM) at 96 h after microporation. A representative image of Western blotting for one donor
is depicted. (D) Ten micrograms of total protein from CM was incubated with PNGase F to remove N-linked oligosaccharides from glycoproteins. Western blotting
image of MSC-CM from two independent donors is depicted. (E) Tumor tropism of un-modified bone marrow (BM)-derived MSC toward MCF-7 breast cancer cells.
Results are presented as the fold change of migrated MSC toward tumor cells compared to negative control (migration toward culture media). (F) Comparison
between tumor tropism rate of un-modified MSC and hazu-MSC toward A549. Results are presented as the fold change of migrated MSC toward tumor cells and
the negative control (migration toward culture media).

post-microporation. Since MSC and cancer cells were cultured
in different culture media (MSC in StemPro® MSC SEM
XenoFree culture medium, whereas MCF-7 and A549 in DMEM
high glucose supplemented with FBS), for this experiment, the

concentration of MSC-CM was varied, while maintaining a
baseline level of cancer cells’ culture medium at 50%. Cytotoxicity
and tumor cell proliferation were assessed by using PrestoBlue
after 24 h treatment with MSC-CM (Figure 2A). The results
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FIGURE 2 | hazu-MSC CM inhibit cancer cell proliferation and induce cancer cell death in vitro. (A) Cytotoxicity and tumor cell viability were assessed by PrestoBlue
in breast cancer (MCF-7) and lung cancer (A549) cell lines upon 24 h of exposition to conditioned media (CM) from MSC microporated with pVAX-hazu (hazu-MSC)
(gray bars), pVAX-GFP (gfp-MSC) (light gray bars), or without DNA (microporation control 2) (black bars). MSC-CM was collected 96 h post-transfection. Due to
differences in expansion media between cancer cells and MSC, MSC-CM concentration was variated (0-50%) while maintaining a level of cancer cells’ culture media
at 50%. Untreated cells were exposed to media without CM, and their proliferation rate was admitted as 100% (p-values compare % of proliferation between
gfp-MSC or hazu-MSC with MSC control 2; n = 4). (B) Annexin V expression detection after treatment with hazu-MSC’ CM, assessed by flow cytometry. Living cells
are seen in the lower left quadrant, Annexin V (=)/ Pl (=), [Q1]. The early apoptotic cells are shown in the lower right quadrant, Annexin V (+)/ Pl (—), [Q2]. Advanced

apoptotic or necrotic cells are seen in the upper right quadrant, Annexin V (+)/ PI (+), [Q3]. Annexin V (—)/ Pl (+), [Q4] are cells in late necrosis or cellular debris.
Panels 1 and 2 correspond to MCF-7 treated with control 2 MSC-CM and hazu-MSC-CM, respectively. Panels 3 and 4 correspond to A549 treated with control 2
MSC CM and hazu-MSC CM, respectively (n = 2). (C) Percentage of A549 live and dead cells based on flow cytometry results on annexin V expression, after
treatment with MSC-CM and the ratio between dead cells treated with hazu-MSC’ CM or control MSC’ CM (n = 1). (D) Percentage of MCF-7 live and dead cells
based on flow cytometry results on annexin V expression, after treatment with MSC-CM and the ratio between dead cells treated with hazu-MSC’ CM or control
MSC’ CM (n = 1). Statistical differences are indicated with *p < 0.05 and **p < 0.01.

are presented in variation (%) of proliferation relatively to
the control, where no MSC-CM was added (corresponding to
100% proliferation rate). The effect of hazu-MSC-CM seems
to be inhibiting tumor cell proliferation, and this effect is
more pronounced by increasing concentrations. On the other
hand, CM retrieved from control MSC cause no change in the
proliferation of both A549 and MCEF-7 cell lines. The effect of

hazu-MSC-CM induced an inhibition of 38.1% in A549 and an
inhibition of 17.3% in MCF-7 with the highest concentration
of CM (50% vol/vol). Moreover, we observed an average of
1.6- and 3.9-fold increase in the apoptotic levels of A549,
assessed by flow cytometry (Figures 2B,C) and MCF-7 cells
(Figures 2B,D), respectively, after treatment with hazu-MSC-CM
when compared with the control CM.
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Cancer Cell Migration and Invasion
Decrease Upon Treatment With
hazu-MSC-CM
The antitumoral effects of hazu-MSC-CM are also extended to
the impairment of cancer cell invasion. These experiments were
performed with indirect co-cultures, in a transwell migration
assay, by culturing cancer cells treated and un-treated with MSC-
CM in invasion chambers coated with Matrigel. Results are given
in the percentage of cancer cell invasion in comparison to the
control condition where cancer cells were treated with culture
medium only (i.e., without MSC-CM). By analyzing the results,
we can hypothesize that the naive MSC’ secretome by itself has
an impact in reducing cancer cell invasion, and this effect is
enhanced by the presence of azurin to a notorious extent (close
to 20% invasive cells compared to control) (Figure 3A).

Cell migration in cancer cells is also affected by treatment
with hazu-MSC-CM. Cell migration was estimated by means of

a scratch assay and monitored by time-lapse microscopy. The
distances of migrated cells were measured over several time
points and the results show that treatment with CM from hazu-
MSC induced a delay on cancer cell migration and repairment of
the scratch area (Figure 3B). Twenty hours after treatment, the
percentage of unoccupied area for A549 treated with hazu-MSC-
CM was 23.4%, compared to 1.4% unoccupied area for A549
treated with CM from control 2 MSC. Regarding MCF-7, 32.8%
was observed for cells treated with hazu-MSC-CM and 8.9% was
observed for cells treated with CM from control 2 MSC.

Secretion of Cytokines Involved in Tumor
Progression by Engineered MSC
Quantified by ELISA

To get insights into the antitumoral effects induced by hazu-

MSC-CM, namely, if these are due to a crosstalk between the
induced azurin expression and the native secretome of MSC, we
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FIGURE 3 | Inhibition of cancer cell invasion and migration by hazu-MSC’ CM in vitro. (A) A549 lung cancer cell invasion toward a chemoattractant (culture media
supplemented with FBS) was evaluated in Matrigel invasion assays. Cells were treated with CM from gfp-MSC, hazu-MSC, MSC control 2, and cancer cell media
(culture media control) during 24 h and migrated cells were quantified. Results are presented as the percentage of invasive cells compared to the control condition
(p-values compare % of cancer cell invasiveness between hazu-MSC’ CM treatment and the remaining treatment conditions; n = 4). (B) Cell migration was estimated
by means of a scratch assay and monitored by time-lapse microscopy. A549 and MCF-7 were treated with control 2 MSC’ CM or hazu-MSC’ CM, and the distances
of migrated cells were measured at several time points: 0, 14, 16, 18, 20, 22 and 40 h (p-values compare % of unoccupied area between A549 and MCF-7 treated
with hazu-MSC’ CM or MSC control 2 CM, at the same time point; n = 4). Statistical differences are indicated with *p < 0.05, **p < 0.01 and ****p < 0.0001.
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evaluated the expression of four cytokines expressed by MSC that
have been described to have a role in MSC interaction with cancer
cells: inteuleukin-6 (IL6) (Kidd et al., 2009), vascular endothelial
growth factor (VEGF) (Vera et al., 2019), stromal derived factor
1 alpha (SDF1-a) (Liu et al., 2010), and transforming growth
factor beta (TGF-p) (Markell et al., 2010). To this end, we
analyzed the concentration of these factors in MSC-CM by ELISA
before and after microporation with pVAX-hazu and pVAX-GFP
(Figure 4). The results are given in the relative fold change
of cytokine expression relatively to MSC-CM in the control
condition (control 2, i.e., MSC microporated without DNA). The
microporation process seems to be inducing a general response
in the expression of such cytokines, by decreasing their relative
concentration. However, no significant differences were observed
between the hazu-MSC-CM and gfp-MSC-CM, which might

suggest that the effects observed in cancer regression can be due
to the engineered expression of azurin independently.

DISCUSSION

One of the major challenges of developing more effective cancer
therapies concerns the specific delivery of anticancer drugs to
the tumor site. In this context, human MSC have been recently
considered for cell-based therapies for cancer, due to their ability
to migrate specifically and to incorporate within tumors, their
low immunogenicity and the fact that these cells are relatively
easy to isolate, culture, and manipulate (Xie et al., 2013; Hofer
and Tuan, 2016; Gao et al.,, 2016; Brewster et al., 2018; Mathew
et al., 2019; Rifai et al.,, 2019). Altogether, these features turn
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FIGURE 4 | Evaluation of MSC expression profile on cytokines relevant in cancer progression. The levels of inteuleukin-6 (IL6), vascular endothelial growth factor
(VEGF), stromal derived factor 1 alpha (SDF1-a), and transforming growth factor beta (TGF-B) were analyzed by ELISA in MSC-CM before and after microporation
with pVAX-hazu and pVAX-GFP. The results are given in the relative fold change of cytokine expression relatively to MSC-CM in the control condition (control 2)
(p-values compare fold change between gfp-MSC and hazu-MSC conditions with MSC control 2; n = 3). (A) Cytokine expression profile in BM MSC-CM.
(B) Cytokine expression profile in UCM MSC-CM. Statistical differences are indicated with *p < 0.05 and **p < 0.001.
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MSC into exciting therapeutic candidates as drug delivery tools
toward cancer. In the perspective of cell-based therapies, MSC do
not only potentially solve the drug delivery specificity problem
but also allow for the heightening of the drug compound’s
half-life in the organism, as well as a lower dosage and less
repeated injections to potentially achieve meaningful responses
(Elman et al., 2014).

Furthermore, MSC demonstrate a strong paracrine effect
resulting from the high levels of bioactive molecules they secrete
in response to their microenvironment. The panoply of factors
produced by these cells is highly context dependent, being able to
be modulated in vitro. For this reason, MSC’s secretome, either
in the format of CM or as purified extracellular vesicles (EVs),
has been explored as a cell-free approach in several applications
in regenerative medicine (Keshtkar et al., 2018; Eleuteri and
Fierabracci, 2019). Despite the potential benefits of using MSC
as a cell delivery system, studies have reported the supportive
role of MSC in the progression of tumor density and metastasis,
while others have shown antitumor effects both in vitro and in
different models of cancer (Devarasetty et al., 2017; Liang et al,,
2020; Xia et al., 2020). The conflicting data in the literature may
hamper the establishment of cell therapies for cancer based on
non-modified MSC since the therapeutic safety of such approach
might be jeopardized (Rahmatizadeh et al., 2019).

The availability of genetic engineering tools may potentiate
MSC as living factories of antitumoral proteins for cancer
therapy. In this study, we genetically engineered human MSC,
through non-viral methods, toward the production and secretion
of the antitumoral protein azurin. Azurin, originally produced
by P. aeruginosa, has a complex anticancer mechanism of
action, targeting several independent pathways critical for tumor
progression. These features allow a much broader action of azurin
regarding the tumor types that it can target, while also supporting
the prevention of tumor resistance (Bernardes et al., 2014, 2018,
2016). We engineered a recombinant plasmid containing the
azurin coding sequence and an engineered secretory sequence
that provides a signal for translocation of recombinant proteins
into the lumen of the endoplasmic reticulum (ER), for transport
through the ER and Golgi apparatus to the extracellular
environment (Qiu et al., 2000). To the best of our knowledge, this
study is the first to combine a stem cell-based approach to deliver
a protein originated in bacteria for anticancer therapies.

In what concerns clinical trials studying the use of genetically
engineered MSC as cell therapy for cancer, three first-in-human
studies are being conducted. The phase I/Il TREAT-ME trial
(NCT02008539) assesses the safety and efficacy of autologous
MSC genetically modified with a retroviral vector expressing
tyrosine kinase and subsequent ganciclovir infusions in patients
with gastrointestinal adenocarcinoma. The results known so far
demonstrated safety and tolerability in treated patients, with
preliminary signs of efficacy in terms of clinical stabilization
of disease (von FEinem et al, 2019). The TACTICAL trial
(NCT03298763) assesses the safety and efficacy of allogeneic
umbilical cord-derived MSC transduced with lentivirus to
express TRAIL as a first-line therapy in conjunction with
chemotherapy in patients with metastatic adenocarcinoma of the
lung. Finally, a study employing MSC genetically modified with

a plasmid vector to produce IFN-B (NCT02530047) assesses the
safety and efficacy in patients with advanced ovarian cancer.
Many other studies have recently reported engineered versions
of MSC aimed to treat cancer at the preclinical level.

Over the last years, significant efforts have been made to
address the limitations of MSC in early clinical trials, namely,
by using genetic engineering tools to improve the therapeutic
potential of these cells (Nowakowski et al., 2016). Despite
the advantages of employing non-viral gene delivery methods,
to date, the majority of conducted clinical trials based on
genetically engineered MSC are relying on the use of viral
methods. Although transduction efficiency is higher, issues
regarding vectors safety and manufacturing have encouraged the
implementation and optimization of non-viral based techniques
such as microporation. The method used in this study is based on
previous studies from our group (Madeira et al., 2011), aiming
at a cell transfection with high efficiency without compromising
cell viability and recovery. Regarding the percentage of GFP-
positive cells, herein we obtained 60%, a cellular recovery of 46%
and yield of transfection of 28% (70, 40, and 30%, respectively,
in Madeira et al., 2011). hazu-MSC supernatants were collected
at 96 h and azurin was detected by Western blotting. Besides
the expected azurin, it was possible to observe a second band
corresponding to a post-translationally modified protein, that
was later identified as a glycosylated azurin after treatment with
PNGase F. This brings us to hypothesize that the activity of this
glycosylated form of azurin may differ from the native protein.
Therefore, in future studies, it would be important to characterize
this modified protein in terms of structure, functionality, and
antitumoral activity. Although it is expected that MSC continue
to secrete azurin for longer than 96 h, we anticipate that after
culturing cells for such a long time period, their CM will be
exhausted from key nutrients and MSC will likely secrete proteins
and factors responding to metabolic stress, which makes the
interpretation of the results difficult herein.

We tested the effect of hazu-MSC secretome in tumor
progression by exposing MCF-7 and A549 cells to increasing
concentrations of engineered MSC-derived CM. The plenitude
of hazu-MSC produced factors inhibited 17.3 and 38.1% tumor
proliferation in MCF-7 and A549, respectively, with the highest
concentration of CM tested (50%, vol/vol) compared to MSC
microporated with pVAX-GFP and MSC microporated with no
DNA (control 2), where no inhibition was observed. In this
experiment, we varied the concentration of MSC-CM, while
maintaining a baseline level of cancer cells’ culture medium
at 50%. Thus, the effects observed in cancer proliferation are
not associated with the medium change or the lack of FBS
components. Along with a decrease in cancer cell proliferation,
an increase in cancer cell apoptosis was observed. These results
are in agreement with the anticancer properties of azurin,
as previously mentioned (Yamada et al, 2004). Moreover,
upon treatment with hazu-MSC-CM, a decrease in invasion
through Matrigel for the A459 invasive cell line (Wang et al.,
2017) and a decrease in cell migration were observed for
both cancer cell lines. In previous work from our group, we
demonstrated that bacterial produced azurin is able to interfere
with pro-tumorigenic and proliferative signaling pathways FAK,
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Src, and AKT, by attenuating the phosphorylation levels of
these proteins in lung (Bernardes et al., 2016) and breast
cancer cell lines (Bernardes et al., 2013). After treatment with
azurin, besides a decrease of FAK and Src phosphorylation,
we observed a 44-66% reduction of cancer cell invasion
through Matrigel (Bernardes et al., 2013). In what concerns
lung cancer cells, azurin was also associated with attenuated
phosphorylation levels of Src Y416, Akt S473, and PI3K, which
correlated to a 30% reduction in the invasive capacity of
the cancer cells by around 30% (Bernardes et al,, 2016). In
this context, further studies should focus on the interaction
between MSC-produced azurin and the activation of such
signaling pathways.

MSC are emerging as promising anticancer agents,
fundamentally due to their innate tropism toward
proinflammatory  environments, such as the tumor

microenvironment in both primary and metastatic sites
(Oieni et al, 2019). In this context, we demonstrated the
migratory capacity of hazu-MSC toward MCF-7 and A549
cancer cell lines through indirect co-cultures. The results
demonstrated no differences in the migratory potential of
engineered when compared to unmodified cells. Furthermore,
we evaluated the expression of four cytokines expressed by
naive MSC that play a pivotal role in the hallmarks of cancer
progression in processes such as cancer cell proliferation,
invasion, migration, angiogenesis, apoptosis, and development
of metastases (Maskarinec et al., 2020). Microporation seems to
be inducing an effect in the expression of such cytokines to a
certain extent; however, we observed no significant differences
between engineered MSC and naive MSC, which may suggest
that the results observed in cancer regression might be associated
to the expression of azurin independently, rather than due to a
crosstalk of azurin and the naive MSC secretome.

The majority of the studies evaluating the effect of
naive MSC on tumor development employ MSC from the
BM, the UCM, and the AT (Rahmatizadeh et al, 2019;
Liang et al, 2020; Xia et al, 2020). When analyzing the
outcome from these studies, it seems to be a conspicuous
pattern of tumorigenicity, with BM MSC being more pro-
tumorigenic and UCM MSC being more tumor suppressive.
This pattern seems to be more pronounced when evaluating
breast cancer, the most popular type of cancer tested with
MSC cytotherapy (Christodoulou et al, 2018). For this
reason, in the present study, all experiments were validated
using MSC isolated from two different donors of two tissue
sources, BM and UCM.

Although BM has been the main source for MSC isolation,
the harvest of BM is a highly invasive procedure and the
number, differentiation potential, and maximal life span of
BM MSC decline with increasing age (Kern et al., 2006). In
this regard, a significant advantage of the neonatal tissues,
such as the UCM, as sources of MSC is that they are readily
available, thus avoiding invasive procedures and ethical problems
associated with adult tissues, and several studies have reported
superior proliferative capacity, life span, and differentiation
potential over BM MSC (Kern et al., 2006). Considering the
ease of harvest, culture, and transfection of MSC, the use of

autologous cells may be realistic. However, the number and
quality of MSC differ from patient to patient, making the
quantification of the therapeutic effect difficult to interpret.
Therefore, the use of allogenic MSC from healthy donors
would allow greater cell numbers of better characterized cells
(Loebinger et al., 2009). Moreover, envisioning an MSC cell
line that stably expresses the transgene could overcome some
issues related to the translation of MSC cytotherapy to a
clinical setting. Therefore, as ongoing work of our group,
the establishment of a stable hazu-MSC cell line represents
a more flexible system in terms of both manufacturing
and therapeutic perspectives (cell-based product or cell-free
approach based on CM).

CONCLUSION

In this study, we were able to engineer MSC from two different
tissue sources (BM and UCM) to express and secrete a human
codon optimized version of an antitumoral bacterial protein,
secreting it into the extracellular environment. When testing the
CM retrieved from hazu-MSC, we observed a decrease in cell
proliferation, migration, and invasion of breast (MCF-7) and lung
(A549) cancer cell lines. In addition, an increase in cell death was
observed for both cell lines.

All in all, the results presented here add to the arsenal
of cell-based therapies for cancer, using the natural tumor-
targeting properties of MSC and the broad anticancer functional
activity of azurin.
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Hematopoietic stem cells (HSCs) generated during embryonic development are able
to maintain hematopoiesis for the lifetime, producing all mature blood lineages. HSC
transplantation is a widely used cell therapy intervention in the treatment of hematologic,
autoimmune and genetic disorders. Its use, however, is hampered by the inability
to expand HSCs ex vivo, urging for a better understanding of the mechanisms
regulating their physiological expansion. In the adult, HSCs reside in the bone marrow,
in specific microenvironments that support stem cell maintenance and differentiation.
Conversely, while developing, HSCs are transiently present in the fetal liver, the major
hematopoietic site in the embryo, where they expand. Deeper insights on the dynamics
of fetal liver composition along development, and on how these different cell types
impact hematopoiesis, are needed. Both, the hematopoietic and hepatic fetal systems
have been extensively studied, albeit independently. This review aims to explore their
concurrent establishment and evaluate to what degree they may cross modulate
their respective development. As insights on the molecular networks that govern
physiological HSC expansion accumulate, it is foreseeable that strategies to enhance
HSC proliferation will be improved.

Keywords: hematopoietic stem cells, fetal liver, fetal liver microenvironment, fetal hematopoiesis, hematopoietic
stem cell expansion, hematopoietic stem cell niche, self-renewal, cytokine signaling

INTRODUCTION

In the adult organism, hematopoietic stem cells (HSCs) constitute a rare and largely quiescent cell
population residing in the bone marrow (BM) (Cheshier et al., 1999). The current dogma states
that HSCs self-renew to maintain their pool throughout life and reenter cell cycle in response
to stress (Wilson et al., 2008). The balance between self-renewal and differentiation in adult BM
has been extensively studied, with the identification of different cellular niches and molecular cues
as important elements in HSC maintenance and differentiation - reviewed in Crane et al. (2017)
and Pinho and Frenette (2019).
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During ontogeny, HSCs undergo a high proliferative
stage, expanding in the fetal liver (FL), one of the anatomical
locations of embryonic hematopoiesis (Ema and Nakauchi,
2000). Therefore, it has long been assumed that the
hepatic microenvironment may drive the proliferation of
HSCs while sustaining their primary “stemness” hallmark
(functional capacity to reconstitute the hematopoietic
compartment of irradiated recipients). So far, however, limited
information is available on an HSC supportive environment
in the FL and the mechanisms conveying these functional
properties remain elusive, hindering effective translation into
clinical applications.

A thorough dissection of the architecture and cellular
organization of the liver is critical to elucidate the nature of the
hematopoietic FL niche and disclose the elements (soluble and/or
cell-bound signals, cell-cell contact, cell-matrix interactions,
physical properties, etc.) contributing for the regulation of
HSCs. This review aims to discuss the role of the FL stroma
(encompassing all non-hematopoietic FL cells) and explore the
interplay of the two fetal systems — hepatic and hematopoietic -
in mouse (or otherwise stated) and how they mutually influence
their development.

THE EMERGENCE OF THE
HEMATOPOIETIC SYSTEM DURING
EMBRYOGENESIS

The adult hematopoietic system relies on a robust process
whereby HSCs divide and differentiate generating all mature
blood lineages. In physiological conditions, this process takes
place in the BM in both humans and mice. Even though adult
hematopoiesis occurs in the BM, this is merely the end-site
of an otherwise thrilling journey through different anatomic
locations (Figure 1).

The first hematopoietic cells emerge in the yolk sac (YS)
in extra-embryonic structures named blood islands at around
embryonic day (E) 7.5 in mice and 2-3 weeks post-conception
(wpc) in humans (Bloom and Bartelmez, 1940; Palis et al,
1999). Primitive erythroid progenitors (EryP) generate primitive
erythrocytes, large nucleated cells that express embryonic globins
(Kingsley et al., 2006), which are found in circulation after the
onset of cardiac contractions at E8.25 (~3 wpc in humans) (Ji
et al,, 2003; Tavian et al.,, 1999) and oxygenate the developing
embryo. Myeloid progenitors such as macrophage colony-
forming cells or megakaryocyte colony-forming cells are also
represented during early stages, concomitantly with EryP (Palis
etal., 1999), suggesting that primitive hematopoiesis is limited to
these three lineages.

Around 24 h later, at E8.5 (4-5 wpc in humans), a second wave
of hematopoiesis initiates, with erythro-myeloid progenitors
(EMPs) (Migliaccio et al., 1986; Bertrand et al., 2005b) emerging
in the vascular plexus of the YS, in a process denominated
endothelial to hematopoietic transition (EHT) (Frame et al,
2016; Kasaai et al., 2017). EMPs proliferate and differentiate
in the YS into erythroid and myeloid cells but can also be
identified in circulation and in the developing liver at later stages

(E10.5) via surface expression of ¢-Kit, CD16/32 and low levels
of CD45 (McGrath et al., 2015). These progenitors generate the
first definitive erythrocytes, megakaryocytes, macrophages and
other myeloid lineages such as neutrophils, granulocytes and
mast cells, but lack HSC activity (Palis et al., 1999; McGrath
et al,, 2015). Although EMPs are a transient population at early
stages of embryonic development, they generate different tissue-
resident macrophages that, depending on the organ, can persist
throughout adulthood (Gomez-Perdiguero et al., 2015), mast
cells that are maintained until birth (Gentek et al., 2018), and are
the major producers of erythrocytes throughout embryonic life
(Soares-da-Silva et al., 2020, Preprint).

A third wave of hematopoiesis occurs between E9.5-E11
in mice (~4 wpc in humans), with HSCs emergence in the
aorta-gonads-mesonephros (AGM) region (Cumano et al,
1996; Medvinsky et al., 1996; Tavian et al, 1996) through
EHT (Bertrand et al., 2010; Kissa and Herbomel, 2010). After
generation, immature HSCs (imHSCs) undergo a maturation
process as they migrate to the FL (Taoudi et al., 2008; Kieusseian
et al.,, 2012) where they proliferate [expanding in numbers by
>30-fold (Ema and Nakauchi, 2000)] and differentiate into all
blood lineages: erythroid, myeloid and lymphoid. HSCs can
be defined by their ability to provide long-term multilineage
hematopoietic reconstitution (LTR) when transplanted to
lethally irradiated mice (Morrison et al, 1995) and further
repopulate secondary recipients. These cells can be found
within the Lin~CD45%Scal™c-Kit" (LSK) compartment and
be further divided according to their reconstitution ability
in long-term (LSK CD1507CD48~ LT-HSC) or short-term
(LSK CD150~CD48~ ST-HSC) reconstituting cells (Kim et al.,
2006). Downstream progenitors of HSCs such as multipotent
progenitors (MPPs), lympho-myeloid-primed progenitors
(LMPPs), common lymphoid progenitors (CLPs) and common
myeloid progenitors (CMPs) can also be found in FL and are
responsible for the seeding of other hematopoietic organs such as
the thymus (Ramond et al., 2014). Although adult and embryonic
HSCs have similar lineage potentials, some lymphoid lineages are
only produced during embryonic development, namely dendritic
epidermal T cells (Ikuta et al., 1990), lymphoid tissue-inducer
cells (Eberl et al., 2004), and a subset of IL-17-producer y3 T cells
(Haas et al., 2012). Embryonic hematopoiesis also takes place
in the placenta, starting at E10.5-E11 (~6 wpc in humans) and
declining at around E15.5 (Gekas et al., 2005; Ottersbach and
Dzierzak, 2005; Robin et al., 2009). HSCs and other progenitors
are also found in the fetal spleen after E15.5 (Christensen
et al., 2004), even though without evidence for significant
expansion and mostly differentiating into the macrophage
lineage (Bertrand et al., 2006). At around E16.5 (~10 wpc in
humans) HSCs migrate to the BM, where they are maintained
through adulthood (Charbord et al., 1996; Christensen et al.,
2004). In the adult, BM HSCs are largely quiescent (Cheshier
etal., 1999) and only divide to maintain the stem cell pool, while
the replenishment of blood lineages appears to be guaranteed by
downstream MPPs (Sun et al., 2014; Busch et al., 2015; Pei et al.,
2017; Rodriguez-Fraticelli et al., 2018).

Thus, embryonic hematopoiesis is characterized by an overlap
in time and space of three waves with distinct anatomical origins
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FIGURE 1 | Ontogeny of the hematopoietic system in mouse and human. Embryonic hematopoiesis is established in three distinct waves. The first hematopoietic
cells emerge in YS blood islands, generating primitive erythrocytes, macrophages and megakaryocytes, constituting the primitive hematopoietic wave. The second
hematopoietic wave initiates in the vascular plexus of the YS, generating EMPs that produce definitive erythrocytes, megakaryocytes, macrophages, neutrophils,
granulocytes and mast cells, but lacks HSC activity. EMPs are the origin of tissue-resident macrophages that can persist throughout life. HSCs emerge in the AGM
region and migrate to the FL, the major embryonic hematopoietic organ. In FL, HSCs expand and differentiate into all mature blood cell lineages. Small numbers of
hematopoietic progenitors also colonize the fetal spleen and are still found few weeks after birth. Migration to the BM, where HSCs reside through adulthood, occurs
as a continuous process and, in humans, can take several weeks. YS, yolk sac; P-Sp para-aortic splanchnopleura; FL, fetal liver; AGM, aorta-gonads-mesonephros;
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and lineage potential. All waves converge to the FL, the major
hematopoietic organ during embryogenesis.

THE COLONIZATION OF THE FL BY THE
HEMATOPOIETIC SYSTEM

Which Cells Are Present When

Hematopoietic Progenitors Arrive?

As the embryo gastrulates and folds, endoderm envelops the YS
ultimately forming a hollow structure, the primitive gut tube,
subsequently patterned into foregut, midgut and hindgut regions.
The foregut, located in the anterior endoderm, adjacent to the
developing heart, generates the liver, alongside with the lungs,
thyroid, and pancreas (Tremblay and Zaret, 2005). Embryonic
liver development starts at around E8.5-E9 (~4 wpc in humans)
with the formation of the hepatic diverticulum, an extension of
the ventral foregut epithelium that invades the septum transverse
mesenchyme (STM) and forms a liver bud, by E9.5 (Severn,
1971; Wilson et al., 2006). The liver bud originates from a single-
sheet of columnar endodermal epithelium with a gut morphology
(Figure 2A), which then transitions to pseudostratified epithelial
hepatoblasts (Figure 2B; Bort et al., 2006). At this stage, these
cells are separated from the STM by a basement membrane

rich in laminin and composed of other extracellular matrix
(ECM) molecules, such as nidogen, type IV collagen, fibronectin,
and heparan sulfate proteoglycan (Shiojiri and Sugiyama, 2004).
A process of extensive hepatoblast proliferation follows, during
which the cells outgrow the liver bud, disrupting the basement
membrane, into the STM (Figure 2C; Douarin, 1975). The
other constituents of the organ, sinusoidal endothelial cells
(SECs), mesothelial, sub-mesothelial and hepatic stellate cells
have a mesoderm origin (reviewed by Yang et al,, 2019), as
described below. Angioblasts or endothelial progenitor cells
are found delimiting the basement membrane (Figure 2A),
resembling a loose “necklace” of cells, and were shown to promote
liver organogenesis. In Flk-1=/~ mutant embryos, which lack
endothelial cells, hepatic specification occurs, but proliferation
and migration into the STM are impaired (Matsumoto et al.,
2001). At E10.5-E11.0 (~5-6 wpc in humans), hematopoietic
cells colonize the FL that rapidly becomes the major fetal
hematopoietic organ (Johnson and Moore, 1975; Migliaccio et al.,
1986; Palis et al., 2001).

Hepatoblasts

Hepatoblasts are bipotent immature FL cells that differentiate
into hepatocytes — the hepatic parenchyma main constituent —
or cholangiocytes — the biliary epithelial cells. At the onset
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FIGURE 2 | Ontogeny of the fetal liver. Liver development is initiated with the formation of the hepatic diverticulum at E8.5 (A). The single layer of columnar
endodermal epithelial cells (A) thickens and transitions to a pseudostratified epithelium, followed by the delamination and migration of hepatoblasts into the STM,
forming the liver bud by E9.5 (B). Extensive hepatoblast proliferation follows, originating hepatic chords intermingled with the hepatic mesenchyme and surrounding
the sinusoids, formed from pre-existing vitelline vessels. From E10.5, hematopoietic cells colonize the FL that rapidly becomes the major fetal hematopoietic organ
up until E15.5 (C). From E12.5-E15.5, the FL continues to enlarge, expanding both hematopoietic and hepatic compartments. Structural changes are only evident
after hepatoblast-to-cholangiocyte specification occurs around the portal vessels, forming a monolayered ductal plate (D) that evolves into a bi-layer at E16.5 (E).
Focal dilations (F) evolve into bile duct structures in late gestation (G). Portal triads characterize adult liver architecture where a hepatic artery, a portal vein and a bile
duct form a complex structure, and a central vein, to which plates of hepatocytes lined by sinusoids converge (H). This architecture is only recognizable few weeks
after birth. STM, septum transversum mesenchyme.
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of liver development, bipotent hepatoblasts express the liver-
specific transcription factors (TFs) hematopoietically-expressed
homeobox protein (HHEX) (Bogue et al, 2000), prospero
homeobox protein 1 (PROX1) (Dudas et al., 2004), and
co-express the hepatocytes’ markers alpha-fetoprotein (AFP),
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albumin (ALB) (Cascio and Zaret, 1991), cytokeratin 18 (CK18)
(Tanimizu et al., 2003), hepatocyte nuclear factor 4a (HNF4a) (Li
et al., 2000) and cholangiocytes’ markers such as cytokeratin 19

(CK19) (Tanimizu et al., 2004). Other typical hepatoblast markers
are listed in Table 1.
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TABLE 1 | Fetal liver non-hematopoietic compartment: cell types and associated markers.

Cell type Gene expression Markers used for isolation
Hepatoblasts Hhex, Prox1, Alb, Afp, Ck8, Ck18, Ck19, Met, Hnf6, Oc2, DLK1™ (Tanimizu et al., 2003; Tan et al., 2017)
Hnf4a, Ttr, Foxm1, Foxa2, Tbx3, DIk1, Lgr5, Epcam, Cdh1, E-Cadherin (Nitou et al., 2002; Nierhoff et al., 2005)
Trgb1, Itgab, Liv2, Prom1, Anpep EpCAM*DLK1* (Tanaka et al., 2009)
Liv2+*CD31~CD45~ Lgr5-eGFP* (Prior et al., 2018)
Ter119-CD45~ ¢c-Kit~CD49f*CD29+ (Suzuki et al., 2000)
VCAM1+ALCAMTDLK1* (Tsuneto et al., 2013)
Ter119-CD45-CD51FVCAM1+PDGFRa~ (Brouard et al., 2017)
Hepatocytes Alb, Afp, Ttr, G6p, Apoal, Apoh Por, Cps1 -
Cholangiocytes Sox9, Hnf6, Oc2, Spp1, Ck19, Epcam, Krt7 EpCAMT* (Yang et al., 2017)

Endothelial cells

FIk1, FIt1, Ve-cadh, Pecam1, Mcam, Tek, Tie, Lyvel, Kdr

CD45-Ter119-CD31* (Khan et al., 2016)
DLK1~CD45~Ter119~CD31FLYVE-1T and
DLK1~CD45~ Ter119~CD31*LYVE-1~ (Tan et al., 2017)

Mesothelial cells
Msin

Cytokeratin, Cd200, Gpm6a, Alcam, Gp38, Wt1, Podxl,

Flk1~PODXL"9" (Onitsuka et al., 2010)

Sub-mesothelial cells Alcam, Desmin, Nestin, p75tnr, Pdgfra, Wt1

Hepatic stellate cells Vimentin, Acta2, Desmin, p76NTR, Foxf1, Lhx2, Hix

DLK1~Ter119-CD45~CD31~LYVE-1~p75NTR™ (Tan et al., 2017)

Pericytes
Endoglin, Vcam, Mcam, Nr2f2

NG2, Nestin, Vimentin, Acta2, Pdgfra, Pdgfrb, DIk1, ltgav,

Ter119-CD45~-CD31~NestintNG2* (Khan et al., 2016)
CD45-CD56~-CD34-CD1461" (Gerlach et al., 2012)

T Study performed in humans.

Different markers have been used to isolate hepatoblasts,
namely delta like non-canonical Notch ligand [DLKI or
preadipocyte factor 1 (Pref-1)] (Tanimizu et al., 2003), epithelial
cadherin (E-cadherin) or CD324 (Nitou et al., 2002), epithelial
cell adhesion molecule (EpCAM) or CD326 (Tanaka et al., 2009),
and leucine-rich repeat-containing G-protein coupled receptor
5 (LGR5) (Prior et al, 2018). DLKI is strongly expressed by
hepatoblasts in the E10.5 liver bud and continues to be highly
expressed until around E16.5, being significantly downregulated
thereafter and absent in mature hepatocytes and cholangiocytes
(Tanimizu et al., 2003; Tanaka et al., 2009). E-Cadherin, present
at the onset of liver outgrowth, is downregulated by the time
hepatoblasts migrate to the STM, disrupting the epithelial sheet,
although it can be used as a hepatoblast-specific marker after
E12.5 (Nitou et al., 2000; Margagliotti et al., 2007). Transient
EpCAM expression labels newly formed hepatoblasts but is
significantly reduced after E12, while expression after E16
specifically labels bile duct cells (Tanaka et al., 2009). Recently,
combining multicolor clonal genetic lineage tracing, organoid
cultures and analysis of single-cell RNA sequencing, LGR5
was shown to mark a subpopulation of bonafide bipotential
hepatoblasts at E9.5-E10 as the origin of the hepatoblast pool
(Prior et al., 2018).

Endothelial Cells

The main blood vessels in the adult liver are the portal and
central veins and the hepatic artery. Up until birth, the hepatic
artery is absent and embryonic circulation is sustained by a
transient afferent vascular system, the extraembryonic umbilical
and vitelline veins (Collardeau-Frachon and Scoazec, 2008).
The portal vein arises early in the liver development, between

E10.5-E12.5 in mouse (4-6 wpc in human) (Collardeau-Frachon
and Scoazec, 2008; Swartley et al., 2016). The hepatic sinusoids
are the first vessels to appear, by E10-E10.5, originating from the
pre-existing vitelline vessels. The latter sprouts throughout the
STM, by angiogenesis, receiving signals from the surrounding
mesenchyme (Figure 2C; Swartley et al., 2016). Hepatoblasts
were also identified as a positive stimulator of sinusoid
morphogenesis and maturation (Takabe et al., 2012). Stabilin 2
(STAB-2) and lymphatic vessel endothelial hyaluronan receptor
1 (LYVE-1) (commonly used as a marker of lymphatics) -
hyaluronan receptors — start to be expressed in SECs at E9.5
and E10.5, respectively, and continue to be expressed thereafter
(Nonaka et al., 2007; Takabe et al., 2012). Of note, lymphatic
vessels were only reported after birth (Swartley et al., 2016).
At E9.5, endothelial cells located around the liver diverticulum
(Figure 2A) express both CD31/PECAM-1 and Flk-1 (Sugiyama
et al., 2010b). CD31 and FIk1 expression in SECs is strong in
the early stages of liver development, but is downregulated with
time. In adult livers, endothelial cells of portal and hepatic veins
strongly express CD31, while it is absent or weakly detected in
SECs (Sugiyama et al., 2010b; Takabe et al., 2012). Primitive
SECs also strongly express Flk-1, contrarily to endothelial cells
of portal and hepatic veins (Sugiyama et al,, 2010b). During
embryonic liver development, portal vessels express the arterial
markers Ephrin-B2 and Neuropilin-1, but not the venous marker
EphB4. This expression profile is inverted at the end of gestation,
with the transition into a venular phenotype (Wang et al,
1998; Khan et al., 2016). Liver endothelial cells constitute
a heterogeneous cellular compartment and different markers
should be used for their identification according to vascular
location and developmental stage.
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Mesothelial and Sub-Mesothelial Cells

Mesothelial cells (MCs) compose a single epithelial layer
(mesothelium) lining the liver parenchyma on the surface of
lobes. From E12.5, MCs are characterized by the expression of
cytokeratin, CD200, glycoprotein M6A (GPM6A), podoplanin
(PDPN/Gp38), podocalyxin-like protein 1 (PODXL), and
mesothelin (MSLN) (Lua and Asahina, 2016). PODXL is highly
expressed in immature MCs, being downregulated during
development, while MSLN is upregulated. MCs proliferate
during liver development and remain quiescent after birth.
Wilm’s tumor-1 (WT1) is mainly expressed by MCs (Onitsuka
et al., 2010). WT17/~ embryos show incomplete lobulation
compared to control littermates at E13.5, reduced numbers
of FIk1~PODXL"®" MCs, DLK1* hepatoblasts, and total FL
cells, suggesting that hepatic development was impaired due
to defective MCs (Ijpenberg et al., 2007; Onitsuka et al., 2010).
This is supported by the observation that fetal MCs express
growth factors (PTN, MDK, and HGF) involved in hepatic
development (Onitsuka et al., 2010).

Underneath the MC sheet lays a population of cells expressing
Desmin, Nerve growth factor receptor (NGFR/p75NTR) and
platelet-derived growth factor receptor a (PDGFRa/CD140a),
associated with type IV collagen of the basal lamina, commonly
referred as “sub-mesothelial cells” (sub-MC) or capsular
fibroblasts. The expression of activated leukocyte cell adhesion
molecule (ALCAM/CD166) and WT1 was also observed in MC
and sub-MC around E11-E14 and, before that, in the STM by
E9-E10 (Asahina et al., 2011; Lua and Asahina, 2016).

Hepatic Stellate Cells and/or Pericytes

Although the terms hepatic stellate cells and pericytes have
been used by many authors as synonyms, it is not consensual
they represent the same population. In adult liver, there is a
population of perisinusoidal cells residing in the space of Disse
between hepatocytes and SECs, that stores vitamin D lipids
(Wake, 1971), and is a major player in liver fibrogenesis (Guyot
et al., 2006). MesP1-expressing mesoderm has been considered
its earliest ancestry, as it gives rise to the STM - the origin
of the liver mesothelium and mesenchymal cells. Migration
inward of MC and sub-MC from the liver surface is assumed to
give rise to hepatic stellate cells and perivascular mesenchymal
cells (Asahina, 2012). Hepatic stellate cells express Desmin,
p75NTR, but not the MC markers ALCAM, WT1, and Gp38
(Asahina et al., 2010).

Gerlach et al. (2012) isolated CD1467CD45~CD56~ CD34~
cells from fetal and adult human livers and identified them
as pericytes, a distinct population from hepatic stellate cells.
They showed that these cells express NG2 and vimentin, but
not GFAP in situ, and are found around periportal but not
pericentral blood vessels neither within the space of Disse.
These cells exhibit high osteogenic and myogenic, but low
adipogenic or chondrogenic differentiation potential, in in vitro
differentiation assays. In mice, a population characterized by
the expression of Nestin and NG2 was identified as periportal
pericytes, which expresses mesenchymal markers and shows
trilineage mesenchymal capacity in vitro (Khan et al., 2016).

Law of Attraction: What Brings
Hematopoietic Progenitors to the
Developing Liver?

Hematopoietic stem cells emerge from the dorsal aorta directly
into circulation and can, therefore, be found in different locations
(Cumano et al,, 1996; Medvinsky et al., 1996). These cells can
travel through the umbilical arteries to the placenta and return
to the embryo through the umbilical veins. The umbilical veins
drain directly into the liver by fusing with the intrahepatic
vascular plexus of the vitelline veins, forming the hepatic sinus.
Cells traveling in the right umbilical vein can bypass the liver
directly to the vena cava through the ductus venosus, a structure
only present during fetal development, and can be directed into
other embryonic regions through the heart. The liver is also
irrigated by the vitelline veins, which transport blood from the
YS, and eventually mature to become the portal vein. Another
route for newly formed HSCs is to travel from the dorsal aorta
through the subcardinal vein to the liver or inferior cardinal
vein to the heart. From the heart, circulating cells can reach
the developing lungs or upper half of the body (Kiserud, 2005).
However, it is in the developing FL that HSCs establish and
remain until they migrate to the BM. Transplantation studies
show that HSCs can also be found in the placenta (Gekas et al.,
2005; Ottersbach and Dzierzak, 2005). The placenta of a mouse
model lacking a functional circulatory system was shown to
still harbor hematopoietic activity, suggesting that the placenta
could generate de novo hematopoietic cells with multilineage
potential (Rhodes et al., 2008), however, direct evidence for HSC
emergence from the placenta is yet to attain.

Hematopoietic stem or progenitor cells (HSPCs) but also
EMPs, colonize the FL after liver bud formation at E10.5 (Johnson
and Moore, 1975; Palis et al., 2001). Distinct mechanisms of
FL colonization have been proposed, mostly relying on cell
adhesion-mediated processes and/or chemoattraction (cytokines,
chemokine signaling, and growth factors) (Figure 3; Hayashi
etal., 2019).

Several cell adhesion molecules have been identified in
embryonic HSPCs, including integrins, selectins, cadherins, and
others. Hematopoietic progenitors express vascular-endothelial
cadherin (VE-Cadherin/CD144) as they emerge from the YS
(in the case of EMPs) or AGM (in the case of HSCs) that is
downregulated thereafter and undetectable in BM HSCs (Fraser
et al., 2002; Taoudi et al., 2005). FL. CD34* progenitors express
higher levels of the integrins p1 (CD29), a2 (CD49b), and
a5 (CD49e), similar levels of integrins a4 (CD49d) and a6
(CD49f), E- and P-selectins (CD62E and CD62P, respectively)
and CD11b and CD11c molecules, but lower levels of integrin
B2 (CD18), CD1la and CD44 than their adult BM equivalent
(Roy and Verfaillie, 1999). Seminal studies showed that HSPCs
lacking B1 integrin were unable to colonize the FL but were still
present in the circulation and capable of generating all blood
lineages, suggesting a role for integrin-mediated cell adhesion
in FL colonization (Hirsch et al, 1996). Integrin receptors
result from the dimerization of a and P subunits and analysis
of the expression of the a chain partner of Bl integrin in
LSK progenitors revealed integrins o4 and o6 as the most
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FIGURE 3 | Molecular mechanisms of fetal liver colonization. HSPC express a
variety of cell adhesion molecules in their surface that can favor attachment to
a specific location. 1 integrin is essential for colonization of FL by HSPC and
can bind to the ECM components fibronectin and type IV collagen through
dimerization with a4 and a5 or a2 integrins, respectively. VLA-4 and VLA-5
binding to fibronectin has been proposed to be modulated by CD41. VLA-4
(a4p1 integrin) can also mediate cell-cell interactions by binding with VCAM-1,
expressed on the surface of FL stromal cells. Expression of the cadherin
CD144 in HSCs as they emerge is assumed to play a role in the organ
colonization, although no binding partner has been described in FL. CXCL12,
a potent chemoattractant is expressed by FL stromal cells and binds to
CXCR4, expressed on the surface of HSPC. CXCL12 gradients can be
generated as this chemokine binds to proteoglycans in the ECM, namely to
heparan sulfate (HS). HSPC, hematopoietic stem and progenitor cell; FL, fetal
liver; ECM, extracellular matrix; VLA, very late antigen; Fn, fibronectin; HS,
heparan sulfate.

predominant (Sugiyama et al.,, 2013). FL. CD34" progenitors
bind the ECM component fibronectin through the integrin
receptors a4pl and a5p1 (also known as VLA-4 and VLA-
5) and this binding has been proposed to be modulated by
the integrin a2b (GPIIb or CD41), also expressed in these
cells (Figure 3; Roy and Verfaillie, 1999; Emambokus and
Frampton, 2003). Other ECM components have been tested
for adhesion of FL CD34" progenitors such as type I and
type IV collagen and laminin, however, only type IV collagen
promotes adherence at levels equivalent to that of fibronectin,
through 2Bl integrin (VLA-2) (Roy and Verfaillie, 1999).
In the FL, hepatoblasts (defined as DLK1" cells) are the
major producers of ECM components, namely vitronectin and
fibronectin (Sugiyama et al., 2013). Embryos lacking hepatoblasts
can still form the liver bud but die between E10.5-E12.5
(Nishina et al., 1999). These FL show decreased expression
of vitronectin and fibronectin that may play an important
role in FL colonization by HSCs and YS EMPs, although
this role has not been specifically assessed (Sugiyama et al,
2013). Integrins can also mediate cell-cell interactions. Cellular
bound counterparts of VLA-4 include the vascular cell adhesion
molecule-1 (VCAM-1/CD106), expressed by FL hepatoblasts
(Sugiyama et al., 2010a).

Cytokine and chemokine signaling can also stand at the
basis of FL colonization. The stromal cell-derived factor-
1 (SDF-1), commonly known as CXC chemokine ligand 12
(CXCL12), acts through binding to its receptor CXCR4 present
in HSPCs and has been extensively studied in the adult BM -
reviewed in Yu and Scadden (2016); and Wei and Frenette
(2018). CXCL12 expression is stabilized at the cell surface
or in the surrounding ECM through proteoglycans binding,
allowing the creation of chemokine gradients essential for cell
migration (Schumann et al, 2010). In the FL, CXCLI12 is
expressed by DLK1T hepatoblasts (Chou and Lodish, 2010)
and NestintTNG2" pericytes (Khan et al., 2016). The role of
CXCLI12 in FL colonization was analyzed using CXCL12~/~
embryos. At early stages (E12.5-E14.5), the number of HSCs
was similar in the FL of mutant animals and controls. By
E16.5 FL HSCs were reduced by more than twofold and
an abnormally high number was found in circulation. These
observations indicate that CXCL12 is an important factor for
retaining HSCs in FL, but not for its initial colonization
(Ara et al., 2003).

Owing to the particular architecture of fetal circulation, FL is
in an anatomically privileged location. Even if HSCs are traveling
directly within the embryo through the subcardinal vein, or
the umbilical veins after passing in the placenta, the FL is the
first intraembryonic organ they encounter. Whether a passive
retainment of circulating cells (e.g., through B1-integrin) occurs,
or specific signals directly promote chemoattraction of HSPCs to
FL is still unclear.

How Do the Hepatic and Hematopoietic
Cell Types Organize During

Development?

The structure of the FL changes dramatically during embryonic
development. Crawford et al. (2010) extensively characterized
the mouse developing hepatobiliary system from E9.5 to E18.5
creating a histology atlas. At initial stages (E10.5-E12.5), the
liver is mainly constituted by a vascular plexus and migrating
hepatoblasts that later form hepatic chords. At E1L1.5, the
hepatic sinusoids are wide, which may favor the access and
establishment of the newly generated hematopoietic progenitors.
From E12.5 onward, the organization of the cells in the FL
changes as the frequency of hematopoietic cells increases.
At E13.5, the most frequent FL population are nucleated
erythrocytes that, at early stages, are located throughout the
liver parenchyma, in between the hepatic chords, but after E14.5
more mature enucleated erythroid cells are found within the
vessels (Ayres-Silva et al., 2011). At this stage, megakaryocytes
and erythroblastic islands, which consist of a central macrophage
surrounded by erythroid cells, are also distinguishable in the
liver parenchyma. These macrophages are responsible for the
phagocytosis of the expelled nuclei during erythroid maturation
(Bessis et al., 1978). Megakaryocytes are essential to thrombosis
and hemostasis and may be determinant in an organ that is
mostly constituted by erythroid cells. Moreover, the developing
liver seems to provide a unique microenvironment for the
expansion of megakaryocyte progenitors (Brouard et al., 2017).
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From E13.5 to late gestation, no dramatic changes occur in
the histology of the FL. Other hematopoietic cells such as B
cell progenitors identified by Pax5 expression, can be found
interspersed in the tissue by E12.5 and also forming perivascular
aggregates by E18.5. Granulocytes are scattered throughout the
tissue from E16.5 onward, concentrating/converging around
central veins and in the periphery by E17.5, correlating with
the presence of mesenchymal cells and suggesting a crosstalk
between these distinct cell types (Ayres-Silva et al, 2011).
By this time-point, as hematopoietic cells exit the organ and
migrate to the BM, hepatoblasts and hepatocytes regain contact
(Crawford et al., 2010).

Disclosure of HSCs distribution within the FL has been
hindered by the multi-marker assessment required, i.e., Lin"c-
KitTScalTCD150"CD48™, to phenotypically identify these cells.
Hematopoietic progenitors (defined by c-Kit expression) are
found in close association with DLK1t hepatoblasts at E14.5
(Sugiyama et al., 2013). Nevertheless, c-Kit™ cells could mostly
represent erythroid progenitors as they are the most frequent
population at this stage (Soares-da-Silva et al., 2020, Preprint).
Other approaches include the use of transgenic Ly6a-GFP
(labeling Scal™ cells) mice, that together with Runxl1 localized
HSPCs at E11.5 in close contact with endothelial cells (Tamplin
et al, 2015). HSCs, profiled as CD150TCD48 Lin~, have
been found in close association with NestintNG2* pericytes
surrounding the portal vessels (Khan et al., 2016). Although
this characterization more closely identifies a potential HSC, FL
studies using mouse models that directly label HSCs are still
missing. Generation of a mouse with a single-color reporter
driven by endogenous Hoxb5 (Hoxb5-tri-mCherry), which
expression in the BM is limited to LT-HSCs and in situ imaging
evidenced the close proximity of LT-HSCs with VE-Cadherin™
cells (Chen et al., 2016). Recently, another HSC-specific reporter
line has been described, yet also only analyzed in the adult bone
(Christodoulou et al., 2020).

THE INTERPLAY BETWEEN THE
DEVELOPING
HEPATIC-HEMATOPOIETIC TISSUES

How Does the FL Environment Modulate
Hematopoiesis? A Role in Maturation,
Expansion and Differentiation of HSCs?

Emerging imHSCs lack long-term reconstitution activity in
conventional or Rag2~/~ immunocompromised mice but can
reconstitute NK-deficient Rag2yc™/~ animals (Cumano et al.,
2001; Bertrand et al., 2005a). After co-culture with the OP9
BM stromal cell line in the presence of thrombopoietin (TPO)
or with E10.5 FL rudiments, CD31"c-KittCD45~ imHSCs
acquire an adult HSC phenotype (LSK CD150TCD48™) and
develop LTR activity in Rag2~/~ or conventional mice as they
upregulate MHC class I molecules (Kieusseian et al., 2012).
These experiments suggest that the FL provides the signals
necessary for the maturation of newly formed HSCs. FL stroma
also supports the differentiation of committed hematopoietic

progenitors towards distinct lineages. Interleukine 7 (IL-7)
promotes the survival and proliferation of lymphoid progenitors
and controls the determination of the B cell lineage (Sudo
et al., 1989; Peschon et al., 1994). In FL, IL-7 is produced by
VCAMITALCAMTDLKI1" hepatoblasts (Tsuneto et al., 2013)
and controls the number of lymphoid progenitors that develop
into the B-cell lineage by stabilizing the B-cell transcriptional
signature (Berthault et al,, 2017). For instance, erythropoietin
(EPO) is produced by DLK1*" hepatoblasts and is required
for proliferation and terminal differentiation of erythroid
progenitors (Sugiyama et al, 2011). Also, TPO expressing
Ter119~CD45~CD51"VCAM1TPDGFRa~ FL hepatoblasts
support the production of megakaryocytes from adult BM
HSCs in a contact-dependent manner (Brouard et al., 2017).
TPO is the main regulator of megakaryocyte differentiation
and platelet production (Kaushansky, 1995; Eaton and de
Sauvage, 1997) but has also been shown to promote survival
and proliferation of BM HSPCs in vitro (Borge et al., 1996; Ku
et al., 1996), the proliferation of fetal hematopoietic progenitors
in vivo (Alexander et al, 1996) or expansion of BM HSCs
following transplantation (Fox et al, 2002). Lack of TPO
signaling causes decreased HSC function and numbers (Kimura
et al., 1998; Solar et al., 1998), a consequence from the exit of
a quiescent state (Nakamura et al,, 2007; Qian et al., 2007),
possibly leading to a premature exhaustion of the stem cell
pool. The survival and proliferation effects of TPO are enhanced
when used in combination with other early cytokines, namely
FMS-like tyrosine kinase 3 ligand (FLT3L) and c-Kit ligand
[KITL, also known as stem cell factor (SCF) or steel factor
(SF)] both in murine and human adult BM cells (Ramsfjell
et al., 1996; Borge et al., 1997). The highest levels of TPO in the
adult are found in the liver (Lok et al., 1994). Systemic TPO
produced by hepatocytes, but not by hematopoietic, osteoblast
or BM mesenchymal stromal cells is required for BM HSC
maintenance (Decker et al., 2018). It can be detected in FL as
early as E10.5, having a strong impact on HSC expansion and
survival in this organ (Petit-Cocault et al., 2007). Indeed, several
cytokines/chemokines/growth factors are important for HSC
proliferation, maintenance and survival, namely KITL, FLT3L,
insulin growth factor (IGF), angiopoietin-3, angiopoietin-like
2, Wnt family growth factors, Ephrin2a, CSF1, EPO, CXCL12,
and IL-6 - reviewed in Sauvageau et al. (2004). In FL, some of
these cytokines are expressed by hepatoblasts or other stromal
cells, such as stellate cells or pericytes (see Table 2 and Figure 4;
Charbord and Moore, 2005; Chou and Lodish, 2010; Khan et al.,
2016; Tan et al., 2017).

The hypothesis that stem cells are regulated by their
environment has been proposed by Schofield (1978) and
postulates that stem cell properties are maintained by the
surrounding cells designated “niche.” Stromal regulation of
hematopoiesis has been proposed by many and early studies
of co-culture of hematopoietic progenitors with either FL
fibroblast or epithelial-stromal cell lines showed erythroid
and myeloid support (Tsai et al., 1986; Hata et al, 1993).
More than 200 FL stromal cell lines have been developed
and tested for maintenance or expansion of HSCs, however,
only a few were able to maintain their repopulating activity
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TABLE 2 | Cytokine signaling in fetal liver.

FL Supportive Stroma

Hematopoietic progenitors

Pathway involved

Expressing cell

Receptor

Effect

KITL DLK1* hepatoblasts (Chou and Lodish, 2010; c-Kit (CD117) (Yarden et al., BM HSC survival and self-renewal (Barker,
Sugiyama et al., 2011) 1987) 1994; Miller et al., 1997)
Nestin* cells (Khan et al., 2016)
Stellate cells (Tan et al., 2017)
ANGPTL2 Nestin™ cells (Khan et al., 2016) PirB (Zheng et al., 2012) BM HSC proliferation (Zhang et al., 2006)
ANGPTL3 DLK1* hepatoblasts (Chou and Lodish, 2010) PirB (Zheng et al., 2012) BM HSC maintenance (Zheng et al., 2011)
BM HSC proliferation (Zhang et al., 2006)
FLT3L Stellate cells (Tan et al., 2017) FIt3 (CD135) (Matthews et al., FL HSPC proliferation (Lyman et al., 1993)
1991)
TPO DLK1* hepatoblasts (Chou and Lodish, 2010; MPL (TPO-R, CD110) (Vigon FL HSC survival and proliferation (Petit-Cocault
Sugiyama et al., 2011; Brouard et al., 2017) etal., 1992) et al., 2007)
Stellate cells (Tan et al., 2017) BM HSC quiescence (Nakamura et al., 2007;
Qian et al., 2007)
CSF1 Stellate cells (Tan et al., 2017) Csf-1 Receptor (Guilbert and Commitment to macrophage lineage (Rieger
Stanley, 1980) et al., 2009)
EPO DLK1%* hepatoblasts (Sugiyama et al., 2011) EPO receptor (Sawyer et al., Proliferation and differentiation of FL erythroid
Stellate cells (Tan et al., 2017) 1987) progenitors (Lin et al., 1996)
CXCL12 DIk1* hepatoblasts (Chou and Lodish, 2010) CXCR4 (Bleul et al., 1996) FL and FBM B-cell lymphopoiesis and FBM
Nestin* cells (Khan et al., 2016) myelopoiesis (Nagasawa et al., 1996)
Stellate cells (Kubota et al., 2007) BM HSC engraftment post-transplantation (Lai
et al., 2014; McDermott et al., 2015)
FL HSC retainment (Ara et al., 2003)
BM HSC retainment (Sugiyama et al., 2006)
IL-7 VCAM1TALCAM*DLK1* hepatoblasts IL-7Ra (Park et al., 1990) Lymphocyte expansion (Peschon et al., 1994)
(Tsuneto et al., 2013)
IGF2 DIk1* hepatoblasts (Chou and Lodish, 2010) IGF1-R (Rubin et al., 1983) F L and BM HSC proliferation (Zhang and

Nestin* cells (Khan et al., 2016)
Stellate cells (Tan et al., 2017)

IGF2-R (Morgan et al., 1987)
Insulin receptor

Lodish, 2004)

(House and Weidemann, 1970)

over a 3-week co-culture period (Wineman et al., 1996). The
functional heterogeneity observed was not due to distinct
cytokine production as all cell lines expressed similar cytokine
profiles, including FIt3l, Kitl, Tpo, Igfl, Il6, Il11, leukemia
inhibitory factor (Lif), granulocyte-colony stimulating factor (G-
CSF/Csf3), granulocyte/macrophage-colony stimulating factor
(GM-CSF/Csf2), and transforming growth factor, beta 1 (Tgfb1).
Importantly, the successful stromal cell lines have in common the
expression of DIkI, and overexpression of this factor is sufficient
to enable hematopoietic support (Moore et al., 1997). Although
these cell lines only maintain HSC potential and do not promote
HSC expansion, some FL cells have been described to do so.
Recent studies have addressed the role of specific FL populations
in vivo or in vitro. It is the case of DLK1™" hepatoblasts that
are able to expand LT-HSC around 20-fold after a 3-week co-
culture period (Chou et al., 2013). This expansion seems to be
contact-dependent as DLK1™" conditioned medium only allows
expansion of ST-HSC and cells cultured in transwell inserts
did not show the same expansion levels. Although promising,
it is worth mentioning that these cultures were supplemented

with KITL, TPO, and FLT3L and, therefore, it remains unclear
which mechanisms underlie HSCs expansion in DLK1% cell co-
cultures. Moreover, DLK1 knockdown in human hepatoblasts
results in decreased hematopoietic support in vitro (Gerlach
et al., 2019). The role of hepatoblasts in vivo has been difficult
to assess as transgenic mice with hepatoblast deficiencies die
between E10.5 and E12.5 and studies of liver development do
not usually investigate the hematopoietic compartment (Nishina
et al,, 1999). DLK1 has been used to identify hepatoblasts but it
is also expressed by the majority of Nestin™ cells surrounding
the portal vessels, a cell type that has been implicated as part
of the FL niche (Tanimizu et al., 2003; Chou and Lodish, 2010;
Chou et al,, 2013; Khan et al., 2016). HSCs numbers are modestly
reduced when NestinTNG2™ pericytes are selectively eliminated
and the remaining HSC:s are less proliferative (Khan et al., 2016).
So far, this is the only study that addresses the role of a specific cell
type in HSC expansion and maintenance in vivo. Nestin™ cells
are the major producers of CxclI2 at E14.5 when compared to
Nestin™ cells, therefore, the reduction in FL HSCs could result
from a defect in HSC expansion together with a displacement
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of cells into circulation. Moreover, Nestin™ cells seem to be a
transient population, important for HSC localization around the
portal vessels during FL hematopoiesis but are no longer present
postnatally, a stage at which HSCs migrate and reside in the BM.
These cells have also been described in adult BM and ablation
of Nestin"™NG2™ pericytes alters HSCs localization away from
arterioles (Kunisaki et al., 2013). In the rat, fetal hepatic stellate
cells were shown to express VCAM-1 and to secrete Cxcll2
and hepatocyte growth factor (Hgf), revealing a potential role
for the hematopoietic and hepatic development (Kubota et al.,
2007). Accordingly, mouse FL hepatic stellate cells (defined as
p75NTR™) express a range of hematopoietic cytokines, Csfl, Igf2,
Tpo, Kitl, Epo, Igfl, 1111, Flt3] and Oncostatin M (Osm, involved
in hepatic maturation) and were therefore proposed as potential
niche components (Tan et al., 2017).

To date, researchers have undertaken a cell type-directed
approach, however, it is conceivable that different FL populations
play distinct roles in the maintenance and expansion of HSCs and
act through cellular networks. Only an unsupervised analysis of
the FL constituents as a whole will shed light on the part each cell
type takes in the support of hematopoiesis.

The vascular labyrinthine of the placenta (where embryonic
circulation meets maternal circulation) has also been proposed
as a niche for HSC expansion (Gekas et al., 2005; Ottersbach
and Dzierzak, 2005; Robin et al., 2009). Human placenta-derived
stromal cell lines with pericyte characteristics were shown to
support in vitro maintenance of cord blood (CB) hematopoietic
progenitors and hematopoietic cells were found in close
contact with pericytes/perivascular cells in the placenta by
immunostaining (Robin et al., 2009). Taken together with what
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has already been described for the FL (Khan et al., 2016), pericyte-
like cells are likely to play a role on supporting hematopoiesis.

Can the Adult Liver Be a Hematopoietic
Site?

Extramedullary hematopoiesis (EMH) is a process in which
HSPCs leave their microenvironment in the BM and establish in
distinct anatomical locations wherein they continue to produce
mature blood cells. Although it is a physiologic process during
embryonic development (YS, AGM, FL, and fetal spleen),
in the adult it only occurs in pathological settings of BM
failure, myelostimulation, tissue inflammation, or abnormal
cytokine production (Johns and Christopher, 2012). EMH
can occur sporadically in lymph nodes, spinal cord, kidneys,
gastrointestinal tract, and lung (Chiu et al., 2015). It is interesting,
however, that the predominant sites of EMH are shared between
the embryo and the adult: the spleen and the liver. In fact, splenic
or liver hematopoiesis can still be observed postnatally in many
mammals but disappears before adulthood. Hematopoietic foci
in the adult liver can be found within sinusoids and in close
association with macrophages (Barberd-Guillem et al., 1989).
BM HSPCs co-cultured with liver sinusoid endothelial cells
(LSECs) were maintained for more than 6 weeks in cytokine
supplemented media, demonstrating a putative niche role of
endothelial cells in the adult liver (Cardier and Barberd-Guillem,
1997). An adherent layer of liver cells has been suggested
to support megakaryopoiesis by the production of TPO and
B lymphopoiesis by the production of II7 and Flt3] (Cardier
and Dempsey, 1998; Wittig et al., 2010). Although endothelial
cells have been reported to express TPO, this cytokine is
mostly produced by the liver parenchyma (hepatocytes) (Nomura
et al, 1997). In the adult, EPO is produced by the kidney,
although hepatocytes can also support hepatic erythropoiesis in
physiological or pathological conditions (Ploemacher and van
Soest, 1977; Semenza et al., 1991; Eckardt et al., 1994; Weidemann
and Johnson, 2009). In conclusion, under physiologic conditions,
the liver harbors low numbers of HSPCs and supports extra-
medullary hematopoiesis (Taniguchi et al., 1996; Watanabe et al.,
1996). Thus, it is conceivable that adult liver may keep some of its
embryonic niche properties.

Is the Development of the FL and

Hematopoietic Cells Symbiotic?

In mid-gestation, embryonic liver functions as a “bag”
accommodating the expanding hematopoietic system before
BM development. During the temporal window in which the
organ is essentially a hematopoietic tissue — from E12.5 to E16.5
(~6-18 wpc in humans) - and the ratio of non-hematopoietic
cells/total liver cells is very low, the organ’s architecture is far
less complex than that of its adult counterpart. In the adult,
hepatocytes are the main parenchymal cell type, organized
in cords interspaced by an intricate vascular and biliary
system (Figure 2H). Alongside with the massive migration of
hematopoietic cells to the BM at E16.5 (Christensen et al., 2004),
the liver tissue starts to mature — hepatocytes and cholangiocytes
differentiate from hepatoblasts and cellular adhesion increases,

creating tight hepatic parenchyma with dense hepatocyte
cords (Crawford et al., 2010). Transcriptomic and proteomic
analysis throughout FL development identified E15.5 as the time
of onset of metabolic, detoxification and immune programs
(Guo et al., 2009).

Hepatoblasts differentiate into hepatocytes starting at ~E13.5
in mice and around 14 wpc in humans (Haruna et al., 1996; Yang
etal,, 2017). Single-cell transcriptomic studies along development
(E10.5-E17.5)  of  hepatoblasts/hepatocytes/cholangiocytes
(sorted based on the expression of DLK-1 and EpCAM) suggest
that hepatoblast-to-hepatocyte lineage specification is the default
process. Cholangiocyte specification occurs as early as E11.5
and is completed by E14.5 (Yang et al., 2017). Hepatoblasts
fate decision is modulated by a gradient of Activin/TGF-f
signaling, controlled by Onecut (OC) TFs (OC-1/HNF-6 and
OC-2) (Clotman, 2005). Cholangiocyte-primed hepatoblasts
appear in low numbers at E13.5 around the portal vein and
portal sinus, forming a single-layered ductal plate at E15.5, that
evolves to a double-layer by E16.5 (Figures 2D,E), characterized
by CK19 and CK8 cytokeratins and $2 integrin (CD18) (Van
Eyken et al., 1988; Tanimizu et al., 2009). At this stage, CK19
expression becomes specific to ductal plate cells (Van Eyken
et al., 1988). Focal dilations between the two ductal plate cell
layers give rise to the bile ducts (Figures 2F,G), whereas the
remaining tissue progressively regresses (Clotman et al., 2002).
This ductal plate remodeling involves tubulogenesis (Antoniou
et al, 2009) and apoptosis (Terada and Nakanuma, 1995).
Around birth, the portal mesenchyme encircles the cells of the
ductal plate (Swartley et al., 2016). Hepatoblasts located away
from the portal vein will gradually differentiate into hepatocytes
and by E17 start to exhibit a characteristic polarized epithelial
morphology disposed in hepatic cords alongside the bile
canaliculi (Zorn, 2008). Because cholangiocyte differentiation
occurs along the hilum-to-periphery axis, different maturation
states can be observed at a given developmental time (Yang
et al, 2017). Three-dimensional reconstructions of serial
cross-sections/whole-mount immunostained FL and carbon
ink injection have been used to disclose the morphogenesis of
intrahepatic bile ducts (Vestentoft et al., 2011; Takashima et al,,
2015; Tanimizu et al., 2016).

Kinoshita et al. (1999) showed that hematopoietic cells
expand when cultured in a monolayer of primary fetal hepatic
cells (in presence of hematopoietic cytokines) and that the
addition of OSM suppresses in vitro hematopoiesis, by inducing
the maturation of the hepatic cells. Since hematopoietic
cells produce OSM, its expansion increases the local OSM
concentration, consequently promoting hepatic development
(Kamiya et al., 1999). It was hypothesized that a metabolically
active liver no longer supports hematopoiesis (Miyajima et al.,
2000). However, it is still not clear whether the displacement
of the hematopoietic cells out of the FL facilitates liver
maturation or if the changes in the microenvironment no longer
support hematopoiesis.

Impaired hematopoiesis in c¢-Myb mutant (Mucenski
et al, 1991) or Ubc~/~ mice (Ryu et al, 2012) and
abnormal erythropoiesis in Rb-deficient mice (Lee et al,
1992) also results in impaired liver growth. However, the
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early embryonic lethality (at around E15) has hindered the
analysis of the impact of the hematopoietic compartment in
liver development.

The vasculature remodeling at the end of gestation was also
correlated with the rapid loss of HSCs in the postnatal liver (Khan
et al., 2016). After birth, the portal vein no longer receives blood
from the vitelline vein, collecting the blood from the gut, draining
it to the central vein and the hepatic artery arises. With the
ligation of the umbilical inlet, the portal vessels acquire a vein
phenotype and lose the periportal pericytes (Khan et al., 2016).

HEMATOPOIETIC EXIT FROM FL AND
ESTABLISHMENT IN THE BM

What Makes the Hematopoietic System
Move? How Is the BM Niche
Established?

The BM is the ultimate destination of the hematopoietic system
journey in the embryo, being the production hub for blood cells
throughout life. LSK cell homing and colonization of mouse
BM was reported at E15.5-E16.5, coinciding with the fetal bone
marrow (FBM) vascularization (Gekas et al., 2005; Coskun et al.,
2014; Cao et al, 2019), although LT-HSC activity cannot be
detected before E17.5 (Christensen et al., 2004). In mice, HSCs
migrating out of the FL also seed the spleen, starting at E15.5,
with HSC activity still being detected a few weeks after birth
(Wolber et al., 2002; Christensen et al., 2004; Bertrand et al.,
2006). In humans, although early colonization of fetal long
bones was reported at ~10 wpc (Charbord et al., 1996), the
hematopoietic shift from the FL to the FBM occurs later, around
20 wpc (Figure 1).

Coskun et al. (2014) showed that hematopoietic progenitor
cells reside in the vascularized regions of fetal long bones, stage
at which they are still proliferative. Previous work showed that
in the BM, HSCs are cycling during the first 3 weeks after
birth and become quiescent thereafter (Bowie et al., 2006).
The shift to a quiescence state seems to be dependent on
the cellular composition of the microenvironment (Coskun
et al, 2014). LSK cells isolated from Osx~/~ FBM [that
lack osteolineage cells (Nakashima et al, 2002) and some
stromal populations (Mizoguchi et al., 2014)] form multi-lineage
colonies in vitro, but fail to repopulate transplanted recipients
(Mizoguchi et al, 2014). LSK cells exhibited dysregulated
cell cycle progression and defective homing ability, suggesting
that osteolineage and/or mesenchymal cells are necessary to
establish and sustain BM LT-HSCs (Coskun et al, 2014).
Additionally, E15.5 CD105"Thyl™ mesenchymal progenitors
transplanted under the kidney capsule give rise to donor-
derived chondrocytes and can create an ectopic niche with
the recruitment of host-derived marrow and HSCs, evidencing
the importance of endochondral ossification for HSC niche
formation (Chan et al., 2009).

Osteopontin (OPN), also known as secreted phosphoprotein
1 (SPP1) has been suggested to be an important niche factor
in BM. Its concentration in stromal cells is inversely correlated

with HSC proliferation in the adult BM (Stier et al., 2005). The
OPN dominant form thrombin-cleaved osteopontin (trOPN) is
highly expressed in FBM (at the trabecular bone surface), but
neglectable-to-none in the early-mid gestation FL (Cao et al,
2019). trOPN receptor a4f1 integrin is upregulated in fetal
compared to adult HSCs. The differential concentration of the
divalent metal cations, Ca?*, Mg?*, and Mn?* between FL and
FBM, being highly prevalent in the latter, was assumed to activate
a4p1 in HSCs, possibly hindering their expansion in the BM
(Cao et al., 2019).

CXCL12 expression in the vicinity of vascular endothelial cells
in FBM supports the hematopoietic colonization of the organ
(Nagasawa et al.,, 1996; Ara et al., 2003). HSCs isolated from
CXCL127/~ embryos failed to colonize the BM in long-term
repopulation assays whereas their migration ability could be
rescued by enforced expression of CXCL12 under the control of
vascular-specific Tie-2 regulatory sequences (Ara et al., 2003).
Moreover, the CXCL12-mediated migration of HSPCs in vitro
seems to be enhanced by the presence of KITL, indicating an
additive effect, only found in fetal HSCs (Christensen et al., 2004).
This suggests an important role of KITL for HSC seeding and
homing during embryonic development.

CXCL12-GFP knock-in mice allowed the identification of
CXCL12-abundant reticular (CAR) cells, a population with high
expression of CXCLI12, distributed near SECs and at a lower
extent near the endosteum (Sugiyama et al., 2006). These cells
show in vitro potential to differentiate into adipocytic and
osteoblastic lineages (Omatsu et al., 2010). Specific markers have
been identified for mesenchymal cells in BM. Leptin receptor
(Lepr) is highly enriched in Scf-GFP-expressing perivascular
stromal cells (Ding et al, 2012) and Lepr™ cells were
shown to largely overlap with CAR cells (Zhou et al., 2014).
A rare population of Nestin® cells that contains all of the
fibroblastic CFU (CFU-F) activity within the mouse BM, capable
of generating mesenspheres (mesenchymal spheres) in vitro,
multipotent and with self-renewal potential was identified as
a mesenchymal stem cell (MSC) population (Méndez-Ferrer
et al., 2010). Later, two different Nestin-GFP populations were
discriminated based on the fluorescence intensity by microscopy.
Rare quiescent Nestin-GFPP"8" cells, positive for the pericyte
marker NG2 and a-smooth muscle actin, are enriched for
CFU-F activity and express Cxcl12 and Kitl. These cells are
located alongside arterioles, close to dormant HSCs (Kunisaki
et al, 2013), and associated with sympathetic nerves, that
regulate their CXCLI12 expression through the P3-adrenergic
receptor (Méndez-Ferrer et al., 2010). Nestin-GFP4™ cells have a
reticular shape, are mitotically active and line sinusoids, largely
overlapping with Lepr™ cells (~80%) (Kunisaki et al., 2013).
Selective ablation of mouse Nestin™ cells (Méndez-Ferrer et al.,
2010) or CAR cells (Omatsu et al., 2010) significantly impacts
the maintenance of HSCs. The structural differences of the blood
vessels and perivascular populations seem to be associated with
heterogeneity in HSC function. Besides, the selective deletion
of CxclI2 from arteriolar NG2™ cells, but not sinusoidal Lepr™
cells, significantly reduced the HSCs compartment in the BM
and a similar effect was observed by deletion of Kitl in LepR™;
but not NG27 cells, evidencing the differential contribution of
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perivascular populations in the cytokine production (Asada et al.,
2017). BM microenvironment is illustrated in Figure 4.

Nestin™ cells can be prospectively isolated using PDGFRa
and CD51 markers in the mouse and human fetal and adult BM
(Pinho etal., 2013) and show MSC’s properties and enrichment of
Cxcl12, Vcaml, Angptl, Opn, and Scf genes. Of note, in humans,
these cells represent a small subset of CD146™ cells (Pinho
et al,, 2013), the latter harboring all the CFU-F activity in BM
(Sacchetti et al., 2007). Co-culture of human PDGFRa+TCD51+
mesenspheres with human FBM CD34%" cells in a serum-
free, but cytokine supplemented (TPO, SCF, FLT3L) culture
media can expand MPPs that engraft immunodeficient mice
(Pinho et al., 2013).

In the FL, Nestin-GFPTNG2" cells, associated with portal
vessels, form a niche promoting HSC expansion during the FL
development that is no longer found after birth. Concomitantly,
the phenotype of the portal vessel transits from Neuropilin-
1 Ephrin-B27" arterial to EphB4™ venular vessels (Khan et al.,
2016). This role of NestintNG2* cells in FL is opposite to that in
BM, where Nestint NG2Tarteriolar pericytes were proposed to
maintain HSC quiescent (Kunisaki et al., 2013).

UNRESOLVED QUESTIONS - EX VIVO
EXPANSION OF HSCs

Hematopoietic stem cells are the only cells of the hematopoietic
compartment with the potential to replenish all mature blood
cells and to divide without triggering differentiation programs,
a process known as self-renewal. The mechanisms conveying
these properties have been under investigation over the last
60 years, however, to date, they remain poorly understood. The
concept that specific BM niche/microenvironment components
regulate the fate of HSCs has been proposed by many authors.
Cordeiro Gomes et al. (2016) analyzed not only HSCs but also
different hematopoietic progenitors and found both HSCs and
MPPs locate near or in contact with the same mesenchymal
progenitor CAR-cells, expressing CXCL12 and SCF, fundamental
to maintain the HSC pool and IL-7 that acts as a short-range
signal for lymphoid differentiation. These observations suggest
that both maintenance and multilineage differentiation are locally
regulated by the same niche (Cordeiro Gomes et al., 2016). In
the FL, HSCs expand considerably and differentiate, producing
different mature lineages. If a given stromal population is also
involved in the regulation of both processes, by the expression
of various cytokines, or different cell populations contribute with
distinct cytokines is still unresolved.

Hematopoietic stem cell transplantation is a widely used
cell therapy intervention in the treatment of hematologic,
autoimmune and genetic disorders. However, this therapy is still
associated with high mortality rates, mainly due to infection,
graft-versus-host disease (GvHD) and organ dysfunction, urging
the need for improvement (Tanaka et al, 2016). The most
common source of HSCs for transplantation is the BM or
mobilized circulating HSPCs. However, matching of major
histocompatibility complex antigens is needed to avoid GvHD
(Schuster et al., 2012; Walasek et al., 2012). CB can be successfully

used as a source of partially mismatched HSCs, as it is readily
available through CB banks and elicits low levels of GvHD.
Low numbers of HSCs in CB and consequent absent or delayed
reconstitution leads to post-transplantation infections, limiting
the use of CB in adult patients (Ruggeri et al., 2014).

In vitro generation of HSCs would overcome some of the
current clinical difficulties that transplantation faces, however,
despite countless efforts to derive HSCs from pluripotent stem
cell sources, generation of HSC in vitro has not yet been
achieved - reviewed in Freire and Butler (2020). Another
possibility to obtain higher numbers of HSCs would be to expand
them ex vivo prior to transplantation. Distinct cytokine/growth
factor cocktails have shown promising for expansion of HSCs,
yet, limited success was reported in clinical studies due to a lack
of LT-HSC expansion and rather proliferation of downstream
progenitors together with undesirable stem cell differentiation -
reviewed in Kumar and Geiger (2017) and Tajer et al. (2019).
Cytokines currently used for ex vivo HSC expansion include
KITL, TPO, IL-3, and FLT3L. Kitl and Tpo knockout mice show
normal fetal development but reduced HSC numbers in the
adult, suggesting that these cytokines are important for stem
cell survival and proliferation in adulthood but might not be
the drivers of HSC expansion during the embryonic period
(Fujita et al., 1989; de Sauvage et al.,, 1996). There is growing
evidence that the physical and mechanical properties of the
microenvironment could impact on HSC decisions - reviewed
in Kumar and Geiger (2017). A combination of cytokines with
stroma derived ECM components - fibronectin and collagen -
has shown encouraging results (Wohrer et al., 2014; Wilkinson
etal., 2019). Moreover, culture of BM HSPCs in tropoelastin, the
most elastic biomaterial known, induces a sixfold increase of LSK
cells without supplementation with cytokines, suggesting that
tropoelastin mediates a similar effect in survival and proliferation
of LSK cells and its use could replace exogenous cytokines (Holst
et al., 2010). Most cytokines studied have a role in HSC function
in the BM, a site where HSC expansion does not occur in
physiological conditions. The same cytokines have been found
in FL stroma, but whether these are responsible for fetal HSC
expansion is not known. Most likely, the FL expansion of newly
generated HSCs results from intrinsic cellular properties together
with a suitable microenvironment, physical cues included. Efforts
have been made to replicate the embryonic microenvironment
where HSCs expand, particularly by co-culture with FL hepatic
or mesenchymal cells (Wineman et al., 1996; Chou and Lodish,
2010; Chou et al,, 2013; Khan et al., 2016). Most strategies used
so far focused on specific cell populations, either hepatoblasts or
mesenchymal cells, but overlooked the possibility that distinct
populations might need to interact. Only the co-culture of HSCs
in a system where all the cytokine-expressing populations of
the FL are present would reproduce the FL microenvironment.
Such a system where hepatoblasts, endothelial and mesenchymal
cells are cultured together in a 3D aggregate has already been
devised, but no co-culture with hematopoietic cells has been
attempted (Takebe et al., 2015). Liver cell culture models have
been extensively developed for pharmacological and toxicological
research or as a source for transplantation, to obtain an
in vitro system that resembles a mature liver - reviewed in
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Godoy et al. (2013), and for that reason are not suitable for
recreating the FL niche environment.

Whereas the FL interactions between different cell types
have been correlated with their contribution to the massive
transient expansion of the hematopoietic system, other niche
factors need to be addressed. Sigurdsson et al. (2016) reported
the role of FL bile acids (BAs) as chemical chaperones,
critical to sustain high protein production by expanding LT-
HSCs without triggering endoplasmic reticulum (ER) stress.
Inhibiting the biosynthesis of BAs in vivo resulted in reduced
numbers of Lin~, LSKs, and LSK CD48 CDI150" in the
FL, with no apparent effect in the number of HSCs in the
mother's BM (Sigurdsson et al., 2016). Comparison of FL
and BM HSCs transcriptomes demonstrated that FL HSCs
metabolism relies on oxygen-dependent pathways, which may
be a requirement for extensive energy production during
expansion. Contrary to BM HSCs, FL HSCs use oxidative
phosphorylation (aside from glycolysis), have higher number of
mitochondria and up regulate genes associated with antioxidant
and DNA repair pathways, that are speculated to confer
protection from reactive oxygen species-mediated (geno)toxicity
(Manesia et al., 2015).

Exploring the complexity of HSC niches (cellular composition,
cytokine and growth factors milieu, physical properties, oxygen
availability, etc.) will improve into our understanding of HSC
self-renewal capacity (recently reviewed by Wilkinson et al.,
2020), that is currently insufficient to devise efficient strategies
for HSC expansion ex vivo.

CONCLUDING REMARKS

Distinct studies have identified and characterized FL stromal
populations that may contribute with specific cues, enabling the
HSC expansion in this organ. Despite the efforts, the role of
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