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Abstract

Both parasitology and stem cell research are important disciplines in their own
right. Parasites are a real threat to human health causing a broad spectrum of
diseases and significant annual rates morbidity and mortality globally. Stem cell
research, on the other hand, focuses on the potential for regenerative medicine for
a range of diseases including cancer and regenerative therapies. Though these
two topics might appear distant, there are some “unexpected encounters”. In this
review, we summarise the various links between parasites and stem cells. First,
we discuss how parasites” own stem cells represent interesting models of
regeneration that can be translated to human stem cell regeneration. Second, we
explore the interactions between parasites and host stem cells during the course
of infection. Third, we investigate from a clinical perspective, how stem cell
regeneration can be exploited to help circumvent the damage induced by
parasitic infection and its potential to serve as treatment options for parasitic
diseases in the future. Finally, we discuss the importance of screening for
pathogens during organ transplantation by presenting some clinical cases of
parasitic infection following stem cell therapy.

Key words: Stem cells; Parasites; Transplantation; Therapeutic; Host pathogen
interactions

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The aim of this review was to bring together two important research disciplines:
parasitology and stem cell biology. Parasites are the caustic agents of numerous diseases
that have a huge impact on human health. The regeneration properties of stem cells are
remarkable and the exploitation of such biology for clinical applications is an exciting
area of research that may provide future treatment options for a wide range of human
diseases. These apparently independent fields of research have multiple areas of overlap
which we cover highlighting that these interactions, particularly from a clinical
perspective, should be more seriously considered and studied.
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INTRODUCTION

Stem cells are defined by their self-renewal properties, and their ability to differentiate
into adult cells!". They can be classified into two groups according to their biological
properties: Pluripotent and multipotent stem cells. Pluripotent stem cells are able to
differentiate into any cell type, and are found in the blastocyst, and early embryonic
developmental stagel”. Pluripotent stem cells give rise to three germ layers (endo-
derm, mesoderm and ectoderm) that ultimately produce different organs: cardiac,
skeletal muscle or red blood cells for the mesoderm, pancreatic or lung cells for the
endoderm, and neuron or skin cells for the ectoderm (Figure 1). Multipotent stem cells
are more limited with regards to their differentiating capabilities. While they can
differentiate into multiple cell types, they are already polarised down a specific route
and can be found in most adult tissues where they replace aged or damaged cells
throughout the lifespan of the multicellular organism!.

Parasites are organisms that survive by taking nutrients from another organism:
their host™. They represent more than 50% of all animal species" and can be broadly
divided into three groups: Protozoa, helminths, and ectoparasites (Figure 2). The
diseases they cause inflict huge health and socio-economic burden on low income
countries!’. Indeed, parasitic infections were considered responsible for 7.2% of deaths
globally in 2016

The relationship between parasites and stem cells is becoming increasingly studied
(Figure 3). The purpose of this review is to further examine the relationship between
stem cells and parasites, specifically looking at parasitic stem cells, how the parasites
influence the host’s stem cells, and how these interactions may be exploited clinically.

PARASITIC STEM CELLS

Although unicellular protozoan parasites do not have stem cells, the stems cells of
other multi-cellular parasites such as helminths have been studied. Interestingly, one
of the earliest references to the term “stem cell” was in relation to the parasitic
helminth Ascaris megalocephala in the late 19*" centuryl®l. Thus, it is perhaps
unsurprising that some parasite’s stem cells have been used to better understand the
regeneration system.

Echinococcus

The tapeworm Echinococcus is one such parasite. This organism presents primarily as
a zoonosis but can infect humans through animal transmission”). While the infection
can manifest in four distinct forms, only two are relevant to human health: cystic and
alveolar. Cystic Echinococcus infection is caused by Echinococcus granulosus and is
characterised by the development of hydatid cysts, typically in the liver and lungs.
Alveolar Echinococcus infection is caused by E. multilocularis and is initially
asymptomatic, but a primary tumour-like lesion develops in the liver. This form is
fatal if untreated. The Echinococcus life cycle begins when the adult (located in the
intestine of the definitive Canidae host) releases eggs that exit the host in the faeces.
Once ingested by an intermediate host, i.e. sheep, the eggs hatch and release
oncospheres that pass through the intestinal wall and migrate into different organs.
There, the larval forms develop into cysts containing protoscolices: the form that is
ingested by the definitive host that evolves into protoscolex. Following ingestion, the
protoscolices attach to the intestinal mucosa where they develop into adults.

Recently, Koziol ef all'! proposed to identify germinal cells in E. granulosus. For this,
they treated the parasites cells with 5-Ethynyl-2"-deoxyuridine (EDU), a synthetic
nucleotide that is incorporated into newly synthesised DNA, to identify cells in
proliferation. They noticed that the germinal cells were less proliferative during the
protoscolex stage but were reactivated when ingestion by a host was mimicked,
highlighting the ability of these cells to remain quiescent while not in optimal
conditions. To better characterise this cell population, they proposed to identify
potential specific marker genes using the whole mount in situ hybridisation
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Figure 1 Diagram of the three human germ layers and lineage fates. This diagram shows the different organs’ fate according to their original germ layer.

(commonly known as WMISH) technique but unfortunately were unsuccessful in this
attempt. Notably, germinative cells could not be fully eliminated after gamma
radiation treatment and the parasite only showed a delayed growth defect. From all
these observations, they concluded that some parasite cells are capable of self-renewal
and differentiation into proliferative competent cells.

In further work focusing on mobile genetic elements, Koziol et al'!], identified a
novel family of terminal-repeat retrotransposons in miniature (known as TRIMs) as
potential germline cell markers. Using a computer modelling approach, they
identified putative Taeniid (Ta-)TRIMs and confirmed, by using the WMISH technic,
that their expression was strongly restricted to proliferative germinative cells. They
concluded that Ta-TRIMs could be a good marker of germinative cells in E. granulosus.

Schistosoma

Schistosoma spp are trematode worms that infect mammalian hosts. Eggs are released
into a water source in the faeces or urine of the definitive host. The eggs hatch,
releasing miracidia that infect aquatic snails. Once there, the parasite develops into a
sporozoite and produces cercariae. These are released into the water and penetrate the
skin of the definitive host. The parasite then sheds its characteristic forked tail to
become schistosomulae and migrates to the veins. The final venule location of the
adult Schistosoma is dependant of the species. The females lay eggs that migrate
through the intestines to be excreted by either urination or defecation!'?!.

Collins et al™! in 2013 produced the first report on adult somatic stem cells in
Schistosoma mansoni. Comparing S. mansoni to already documented worms (Planarian
and Echinococcus), they investigated the possible presence of neoblast-like cells in the
parasite. Using EDU labelling, they observed a proliferating population in the
mesenchyme of male and female parasites. Similar genes to the ones observed in
planarian neoblasts were downregulated after gamma irradiation, which were
correlated with a potential stem cell population in the parasite. They confirmed the
self-renewal and differentiation potential of these cells using EDU/
Bromodeoxyuridine labelling studies and noted that the Sm-fgfrA gene seemed to
promote the long-term maintenance of neoblast-like cells in S. mansoni following RNA
interference experiments. In order to better characterise these cell populations, they
investigated gene expression following gamma radiation and performed RNA
interferencel. They identified 135 downregulated genes, most of which were
involved in parasite’s surface cell populations. By focusing in more detail on a specific
gene (tetraspanin, TSP-2), they observed that its expression disappeared a couple of
days after stem cell population depletion. They proposed that neoblast differentiation
was biased towards tegument cells, especially those expressing TSP-2+.

Recently, Wang et al"” investigated the role of S. mansoni stem cells throughout the
different parasite stages, including the snail hosting period (Figure 4). Using single
RNA sequencing (RNA-seq) studies, they identified three distinct stem cell
populations in the sporozoite stage based on the main expression of kfl nanos 2 and
f3frA, B genes: x cells expressing kfl+ nanos 2+, cells expressing fgfrA, B* and 6 cells
expression both kfl+ nanos 2+ and fgfrA, B+. During the asexual stages in the snail, 6
cells were found in the embryo, as well as « cells that were also present in extra-
embryonic tissues, while the cells were mainly in the parasite’s outer layer and not in
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Figure 2 Diagram of parasite classification. Parasite classification is based on their cellular properties. Some species examples are provided.

Baishidenge WJSC | https://www.wjgnet.com 907

the daughter embryo. Notably, a fixed number of x and & cells seem to be kept by the
parasite while in the mammalian host where they form the source of the previously
described stem cells. Another subpopulation of stem cell derived from x cells and
expressing eledh gene (a Schistosome-specific factor) was found in juvenal parasites and
named & cells. These cells can give rise to germline or posterior somatic cells
depending on the nanos-1 expression (germline if active).

Parasite and stem cell models

In addition to the study of parasite’s own stem cells, two worm species, Planaria and
Caenorhabditis elegans, although they are not or are only rarely parasitic, have served
as important models for parasite stem cell and general stem cell biology, respectively,
and will therefore be discussed further.

Planaria are flatworms that are only rarely parasitic. They are typically herma-
phroditic but can reproduce by fission!"’l. These flatworms can be compared to the
parasitic trematode Schistosoma. One example of this is from Collins et all'”l, who
studied a bioactive peptide in the planarian Schmidtea mediterranea and used this to
identify novel pro-hormones in S. mansoni.

Planarian are able to fully regenerate as they have a population of stem cells named
neoblasts!'). Rossi et all'! identified a group of 60 genes specific to planarian stem cells
using microarrays and WMISH, many of which are involved in epigenetics and
regulation of transcription. Interestingly, the planarian seems to be a good model for
human nervous system regeneration” due to the its high degree of conservation with
vertebrates. Moreover, Onal et al”'! found that pluripotent genes in human stem cells
were conserved in the planarian. Using fluorescence-activated cell sorting coupled
with RNA-seq studies, they specifically identified octamer-binding transcription
factor 4, NANOG, and sex determining region Y-box 2. This later study proved that
planarian organisms are valuable models to better understand human stem cells.

C. elegans is a roundworm belonging to the nematode family. This organism is well
known by scientists as it is one of the most studied and best models for fundamental
research as summarised in Kevin Strange’s review!™. It has been extensively used as a
parasite model™*. A better understanding of C. elegans stem cell biology would allow
a better understanding of stem cell biology in general®!. Among the many studies
involving C. elegans stem cells, we can cite the work from Seidel et al* who studied
stem cell quiescence following starvation, or Noormohammadi et al*! who showed
that TRiC/CCT assembly is linked to pluripotency of human stem cells and resistance
to proteotoxic stress in C. elegans.

Parasite stem cells are evidently an interesting topic that is becoming increasingly
better studied. Although their strong regeneration capacity is beyond that of their
human counterparts, they serve to facilitate our understanding of stem cell
capabilities and biology in general.

INTERACTIONS BETWEEN HOST STEM CELLS AND
PARASITES

Parasites invade and occupy a number of different niches within their host species.
Consequently, they interact with stems cells in a variety of ways. Many of the
interactions are indirect due to tissue damage caused by the parasite, which trigger
host immunity and damage repair mechanisms. Other interactions can be more direct
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whereby the parasite or soluble parasitic factors directly affect stem cell proliferation.
An additional layer of complexity is the ability of certain parasites to manipulate their
host by not only inducing stem cell proliferation, but also stimulating differentiation
into the parasite’s preferred cell type. Evidence of such interactions will be discussed
below.

Insect hosts

As well as infecting humans and other mammals, various insect species are subject to
parasitism. In many cases, insects serve as disease vectors transmitting the parasite
from one human to another. The parasites often go through developmental stages
within their host insect and therefore impact insect fitness and insect stem cell
biology.

Mosquitos: The malaria parasite Plasmodium uses female Anopheles mosquitos, which
feed on mammalian blood as an intermediate host. Upon consuming a blood meal, the
parasite enters the mosquito midgut. Following transversal of the midgut epithelium,
the parasite undergoes a multiplication phase and the progeny migrate to the
mosquito salivary gland. These parasites are then injected into another human during
a subsequent blood meal. During invasion and intracellular migration of the mosquito
midgut epithelium, the parasite triggers apoptosis and necrosis of invaded cells*l.
Surprisingly, this is not detrimental to mosquito survival. During infection of
Anopheles stephensi with Plasmodium falciparum, Baton and Ranford-Cartwright (2007)
showed that midgut regenerative cells underwent proliferation and differentiation to
replace columnar midgut cells. Moreover, the number of proliferating and
differentiating cells correlated with the level of midgut cell destruction. This indicates
that the mosquito is able to compensate for parasitic damage through proliferative
regeneration, inadvertently permitting parasite transmission’.

Honey bees: A similar protective mechanism to that described for the mosquito was
predicted in the honey bee, Apis mellifera. The honey bee endures enterocyte damage
during infection with the parasitic microsporidian, Nosema ceranae!™. Despite reports
elsewhere that G1/S phase genes were upregulated during N. ceranae infection,
Panek et al* recently showed a reduction in the replicative capacity of intestinal stem
cells during infection. Drosophila infection with the parasitic wasp Leptopilina boulardi
induces haematopoiesis through ROS-dependent induction of the Toll/NF-KB and
EGFR pathways. L. boulardi also stimulates the preferential differentiation of
lamellocytes, increasing their proportion to nearly 50% of all haemocytes. These cells
are specifically involved in pathogen encapsulation as well as killing and implicate

November 26,2019 | Volume 11 | Issue 1l |



Gene
expression Cell types
K« cells
2
o~
172
(=]
o | p—
©
=
b
2
5 cells
A
| o
<
&E
&
o cells

Snail host

Matthews H et al. Stem cell and parasite interactions

Mammalian host

Localization ' Cell types
Germline
Embryo + ! +
 — =
extra-embryonic tissues i b ¢ cells \
B w
i Posterior
:_ - somatic cells
Embryo |:'(> 3 cells
Outer layer = Not present
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the existence of a “do or die” mechanism, as survival depends on the neutralisation of
wasp eggs before they hatch!™l. Evidently, insects have utilised their stem cell
response when necessary to permit endurance or destruction of the parasite insult.

Mammalian hosts

Helminths: Trichinella spiralis is a nematode parasite that infects many carnivorous
and omnivorous animals, including humans, and can be acquired by ingesting cysts
from contaminated/undercooked meat™!. Infection of Balb/c mice with parasitic
worms such as T. spiralis or Heligmosomoides polygyrus (a mouse model for human
helminth infections) have been shown to induce changes in stem cell proliferation
within intestinal crypts of their hosts. T. spiralis leads to small intestine inflammation
and an initial increase in epithelial stems cells (Ki-67-positive) and/or transient
daughter cells (day 2 post infection). This alters the architecture of the intestinal crypt
and causes an upward shift in the proliferative zonel™). In another nematode parasite,
Trichuris muris, such alterations are considered to facilitate expulsion of the parasite
from its inter-epithelial nichel*l. However, during T. spiralis infection, the proliferative
response is not sustained. The Ki-67-positive population decreased by days 6-12 post-
infection, while the number of secretory Paneth cells increased (possibly due to
differentiation). This may be advantageous as secretory products from Paneth cells,
such as antimicrobial peptides and proteins, are considered important for host
protection against luminal microorganisms™.. Conversely, adult intestinal stem cells
were shown to be repressed in Balb/c mice infected with H. polygyrus. During
infection, granuloma associated crypts exhibited loss of the adult intestinal stem cell
markers Lgr5-GFP and Olfm4, while Ly6a (which encodes stem cell antigen 1 (Sca-1)),
was upregulated. Nippostrongylus brasiliensis, a nematode parasite that does not
invade intestinal tissue, did not induce Sca-1. This suggests that upregulation of Sca-1
is a specific response to crypt injury induced by H. polygyrus. Immune cell-derived
interferon gamma (IFNy) was critical for the granuloma associated crypt response.
Interestingly, foetal stem cell markers Gjal and Spp1 were shown to be upregulated in
the granuloma associated crypt, implicating a novel mechanism to repair intestinal
crypt disruption.

Toxoplasma: Toxoplasma is a single-cell, protozoan parasite and is the causative agent
of toxoplasmosis. Most human infections are asymptomatic, but the disease is more
severe in immune compromised individuals and infants, if the mother were to
become infected during pregnancy. Cats are the definitive host and shed the oocysts
in their faeces which can be accidentally ingested by humans and other mammals or
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birdst. T. gondii induces apoptosis and inhibits the differentiation of neuronal stem
cells. These interactions are considered major contributors to congenital neuro-
pathology. Various markers of apoptosis were found to be upregulated during the co-
culture of T. gondii tachyzoites and neuronal stem cells. These experiments used a
trans-well culture system, which only permits the passage of parasitic soluble factors,
not the parasite itself. Consequently, inhibition was attributed to T. gondii excreted-
secreted antigens (Tg-ESAs). The disruption of endoplasmic reticulum homeostasis
occurs in many diseases and can lead to the activation of cell death pathways. Wang et
alt®l showed decreased apoptosis following pre-treatment with the endoplasmic
reticulum stress inhibitor TUDCA, implicating the involvement of the endoplasmic
reticulum stress pathway in the interaction between T¢g-ESAs and neuronal stem cell
apoptosis. Tg-ESAs were also found to inhibit the differentiation of neuronal stem
cells into neurones and astrocytes. This was determined by measuring the
concentration of cell markers, specifically pIlI-tubulin and glial fibrillary acidic
protein. These decreased in a dose-dependent manner. A reduction in p-catenin and
interactivity effects between Tg-ESAs and wnt3a (an activator of the Wnt/p-catenin
pathway) implicated the involvement of the Wnt/ f-catenin pathway, an important
differentiation pathway in neuronal stem cellst™). Further work implicated the
virulence factor Rhoptry protein 18 as a partial mediator of the endoplasmic reticulum
stress-induced apoptosis and cell differentiation (Wnt/ p-catenin) pathwayst“’.

Plasmodium: Once injected into the human host via the bite of the female Anopheles
mosquito, the parasites invade hepatocytes and multiply, forming liver schizonts!*!l.
These burst releasing merozoites, which invade erythrocytes, and begin the asexual
reproductive cycle. During early malarial infection, both MSCs and HSCs are
produced in the bone marrow (BM) and subsequently migrate to the spleen.
Interestingly, adoptive transfer of P. berghei-induced MSCs conferred resistance to P.
berghei in naive mice. MSCs were shown to migrate to the spleen, enhance pro-
inflammatory cytokine production (specifically interleukin 12 [IL-12]), inhibit anti-
inflammatory cytokines (specifically IL-10), and inhibit the accumulation of T-
regulatory cells, which are induced by malaria as an immune evasion mechanism.
Adoptive transfer of MSCs in late stage infections, however, did not alter disease
progression!’l. An early haematopoiesis response is considered protective to the host,
to counteract erythrocyte loss caused by parasite maturation in red blood cells.
Unfortunately, the response cannot sustained during the course of malaria infection
leading to the common disease-associated pathophysiology of anaemial*!. One
suggestion is that there is competition for the production of erythropoietic and
immune cell, both derived from pluripotent stem cells!*!l. Interestingly, during low
oxygen conditions the kidneys produce erythropoietin, which in turn stimulates
erythropoiesis. During mouse infection with P. vinckei or P. chabaudi, but not P. berghei,
further erythropoiesis could be stimulated by exposing infected mice to high altitude
conditions (hypoxia) in a decompression chamber. This indicated that the infection
with P. berghei had already saturated the maximal erythropoiesis response. The initial
increase in HSCs during early infection may be due to P. berghei’s preference for
invasion of reticulocytes. However, cellularity (total number of nucleated cells) and
subsequently erythropoietic capacity in the BM decreased during the course of
malaria infection. Despite enlargement and an increase in cellularity, the spleen does
not compensate to meet the erythropoietic and hemopoietic needs of the host, which
leads to anaemia. Although there are reports that pluripotent stems cells remain in GO
and are therefore protected, the lethality and severity of anaemia during malaria
infection may be determined by irreversible damage to the self-renewal capacity of
hematopoietic stems cells, as observed with chronic leishmania infection!!.

Leishmania: Leishmania spp have a broad spectrum of interactions with various host
stem cell lineages. Although macrophages are their primary host, they have been
shown to be capable of infecting a variety of cells including different types of stems
cells both in vitro and in vivol**’l. Allahverdiyev et al*”! showed in vitro invasion of
adipose tissue-derived mesenchymal stem cells by L. donovani, L. major, L. tropica, and
L. infantum parasites, raising potential concerns about stem cell transplantations and
parasite transmission, which is discussed in more detail later. BM-derived MSCs (BM-
MSCs) were also shown to be vulnerable to L. infantum and L. donovani invasion in an
in vivo mouse model. This was confirmed by confocal microscopy and co-staining
with antibodies for parasites and MSCs (CD271*/Scal*) isolated from both the BM
and spleen of infected mice. Interestingly, the authors not only visualised this
invasion events ex vivo, but determined the viability of the amastigotes identified in
BM-MSC CD27*CD45 cells by inoculating the infected cells into an axenic in vitro
culture system. Then promastigote forms were detected. Since MSCs have potent
drug efflux pumps, the proposed purpose of this interaction is the potential avoidance
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of drug-induced death. This is considered particularly important for latent infections
that occur despite treatment. Such stem cells niches could also serve as a “hide-out”
for parasites during asymptomatic infections.

As well as the modulation of host stem cell proliferation, following the direct
invasion of stem cells, tissues infected with Leishmania parasites have also been
reported to display alterations in host cytokine/chemokine expression and stem cell
proliferation. Dameshghi et al® in 2016 isolated macrophages and adipose-derived
MSCs from mice that were either sensitive or resistant to Leishmania. Isolated cells
were placed, in various combinations, in a trans-well system. After 72 h of co-culture
the MSC chamber was removed and the macrophage supernatant was replaced before
challenge with L. major promastigotes. These macrophages, now considered MSC-
educated, showed a reduction in phagocytosis, nitric oxide, IL-10, tumour necrosis
factor alpha production and an induction in inflammatory cytokines in response to L.
major infection. This response was independent of prior sensitivity to Leishmania
(although the magnitude of the response did vary between treatment-group
combinations). This implicates MSCs as the sensors and switchers of immune
modulation and supports the potential of stem cells as a treatment for leishmaniasis.
Local alterations in hematopoietic activity have also been reported in tissues
harbouring L. donovani amastigotes in vivol'l. Infection leads to an increase in
progenitor cell frequency in the blood, and a correlation was observed between
hematopoietic activity and parasite proliferation in the spleen and BM. Tissue-specific
regulation of cytokine and chemokine expression was also observed, with an increase
in those associated with monocyte and granulocyte maturation from multipotential
precursors. Leishmania-infected stromal cells also display an enhanced capacity in
vitro, through cytokine regulation, to support the differentiation of regulatory
dendritic cells from hematopoietic progenitor cells’’l. The recombinant heat shock
protein 70, from a related kinetoplastid parasite Trypanosoma cruzi, was also shown to
have an immune-stimulatory effect on the maturation of dendritic cells from BM
precursors. Remarkably, dendritic cell maturation occurred in the presence of the
recombinant protein alone, fused to the KMP11 antigen as well as a 242-amino acid
protein fragment™). This again could have implications for therapy. As the main
source of immune cells, it is not surprising that BM-hematopoietic stem/progenitor
cells are activated during Leishmania infection. This is consistent with the stress
response to other acute infections™]. However, L. donovani was shown to be capable of
host manipulation by skewing HSC expansion to the differentiation of non-classical
myeloid progenitor cells. Interestingly, cells produced in this manner were not only
the preferred target of the parasite but were also more permissive to Leishmania
infection, providing evidence of parasite manipulation™l. Acute infections can give
rise to such expansion that cannot be sustained during chronic infection. Using
adoptive transfer of IFNYy sufficient CD4* T cells into immune-deficient mice, Pinto et
all in 2017 showed that chronic stimulation of HSC expansion, by this pathway,
leads to hematopoietic exhaustion. In this instance, the reservoir of long-term HSCs
irreversibly loses quiescence and enters into an active cell cycle, where they
eventually lose their self-renewal capacity. During chronic infections, an effective
anti-parasitic response is therefore at the expense of the reservoir of quiescent LT-HSC
hematopoietic fitness. The importance of this trade-off for sufferers of life-long
chronic infections is yet to be determined.

Evidently, parasites can develop a range of complex interactions with their host’s
stem cells by modulating their expression and fate. Although the growing body of
research into this area in recent years (Figure 3) has meant that we know more now
than ever before, the field remains in its infancy. Most of the aforementioned studies
were conducted in insect or mouse models, as obvious technical and ethical issues
limit human in vivo investigations. Due to the complexity of parasite life cycles, often
having distinct development stages in multiple host tissues, studies into general
parasite biology during human infection are also limited by the in vitro culture
systems we have available. However, as our in vitro capabilities for stem cells
production have expended parasitologist can utilise stems cells in order to recreate
and study parasite development within a variety of host tissues that were previously
inaccessible. Examples of such studies are detailed in Table 1. The availability of these
valuable model systems will not only permit a better understanding of parasite
biology but may open up new avenues for parasite treatment.

STEM CELL AND PARASITE THERAPIES

Stem cell therapies have become increasingly more applied as potential cures for
important diseases such as liver injuries, muscle degeneration or anaemia®l. These
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Table 1 Table of stem cell classes used to model parasite infections

Stem cell type Parasite Details Future o Ref.
purpose/possibilities

Hematopoietic Plasmodium vivax Cluster of differentiation 34"  Growing Plasmodium species ~Grosgogeat et all'"’}

derived reticulocytes that have a reticulocytes
preference
Leishmania infantum BM HSCs-derived white cells Better understanding of Carvalho-Gontijo et all'"!!

were capable of promastigote development
phagocytosing and within macrophages
supporting promastigote
development

Neuronal Toxoplasma gondii Fibroblast-derived and Better understanding of Passeri et all'’”], Tanaka et
CD34*-derived human parasite behaviour and %l
neuronal-like cells were development within human
capable of supporting T. brain cells
gondii tachyzoite
development

Liver cells Plasmodium falciparum, vivax, ~Human iPSC-derived Better understanding of liver ~Teranishi et all'"’!

yoelii, and berghei hepatocyte-like cells, stage infection. Particularly

expressing important for species such as
Plasmodium entry receptors  Plasmodium vivax that can
CD81 and the SRB1, were remain dormant in the liver
permissive to the and recrudesce many years
development many later

Plasmodium species

BM: Bone marrow; CD: Cluster of differentiation; HSCs: Hematopoietic stem cells; iPSCs: Induced pluripotent stem cells; SRB1: Scavenger receptor class B

type 1.

therapies aim to replace dysfunctional cells or tissues with the transplantation of
newly generated and functional stem cells. In addition to these applications, a new
field of use for stem cell therapy has recently emerged: Parasitic treatment. The aim of
these treatments is not to directly target the parasite itself but to help the patient fight
and recover post infection, as we will discuss further in this section.

Trypanosoma

The first parasite infection that we will cover is the kinetoplastid parasite T. cruzi. This
parasite is responsible for Chagas disease, that affects up to 7 million people, and
predominantly occurs in Latin Americal®”. The disease is curable if treated during
early stage of infection, however treatment efficacy decreases with time. There are
two distinct infection stages: Acute and chronic. The former stage can last up to 2 wk
and, though the patient may have a high parasitaemia, the symptoms remain
relatively mild and non-specifictl. The latter stage can be subdivided into determi-
nate and indeterminate phases. The determinate phase is marked by an equilibrium
stage where host and parasites co-exist with no damage. Following an unknown
mechanism, up to 30% of the patients will switch to the indeterminate phase. During
this stage, Chagas disease-associated severe complications such as gastrointestinal or
chronic heart diseases occur. Chagas heart disease remains the most severe and
prevalent complication (45% of the chronic patients), which explains why it has been
more extensively described. It is characterised by an extensive fibrosis of the
myocardium that can evolve into chronic heart failure”). The treatment for Chagas
heart disease cases are symptom dependent but can eventually lead to a heart
transplant. This has further associated consequences and due to immunosuppression
could lead to the reactivation of the parasitic infection!*’l. It is thus very important to
find an alternative method to repair cardiac tissue affected by the parasite. Soares et
al® in 2004 were the first to use MSCs to treat heart failure following a parasitic
infection. They transplanted BM of a healthy mouse into a mouse model of Chagas
heart disease and observed a reduction in inflammation and fibrotic areas by 80% and
90% respectively. Interestingly, BMC treatment was shown to affect the myocardium
transcriptome by decreasing the expression of upregulated genes involved in
inflammation and fibrotic events in T. cruzi-infected micel*”. One striking example is
the strong downregulation of Galectin-3. Galectin-3 is a protein that is expressed by
macrophages and correlates with inflammation in the mouse model of Chagas heart
disease via its involvement in the induction of collagen production, proliferation of
cardiac fibroblast and T-cell apoptosis suppression. This work implicates Galectin-3 as
a potential therapeutic target and highlights the possible use of BMC injection as anti-
inflammatory and anti-fibrotic treatment of Chagas’s heart disease.
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Following the initial success with mouse-models (reviewed by Carvalho et al"!) the
next step was to evaluate whether such results could be achieved during human
infection. The first clinal trial took place on a 52-year-old man suffering of heart
failure due to T. cruzi infection!*’l. Purified mononuclear cells, isolated from healthy
BM, were injected into the patient and an improved ventricular function was
observed 30 d post-transplantation. This first success lead to additional studies which
further expanded to a multi-centre randomised clinical trial. Over a total of 183
patients were treated with BM mononuclear cells in conjunction with granulocyte-
colony stimulating factor. Unfortunately, no improvement in cardiac function was
observed!.. Although the results with the BM-derived mononuclear cells were not as
good as expected, the use of a different type of stem cells, MSCs, did yield some
interesting results and showed immunomodulatory properties as well as the potential
for use in chronic chagasic cardiomyopathies®l. Notably, only a small fraction of
injected MSCs actually migrated to the heart in a Chagas mouse model. Indeed, nearly
70% could be found in liver, lungs, and spleen. Nevertheless, a reduction of the right
ventricular dilatation was observed after MSC transplantation in Chagas mouse
models. A further study showed that MSC treatment could influence gene expression
and more especially the extracellular matrix protein laminin y1 that was upregulated
in infected mice compared to the MSCs treated ones!”. Interestingly, two antagonist
factors (the pro-inflammatory INFy and the anti-inflammatory IL-10) that were
upregulated in infected mice are down-regulated after MSC treatment. The pro-
inflammatory stromal cell-derived factor-1 gene was also upregulated after MSC
treatment, which could be correlated to the attraction of additional stem cells to the
damaged area. More recently, Larocca et all**! did not observe any cardiac function
improvements following adipose-derived MSCs but a decrease in fibrosis and
inflammatory cells. Evidently, there has been some difficulty in defining effective
stem cell therapeutic targets, and further translating these from Chagas heart disease
mouse models to the human disease system, but the value of such a treatment
warrants further research into this area.

Leishmania spp

Leishmaniasis is a parasitic infection that can take different forms dependent on the
parasitic strain. Three distinct forms affect different targets: the cutaneous form (that
can be caused by almost any leishmania spp) affects the skin with the presence of
lesions, the mucocutaneous form (caused by L. Donovani and L. infantum) leads to a
partial or full destruction of mucosal membranes around the mouth, nose or throat
while the visceral form affects the liver, BM, and spleen!”l. Leishmaniasis symptoms
can also be due to an alteration of the host immune response. Knowing that MSCs can
modulate the immune responsel”), it seems reasonable to use these cells as therapy
against cutaneous leishmania as Pereira et all’l investigated. Unfortunately, they did
not observe any protective effect, post-MSC injection, in a mouse model of cutaneous
infection and even reported an increase in parasitic burden dependent on the route of
MSC administration. This increase was correlated to an increase of IL-10 producing
CD4* and CD8* T cells in the spleen. Of note, 1I-10 is an anti-inflammatory cytokine
that can limit the ability of macrophages to kill intracellular organisms and the lack of
T-cell-derived IL-10 enhances protection from L. major infection in mouse as
previously described. Besides cutaneous leishmaniasis, stem cell therapies could be
applied to other Leishmania strains such as the visceral and mucocutaneous forms of
the disease. Studying L. major (responsible for the visceral form), Dameshghi et al®*"!
obtained promising immunomodulatory results from a cell-based assay, nevertheless
the results still have to be translated to an in vivo system.

Schistosoma

Schistosomiasis is caused by a parasitic trematode. These worms remain in the host’s
blood vessels where the female lays the eggs that are the primary cause of pathology
during chronic diseasel””]. Proteolytic enzymes released by the eggs trigger a T-helper
type 2 response that can lead to the fibrosis of affected tissues™l. There are two main
types of schistosomiasis infection: Urogenital schistosomiasis caused by S. haemato-
bium and hepatic schistosomiasis caused by S. mansoni, S. intercalatum, S. japonicum,
and S. mekongi. The urogenital schistosomiasis can lead to fibrosis of the bladder
and lower ureters and can even evolve to kidney failure. The hepatic schistosomiasis
shows two distinct forms: Fibrotic hepatic disease and early inflammatory. The
fibrotic hepatic disease (Symmer’s pipestem fibrosis) is caused by the deposition of
collagen in the periportal spaces, leading to the tissue’s hypoxia. Studies have already
been conducted to investigate the potential of MSCs to cure these symptoms and a
decrease of liver fibrosis has been observed in treated mouse models of S. mansoni”l.
Moreover, El-Shennawy ef al”’! recently showed that a treatment with BM-MSCs
significantly decreased the granulomas size and the expression of alpha-smooth
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muscle actin (a fibrosis factor) in hepatic stellate cells. The anti-fibrotic effect of the
MSCs was not limited to these features and it included the inhibition of collagen
deposition, a downregulation of transforming growth factor p1 and an upregulation
of matrix metalloprotease 9, a matrix metalloprotease that leads to hepatic stellate
cells apoptosis. As hepatic stellate cells are involved in the hepatic fibrosis process
during liver injury!®, early injection of MSCs to trigger their apoptosis may lead to a
more efficient cure. MSCs have also been used to treat S. japonicum mouse models
using single injections or in combination with praziquantel (current drug treatment
against schistosomiasis) and a recovery of the spleen and liver was observed due to
the inhibition of the collagen deposition””). Another stem cell source has been tested
by Elkhafif ef all*! in 2011 who used CD133* human umbilical cord blood stem cells to
trigger the production of new blood vessels in order to promote vascularisation. This
neo-vascularisation created a permissive environment allowing better survival of
damaged cells.

Plasmodium

The Plasmodium parasite, the causative agent of malaria, is an important public
health threat. Symptoms of the infection are initially non-specific and include
headache, fever and fatiguel®l. How the infection progresses will then be defined as
uncomplicated or severe (complicated) malaria. The severe form can be fatal with
symptoms including consciousness, convulsions, bleeding, anaemia, renal impair-
ment and pulmonary oedemal®. The erythrocyte is one niche exploited by parasite in
the human host and during a 48 or 72 h erythrocytic cycle (dependent on the species)
the parasite continuously occupies, destroys and invades yet more red blood cells,
thus having a huge impact on blood cell homeostasis. Knowing this feature, the use of
HSC could be an interesting therapeutic approach. Indeed, Belyaev et al'*! in 2010
identified, in the BM of P. chabaudi infected mice, a new subset of haematopoietic
progenitors triggered by IFNy signal. The injection of these healthy atypical HSC
progenitors within infected mice showed a greater clearance of infected erythrocytes
leading to a decrease in infection-associated anaemia. MSCs isolated from the spleen
of P. berghei infected mice, could be transplanted to naive mice prior their exposition
to P. berghei*’. Interestingly, these MSCs produced protective cytokines such as
tumour necrosis factor alpha and IL-1p that decreased the production of haemozoin
(product from the erythrocyte haem degradation). This helps to counteract host
evasion mechanisms used by the parasite as hemozoin inhibits macrophages and
decreases the number of Treg cells in the spleen(®l. These cells can be used to treat
cerebral malaria, a severe complication of P. falciparum infection, characterised by
neurological symptoms including coma, convulsion, drowsiness and confusion and
can affect spleen, kidneys and lungs!®l. Treatment of BM-MSCs improved the
clearance of parasitised erythrocytes, increased the regeneration of hepatocytes and
Kupffer cells (specific phagocytic cells) and increased the number of astrocytes and
oligodendrocytes in the brain. In parallel, lung inflammation was reduced, by limiting
collagen deposition, and the number of neutrophils, and amount of malaria
pigmentation was decreased while the mesangial architecture of the kidney was
restored™]. Despite all these improvements, no reduction of the brain damage was
observed.

Stem cell therapies have the potential to significantly alter the way in which we
treat parasitic infections (Figure 5). The transplantation of stem cells to aid the
recovery of damaged organs remains a really interesting addition to traditional
parasitic cure methods. However, these methods and techniques are still in their
infancy, and the affordability of stem cell-based therapies will be a significant factor in
their uptake, particularly in developing countries where these neglected tropical
diseases predominatel™.

Parasitic infections and transplantation

The future availability of stem cell therapies were predicted to be revolutionary for
the cure of multiple disease as emphasised by the recent increase in interest in this
research area and the number (7150 with the term “stem cells”) of clinical trials
registered with clinicaltrials.gov. Nevertheless, only HSCs have been so far approved
by United States Food and Drug Administration to serve as cure therapy!™l. They are
mainly used, through BM transplantation, to cure blood disorders such as leukaemia
or myeloma. Prior to any transplantation, donations are screened for any potential
infection. Some screens such as HIV 1+2, hepatitis C, hepatitis B, syphilis, human T-
lymphotropic virus 1+2 are mandatory in United Kingdom[*’l. However
cytomegalovirus, malaria, Trypanosoma cruzi and West Nile virus remain simply
additional. These additional screens are only performed if a donor risk has been
identified. Multiple parasitic infections have been identified in recipient’s post-
transplantation (as discussed below). However, the immunosuppressive medication
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Figure 5 Parasitic infections and stem cell therapies targeting different organs. This diagram shows the
different stem cell therapies used for different parasite infections and the targeted organs.

following an allogenic transplantation makes the patient more sensitive to
opportunistic parasitic infections and must be considered as a potential source/ route
of infection without the availability of donor pre-screens.

Though Leishmaniasis does not appear on the list of infectious pathogens screened
prior to transplantation, its ability to survive within an intracellular environment by
creating a suitable niche for replication”! remains a threat. Indeed, although the
parasite primarily invades phagocytic cells, i.e. macrophages, the amastigote form has
been found in fibroblasts!*’], hepatocytes!*! and amniotic epithelial cells”!. The
potential of Leishmania to survive in MSC has been recently investigated by
Allahverdiyev et al"”? who were able to observe an in vitro infection of adipose-derived
MSCs by L. tropica, L. donovani, L. major and L. infantum.

Of note, several cases of leishmania infections post MSC transplantations have been
documented”™*! though the presence of the parasite in the transplant was not proved.
Several hypotheses could be raised, i.e. an infectious sand fly bite post transplantation,
a latent infection in the patient or a re-activation of the opportunist parasite due to the
immunosuppressive treatment. The Plasmodium parasite has also been described in
the BM of an infected individual® and has been reported to be capable of invading
HSC progenitors!”l. Moreover, the parasite, once in the human host, remains in the
liver for 7 to 10 d and sometimes for a longer period as the hypnozoite form. For these
reasons, reports of malaria infection following transplantation are not surprising.
Indeed, Martin-Dévila ef all"! recently reported patients infected by P. malariae and P.
ovale after liver and kidney transplantations. Parasite transmission can also occur after
BM transplantation as described in a recent case even when the donor was not
classified at risk!”’l.

Toxoplasma is a parasite that does not appear on the list of pathogen screens prior to
transplantation as they are unlikely to be found in stem cells. Nevertheless, several
cases of toxoplasmosis infected patients post-HSC transplantation have been
described” mostly as an opportunistic infection following the immunosuppression
treatment post-transplantation. Another parasite taking advantage of the lower
immune defence post stem cell injection is cryptosporidium, which has also been
identified in patients post transplantation!™.

It is thus necessary to consider parasites during the screening process pre-
transplantation and not only based on donor recent travel history to endemic areas.
The follow up post-transplantation monitoring should also not be neglected as
opportunistic infections represent an important threat.

CONCLUSION

As can be seen from this review, the two seemingly distinct fields of stem cell research
and parasitology are in fact closely entwined. Not only do multicellular parasites have
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stem

cells of their own, but certain parasites exploit stem cells to create niches either

within their host stem cells, or by modulating host stem cell activity to create a more
habitable environment. The use of stem cells as therapies to treat either the parasitic
diseases or, more commonly, the sequalae associated with the infection, is becoming
increasingly more studied. The presented literature allows us to highlight the
importance of considering stem cells as important targets for parasites and not
underestimate this relationship from a clinical point of view.
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Abstract

The recent discovery of cancer cell plasticity, i.e. their ability to reprogram into
cancer stem cells (CSCs) either naturally or under chemotherapy and/or
radiotherapy, has changed, once again, the way we consider cancer treatment. If
cancer stemness is a reversible epigenetic state rather than a genetic identity,
opportunities will arise for therapeutic strategies that remodel epigenetic
landscapes of CSCs. However, the systematic use of DNA methyltransferase and
histone deacetylase inhibitors, alone or in combination, in advanced solid tumors
including colorectal cancers, regardless of their molecular subtypes, does not
seem to be the best strategy. In this review, we first summarize the knowledge
researchers have gathered on the epigenetic signatures of CSCs with the difficulty
of isolating rare populations of cells. We raise questions about the relevant use of
currently available epigenetic inhibitors (epidrugs) while the expression of
numerous cancer stem cell markers are often repressed by epigenetic
mechanisms. These markers include the three cluster of differentiation CD133,
CD44 and CD166 that have been extensively used for the isolation of colon
CSCs.and . Finally, we describe current treatment strategies using epidrugs, and
we hypothesize that, using correlation tools comparing associations of relevant
CSC markers with chromatin modifier expression, we could identify better
candidates for epienzyme targeting.

Key words: Cancer stem cells; Colon cancer; Epigenetics; Chromatin modifying enzymes;
CD44; CD133; CD166
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Core tip: The recent discovery of cancer cell plasticity, i.e. their ability to reprogram into
cancer stem cells either naturally or under chemotherapy and/or radiotherapy, has
changed, once again, the way we consider cancer treatment. In this review, we try to
understand why current epigenetic treatments have failed to prove their efficacy in solid
tumors including colorectal cancer and we hypothesize that, using correlation tools
comparing associations of relevant cancer stem cell markers with chromatin modifier
expression, we may identify better candidates for epienzyme targeting.
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INTRODUCTION

Hierarchy of the tumor: turning an old concept into a new dogma

Although only recently upgraded as the keystone of the natural history of tumors, the
concept of “cancer stem cells (CSCs)” was anticipated several decades ago as
researchers soon discovered that cancer cells possessed unequal capacities when it
comes to initiating a new tumor or resisting to therapies!'l. Indeed already during the
1960s, ethically disputed experiments of auto-transplantation that were conducted in
human patients demonstrated that numerous cancer cells were necessary to establish
cancer transplants, giving hints on the rare nature (1/1000000) of tumor-initiating
cells.

With the arrival of the first commercially available cell sorters, followed by
immunocompromised mouse models that allowed selective xenotransplantation of
cancer cells, the interest in this cancer cell subpopulation has then been growing
exponentially, with the field of hematologic malignancies as pioneers!”l. As early
stem or progenitor cells were shown to be involved in leukemias and myelo-
proliferative disorders, tumor initiating cells have rapidly been renamed “cancer stem
cells”, hence creating a link with histological observations from the 1850’s when
pathologists had first hypothesized that tumors could develop from residual
embryonic tissues!”’l. Indeed, CSCs share numerous characteristics with normal
embryonic stem cells, such as rareness, cell cycle arrest and quiescence, unlimited self-
renewal through asymmetric division, and addiction to stem cell signaling pathways.

In solid tumors, the cancer stem cell (CSC) model (Figure 1B) was initially
considered as a concept that could not be applied to all tumor types and was often
opposed to the stochastic clonal evolution hypothesis*”, where genetic mutations are
the major cause of tumor heterogeneity (Figure 1A)’) Increasing evidence of cancer
plasticity, where cells easily exchange their position in the tumor hierarchy, switching
from stem to non-stem states!®”! and also from non-stem to stem states, reconcile these
two models (Figure 1C). Indeed, several studies have demonstrated that cancer cells
from different types of tumors, including colon cancer, can naturally convert to CSCs
in culture, in total absence of therapeutic agents inducing genetic alteration!®.
Additionally, anti-cancer treatments such as chemotherapies!'”! or radiotherapy!”! not
only participate in the selection of resistant clones in the bulk of a tumor but also
induce stemness characteristics in non-stem cancer cells. These findings are
transposable to tumors from patients in whom stemness-related aggressiveness
(invasion capacities, release of circulating tumor cells) is either innate or acquired
after exposure to hypoxia, metabolic stress, and treatments.

More importantly, the extreme cellular plasticity involving rapid phenotype
switches between CSCs and their non-stem counterpart is probably mediated by
epigenetic mechanisms that are reversible in nature, rather than newly acquired
genetic mutations. Indeed, we (unpublished data) and others have shown a
systematic equilibrium between CSC marker expressing and non-expressing cells that
spontaneously occurs after cell sorting of negative vs positive populations!"!. In
accordance with epigenetic mechanisms involved in this balance between stem and
non-stem cancer cells, CSCs harbor a permissive epigenetic statel”'*, comparable to
normal stem cells, while epigenetic profiles of differentiated cells are locked in order
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Figure 1 The cancer cell plasticity model reconciles cancer stem cell and stochastic models. A: In the stochastic model, cancer cells are heterogeneous
because of accumulation of genetic and epigenetic alterations acquired through excessive proliferation, but most cells are able to proliferate and initiate new tumors;
B: In the cancer stem cell model, cancer cells are organized in a hierarchy comparable to normal tissues where CSCs (in purple) are the only cells able to regenerate
a tumor with its whole heterogeneity; C: In the cancer plasticity model, cancer cells are able to rapidly switch back and forth between a stem and a non-stem state.
CSCs change to non-stem cell most likely occurs through epigenetic programming and silencing of cancer stem cell/pluripotency markers. Reprogramming, leading to
induced CSCs (in green) from non-stem cancer cells, can either occur through reversible epigenetic modifications or genetic alterations, hence leading to a new clonal
population of cancer cells in the tumor. CSC: Cancer stem cell; iCSC: Induced CSC.

to shape cellular identity and functions. However, numerous genetic alterations may
render cancer cell reprogramming more complicated to target. Understanding this
flexibility is crucial for the development of new anticancer drugs. Therefore, new
therapeutic strategies will have to combine the targeting of the bulk of the tumor and
of the CSCs, whether they are pre-existing or induced. Hence, if these different types
of CSCs share the same reversible reprogramming mechanisms, epigenetic therapies
would represent an interesting strategy (Figure 2).

UNRAVELING THE EPIGENETIC SIGNATURE OF CSCs: A
KEY TO UNDERSTANDING CANCER CELL PLASTICITY AND
REPROGRAMMING

Current research on induced pluripotent stem cells teaches us that erasing epigenetic
marks of the differentiated cell of origin greatly improves reprogramming!*'*l.
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Figure 2 Epigenetic programming and reprogramming of cancer cells and consequences for therapeutic strategies. New therapeutics will have to combine
the targeting of the bulk of the tumor, pre-existing CSCs, and iCSCs through inhibition of cancer cell reprogramming. Epigenetic therapies could inhibit CSCs to
sensitize cancer cells to conventional therapies (A, C), inhibit cancer cells reprogramming (B), and inhibit relapse through inhibition of self-renewal (D). CSC: Cancer
stem cell; iCSC: Induced CSCs; DNMTi: DNA methyltransferase inhibitor; HDACi: Histone deacetylase inhibitor; TET2i: Ten-eleven-translocation 2 inhibitor; SETD7i:
SET domain containing 7 inhibitor; H3K4me3: Trimethylation of lysine 4 on histone 3; H3K9me3: Trimethylation of lysine 9 on Histone 3; H3K27me3: Trimethylation of
lysine 27 on histone 3.

Mapping stemness-associated chromatin modifications would surely facilitate the
development of therapeutic strategies evoking differentiation of CSCs. Indeed, the
“differentiating strategy” has proven its efficiency in certain types of hematologic
tumors years ago!”’l. On the other hand, these strategies have failed to prove their
systematic efficacy in solid tumors, where CSCs may come from multiple origins,
including normal differentiated cells®'], or stochastic genetic events altering cancer
cells along tumor evolution.

Molecular mechanisms involved in the shaping of the cancer epigenetic landscapes,
and especially in CSCs, are complex. Genetic alterations leading to loss or gain of
epienzyme functions have been described!"”, but only rare studies focus exclusively
on CSCs. Furthermore, overexpression of epienzymes may not reflect an oncogenic
role. The histone methyltransferase enhancer of zeste 2 (EZH?2) is the perfect example
of this paradox, while its overactivation in certain types of cancers is the sole sign of a
compensation mechanisms in cells where histone H3 K27 trimethylation is diluted
over excessive proliferation"*.

Because of the rareness and diversity of CSCs and the fact that no consensus has
been found for markers that would allow their proper isolation, few studies have been
able to define clearly the cancer stemness-associated epigenetic profiles. It has been
shown, however, that mammary and hepatic CSCs harbor more permissive chromatin
profiles, more prone to gene activation, than non-stem cancer cells!"”. They also harbor
decreased DNA methylation and trimethylation of lysine 27 on histone H3 at tumor
suppressor genes!'’. Similarly, trimethylation of lysine 4 on histone H3 is found
preferentially at pluripotency genes such as BMI1, NOTCHI1, and WNT1 in CSCs
from acute myeloid leukemia patients!"”. CSCs from head and neck carcinomas harbor
an epigenetic signature with only 22 differentially methylated genes between cluster
of differentiation (CD)-44+ CSCs and CD44 non-stem cancer cell populations!',
pointing out subtle and specific differences between stem and non-stem cancer cells.
The same type of signature has been identified in breast tumors*, but still needs to be
defined for CSCs from the different colon cancer molecular subtypes.

The common findings from studies on CSC epigenetic profiles are that CSC
markers are either regulated by epigenetic mechanisms in normal and/or cancer cells
or harbor different epigenetic profiles between stem and non-stem cancer cells.
Alternatively, CSC markers can themselves be directly or indirectly responsible for
chromatin modifications through their presence in Polycomb Repressive Complexes
(BMI1) or through histone demethylation (JARID1B).

Among CSC markers, CD133 and CD44 have been extensively utilized to isolate

Baishidenge WJSC | https://www.wjgnet.com 923 November 26,2019 | Volume 11 | Issue 1l |



Vincent A et al. Targeting colon cancer stemness with epigenetic therapies

cancer cells with tumorigenic characteristics in numerous types of cancers, including
colon cancers in which CD133 predicts low survival. In combination with CD166,
these two markers better stratify low, intermediate, and high-risk cases of colorectal
cancer™! (CRC) than the three markers alone. We have shown that combined
expression of these three markers is associated with stemness and resistance to 5-
fluorouracil (5-FU) in colon cancer cells**. Interestingly, expression and splicing of
these three markers are epigenetically regulated in cancer cells.

Epigenetic regulation of PROM1, encoding the CSC marker CD133

CD133 is a 120 kDa transmembrane glycoprotein that was initially identified in
hematopoietic stem cells®! and is involved in cell-cell interactions and membrane
organization, through its binding to phospholipids*!. CD133 is now used as a stem
cell marker in most solid tumors including colorectal cancers!. More importantly,
CD133 is directly involved in stemness properties as its inhibition alters self-renewal
and tumorigenic capacities"l. CD133 is also associated with metastasis and
invasiveness through the decrease of metalloprotease 2 expression. Interestingly, its
expression is positively correlated with the expression of ATP-binding cassette (ABC)
transporters ABCG1 and ABCG2, hence associating CSC properties to chemo-
resistance through the presence of multidrug efflux pumps?*I. CD133 is correlated to
poor prognosis in numerous cancers including CRC.

The human PROM1 gene, which encodes CD133 (prominin-1), consists of 28 exons
and is localized on chromosome 4p15. The regulation of PROM1 transcription
includes five alternative promoters (P1-5) involved in embryonic phase development.
PROM1 harbors seven alternative spliced variants, of which the most documented are
CD133s1 and CD133s2 (lacking exon 3)F*2. Of those only CD133s1 is mainly
associated with normal tissue in brain, bone marrow, and blood'l. CD133s2
expression is widely observed in human fetal tissue and adult tissues and in several
cancers, including breast, colon, lung, and pancreatic carcinomas. CD133s2 is also
associated with the human stem cell niche™.

PROML1 expression is inversely correlated with methylation of CpG islands in its
promoter in numerous cancer cell lines™ ™. For example, in glioma tissues, an inverse
correlation has been shown between the CpG methylation status of promoter P1 and
P2 and expression levels of PROM1 transcripts. Epigenetic regulation of PROM1 also
includes histone modifications, since synergistic effects are observed when using
histone deacetylase (HDAC) inhibitors in combination with DNA methyltransferase
(DNMT) inhibitors to re-express the cell surface marker CD133 in ovarian cancer
cells™.

Epigenetic regulation of CD44

CD44 is a transmembrane glycoprotein interacting with components of the
extracellular matrix including hyaluronic acid, collagens, fibronectins, integrins, and
laminin®l. These interactions induce cytoskeleton modifications and activation of
signaling pathways involved in cell adhesion and migration. CD44 expression has
been associated with tumor progression, epithelial-to-mesenchymal transition™”], and
poor survival in colon cancers*l. Mutations have been described in solid tumors,
suggesting its implication in carcinogenesis”l. Most importantly, CD44-variant-6 (v6)
is a well-recognized marker of colon and gastric CSCs*"*1.

The human CD44 gene consists of 20 exons and is located on chromosome 11p13.
Exons 1-5 and 15-19 encode homologous N-ter (extracellular) and C-ter (extracellular,
transmembrane and intracellular) domains respectively forming the standard isoform
CD44s. Alternative splicing of exons 5a-14 result in different variants/isoforms of
CD44 (CD44v). CD44 variants are overexpressed in numerous types of solid tumors
including pancreatic (CD44v2-6), breast (CD44v6/v8-10), prostate (CD44v2/v6), head
and neck (CD44v3), and colon (CD44v6/v10) cancers”l. In contrast with CD44s
variant that is absent from mouse normal intestinal stem cells®], CD44 variants
(CD44v4-10) have been associated with normal and cancer stemness. For instance,
CD44v6 and CD44v4 are largely overexpressed in stem cells compared to their
progeny (transit-amplifying cells). CD44 variants, and not CD44s, are involved in
adenoma formation in mouse models of familial polycystic adenomas!*l. Similarly,
expression of CD44v6 is restricted to colon CSCs and is associated with worse
survival in patients with CRCF. In most studies, CD44v4-10 variants are associated
with aggressiveness, resistance, metastasis, and poor prognosis in solid tumors
including colon cancers.

Epigenetic regulation of the CD44 gene has recently been described. DNA
methylation at CpG islands located in the promoter and histone H3 acetylation
regulate its silencing or expression!™], respectively. DNMT inhibition induced DNA
methylation and histone modification changes at the CD44 gene promoter, increasing
CD44 mRNA levels in cancer cell linest”*. More importantly, alternative splicing of
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CD44 and, hence, the expression of CSC specific variants is epigenetically regulated.
Indeed, accumulation of histone H3 lysine 9 trimethylation and HP1 stabilizes pre-
mRNA binding to the chromatin and therefore facilitates exon inclusion!*l.

Epigenetic regulation of ALCAM encoding the CSC marker CD166

CD166 is a member of the immunoglobulin superfamily and is engaged in homophilic
or heterophilic interactions with the cell surface receptor CD6. CD166, which is
expressed on antigen-presenting cells, is involved in maturation of CD6-expressing
resting T-cells and is also expressed in mesenchymal stem cells, neural cells,
osteoblasts, and stromal cells of the bone marrow. It is involved in hematopoiesis,
development of central and peripheral nervous system, sense organs, and
differentiation of endothelial as well as epithelial lineages!*. CD166 has proven its
relevance as a CSC marker alone or in combination with CD44 in several studies
including studies on colon cancer cell linest>*.

The human gene ALCAM, encoding CD166, is located on chromosome 3q.13 and
consists of 16 exons. A soluble isoform, produced through alternative splicing, has
been described, but its role remains unknown!"’1.

The ALCAM promoter harbors several CpG islands regulated by DNA
methylation. It has been shown that the DNMT inhibitor 5-Aza-2"-deoxycytidine
increased its expression in breast cancer cells!*, hence raising questions about the use
of these inhibitors in breast cancer patients.

Interestingly, the three discussed CSC and survival markers (CD44, CD166, and
CD133, Figure 3) are not only epigenetically regulated in cancer cells, but our
transcriptomic analyses of public CRC data also revealed that the combined
expression of these markers in colon cancer is correlated with a specific panel of
epienzyme expression (both positive and negative correlations are listed in Tables 1-
6).

EPIENZYME CORRELATION WITH COLON CSC MARKERS:
A HINT FOR SUCCESS IN EPIGENETIC THERAPEUTIC
STRATEGIES?

Current epigenetic strategies

Most solid tumors, including CRC, acquire chemoresistance over time. In addition to
expected chemo-induced genetic alterations, the molecular mechanisms involved
include transcriptional plasticity that is regulated epigenetically, for example by
multiple DNA methylation changes at CpG islands!. Contrary to genetic alterations,
epigenetic modifications are potentially reversible, paving the way for novel cancer
therapies.

This past decade has seen the emergence of many epigenetic therapies, especially
DNA hypomethylating drugs (DNA methyltransferase inhibitors) and HDAC
inhibitors (HDACI), as well as lysine-specific histone demethylase-1, EZH2 inhibitors,
and many othersP.

Epigenetic drugs have shown beneficial effects for the treatment of hematological
malignancies and led to the approval of epidrugs like 5-azacitidine, decitabine,
vorinostat, romidepsin, belinostat, and panobinostat for patient treatment’. In
contrast, clinical trials assessing the efficacy of these epigenetic drugs in
monotherapies for CRC and other solid tumors failed to improve clinical outcomes
with, in some cases, no response at all”}, never passing the phase III trial necessary for
approval (clinical trials for CRC listed in Tables 1-6).

Several hypotheses could be raised regarding this apparent lack of efficacy of
epidrugs for solid tumors. First, compared to hematologic malignancies, solid tumors
harbor a weaker penetrance of mutations in genes encoding chromatin modifying
enzymes!'’. Second, the pleiotropic effect of current epidrugs leads to the combined
inhibition of many members of a given family of epienzymes that have a broad
spectrum of action and opposing roles in cancer cells. Third, and most importantly,
cancer cell plasticity, and the switch between stem and non-stem state, is orchestrated
by complex mechanisms, including epigenetic silencing of CSC markers and
pluripotency genes. Despite genetic heterogeneity among cancer cells™! (due to
stochastic or chemo-/radio-induced mutations along tumor evolution/treatment),
DNA methylation and histone deacetylation seem to represent typical mechanisms
involved in repressing stemness markers in non-stem cancer cells, as previously
demonstrated for CD44, CD133, and CD166. Therefore, inhibiting DNMT and HDAC
may result in increased expression of CSC markers”***I along with an increased
stemness potential. Last, patients included in these clinical trials often present
metastatic or advanced disease and are recruited regardless of the molecular subtype
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Table 1 Negative correlation between combined expression of cancer stem cell markers CD133, CD44 and CD166 and epigenetic writers

Family/gene symbol 'E:);:;uglchemlcal Clinical trials for CRC Results/status Z-score Pvalue
DNA 5-azacytidine (Vidaza)'  Early Phase I to phase ~ No OR[>
methyltransferases IR

5-aza-2'-désoxycytidine Phase I to phase I°**)  No OR[*’]; beneficial with Panitumumab!®’!

(Decitabine)'

EGCG (Green tea Preclinical spheroid- Sensitization to

extract) derived cancer stem cell chemotherapy

xenograft models!®’]

Zebularine Preclinical xenograftsl”’!  Anticancer activity

RG108, Procainamide”
DNMT3A, DNMT3B, DNMT3L -2.788/-4.848/-4.321 <0.005
Activating Lysine methyltransferases
SETD6 vp22-RelA302-316°"!] -4.641 3.47E-06
SETD1A -4.375 1.212E-05
Repressive Lysine methyltransferases
SMYD5 - -4.514 6.371E-06
EHMT2 UNC0224°, UNC0642°, BIX-01294° -4.322 1.545E-05
SETDB2 - -3.6 0.0003176
PRDM13 - -3.442 <0.005
SUV39H1, SUV39H2  Chaetocin’ -3.422/-2.934 0.0006216
PRDM12 - -3.089 0.00201
EZH1 UNC1999° -2.787 0.005314
EZH2 CPI-1205°,, EPZ-6438 -2.495 0.01259

(Tazemetostat),

DZNep’, UNC1999°
Arginine methyltransferases
CARM1 MS049”, SGC2085°, TP-064°""1 -3.812 0.0001381
PRMT1 Ms023°01 -3.659 0.0002534
PRMT6 MS023”, MS049%, EPZ020411°], 6'- -3.521 0.0004301

methyleneamine sinefungin®”’!
Histone acetylation
KAT2A CPTH2*"!, y-butyrolactone® (MB-3)"°! -4.683 2.823E-06
NAA10, NAA16, - -4.335/-3.255/-3.786/-  <0.01
NAA20, NAA3S, 3.801/-2.665
NAA40
NATS, NAT9 - -2.573/-3.995 <0.01
NCOAS5, NCOA6 - -3.238/-3.112 <0.002
Histone phosphorylation
BAZ1B - -2.374 0.01758
Histone glycosylation
OGT - -3.172 0.001512

! Approved for the treatment of other diseases;

2Used in clinical trials for other diseases;
3Not yet used in clinical trials;

4Activator. CRC: Colorectal cancer; OR: Objective response.
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of cancer. As aberrant DNA methylation is an early step of carcinogenesis, advanced
disease may not be the relevant stage for treatments with DNMTi and HDACi.

To refine these treatment strategies, tumor grade, heterogeneity, and subtypes of
cancers will have to be considered. Indeed, determining which tumors will benefit
from epigenetic differentiation strategies”! and which tumors would acquire
stemness capacities after epigenetic resetting is mandatory. Hence, modulating
epigenetic alterations to sensitize cancer cells to other conventional therapies™ or to
lower their aggressiveness seems to be a reasonable goal when it comes to epigenetic
strategies for advanced disease, as shown by numerous studies on cancer cell lines™.
HDAC and DNMT inhibitors, used alone or in combination, are able to sensitize
resistant cancer cells and their use after conventional or targeted therapies have
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Figure 3 Survival analysis for CD133/CD44/CD166 expression profiles in colorectal cancer. The association of CD133/CD44/CD166 transcript expression with
cancer survival in the COADREAD Cancer Genome Atlas dataset was analyzed using the SurvExpress portall®’. Kaplan-Meier plot and Cox survival statistics were
established with maximized risk group assessment (466 patients with 255 in low vs 211 in high risk profile). The log rank for equal curves indicated a significant
difference (P value = 0.0007) with a hazard ratio of 2.12 (95%Cl: 1.35-3.31, P value = 0.0009).
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proven their efficacy in clinical trialst’). For instance, treatment with 5-azacitidine or 5-
Aza-2'-deoxycitidine increases sensitivity of colon cancer cells to irinotecan and 5-
FUPCL Irinotecan sensitivity with DNMTi was confirmed in in vivo CRC models
showing tumor regression and increased survival in contrast with monotherapies. The
same results were observed with the combination of 5-azacitidine and a BRAF
inhibitor in CRC xenograft models”l. Synergetic therapies were also observed with
HDACI in combination with 5-FU. Indeed, trichostatine A in combination with 5-FU
suppresses colon cancer cell viability"™. However, initiating re-differentiation in CSCs
remains a challenge dependent on the characteristics of each tumor type and with
their specific genetic alterations.

Molecular subtypes of CRC or chemoresistance also predict how and whether or
not patients will benefit from existing epidrug treatments. For instance, it has been
shown that treatment with 5-azacitidine can restore chemosensitivity to irinotecan in
microsatellite stable CRC cell lines but not in microsatellite instable CRC cell lines™.
Moreover, microsatellite instability CRC status is associated with the
hypermethylation of glutathione peroxidase 3, a gene encoding an antioxidant
selenoprotein involved in drug metabolism. In this case, treatment with 5-azacitidine
induced an increase of glutathione peroxidase 3 expression and a decrease of
chemosensitivity to oxaliplatin in microsatellite instability CRC cell lines?”l. These
findings emphasize the need for personalized therapies that consider CRC
interindividual heterogeneity and classification.

Exploring new avenues for colon cancer treatment

In order to better anticipate how colon CSCs will respond to the different existing
therapies, we analyzed TCGA_COADREAD data of 379 colon cancer patients using
LinkedOmics!*”. With this meta-analysis we assessed the correlation Z-score estimate
(Stouffer method-based) and a P value between the combined expression of the three
colon CSC markers CD133, CD44, and CD166 and an exhaustive list of known
chromatin modifying enzymes (epigenetic writers and erasers) and chromatin
binding proteins (epigenetic readers). The observed negative and positive correlation
of expression between the three CSC markers and a significant number of epienzymes
are highlighted in Tables 1 to 6.

Strikingly, DNMT3A, DNMT3B, and DNMT3L, the DNA methyltransferases that
are responsible for de novo DNA methylation, showed a negative correlation score
with the combined expression of the three CSC markers studied (Table 1), while the
expression of DNMT1, responsible for DNA methylation maintenance, was not
significantly correlated with the combination of these markers (-2 < score < 2).
Similarly, three class I and Il HDAC as well as two sirtuins were found negatively
correlated to the combination of markers (Table 2). None of the known HDAC were
found positively correlated with the expression of the three CSC markers. This
strongly suggests that inhibiting DNMT or HDAC activity would have no effect in
colon cancers overexpressing CSC markers (and potentially harbor high stemness
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properties) but may have adverse effect in low-expressing and maybe less aggressive
colon cancers. These data are in accordance with disappointing clinical trials that have
been conducted so far with these inhibitors in colon cancer patients. Interestingly, our
analyses suggest that another strategy to regulate DNA methylation in colon CSCs
may be the inhibition of the methylcytosine dioxygenase TET2, known to trigger
DNA demethylation and found correlated to CSC marker expression in our analyses
(Table 3).

The correlation scores we obtained for other chromatin writers, readers, and erasers
seem more specific to the enzyme itself than to their role in the shaping of epigenetic
landscapes (Tables 1-6).

We found a negative correlation between the expression of the three markers and
several histone lysine methyltransferases associated with the establishment of
constitutive or facultative heterochromatin, including EZH?2 that has recently
emerged as one of the new favorite targets for epigenetic therapies?’ (Table 1). These
estimated scores in colon cancer expressing CD133, CD44, and CD166 suggest that an
activator of EZH?2, such as CPI-1205, may have better efficacy than known inhibitors
in clinical trials to influence cancer stemness and are in accordance with a protective
role of EZH? in cell differentiation. Similarly, expression of EHMT?2 (also known as
GIA and KMT1C), encoding another lysine methyltransferase that also recently raised
interests in the epidrug field, was inversely correlated with the three CSC markers
expression (Table 1).

Only few lysine methyltransferases associated with gene activation were found
correlated or inversely correlated with the combined expression of the three markers.
Among them, SETD7 (Table 4), but not SETD6 (Table 1), may be a good candidate to
inhibit stemness in colon cancer cells.

Recently, small molecules that can target specific bromodomains have been
extensively developed!’l. Bromodomains are part of a family of epigenetic readers
that play pivotal roles in transcriptional regulation through the binding of acetylated
histones and the recruitment of other epienzymes in epigenetic complexes at specific
sites. We found only a few bromodomain-containing proteins whose expression was
positively (BPTF, BAZ2B, Table 5) or negatively (BRD7, Table 6) correlated to the
combined expression of the three CSC markers.

Among epigenetic readers, methylated DNA binding proteins have probably been
overlooked as epidrug targets since expression of both MBD1 and MBD2 is positively
correlated with CSC markers (Table 5).

Targeting members of the lysine-specific histone demethylase family of histone
demethylases using inhibitors such as GSK-J1 may also be a good option since only a
few of them are inversely correlated with the three CSC markers while KDM3B,
KDM4B/C, KDM5B, KDM6A (UTX), and KDM6B (JMJD3) are positively correlated to
their expression (Table 3).

Finally, JAK1/2 kinases, which possess a histone phosphorylation activity and are
the targets of numerous inhibitors already tested in the clinic, mainly for other
diseases, should probably be reconsidered for colon cancer patients with high
expression of CD133, CD44, and CD166 or after conventional therapies. Indeed, our
meta-analyses suggest that their expression is positively correlated to the expression
of the three CSC markers (Table 4).

As mentioned above, CD44, CD133, and CD166 are potent markers of CSCs from
multiple tissues including digestive (gastric, pancreatic) and non-digestive cancers in
which they are epigenetically regulated. Therefore, these considerations could be
largely applicable to other types of cancers, in which correlation studies between
epienzymes and CSC markers may be of great interest.

PERSPECTIVES

Although epigenetic therapies are conceptually very promising, several pitfalls will
have to be overcome in order to take a step forward in clinical trials for solid tumors.
First, while intra-tumor and inter-individual heterogeneity of CRC is now evident,
epigenetic landscapes and epienzyme activity will have to be studied in all types of
tumor cells. Single cell approaches will be very useful to circumvent the difficulty of
exploring rare CSCs from different CRC consensus molecular subtypes. Second,
studies to prove causal correlations between epienzyme expression and the control of
stemness will be mandatory in order to clear up confusion relative to the oncogenic or
tumor suppressive roles of chromatin modifiers. Finally, the major difficulty for the
design of new epidrugs is to target efficiently a single member of entire families of
epienzymes that have homologous domains but different roles in stemness. To
circumvent this difficulty, increasing specificity by targeting epigenetic complexes
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Table 2 Negative correlation between combined expression of cancer stem cell markers CD133, CD44 and CD166 and epigenetic erasers

. Epidrug/chemical - .
Family/gene symbol p:’obe g Clinical trials for CRC Results Z-score Pvalue
Histone deacetylation (Zinc-dependent)
Acide valproique’ Itoll In combination: OR in
64% patients or SDI"*7]
Belinostat’, Apicidin3
Entinostat ItoI/II No ORI or sDI"!
Panobinostat I PR and SD in
combination with
Bevacizumab!*’!
Vorinostat (SAHA) Ttoll No ORI*"*); SD and PR

with Bortezomib or 5FU
and leucovorin or
Doxorubicinl***]

Trichostatine A”

Mocetinostat”

Sodium phenylbutyrate” I In combination with 5-
FU: SDI*]

Class I Romidepsin (Istodax)’  1I Ineffectivel™!

CI-994 I PR in combination with
carboplatin and
placlitaxel(®’]

HDAC8 TM-2-51°, CUDC-1017, -2.527 0.0115

Pracinostat’,

Ricolinostat’,

Citarinostat’,

Abexinostat’,

Quisinostat’, PCI-34051°
Class IIa (1 catalytic site, mainly cytoplasmic)

HDAGC5 CUDC-1017, -4.133 3.581E-05
Pracinostat’,
Domatinostat’,
Quisinostat’, LMK-235°,
TMP195°, TMP269°

Class IIb (2 catalytic sites, mainly cytoplasmic)

HDAC10 CUDC-101% CUDC- -3.17 0.001525
9077, Pracinostat’,
Domatinostat’,
Abexinostat’,
Tucidinostat’,
Quisinostat’

Histone deacetylation NAD+ dependent (Class III)

Resveratrol* I Reduced cell
proliferation!**!

Salermide’™]

SIRT6 0SS_128167° -3.467 0.0005257

SIRT7 -2.582 0.009835

Histone demethylation

LSD family of demethylases
ORY-1001, (3)-

tranylcypromine’
KDM2B - -3.54 0.0004003
KDM4D - -2.704 0.006848
JmjC containing lysine demethylases

JIB-04°
JMJD6 I0X1° -2.59 0.00961
JMJD5 I0X1° -2.588 0.009654

! Approved for the treatment of other diseases;

%Used in clinical trials for other diseases;

3Not yet used in clinical trials;

4Activator. CRC: Colorectal cancer; OR: Objective response; SD: Stable disease; PR: Partial response.
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Table 3 Positive correlation between combined expression of cancer stem cell markers CD133,

CD44 and CD166 and epigenetic erasers

Family/gene symbol Putative epidrug/chemical probe Z-score  Pvalue
DNA demethylation
TET2 - 5.968 2.40E-09

Histone demethylation
LSD family of demethylases
ORY-1001, ()-tranylcypromine’

KDMB3B 5.636 1.74E-08
KDM4B cp2™ 5212 1.87E-07
KDM4C cp23l 3.895 9.81E-05
KDMS5B CPI-455°, AS-8351°, 59° (KDOAMA-25")[""] 9.092 9.72E-20
KDM6A GSK-J1° 2.84 0.00451
KDMB6B GSK-J1° 4014 5.98E-05

1Approved for the treatment of other diseases; 2Used in clinical trials for other diseases;
3Not yet used in clinical trials.

and therefore epienzyme-epienzyme interactions may be a better option for new
designs. Based on these considerations, epigenetic personalized medicine will be truly
envisioned.
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Table 4 Positive correlation between combined expression of cancer stem cell markers CD133, CD44 and CD166 and epigenetic writers

Family/gene symbol gf;:LUQIChem'cal Clinical trials for CRC Results/status Z-score P value

Histone acetyltransferases

EP300 Curcumin Early phase I to I1I Low bioavailability”! 2,513 0.01198
Garcinol’, C646°

NCOA1 Bufalin”’] 545 5.04E-08

NCOA4 - 4.183 2.88E-05

NCOA7 - 5.788 7.14E-09

KAT2B Ischemin’”’] 6.514 7.31E-11

Activating Lysine methyltransferases

ASHI1L - 2.591 0.009565

SMYD1 - 2.739 0.00616

SETD7 PFI-2° 511 3.23E-07

Repressing Lysine methyltransferases

PRDMS - 3.411 0.0006465

Putative Lysine methyltransferase

PRDM10 - 2.448 0.01438

Arginine methyltransferases

PRDM1 - 2.874 0.004056

PRMT2 - 2.901 0.003726

Histone ubiquitination

UBE2B - 2.748 0.005991

UBE2H - 5.809 6.30E-09

Histone phosphorylation

JAK1 Ruxolitinib Phase I and II No benefit over 7.739 1.01E-14
Regorafenib alone!”!
Baricitinib,
Momelotinib?,
Filgotinib?,
Decernotinib’,
Cerdulatinib’,
Solcitinib’, Oclacitinib
maleate’
JAK2 Ruxolitinib Phase I and II No benefit over 6.7 2.09E-11
Regorafenib alonel”’]

Gandotinib’, AZD1480°, BMS-911543%, AT9283°,
XL019?, Baricitinib’, Momelotinib’, Filgotinib’,
Decernotinib’, Cerdulatinib’, JAK2/HDAC Dual
Inhibitors®”’]

Histone biotinylation

BTD Biotinyl-methyl 4-(amidomethyl)benzoate*”! 4.379 1.19E-05

! Approved for the treatment of other diseases;
2Used in clinical trials for other diseases;
3Not yet used in clinical trials. CRC: Colorectal cancer.

Table 5 Positive correlation between combined expression of cancer stem cell markers CD133, CD44 and CD166 and epigenetic readers

Family/gene symbol Epidrug/chemical probe Z-score P value
Methylated DNA binding

MBD1 - 2.593 0.009517
MBD2 - 3.477 0.0005076
ZBTB4 - 5.496 3.89E-08

Methylated histone binders
Zinc finger, PHD-type
DPF3 3.503 0.0004602

Bromodomain Apabetalone’, Bromosporine”
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BPTF 2.621 0.008773
BAZ2B GSK2801° 4.791 1.66E-06

Tudor domain

TDRD1 - 2.459 0.01394
TP53BP1 - 2.965 0.003029
Other cofactors of epigenetic complexes

RBBP5 - 2.966 0.003014
TADA2B - 3.382 0.0007189
ELP2 PLX-4720° 3.277 0.00105
ELP3 - 2.622 0.00875
TAB2 - 2.551 0.01074
NCOR1 - 3.62 0.0002949

Chromodomain (Chromatin Organization Modifier Domain)

CHD1, CHD3, CHD9 - 3.007/4.099/4.367 <0.003

! Approved for the treatment of other diseases;
2Used in clinical trials for other diseases;
3Not yet used in clinical trials.

Table 6 Negative correlation between combined expression of cancer stem cell markers CD133, CD44 and CD166 and epigenetic readers

Family/gene symbol Putative epidrug/chemical probe Z-score P value
Methylated DNA binding

MBD3 5 -3.601 0.0003174
ZBTB38 (Kaiso family) - -2.557 0.01055
Histone binders

Bromodomains

BRD7 BI7273°, BI-9564°, TP-472°"7] -4.906 9.301E-07
Zinc finger, Plant Homeodomain (PHD)-type

ING1, ING5 - -2.544/-4.255 <0.05
PHF20 - -3.094 0.001973
PHF14 - -2.934 0.003344
PHF5A - 2521 0.01171
DPF1 - 278 0.00543
Tudor domain

TDRKH 5 2755 0.005875
WD40 motif

EED A-395°171 -4.307 1.652E-05

Other cofactors of epigenetic complexes

DPY30 - -3.549 0.0003863
WDR5 OICR-9429° -3.31 0.0009321
TADA2A -2.473 0.01341

! Approved for the treatment of other diseases; *Used in clinical trials for other diseases;
3Not yet used in clinical trials.
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Abstract

The identification of new and even more precise technologies for modifying and
manipulating the genome has been a challenge since the discovery of the DNA
double helix. The ability to modify selectively specific genes provides a powerful
tool for characterizing gene functions, performing gene therapy, correcting
specific genetic mutations, eradicating diseases, engineering cells and organisms
to achieve new and different functions and obtaining transgenic animals as
models for studying specific diseases. Clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 technology has recently revolutionized
genome engineering. The application of this new technology to stem cell research
allows disease models to be developed to explore new therapeutic tools. The
possibility of translating new systems of molecular knowledge to clinical research
is particularly appealing for addressing degenerative diseases. In this review, we
describe several applications of CRISPR/Cas9 to stem cells related to
degenerative diseases. In addition, we address the challenges and future
perspectives regarding the use of CRISPR/Cas9 as an important technology in
the medical sciences.

Key words: Gene editing; CRISPR/Cas9; Stem cells; Degenerative diseases
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Core tip: The possibility of translating new molecular knowledge systems to clinical
research is particularly appealing for counteracting degenerative diseases as well as
infective pathologies and cancer. A novel gene-editing technique, CRISPR/Cas9, has
recently emerged for inducing targeted genetic modifications. Therefore, in this review,
we describe recent applications of CRISPR/Cas9 to stem cells for counteracting
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INTRODUCTION

Gene editing

The development of gene targeting by homologous recombination (HR) was one of
the fundamental steps forward in the field of genome editing, allowing site-directed
specific mutation of a desired locus by exploiting homology arms to facilitate
recombination at the donor sitel'. HR-mediated gene targeting led to the generation of
both knock-in and knock-out cell lines as well as many transgenic animal models.
However, one of the weaknesses of this technology is that the frequency of
recombination events is low (one in 10°-10° cells)!, thus limiting its application for
large-scale experiments. A subsequent fundamental discovery was the observation
that targeted DNA double-strand breaks (DSBs) could directly induce homology-
directed repair (HDR)"l. It was also shown that in the presence of a DSB without any
homology repair template, the error-prone nonhomologous end-joining (NHE]) repair
pathway induces insertion or deletion mutations (indels) at the break site. These
observations led to the development of programmable nuclease-based genome editing
strategies based on the design of molecular machines composed of a specific DNA-
binding domain and an effector domain to induce a DSB, thus increasing the rate of
gene editing at the desired locus.

In particular, the zinc-finger nucleases (ZFNs; based on eukaryotic transcription
factors)l and the transcription activator-like nucleases (TALENS) from Xanthomonas
bacterial, which consist of individual modules targeting three or one nucleotides of
DNA, respectively, can be assembled in different combinations and attached to the
Fokl nuclease domain to direct DSBs at a specific desired genomic site. Both types of
proteins can be easily engineered due to the possibility of customizing the DNA-
binding domain to recognize any sequence in the genome. A ZF consists of
approximately 30 amino acids and can recognize 3 bp in the major groove of DNA.
The possibility of developing synthetic arrays containing more than three zinc-finger
domains allows the targeting of 9-18-bp-long DNA sequences, thus conferring enough
targeting specificity within the human genomel*. A TALEN consists of a DNA-
binding domain composed of a series of 33-35-amino acid modular repeats (each
recognizing a single base pair) that are linked together to recognize contiguous DNA
sequences. TALEN specificity is based on the exploitation of two hypervariable amino
acids, known as repeat-variable di-residues’). Compared to zinc-finger proteins,
TALEN array engineering requires more technical work due to the extensive identical
repeat sequences involved, but many strategies have been developed to overcome this
issue.

ZFNs and TALENs applications

Both ZFNs and TALENSs have been used to edit a number of genes and to introduce
genome modifications. ZFN engineering has been applied to correct X-linked severe
combined immune deficiency™, haemophilia B and sickle cell diseasel”'"). ZFNs have
also been applied for disease eradication via DSB-induced NHE], particularly in the
field of acquired immune deficiency syndrome (AIDS). They were exploited to disable
the human immunodeficiency virus 1 (HIV-1) co-receptor C-C chemokine receptor
type 5 (CCRS), thus conferring virus resistance in T cells!""! and haematopoietic stem
cells"”l; both approaches are currently in clinical trials. Another approach consists of
the targeted integration of anti-HIV-1 restriction factors into the CCR5 locus to obtain
T cells that are resistant to both CCR5-tropic (R5-tropic) and CXCR4-tropic HIV-11"1,
The CCRS5 deletion has twice been proven to be a powerful and effective way to
eradicate HIV-1 from the human body. The first case dates back to a decade ago!"*!: the
so-called “Berlin patient”, who was receiving treatment with highly active
antiretroviral therapy (HAART) after the diagnosis of HIV-1 infection, underwent two
allogeneic haematopoietic stem cell transplantations from a donor with a homozygous
mutation in the HIV-1 co-receptor CCR5 (CCR5A32/A32) to treat acute myeloid
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leukaemia. The newly implanted cells no longer supported R5-tropic HIV-1
replication, and even after interruption of HAART, no active HIV-1 has since been
detected in this patient. The second case, the so-called “London patient”, was actually
very recent!'”l: An HIV-1-infected adult underwent allogeneic haematopoietic stem cell
transplantation to treat Hodgkin’s lymphoma, again from a CCR5A32/A32 donor, but
via a less aggressive and toxic approach, avoiding total body irradiation. At present,
HIV-1 remission has been maintained in this patient. These two cases suggest that
CCR5A32 bone marrow stem cell transplantation represents a possible strategy for
achieving HIV-1 remission and should be deeply investigated in the future.

Similar to ZFNs, TALENs have been used to perform homologous recombination-
based gene correction in induced pluripotent stem cells (iPSCs) from patients with [3-
thalassemial'®. TALENs were also exploited to induce point mutations in the Oryza
sativa genome to obtain a new rice variety with enhanced resistance to herbicides!'”.
The first clinical application of TALENSs consisted of a cell therapy approach based on
the generation of universal chimeric antigen receptor 19 (CAR19) T cells by depletion
of both TCR and CD52 molecules to eliminate the risk of graft-versus-host diseasel'"l.

However, the engineering of site-specific nucleases such as ZFNs and TALENs
requires a great deal of effort, since the nucleases need to be de novo reengineered
through a very labour-intensive and time-consuming procedure.

The CRISPR/Cas9 technology

A novel gene-editing technique, clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas9, has recently emerged as an efficient alternative to ZFNs and
TALENS for inducing targeted genetic modifications. The revolutionary feature of this
technology is that Cas9 is an RNA-guided nuclease containing an HNH nuclease
domain that cleaves the target strand of DNA and a RuvC-like nuclease domain that
cleaves the non-target strand. Target sequence specificity arises from Watson-Crick
base pairing between the guide RNA and the target DNA sitel'”.. As a consequence,
unlike previous strategies based on DNA-binding proteins, the CRISPR/Cas9 system
can be easily programmed to target new sites by merely changing its guide RNA
sequence, thus making it a suitable tool for high-throughput gene editing in many cell
types and organisms.

The discovery of the CRISPR/Cas system originates in 1987, from mysterious 29-nt
repetitive elements identified downstream of the iap gene in E. coli. Interestingly,
these repeats were interspaced with five intervening 32-nt nonrepetitive sequences*.
During the following 10 years, the same pattern of repeated elements was reported in
the genomes of different bacterial and archaeal strains, and in 2002 the acronym
CRISPR was introduced to specify microbial genomic loci consisting of an interspaced
repeat array”*. In parallel, a series of CRISPR-associated (Cas) genes adjacent to
these repeat elements were identified”. It was subsequently shown that CRISPR loci
are actually transcribed™, and that bacteriophages are unable to infect archaeal cells
carrying spacers corresponding to their own genomes*l. The first evidence that the
CRISPR system serves as a microbial molecular immune memory and defence
mechanism against viruses came from the Danisco company, where researchers were
working to improve the lifespan of bacterial cultures for manufacturing yogurt and
ice cream!. Thus far, at least six types (I-VI, with types I-III the most characterized)
of CRISPR/ Cas systems have been identified in many Bacteria and in the majority of
characterized Archaea; these systems consist of a cluster of CRISPR-associated (Cas)
genes, noncoding RNAs and a distinct array of repetitive elements.

In general, a CRISPR system functions via three steps that are necessary to achieve a
full immune response against foreign DNA. In the first stage, the invading DNA is
fragmented into short sequences that are incorporated into the host crRNA array as
spacers between the CRISPR RNA (crRNA) repeats. This stage is mediated by a
complex of the Casl and Cas2 proteins, which are shared by all known CRISPR/Cas
systems. In the second stage, the CRISPR array is transcribed into pre-crRNA, which
is then cleaved and processed into mature crRNAs by Cas proteins and host factors*.
This crRNA acts as a guide containing the spacer sequence necessary to target
specifically the Cas proteins to the invading genome upon recognition of the crRNA
by the Cas proteins themselves. In particular, in type II CRISPR systems, the presence
of a noncoding transactivating crRNA (tracrRNA) that hybridizes with the pre-crRNA
is necessary for crRNA processing, Cas binding and target cleavagel””l. crRNA
maturation is mediated by either a Casé6-related ribonuclease (in type I and III
systems) or housekeeping RNaselll (type II system) that specifically cleaves double-
stranded RNA hybrids of pre-crRNA and tracrRNA. In the third stage, the Cas
proteins recognize the target DNA and induce cleavage of the invading genome, thus
protecting the host cells from infection.

In the most recent classification, the various CRISPR/Cas systems are divided into
two simple classes: class 1 CRISPR systems (types I, III, IV) utilize several Cas proteins
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and crRNAs to form an effector complex, whereas class 2 CRISPR systems (types II, V,
VI) exploit a large single-component Cas protein in conjunction with crRNAs to
mediate interferencel*’l. The type II CRISPR system is currently one of the best
characterized, consisting of the Cas9 nuclease, a crRNA array that encodes guide
RNAs and the required auxiliary tractRNA, which helps to process the crRNA array
into discrete units containing a 20-nt guide sequence and a partial direct repeat!”’l.
Within the DNA target, each spacer is always associated with a protospacer-adjacent
motif (PAM), which can vary depending on the specific CRISPR system!"].

To simplify the system and make it utilizable for genome editing, the crRNA-
tracrRNA duplex can be fused into a chimeric single guide RNA (sgRNA) and
expressed in a plasmid under the control of the human U6 polymerase III promoter,
whose only requirement for transcription initiation is the presence of a G nucleotide,
which can eventually be added at the 5" end of the guide**. A human codon-
optimized version of Cas9 fused to the C-terminal SV40 nuclear localization signal has
also been generated for the mammalian expression systeml"l. As a consequence, the
Cas9-sgRNA complex can specifically target the DNA sequence that base pairs with
the sgRNA and is adjacent to the PAM sequence and induce a DSB. Cas9 can therefore
be targeted to any genomic locus only by customizing an approximately 20-nucleotide
sequence complementary to the target DNA, making it an easily programmable
platform for high-throughput gene targeting!™.

Indeed, the CRISPR/Cas9 system has been used for both NHE]- and HDR-induced
gene editing in eukaryotic cellsl”***’l. Direct embryonic injection of sgRNA and Cas9
mRNA allowed transgenic mice with multiple modified alleles to be obtained"". To
improve the specificity of CRISPR/Cas9-mediated HDR, a nickase version of Cas9
(Cas9n) was generated by aspartate-to-alanine mutation in the RuvC catalytic domain
to nick rather than cleave DNA, leading to a single-strand break!'**”’l. It has been
reported that the combination of Cas9n together with a pair of offset sgRNAs
complementary to opposite strands of the target DNA induces a double nick (one per
DNA strand), leading to a DSB and NHE]-based indels"”. Due to the combination of
two sgRNAs, Cas9n shows fewer off-target effects than does Cas9, since possible
individual single-stranded nicks are repaired by the high-fidelity base excision repair
mechanism. Recently, the type V CRISPR/ Cas system was discovered™, based on the
Cpf1 ribonucleoprotein (CRISPR from Prevotella and Francisella 1), containing only the
RuvC-like domain and not the HNH domain. In contrast to Cas9, Cpfl-mediated
DNA cleavage is guided by only a crRNA and does not require a tracrRNA.
Additionally, Cpfl requires a short T-rich PAM preceding the target sequence, unlike
the G-rich PAM downstream of the target sequence required for Cas9, and the seed
region is within approximately the first five nucleotides at the 5" end of the target
sequence.

Within the past few years, the RNA-targeting type VI CRISPR/ Cas system was also
discovered and characterized. This system is based on the Cas13 protein, which forms
a crRNA-guided RNA-targeting effector complex when assembled with crRNA. The
type VI CRISPR/Cas system can be divided into four subtypes (A-D) based on the
phylogeny of the effector complexes*. However, all type VI systems are based on
Cas13, which exhibits two enzymatically distinct ribonuclease activities: One
responsible for pre-crRNA processing and one provided by two Hhigher Eeukaryotes
and Pprokaryotes Nnucleotide-binding (HEPN) domains, which are required for the
degradation of the target RNAI**l. These properties of Casl3 led to the rapid
development of a new generation of RNA-targeting tools for many applications. In
particular, Cas13 has been tested for human RNA knockdown, showing high
specificity and fewer off-targets compared to RNAil*>*!l,

Source of human stem cells for genome editing
The possibility of combining the potential of human pluripotent stem cells (hPSCs)
with this new genome-editing technique makes important applications in biomedical
research possible. hPSCs can be generated either from human embryonic stem cells
(hESCs), arising directly from embryos!’], or from iPSCs. iPSCs are generated from
fibroblasts or other somatic cells by the transfection of “reprogramming genes”**1. In
addition, by transferring a nucleus from differentiated cells to a de-nucleated ovum,
the third type of stem cell (SCNT stem cells) can be obtained™. hPSCs generally share
several characteristic features, such as the possibility of being maintained in culture
for many passages with the same karyotype without genomic loss. hPSCs are
pluripotent cells and can differentiate into different somatic cell types based on the
protocol used!l. The ability of hPSCs to self-renew indefinitely and differentiate into
different types of somatic cells represents an important tool for regenerative medicine.
With this tool, mutations can be introduced in cell lines to generate disease models,
and genetic defects can be corrected to rescue pathological conditions.

iPSC technology has provided appealing tools to the field of degenerative disease
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research. iPSCs can be produced by injecting several key transcription factors into
somatic cells. Initially, Takahashi et al"”! were able to reprogram murine fibroblast
cells by injecting several transcription factors, such as octamer-binding transcription
factor 4 (Oct4), sex-determining region Y-box 2 (Sox2), Kriippel-like factor 4 and
cMyc. In particular, Oct4 prevents the expression of genes involved in the
differentiation of ESCs and can reprogram somatic cells*l. In 2007, Yu et al®! applied
this technique to human somatic cells. Thus, human somatic cells can be
reprogrammed to iPSCs by combining factors such as Oct4, Sox2, NANOG and
LIN28E21,

Moreover, this technology has been improved by using newly defined factors as
well as different delivery systems. It has been demonstrated that in the absence of the
Oct4 and Sox2 factors, genes involved in mesendodermal (i.e. GATA3, GATA6, and
SOX7) and ectodermal commitment (i.e. SOX1, SOX3, and GMNN) can induce cell
reprogrammingt**’l. Additionally, the use of miRNAs such as miR-291-3p, miR-294,
miR-295 and the miR-302/367 cluster, has been suggested for enhancing the
reprogramming cells*1. In addition to fibroblasts, other kinds of cells can be induced
to undergo reprogramming; the cells include B lymphocytes; neural progenitors;
keratinocytes; cells arising from amniotic fluid, the liver, the stomach, or the pancreas;
or cells harvested from blood or urine!*’.

Importantly, as iPSCs originate from the somatic cells of patients, they represent a
specific source for transplantation therapy that prevents immunologic reactions.
iPSCs have the same background as the patients from whom they are harvested.
Because they carry the same genetic mutations as the patient, these cells provide a
perfect disease model, which is important for understanding pathological conditions
or identifying personalized therapeutic tools.

CRISPR/CAS9 APPLICATIONS IN DEGENERATIVE
DISEASES

Haematological disorders

By improving the development of experimental models, CRISPR/Cas9 technology
has contributed to a deep understanding of haematological disorders. The first
haematological disorder to which CRISPR/Cas 9 was applied was sickle cell disease
(SCD). SCD is caused by a single-nucleotide polymorphism in one of the haemoglobin
genes and induces severe organ complications!®*?. Dewitt et al®! corrected the
mutation in CD34+ haematopoietic stem/progenitor cells (HSPCs). In particular, they
delivered a ribonucleoprotein complex containing the Cas9 protein, an unmodified
single guide RNA and a single-stranded DNA oligonucleotide donor to replace the
mutation in HSPCsl®l. When these cells were differentiated to erythroblasts, they
produced low mRNA and protein levels of sickle haemoglobin and increased levels of
wild-type haemoglobin. Also, when transplanted into mice, the cells maintained the
edited gene for 16 wk and showed improved clinical characteristics'l.

Recently, an in vivo model for studying myeloid malignancies by using
CRISPR/Cas9 technology was proposed!”. Patients affected by these malignancies
harbour three or five mutations contributing to a poor diagnosis. By using
CRISPR/Cas9, researchers inactivated eight different alleles in a single HSPC; cells
arising from this HPSC were able to induce leukaemia after transplantation in micel*..
Bejar et al*! also used engineered CRISPR/Cas9 HSPCs carrying specific mutations to
demonstrate that these cells are sensitive to azacitidine.

CRISPR and HIV

HIV-1 infection is currently treated with HAART, involving a combination of
antiretroviral drugs that help to control viral load, thus delaying or preventing
progression towards AIDS. This therapy does not eradicate the virus from the body,
and it has to be continued throughout a patient’s life. One of the main problems in
achieving an effective HIV-1 cure is the persistence of latent viral reservoirs that
cannot be cleared by current treatments. The establishment of these reservoirs is due
to the integration of HIV-1 DNA into the cellular genome!*, and the only way to
eradicate them would be to delete directly or deactivate proviral DNA. To this end, it
has been reported that the CRISPR/Cas9 system can be exploited to target and
inactivate HIV-1 integrated DNA in Jurkat cells, resulting in no difference between
active and inactive HIV-1 DNA transcription, suggesting a promising strategy for
addressing latently infected cells’l. Other studies have demonstrated that it is
possible to apply the CRISPR/Cas9 system to remove entirely the HIV-1 genome by
using specific gRNAs directed at the long terminal repeats of the integrated HIV-1
genome in latently infected cells!*”l. The efficacy of adeno-associated virus (AAV)
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vectors in the delivery of the CRISPR/Cas9 system into transgenic HIV-1-infected
mice and rats through tail-vein injection to excise proviral DNA has also been
shown!”7!. Additionally, the CRISPR/Cas9 system has been applied to reactivate the
latent HIV-1 reservoir by using catalytically deficient Cas9-synergistic activation
mediator technology!?. Zhang et al””! showed that reactivation of the HIV-1 provirus
was achieved in latently HIV-1-infected TZM-bl, Jurkat and CHMES microglial cells,
indicating the potential application of CRISPR/ deficient Cas9-synergistic activation
mediator as a “shock and kill” strategy to reactivate and induce cell death of latently
HIV-1-infected cells.

Neurodegenerative diseases

Neurodegenerative diseases are severe pathological conditions with critical social
outcomes. Unfortunately, the available therapeutic approaches are not able to treat
effectively these degenerative disorders. In fact, the molecular and cellular defects
causing neurodegeneration are not entirely understood, and specific therapeutic
targets are lacking. Therefore, to identify the cellular and molecular pathways
involved in neurodegenerative diseases, genetic screening performed by applying
CRISPR technology has been proposed. Different targets involved in
neurodegenerative diseases have been identified using CRISPR technology applied to
human neurons obtained from iPSCs. Based on this strategy, Nakamoto et all’!]
investigated the role of coenzyme Q10 in patients with multiple-system atrophy, a
neurodegenerative disorder characterized by various combinations of neuronal
dysfunction!™. Their findings demonstrated that a reduction in coenzyme Q10 levels,
particularly in patients with COQ2 variants, contributes to neuronal apoptosis in
patients affected by multiple-system atrophy, suggesting an effective therapyl. The
benefit of using CRISPR technology in studies related to Alzheimer’s disease (AD) is
under debate because most AD cases are sporadic and have different causes.
Mutations in the gene encoding amyloid precursor protein are found in a small
percentage of patients (> 0.1%) even when overexpression of beta-amyloid peptide is
detected in all AD patients!””). However, CRISPR technology can be useful for
correcting autosomal-dominant mutations in presenilin 1 and presenilin 2 (PSEN2)
that are found in the early onset ADV’.. In fact, CRISPR/Cas9 has been employed to
correct PSEN2 in iPSC neurons from a patient with a PSEN2N1411 mutation".

The APOE4 isoform is involved in the development of late-onset ADl. In contrast,
the APOE2 isoform seems to reduce the risk of developing AD by up to 40%.
Therefore, the application of CRISPR/Cas9 to replace APOE4 with APOE2 may be
considered a useful tool for treating patients carrying the APOE4 variant!”.

Huntington’s disease (HD) is characterized by muscular, psychiatric and cognitive
disorders due to heterozygous expanded (CAG)n trinucleotide repeats in the gene
that encodes huntingtin (HTT). This disorder causes alteration of the medium spiny
neurons. Cellular strategies have been suggested for the generation of an HD disease
model and the identification of therapeutic tools for treating HD. Therefore, therapies
based on stem cell transplantation have been indicated as promising therapeutic
toolst*”. In addition, iPSC lines originating from patients with juvenile HD have been
generated®. In this context, the application of the CRISPR technique to target the
HTT locus in iPSCs has given rise to new perspectives for the treatment of HDF!

Bone and musculoskeletal disorders
The application of CRISPR technology to iPSCs originating from patients with skeletal
disorders has been suggested to explore bone diseases. This approach has been
applied to investigate cleidocranial dysplasia (CCD), a skeletal disease caused by a
mutation in the transcription factor RUNX2. In particular, the CRISPR/Cas9 system
has been applied to two iPSC lines generated from CCD patients with different
RUNX2 mutations to restore the normal phenotype®!. The CRISPR-edited cells were
then evaluated in vitro and in a rat model, and correct osteo-induction was observed,
thus indicating the molecular mechanism involved and suggesting a novel
therapeutic approach for treating CCD. The most abundant non-collagenous protein
found in bone is osteocalcin, and an in vivo osteocalcin deficiency model shows
impaired skeletal structure®®!. To understand better the role of osteocalcin in skeletal
disorders, a rat model was generated by Lambert et all**l. Specifically, these researchers
injected CRISPR/Cas9 to knock out osteocalcin in the pronuclei of Sprague-Dawley
embryos. With the development of this system, the authors provided a model of the
disease that can be used in the field of osteoporosis and osteoarthritis research.
Duchenne muscular dystrophy (DMD) is a severe disease that affects skeletal and
cardiac muscles in childhood. The absence of the dystrophin protein, encoded by the
dystrophin gene (Dmd), prevents the muscular sarcolemma from being protected
from injuries due to contractions, causing DMD!*. Mutations in the Dmd gene are
frequent, among which frameshift mutations are the most common, although in-
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frame and out-of frame mutations may also occur; frameshift mutations generally
result in a premature stop codon by altering the reading frame*’l. Therefore, as DMD
is a genetic disorder, the possibility of identifying a therapeutic approach for DMD
based on the application of CRISPR/Cas9 technology to stem cells appears intriguing.

To repair damaged muscle by correcting the dystrophin gene, CRISPR/Cas9 has
been applied in mdx mice, a model of DMDl. By using this technique, the
researchers obtained genetically mosaic animals with heterogeneous percentages of
DMD gene correction (from 2% to 100%). These different percentages of gene
correction allowed comparison of the percentage of correction with the level of
muscular rescuel’l. Interestingly, the dystrophin protein has also been restored in
iPSCs obtained from patients affected by DMD by using CRISPR/Cas9 technology!®.
However, five off-target sites were affected by the procedure in this model®.

Musculoskeletal disorders also occur in lysosomal storage diseases (LSDs). LSDs
include different genetic diseases characterized by deleterious mutations causing the
disruption of lysosomal enzymes. Therapeutic approaches for counteracting LSDs
include enzyme replacement therapy, pharmacological chaperone therapy and
haematopoietic stem cell transplantation. However, all of these treatments cause
secondary side effects!®’l. To identify new therapeutic approaches, experimental
models using CRISPR/Cas9 and iPSCs have been adopted. Pompe disease is an LSD
caused by mutations in the gene that encodes the lysosomal hydrolase acid-alpha
glucosidase and is characterized by a severe myopathy!™ . Possible therapy for these
patients is provided by the enzyme replacement therapy Myozyme®; unfortunately,
this therapy is expensive. Therefore, a useful therapeutic approach involving
targeting the mutation in hematopoietic stem cells (HSCs) derived from the same
patient via the CRISPR/Cas9 system has been suggested!”). Other LSDs can certainly
also be considered prospective targets for this therapy based on the CRISPR/Cas9-
and iPSC system.

Cardiovascular diseases

CRISPR/Cas9 editing has emerged as a useful technology in the cardiovascular field.
Cardiovascular disorders affect a large number of patients, and the incidence of these
pathologies has increased considerably in recent decades. Therefore, an important
challenge is to understand the molecular mechanisms that affect vascular and cardiac
systems and determine cardiovascular mortality”. Among the pathological
conditions affecting the cardiovascular system, cardiomyopathies, arrhythmias,
rheumatic heart disease, stroke and congenital cardiac defects have been reported.
Molecular tests and bioinformatics analyses allow the identification of individuals
predisposed to cardiac disorders. However, there are some limitations to a complete
understanding of the molecular signalling causing these pathologies because
mechanistic studies aimed at understanding the causes of the diseases are limited by
the complexity of culturing human cardiomyocytes!””). However, CRISPR/Cas9
technology has allowed cardiac disease models to be generated, and it is possible to
study cardiovascular diseases by injecting the CRISPR/Cas9 system components into
the embryos of rats, rabbits and primates”*l. In addition, the coupling of iPSC
technology with the application of the CRISPR/Cas9 system has provided useful cell
models for better understanding the molecular mechanisms involved in cardiac
pathologies and for recovering specific mutations causing cardiovascular diseases.
The combination of iPSCs and CRISPR/Cas9 technologies has allowed the generation
of a cellular model characterized by mitochondrial dysfunction originating from
patients affected by Barth syndrome. By introducing a mutation in the tafazzin gene
with the CRISPR/Cas9 system, the authors demonstrated that this mutation caused
the mitochondrial phenotype and that normal mitochondrial function could be
recovered by the administration of specific antioxidants!™!.

CRISPR/Cas9 technology has also allowed the analysis of titin gene mutations in
cardiomyopathy. By introducing either missense or frameshift mutations in the titin
gene, researchers were able to generate contractile deficits in iPSCs that differentiated
into cardiomyocytes (iPSC-CM)’.. Similarly, iPSC-CMs have been obtained from
patients affected by Jervell and Lange-Nielsen syndrome, a severe cardiac
arrhythmia™, and iPSCs carrying a mutation in the CALM2 gene reproducing long
QT syndrome have been generated with the same technique”. As CRISPR/Cas9 may
introduce changes in noncoding regions, Beaudoin et all'") were able to delete a
sequence in an intronic region in the PHACTRI gene (associated with premature
myocardial infarction) in iPSCs to generate a cell model of the pathology.

Hypertrophic cardiomyopathy is a severe cardiovascular disease with different
clinical aspects characterized by cardiac arrhythmias. To identify therapeutic
strategies for rescuing arrhythmias, hPSCs-MC have been engineered by using
CRISPR/ Cas9. In particular, Mosqueira et all'’"! generated in three hPSC lines carrying
11 variants of the ¢.C9123T-MYH7 mutation, which affects the myosin heavy chain to
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cause hypertrophic cardiomyopathy. By using this disease model, the authors
demonstrated the possibility of correcting arrhythmias by pharmacological treatment
and identified the ratio between MHY7: MYH6 and mutant: wild-type MYH7
isoforms as a diagnostic tool!'!l.

Diabetes

Stem cell therapy has been proposed for the treatment of diabetes, a metabolic
disorder characterized by the disruption of insulin production. Two different types of
diabetes are known: type 1 diabetes (T1D), which is an autoimmune disease, and type
2 diabetes (T2D), which is the most common and heterogeneous form of diabetes!'*”l.
Both T1D and T2D are characterized by the disruption of pancreatic B-cell function!'?.

The generation of pancreatic cells followed by their transplantation in patients with
T1DM has been proposed. In this context, the use of iPSCs and the concurrent
application of CRISPR/Cas9 technology can improve the generation of pancreatic
organs!'”l. In addition, this system avoids the controversial use of hESCs. Despite the
advantages of using hESCs, such as the ease of differentiating these cells into {3 cells in
vivo, the reduction in viral transgene incorporation and the greater efficiency of these
cells in producing insulin compared to iPSCs, ethical concerns due to the induction
process restrict their usel'™l.

T2D pathophysiology is complex because various factors, such as genetic,
epigenetic and lifestyle factors, can contribute to the development of this disease. iPSC
lines generated from T2D patients have allowed the detection of several mutations in
transcription factors involved in pancreas development (HNF1B, HNF4A and
HNF1A), genes encoding enzymes related to insulin secretion and proteins devoted to
exocrine pancreas function!'”l. Interestingly, genome-wide association studies
(GWAS) revealed a robust statistical association between T2D and genetic variants
located in noncoding regions. Therefore, in association with GWAS, CRISPR/Cas9
has been suggested to be a useful tool for improved understanding of the molecular
factors involved in the pathogenesis of T2DU'"l. A form of diabetes caused by
mutations in the gene encoding insulin can appear during neonatal life (neonatal
diabetes)!'"l. Recently, Balboa et al'"! demonstrated that insulin mutations cause
abnormal P-cell differentiation in a neonatal diabetes model. In particular, the
researchers obtained iPSCs from affected patients. Then, by applying the
CRISPR/Cas9 system, they corrected a missense mutation in the insulin gene and
compared these corrected iPSCs to mutant iPSCs. Interestingly, by single-cell RNA
sequencing, these authors observed increased endoplasmic reticulum stress and
reduced proliferation!"! in mutant cells compared to corrected cells.

Cancer

iPSCs can be generated from cancer cells. Therefore, this technology will allow the
molecular bases of malignant transformation to be identified. In addition, this
approach can result in the screening of therapeutic formulations and the identification
of useful biomarkers. The generation of iPSCs via the application of CRISPR/Cas9
methodology is particularly important to identify genetic disruptions that induce
cellular transformation and have not yet been found, e.g., in the case of glioblastoma
(GBM). GBMs belong to the gliomas, a heterogeneous type of cancer, and originate
from cells showing neural stem and progenitor cell characteristics!'”l. Even though
GWAS have allowed the identification of many genetic and epigenetic targets, other
key molecular targets still need to be identified. For example, the PKMYT1 gene has
been identified as a candidate target for therapy in GBM patients by the application of
CRISPR/Cas9 libraries to stem cell-like cells originating from GBM patients!*.

T cell-based immunotherapy represents a useful tool for the treatment of malignant
cells. These cells show a reduced proliferative ability, but the possibility of using
iPSCs from antigen-specific T cells overcomes this limit. Unfortunately, the
rearrangement of the T cell receptor chain gene during reprogramming causes loss of
their antigen specificity. However, Minagawa et al'"! were able to prevent this
additional rearrangement by obtaining functional iPSCs from antigen-specific T cells
via the application of CRISPR.

In the context of precision oncology, the application of CRISPR/Cas9 combined
with iPSC technology offers effective tools for identifying appropriate therapies.
Recently, this system allowed the investigation of the individual roles of two co-
recurrent genetic lesions involved in myeloid malignancy: A mutation in the SRSF2
factor and a chromosome 7q deletion!"'’!. The authors found that the SRSF2 mutation
induces dysplasia, whereas the chromosome 7 deletion prevents differentiation and is
associated with disease progression!'*‘.

The use of CRISPR/Cas9 technology associated with iPSC generation has been
applied to the study of RET mutations in multiple endocrine neoplasm type 2
(MEN2). MEN2 is a rare syndrome that affects organs originating from neural crest
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and endoderm and causes medullary thyroid cancer, pheochromocytoma, cutaneous
lichen amyloidosis and primary hyperparathyroidism. In addition, it can cause
Hirschprung diseasel'"l. iPSCs from a MEN2 patient with the most frequent mutation
in RET (RET%*') have been used to better understand the molecular mechanism by
which the RET mutation causes MEN2['"?l. These researchers generated CRISPR-
corrected isogenic counterparts of these cells and, by performing transcriptomic
analyses, identified early growth response 1 as a key molecular target in MEN2A["2],

In addition to the work described above, many other studies related to the
application of the CRISPR/Cas9 System in stem cell research have been recently
performed (Table 1).

CHALLENGES

As previously described, CRISPR/Cas9 has become a powerful technology that
allows the manipulation of almost any biological organism. The relative simplicity of
the technique has made it possible to develop new models for studying the effect of
mutations in genetic diseases and for revealing previously unknown gene functions,
among many other applications.

Despite the enormous therapeutic potential of the technique, it will be necessary to
address various challenges before it can be safely used in the field of gene therapy and
in clinical applications.

Off-target

The specificity of CRISPR/Cas9 is fundamental for its clinical application. Off-target
mutations can impair the fitness and/or the functionality of edited cells and, even
more problematically, can generate potential oncogenic cell clones!""”l.

Initial reports of the whole-genome sequencing of edited cells indicate a low rate of
off-target mutations, supporting the good specificity of the system!""*"*l. A study
published in 2017 raised concerns about the extent of unexpected mutations
introduced by Cas9"""], but the study was retracted in 2018 due to insufficient data to
support the claim!"**.

Subsequent studies based on whole-genome sequencing addressed concerns about
potential off-target effects, reporting no unexpected off-target activity of
CRISPR/ Cas9!"*'*l. Another study indicated that by appropriately designing gRNAs,
it is possible to achieve efficient in vivo editing with no detectable off-target
mutations!'*l.

A recent study revealed that sgRNAs are very sensitive to chromatin state,
suggesting that off-target effects are inhibited by chromatin, thus favouring
specificity!*.

Overall, CRISPR/Cas9 appears to be a very specific tool for genome editing, and
the initial discordant reports might have been more closely related to the appropriate
choice of sgRNAs, rather than to Cas9 activity!'"”l. Similar to PCR protocols, it is
possible to envision that in the future, when sufficient data are available, a database of
optimal sgRNAs can be generated to be used in different cellular models, paired with
improved computational analysis, for gene editing.

Despite these reassuring data, new methods are being developed to detect potential
off-target CRISPR mutations, as well as new systems and protocols to reduce further
the risk. These approaches include the development of better in silico computational
prediction tools, the use of more-specific nucleases, such as Cpfl, and the
development of cell-free genomic DNA assays to detect double-stranded breaks based
on sequencing, such as Digenome-seq!'*"! (in which Cas9 cleavage is followed by next-
generation sequencing) and newer, more-sensitive methods such as CIRCLE-Seq and
SITE-Seq. Additional methods are being developed using cell-based assays and are
aimed at identifying potential off-target sites in specific cell types; these methods
include GUIDE-Seq"*"l and LAM-HTGTS!'”), the latter of which is aimed at identifying
genomic rearrangements following DSBs!'*l.

It has been reported that high concentrations of Cas9 nucleases may increase the
rate of off-target mutations!"””'*l. To address this issue, new strategies such as the
double nickase system!™ or the use of high-fidelity recombinant Cas9 variants have
been developed!*-""'l. In addition, the discovery and characterization of Cas9
orthologues from other prokaryotic organisms may help to identify Cas variants with
higher specificity!*>'*.

Recently, protocols based on the transfection of Cas9-coding mRNA and gRNA as
well as gRNA-Cas9 complexes have been proposed as systems to reduce further off-
target effects"*l. The delivery of CRISPR/Cas9 components as RNA ands gRNA-Cas9
complexes may present an additional advantage, since circular plasmid DNA may
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Table 1 Recent studies related to the gene-editing technology applied to stem cells research on

degenerative diseases

Authors and year

Disorder

Zhou et all'*’], 2018
Calvo-Garrido et al'*!l, 2019
Dong et ul["’S], 2019

Zhao et all'*!, 2019
Yanagihara et all'”’], 2019
Vrugt et al'*l, 2019

Blanas et all'*!, 2019

Sun et all'”"}, 2019

Jelinkova et a1 2019
Hurtado et all'”, 2018
Tang et all'”1 2019

Tian et all'”*], 2019

Wang et ul[m], 2018

Barnes et all'’% 2018
Frasier et ul[m], 2018
Sasaki-Honda et all'”®, 2018
Wang et all'””}, 2018
Moghaddas et all'™"], 2018
Liu et al"*!], 2018

Jiao et ul[mz], 2018

Lyu et all'™, 2018

Deng et all'™], 2018
Wattanapanitch et all'®1 2018

Spinal muscular atrophy
Neuronal

Hereditary hearing loss
Breast cancer

Skeletal diseases
Fanconi anemia
Colorectal cancer
Glioblastoma

Duchenne muscular dystrophy
Renal

Cardiac hypertrophy
Pediatric biliary atresia
Werner syndrome
Neuronal

Cardiac arrhythmia
facioscapulohumeral muscular dystrophy
Hepatoma
Autoinflammatory
Colon cancer

Cardiac disorders
Haemophilia

Retinitis pigmentosa

Thalassemia

Suda et all'*"], 2018 Parkinson's disease

(presumably only rarely) be randomly integrated into the host genome!"*..

Cellular challenges

The editing of a specific gene sequence relies on HDR rather than NHE]. HDR is
selectively expressed during mitosis and is downregulated after cell division!"*"l. For
this reason, gene editing may be very difficult to achieve in non-dividing cells, such as
neurons. Different strategies are currently under study to address this issuel"""..

In vivo delivery challenges

Some genetic diseases may be treated by collecting, modifying and reinfusing stem
cells, but others will require the correction of many cells in formed tissues in the
patient’s body.

An ex vivo strategy based on the collection of stem cells from a patient (usually from
bone marrow), followed by their modification and reimplantation, presents almost the
same general risks previously described for genome editing in cell cultures.
Additional challenges clearly remain concerning the in vivo delivery of the
CRISPR/ Cas9 system. Lentiviral vectors have been widely and successfully used in
different applications.

However, permanent integration of lentiviral vectors in the host cell genome will
most likely cause permanent expression of the Cas9 nuclease, increasing the potential
for off-target effects in vivo and the related oncogenic risk, which adds to the intrinsic
risk of random insertion of these vectors in the cell genome.

Unlike lentiviral vectors, adenoviral (AV) vectors do not integrate into the host cell
genome, thus avoiding permanent expression and reducing the risk of off-target
effects. AV vectors also allow the insertion of larger DNA fragments, making it
possible to include additional sgRNA sequences or reporter genes. On the other hand,
AV vectors present risks of immunotoxicity due to cellular immune responses, and
studies are consequently needed to define the immunogenicity of Cas9 for in vivo
applications!"*l.

AAV vectors have been proposed as more suitable and less risky viral vectors, and
these vectors have been approved for use in clinical trials!"*’l. Problems due to the
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small genome size of AAV vectors have been addressed by using a smaller Cas9
variant from Streptococcus aureus, Streptococcus thermophilust’l or Neisseria
meningitidist’!, rather than the commonly used Streptococcus pyrogenes Cas9
(SpCas9)t.

Even if AAV vectors are used, the problem of the persistent Cas9 expression
remains, as do the potential risks of a lower editing efficiency due to previous
immunity against AAV.

Delivery to embryos to generate knock-out or other mutants is possible through
direct microinjection, which is a costly and technically challenging procedure,
although it is useful in generating permanent germline modifications. This approach
is the most common tool used by researchers to generate new animal models.

Recently, different approaches based on the development of non-viral vectors have
been developed. Such delivery alternatives involve the use of lipid-based vectors,
polymeric cationic vectors and chitosan!'*'.

These methods are characterized by lower immunogenicity and higher safety,
reducing the risk of short and long-term adverse effects. However, a low delivery
efficiency remains the principal problem!'*l. Studies in the field of nanotechnology
will most likely result in new, optimized synthetic delivery systems based on
nanoparticles that will facilitate the delivery of CRISPR/Cas9 components in vivo.

Immunity against Cas9

Other issues that will need to be addressed include the risk of an immune response
against Cas9, a prokaryotic protein, when used in gene therapy applications and how
this may impact the application of the technique in a clinical context!"*’],

A recent study!*! of human donors documented a high frequency of antibodies and
anti-Cas9 cytotoxic T-lymphocytes (CTLs) against SaCas9 and SpCas9; these Cas9
orthologues are the most widely used and are derived from Staphylococcus aureus and
Streptococcus pyogenes, respectively. Since these are two common bacterial species
infecting humans, the study raises concerns about the impact of pre-existing humoral
and cellular immune responses to Cas9 in future clinical trials. A possible solution
may be to use Cas9 orthologues derived from bacterial species that do not commonly
infect humans, to avoid the destruction of cells “treated” using CRISPR/Cas9 due to
pre-existing anti-Cas9 cellular immunity.

HIV resistance

In the field of AIDS, the advantage of CRISPR/Cas9 engineering consists of
conferring permanent protection against HIV-1, which is not achieved with antiviral
drugs, but an important unanswered question is whether and how HIV-1 might
escape from this genome editing system. HIV-1 evolution experiments have been
performed in CD4+ T cells expressing both Cas9 and sgRNAs targeting different
regions of the HIV-1 genome!"**'*’], showing that although there was apparent initial
virus inhibition, viral replication re-bounded over time, resulting in high levels of
HIV-1 production. In particular, rapid escape was observed when non-conserved
HIV-1 sequences were deleted, while a longer time was needed to escape in the case
of more conserved sequences. When the targeted viral DNA was sequenced,
mutations were specifically identified in the sgRNA complementarity region,
suggesting that HIV-1 can adapt its genome to escape CRISPR/Cas9-mediated
editing. In particular, most of the identified resistance mutations were indels
matching the specific site at which Cas9 was expected to cleave viral DNA, suggesting
that a variety of mutations at the cleavage site might actually be induced by NHE]J:
some of these mutations would not be selected because of abolishing viral replication,
while other mutations would be selected because they are not deleterious to the virus,
thus generating CRISPR/ Cas9-resistant viral particles!*!.

To overcome this unique viral escape mechanism, one solution may be to exploit
multiple sgRNAs to target conserved proviral regions. It has been shown that
multiplexed targeting of HIV-1 DNA leads to much stronger suppression of HIV-1
infection, although possible viral escape cannot be excluded!*l. Another approach
might involve modified versions of Cas9 that can cleave the DNA outside of the target
sequence, so that any mutation generated by NHE] will not prevent the CRISPR/Cas9
machinery from rebinding and cleaving proviral DNA again. The newly discovered
Cpfl that cleaves DNA in the more distal region of the target sequence™! may provide
a possible strategy for addressing this issue. Another solution could be to suppress
the NHE] machinery enzymes through the use of specific anticancer drugs!’l.

Other possible strategies for the suppression of viral infections are based on
targeting host cell factors necessary for HIV-1 replication, such as inactivation of the
co-receptor genes CXCR4 and CCRb5. Several studies have already demonstrated the
feasible application of CRISPR/Cas9 to inactivate both receptors!**'*’], thus generating
HIV-1 resistant cells. CXCR4 or CCR5 knock-out T cells have also been produced by
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direct electroporation of the CRISPR/Cas9 ribonucleoproteins!’*!l, which is a
particularly useful strategy for cells that are difficult to transfect, such as primary
cells. The immediate activity of the proteins is observed following transfection, and
this approach may limit off-target effects, since the protein complex is quickly
degraded within the cell.

Despite the promising efficacy of CRISPR/Cas9 for genome editing, the procedure
is still too unsafe to be applied in human embryos because unwanted germline
mutations might be passed to future generations, with unpredictable effects.

The first trial was carried out by Chinese researchers who used the CRISPR/Cas9
system to modify genetically the human p-globulin gene, whose mutation causes [3-
thalassemia, in human embryos!'*?. Unfortunately, a higher frequency of mutations
was detected in the CRISPR/ Cas9-treated human embryos compared to the results
observed in modified adult mouse or human cells. This result confirmed that the
fidelity and specificity of the CRISPR/Cas9 system still require further investigation,
which will be a prerequisite for any clinical applications of genome editing. Despite
these ethical concerns, the first genetically modified babies were recently reported to
have been generated in China, giving rise to strong international criticism!'*’. He
Jiankui, a genome-editing researcher at the Southern University of Science and
Technology of China in Shenzhen, injected the CRISPR/Cas9 machinery into human
embryos to disable the CCR5 gene, thus generating R5-tropic HIV-1-resistant human
babies. When the embryos were 3-5 five days old, a few cells were removed and
checked for editing. Sixteen of 22 embryos were actually found to have been edited,
and 11 of them were used in six implantation attempts before a twin pregnancy was
achieved. Genetic tests suggest that both CCR5 alleles had been correctly modified in
one twin, while the other twin is heterozygous for the modification. At present, this
type of gene editing is prohibited in most countries, as the CRISPR/ Cas9 technology
is still experimental. The rate of off-target mutations is still too high, which might lead
to long-term unexpected side effects, including the development of cancers that may
be passed to future generations. Furthermore, CCR5 depletion provides higher
susceptibility to other viral infections, such as West Nile and influenza viruses, and if
a working vaccine against HIV-1 is found in the future, harbouring the CCR5 deletion
will provide no benefits!"*.

P53 mutations

hPSCs are very difficult to treat using CRISPR/Cas9 and exhibit a very low efficiency
of genome editing compared to laboratory tumour cell lines!*". These characteristics
are due to the toxicity of DSBs induced by Cas9 in hPSCs, which appear to be p53
dependent!*). Since stem cells may acquire p53 mutations!*’], clonal expansion of
stem cells that are more tolerant to DNA damage poses severe risks of cancer
development. A careful genetic analysis of hPSC-treated cells, therefore, needs to be
carried out before clinical use.

Nature spread

Homing gene drives based on CRISPR/Cas9 may be used to design mutations that
will spread within a target population or species, for instance, to confer resistance to a
parasitel'"™”l. Such drives have been studied as a potential tool for the eradication of
mosquitos to prevent diseases such as malarial**'*! or other vector-borne diseases.
This possibility, though fascinating, raises many concerns, since it may potentially
cause the genetic modification of an entire species if modified organisms are
accidentally released in the environment. Safeguarding strategies are under
development to avoid the risk of premature release in the wild™"*".

Ethical concerns
The technique needs to be used carefully and responsibly. Where does a cure end and
improvement start?

A committee of the National Academy of Science addressed clinical, social, ethical
and legal issues linked to genome editing, releasing a report entitled “Human
Genome Editing: Science, Ethics, and Governance” in 20171, Permanently editing
germlines raises many concerns!*'*?. While there is no doubt that the correction of a
genetic defect may help to eradicate, or at least significantly reduce, the burden of
severe genetic diseases in the general population, the technical shortcomings of the
technique will necessitate the discarding of embryos or even recurrent selective
abortion when the editing procedure does not succeed, raising ethical, religious and
practical concerns when applied to humans.

In addition, it may be difficult to distinguish between the correction of a
detrimental mutation and genetic enhancement. For this reason, the use of genome
editing technologies in human embryos may result in unexpected, unpredictable and
potentially harmful consequences for future generations, since it may result in
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reduced human genetic variability and cross the borders of eugenics, baby design and
the removal of certain characteristics, to be substituted with others that are more
desirablel'*¢,

Thus, the boundaries between a cure and eugenics applications are becoming very
thin. It may be fundamental to promote general, worldwide-accepted protocols,
which will require close interaction between the regulatory agencies, scientific
communities and governments of different countries. It is for this reason that a global
moratorium on the use of genome editing technologies for human germline
modification has recently been called for!"*!, to allow time to discuss the relevant
scientific and ethical issues.

In conclusion, the potential of CRISPR/Cas9 is enormous, but researchers need to
proceed with caution. It is very likely that new discoveries, data and protocols will
help to address the many obstacles involved, and CRISPR will lead to a new
revolution in the field of molecular biology, similar to polymerase chain reaction in
the 1980s.
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Abstract

Retinal degenerative disorders, such as diabetic retinopathy, retinitis pigmentosa,
age-related macular degeneration or glaucoma, represent the most common
causes of loss of vision and blindness. In spite of intensive research, treatment
options to prevent, stop or cure these diseases are limited. Newer therapeutic
approaches are offered by stem cell-based therapy. To date, various types of stem
cells have been evaluated in a range of models. Among them, mesenchymal
stem/stromal cells (MSCs) derived from bone marrow or adipose tissue and used
as autologous cells have been proposed to have the potential to attenuate the
negative manifestations of retinal diseases. MSCs delivered to the vicinity of the
diseased retina can exert local anti-inflammatory and repair-
promoting/regenerative effects on retinal cells. However, MSCs also produce
numerous factors that could have negative impacts on retinal regeneration. The
secretory activity of MSCs is strongly influenced by the cytokine environment.
Therefore, the interactions among the molecules produced by the diseased retina,
cytokines secreted by inflammatory cells and factors produced by MSCs will
decide the development and propagation of retinal diseases. Here we discuss the
interactions among cytokines and other factors in the environment of the
diseased retina treated by MSCs, and we present results supporting
immunoregulatory and trophic roles of molecules secreted in the vicinity of the
retina during MSC-based therapy.

Key words: Retina; Degenerative diseases; Stem cell therapy; Mesenchymal stem cells;
Cytokines; Growth factors
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Core tip: Cell-based therapy using autologous mesenchymal stem cells represents a
perspective approach for the treatment of so far incurable degenerative retinal diseases.
However, the therapeutic potential of mesenchymal stem cells strongly depends on the
cytokine environment, where these cells are delivered. In this study, we discuss recent
knowledge regarding the interactions and interplay among cytokines produced by cells
of the diseased retina, inflammatory immune cells and therapeutically administered
mesenchymal stem cells. We suggest that these interactions among cytokines and growth
factors occurring in the microenvironment of the diseased retina could be critical for the
outcome of the stem cell-based therapy for retinal disorders.
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RETINAL DEGENERATIVE DISORDERS

The retina is a highly specialized tissue. This structure is composed of several layers
of functionally different cell types that are inter-connected. Disease or a damage to
any particular cell or layer has secondary effects on the surrounding cell types, and
the progression of retinal damage results in retinal degenerative disorders. Inherited
and age-related retinal degenerative disorders represent the most common cause of
reduced vision and blindness. Among the most common retinal degenerative diseases
are age-related macular degeneration, diabetic retinopathy, retinitis pigmentosa and
glaucoma. These disorders have different etiology, various causes and starting
mechanisms, and distinct retinal cell types are affected. However, they are all
associated with chronic inflammation, immune cell infiltration and enhanced cytokine
secretion.

Because all retinal degenerative diseases in the advanced stages are associated with
a loss or a function damage of specialized retinal cells, their replacement or a support
of the surviving cells would be the only effective approach to stop spreading of the
disease or even return the visual function of the retina. Currently, a direct trans-
plantation of healthy retinal explants is strongly limited. Therefore, the transfer of
stem cells that can support survival and functioning of the remaining retinal cells, or
even replace missing cells, offers a perspective approach to stop and treat retinal
degenerative diseases. Recent experimental and preclinical data suggest a great
potential of such cell therapies for the treatment of so far incurable ophthalmological
diseases.

TYPES OF STEM CELLS FOR RETINA REGENERATION

Stem cells are characterized by their permanent growth in vitro and by their ability to
differentiate or even transdifferentiate into other cell types. According to their origin,
stem cells can be divided into embryonic stem cells and adult stem cells. The third
type of stem cells is artificially prepared from any somatic cell by reprogramming its
properties to a pluripotent state. For this intervention, genes associated with stemness
are introduced into somatic cells, which gain some characteristics of stem cells. These
cells, called induced pluripotent stem cells, have attracted a lot of attention as a
possible source of autologous stem cells that could avoid immune rejection. However,
these genetically modified cells have proved to be immunogenic even in an
autologous host!, and their often uncontrolled growth and the formation of teratomas
limit their clinical potential. Similarly, the use of embryonic stem cells, which have a
high differentiation potential and can be relatively easily differentiated into numerous
different cell types, have ethical limitations associated with their origin. They are
always used as allogeneic cells, and they often suffer from uncontrolled growth. In
comparison with embryonic stem cells or induced pluripotent stem cells, adult stem
cells have a lesser differentiation potential but can be obtained as autologous
(patient’s own) cells, do not form teratomas or cancers and often fulfil the demands
for use in regenerative medicine. Among the numerous types of adult stem cells, the
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highest potential have been proposed from mesenchymal stem/stromal cells (MSCs),
which can be obtained relatively easily from the patient, propagated in vitro, if needed
differentiated ex vivo and finally used as autologous therapeutic cells.

Numerous experimental studies have shown the beneficial effects of MSCs in the
treatment of ophthalmological diseases. Intravitreal or subretinal transplantation of
MSCs significantly delayed retinal degeneration and supported normal retinal
functions™. In addition, in other types of eye diseases, such as experimental
autoimmune uveitis®*), dry eye syndromel”! or corneal epithelium damage!®”, the
therapeutic effects of MSCs on tissue regeneration have been demonstrated. The
ability of MSCs to support interaction between retinal cells with neurons of optic
nerve has been also documented. For example, Mead et all'”! showed that dental pulp
stem cells promoted neuroprotection and axon regeneration after optic nerve injury.
In other models, MSCs transplanted to the damaged area of the retina differentiated
into retinal nerve cells!'! and promoted regeneration in a rat optic tract model!'”.

MSCs

MSCs represent a heterogenous population of non-hematopoietic cells with multi-
lineage differentiation potential. Originally, these cells were described as spindle
shaped cells derived from bone marrow that adhere to plastic and form fibrocyte-like
colonies!"’l. For therapeutic purposes, MSCs are isolated mainly from the bone marrow
or adipose tissue, but they can be obtained from nearly all tissues of the body.
According to the International Society for Cellular Therapy, human MSCs are
characterized by their ability to adhere to plastic in standard culture conditions, by
their potential to differentiate into adipocytes, chondroblasts and osteoblasts, and by
being positive for the surface markers CD105, CD73 and CD90 and negative for CD45,
CD34, CD14, CD19 and CD11b!"l. MSCs from different sources (including bone
marrow, adipose tissue, umbilical cord blood, etc) possess similar properties!">'°l.
Under appropriate conditions, MSCs can be differentiated or even transdifferentiated
into different cell types. It has been demonstrated that in the presence of selective
chemicals or retinal cells, MSCs can differentiate into cells expressing retinal cell
markers and characteristics!'”'l. We have shown that highly purified mouse bone
marrow-derived cells fulfilling all the criteria proposed for MSCs and cultured in the
presence of retinal cell extract and supernatant from activated T cells (to mimic the
inflammatory environment of diseased retina) differentiated into cells expressing
rhodopsin, S-antigen, recoverin, retinaldehyde binding protein, calbindin and retinal
pigment epithelium (RPE) 65, which are the markers of specialized retinal cells®. The
ability of MSCs to extensively proliferate, to be expanded in vitro and to differentiate
into various cell types makes them attractive targets for regenerative and reparative
medical applications. However, before clinical application these cells have to be
precisely characterized and their preparation standardized, as it has been recently
proposed?!l.

The therapeutic effects of MSCs are mediated by multiple mechanisms, as
demonstrated in Figure 1. Among them, the immunomodulatory and secretory
properties appear to be the most important. It has been shown that MSCs inhibit T
and B cell functions, attenuate production of cytokines, decrease activity of cytotoxic T
and NK cells and suppress transplantation, anti-cancer and inflammatory
reactions”*’. On the other hand, MSCs are potent producers of numerous cytokines
and growth factors*-*l. It has been shown that mouse MSCs spontaneously produce
transforming growth factor (TGF-p) and inducible interleukin-6 (IL-6), which are the
basic cytokines regulating the development of anti-inflammatory regulatory T cells
(Tregs) and pro-inflammatory Th17 cells®”!. The immunomodulatory properties make
MSCs a promising tool for the treatment of harmful inflammatory reactions that
accompany inherited retinal degenerative diseases and injuries. However, the
spectrum and concentrations of immunoregulatory molecules produced by MSCs
strongly depend on the cytokine environment**". This has to be taken into account
when MSCs are delivered into the inflammatory environment of the diseased retina.

PRODUCTION OF CYTOKINES BY RETINAL CELLS

The retina is composed of a few layers of functionally different cell types that ensure
visual acuity and internal homeostasis. The cells of the retina produce numerous
cytokines and growth factors that support, in a paracrine mode, the survival of other
retinal cells and contribute to the immune privilege of the eyel®l. However, from the
very beginning of retinal disease or damage, the spectrum of produced cytokines is
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Figure 1 The main mechanisms of the therapeutic effect of MSCs. MSC: Mesenchymal stem cell; HGF:
Hepatocyte growth factor; IGF-1: Insulin-like growth factor-1; NGF: Nerve growth factor; VEGF: Vascular endothelial
growth factor; TGF-B: Transforming growth factor-3; IDO: Indoleamine-2,3-dioxygenase; IL-6: Interleukin-6.

significantly changed, and the retina starts to produce elevated levels of molecules
that are not produced or only minimally secreted in a steady-state.

It has been shown that increased levels of pro-inflammatory molecules, such as
tumor necrosis factor (TNF-a), IL-6 or inducible nitric oxide synthase (iNOS), are
found in the retina or aqueous humor of patients with degenerative retinal diseases or
in animal models of retinal disorders™-~?. All of these molecules have a wider
spectrum of immunoregulatory activities but generally contribute to the development
of a local inflammatory reaction. On the contrary, IL-10, IL-11 or TGF-f3, which are
also produced by retinal cells"**], have anti-inflammatory effects. Therefore, the
balance between the production of pro- and anti-inflammatory molecules influences
the extent of the inflammation and damage in the diseased retina.

The complexity of the action of individual cytokines is supported by the
observation that another pro-inflammatory cytokine, IL-6, that is produced by several
retinal cell types, increases the survival of retinal ganglion cells”l. Eastlake et al*’
have shown that Miiller glia cells produce numerous factors, such as granulocyte-
growth factor, monocyte chemoattractant protein-1, platelet-derived growth factor-
BB, vascular endothelial growth factor (VEGF) or TGF-B2 and that their production is
increased in the gliotic retina. Recently, IL-33 produced by Miiller cells of the retina
was identified as a key regulator of inflammation and photoreceptor degeneration
after retinal stress injury"l. Thus, retinal microglia and RPE cells were proposed as
the main sources of the majority of factors with immunomodulatory effects that play a
pivotal role in the initiation and propagation of the neurodegenerative processes!”-*1.
In addition to their high secretory potential, Miiller glia were recently shown to be
able to directly restore vision after de novo induction of genesis of rod photoreceptors
in mammalian retinas“’. It has been shown that cells of individual parts of the eye,
such as the cornea, ciliary body or retina are able to inhibit the intraocular immune
response and to contribute to the immune privilege of the eyel“!l. In this respect, we
observed that the explants of the mouse retina or the supernatants from the cultures
of retinal explants inhibited the production of pro-inflammatory cytokines by
activated spleen cells (unpublished results).

In addition to the production of immunoregulatory cytokines, such as TGF-f or IL-
6, cells of the retina produce a number of molecules that function in the paracrine
mode as growth and trophic factors. Brain-derived neurotrophic factor, ciliary
neurotrophic factor, glial cell line-derived neurotrophic factor, nerve growth factor,
neurotrophin-3 and basic fibroblast growth factor released by microglia and other
retinal cell types have been shown to protect retinal cells and support the survival of
photoreceptors!*l. On the contrary, pro-angiogenic factors, such as VEGF A-E, insulin-
like growth factor-I (IGF-I), platelet-derived growth factor, placental growth factor,
hepatocyte growth factor (HGF) and FGF-2, which can be produced by the retina and
act paracrinely, are involved in neovascularization and rather worsen retinal
diseases!***l. In the opposite way, the RPE cells produce retinal pigment epithelium-
derived factor and trombospondin-1 which have been shown to counterbalance
angiogenesis and inflammation™l.

Thus, the retina is a producer of numerous cytokines and factors, which act in a
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protective way, i.e. they inhibit the inflammatory reaction and support the survival
and the growth of retinal cells. However, there are a number of cytokines and factors
that attract pro-inflammatory cells, enhance inflammation, increase neovas-
cularization and contribute to the damage of individual retinal layers. The
identification of these factors and understanding of the mechanisms of the interplay
among them will increase the efficacy of stem cell therapy for retinal degenerative
disorders.

CYTOKINES PRODUCED BY INFLAMMATORY CELLS IN
THE DISEASED RETINA

All retinal degenerative diseases are accompanied by a local cytokine disbalance, by
increased production of chemokines and by infiltration with inflammatory cells. One
of the first inflammatory cell populations detected in the diseased retina is
macrophages and neutrophils. The accumulation of macrophages can be associated
with elevated levels of vitreal granulocyte-macrophage colony-stimulating factor!*!.
Macrophages are producers of numerous cytokines and factors, and their secretory
profile depends on their polarization into M1 or M2 population. With the progression
of the disease, increased concentrations of pro-inflammatory cytokines and
chemokines, such as IL-1, IL-6, IL-8, TNF-a, interferon (IFN)-y and monocyte
chemoattractant protein-1 can be detected in vitreal liquid"”.. The deleterious role of
these cytokines for the development and spreading of the disease was directly proved
by the observation that intravitreal administration of IL-1p and TNF-a in mice
induced vessel dilatation, bleading, retinal edema and microglia upregulation!*’l.
Kutty et al"! showed that RPE cells exposed to IL-1, TNF-a and IFN-y, which are
secreted by lymphocytes or macrophages in the retina, decreased the expression of
key genes involved in the visual cycle, epithelial morphology and phagocytosis. We
observed that intravitreal administration of pro-inflammatory cytokines (such as IL-
la, TNF-a and IFN-y) induced in the mouse retina an enhanced expression of genes
for a large number of cytokines and pro-inflammatory molecules (Figure 2). With the
progression of the retinal disease, the infiltration with cells of adaptive immunity can
be detected””". Johnsen-Soriano et al””! showed cytokine disbalance and significantly
increased levels of Th1 cytokines IL-2 and IFN-y and NO in the retina of diabetic rats.
These pro-inflammatory molecules could contribute to the development of diabetic
retinopathy. This concept is supported by the observation that transgenic mice
expressing IFN-y in the retina develop ocular inflammation and photoreceptor loss!”.

Thus, cytokines produced by cells infiltrating the diseased retina contribute to the
development and spreading of retinal disease. They have additive and synergistic
effects with cytokines produced by the diseased retina, and these interactions can
further deteriorate or attenuate the disease progression.

CYTOKINES PRODUCED BY MSCS

MSC-based therapy has been proposed and tested as a prospective treatment in
various models of retinal degenerative diseases!****l. MSCs mediate their therapeutic
effect by multiple mechanisms involving immunomodulation, production of trophic
factors and a possible differentiation into other cell types. The paracrine trophic
effects of molecules secreted by MSCs have recently been suggested as the primary
mechanisms of MSC action. Some of these immunomodulatory and trophic factors are
produced by MSCs spontaneously (such as HGF or CCL2), while others are secreted
only after stimulation (for example IL-6 or LIF) or are secreted in lower quantities
spontaneously and in increased levels after stimulation (VEGF or IGF-I) (Figure 3).
MSCs are well known as cells with a potent immunosuppressive potential. It has
been demonstrated that MSCs inhibit the secretion of cytokines and have the ability to
suppress transplantation, anti-cancer or inflammatory reactions”*’l. Mathew et al®*!
showed that intravitreal administration of MSCs decreased the intraocular level of
inflammatory molecules TNF-a, IL-1p and IL-6 and rescued the retina from ischemic
damage. We have shown that MSCs transferred into the damaged ocular surface
significantly decreased infiltration with T lymphocytes and attenuated a local
inflammatory reaction®*’l. Furthermore, we observed that the cultivation of retinal
explants with pro-inflammatory cytokines IL-1p, TNF-a and IFN-y induced enhanced
expression of genes for numerous cytokines and that this enhanced gene expression
was attenuated in the presence of MSCs (Figure 4). The suppressive activity of MSCs
could be profitable for the therapeutic inhibition of the inflammatory reaction in the
diseased retina. Although different mechanisms can be responsible for the
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Figure 2 Expression of genes for immunoregulatory molecules and growth factors in the retina after intravitreal injection of pro-inflammatory cytokines.
Mice were injected intravitreally with pro-inflammatory cytokines IL-la, IFN-y and TNF-a (10 ng of each, in a total volume of 4 L), and the retinas from the control and
treated eyes were harvested after 72 h. The expression of genes for IL-la, IL-6, TNF-a and iINOS was determined in the retinas by real-time PCR.

suppression, one of the most important effects could be the spontaneous production
of TGF-p by MSCs. TGF-p is a strong negative regulator of immune reactions, and it is
the main cytokine determining the development of Tregs which can indirectly
contribute to immunosuppression mediated by MSCs!*’l. However, in the presence of
pro-inflammatory cytokines, MSCs also produce IL-6, which is a pro-inflammatory
cytokine and attenuates the development of Tregs. This plasticity of MSCs should be
kept in the mind when MSCs are delivered into the inflamed site with the aim to
attenuate the inflammation.

In addition to the production of immunoregulatory cytokines, MSCs are also potent
producers of numerous growth and trophic factors, such as HGF, LIF, VEGF, IGF-],
nerve growth factor, brain-derived neurotrophic factor, CDTF, glial cell line-derived
neurotrophic factor or platelet-derived growth factor™*"*?. After the application of
MSCs into the eye, the factors produced by MSCs support the survival and viability of
various types of retinal cells™*’l. Ezquer et al™! showed that intravitreal injection of
MSCs in diabetic mice increased intraocular levels of nerve growth factor, basic
fibroblast growth factor and glial cell line-derived neurotrophic factor and triggered
an effective cytoprotective microenvironment. The factors produced by MSCs have a
wider spectrum of trophic effects. For example, it has been shown that HGF supports
the growth and differentiation of numerous cell types!*, LIF is a highly pleiotropic
factor promoting cell differentiation and tissue growth!*, and IGF-I is also a
pleiotropic factor with multiple effects on cell differentiation, survival and growth!l.

The angiogenic effects of VEGF are also well known[*l. These molecules and
numerous other growth and trophic factors produced by MSCs can contribute to the
regeneration of the diseased retina. However, some of these factors have both positive
and negative impacts on the diseased retinal tissue. For example, VEGF supports
tissue healing by stimulating the formation of blood vessels, but inadequate
neovascularization can contribute to the development of some types of retinal
degeneration!’l. Thus, local concentrations of particular factors decide their effects,
and the stage and extent of the disease are very important for the formation of the
cytokine microenvironment and for therapeutic possibilities.

CONCLUSION

With the persistent absence of treatment protocols for retinal degenerative diseases,
stem cell-based therapy offers a promising approach. Among the various stem cell
types, MSCs provide several advantages. They can be prepared in a sufficient number
as autologous stem cells and administered repeatedly, and there is no danger of
uncontrolled cell growth or a formation of teratomas. Numerous experimental
therapeutic protocols and clinical studies using intravitreal administration of MSCs
have demonstrated the safety of this therapy without any harmful side effects**.
Retinal degenerative diseases are associated with local inflammation, cytokine
disbalance and a loss of specialized retinal cells, and MSCs can display therapeutic
effects for all of these dysfunctions by multiple mechanisms. They are the producers
of numerous growth and trophic factors that support the survival and growth of the
remaining retinal cells. They also possess potent immunosuppressive properties to
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Figure 3 Spontaneous and cytokine induced production of immunoregulatory cytokines and growth factors by mouse mesenchymal stem cells. Mouse
mesenchymal stem cells (8 x 10* cells in 1 mL of culture medium) were cultured for 48 h unstimulated (-) or in the presence of 10 ng/mL of IL-1B and TNF-a (Cyt.) The
concentrations of IL-6, LIF, VEGF, IGF-l, HGF and CCL2 in supernatants were determined by ELISA. IL-6: Interleukin-6; LIF: Leukemia inhibitory factor; VEGF:
Vascular endothelial growth factor; IGF-I: Insulin-like growth factor-I; HGF: hepatocyte growth factor.

attenuate inflammatory reactions and have the ability to differentiate into many other
cell types. It has been shown that in the presence of retinal cells, supernatant from
cultures of retinal cells or in the presence of retinal cell extracts MSCs differentiate
into cells expressing genes and markers typical for retinal cells!"**"1.

While there is abundant data from various experimental models that demonstrate
the positive effects of intraocularly administered MSCs on retinal healing, the results
still have to be taken with a precaution. In some studies, human MSCs were injected
intravitreally in rodents and their biocompatibility and positive therapeutic effects
were described!”'””l. However, a recent study by Lohan et al” demonstrated that
human MSCs administered into immunocompetent rats do not have the same
therapeutic effects as rat MSCs and that human MSCs do not suppress the
proliferation of rat T lymphocytes. Moreover, human MSCs are not activated by rat
pro-inflammatory cytokines!”l. These interspecies incompatibilities have to be taken
into account when the results from preclinical animal studies utilizing human MSCs
are considered in the context of translation to clinical trials.

Another issue that deserves attention is the secretory profile of MSCs after their
delivery into the inflammatory environment of the diseased retina. Such a secretory
profile could be quite distinct from that in MSCs during their cultivation in vitro. We
have shown in a mouse model that highly purified MSCs spontaneously produce
significant levels of TGF-P3 but do not produce IL-6. However, in the presence of pro-
inflammatory cytokines, such as IL-1, TNF-a or IFN-y, MSCs simultaneously secrete
a significant amount of IL-6/*’. IL-6 is a pro-inflammatory cytokine, which together
with TGF-p determine the development of the highly pro-inflammatory Th17 cells. A
crucial role in the shift between inhibitory Tregs and pro-inflammatory Th17 cells is
played by the ratio in concentrations of TGF-f and IL-6[*"\. This plasticity in the
secretory potential of MSCs represents limitations when cultured MSCs producing
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Figure 4 The expression of genes for pro-inflammatory molecules in stimulated retinal explants and suppression of the gene expression by MSCs. Retinal
explants were cultured for 48 h untreated (-), stimulated with IL-la, IFN-y and TNF-a (Cyt.) or stimulated with the cytokines in cultures containing MSCs (3 x 10*in 1
mL). The expression of genes for IL-la, IL-6 and iNOS in retinal explants was determined by real-time PCR. MSC: Mesenchymal stem cell; IL-6: Interleukin-6; IL-la:
Interleukin-la; iNOS: Inducible nitrox oxide synthase; MSC: Mesenchymal stem cell.

TGEF-p are transferred into the inflammatory environment of the diseased retina. To
prevent activation of pro-inflammatory cells, MSCs could be co-administrated with
antibody anti-IL-6 or anti-IL-6 receptor, as this has been tested in patients with kidney
allografts’”’1. It has been shown that blocking of the IL-6 pathway can attenuate
inflammation, support the activation of Tregs and enhance allograft survival. It can be
proposed that such interventions into cytokine pathways or the regulation of cytokine
interactions can significantly improve the efficiency of stem cell-based therapy for
retinal diseases.

While there is still a debate about the origin and characterization of MSCs”'! and
many unknown interactions among cytokines and other growth and trophic factors
remain to be recognized, stem cell-based therapy represents a great promise and hope
for the patients with visual problems and for the treatment of so far incurable retinal
degenerative diseases.
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Abstract

Human pluripotent stem cells (hPSCs) are important resources for cell-based
therapies and pharmaceutical applications. In order to realize the potential of
hPSCs, it is critical to develop suitable technologies required for specific
applications. Most hPSC technologies depend on cell culture, and are critically
influenced by culture medium composition, extracellular matrices, handling
methods, and culture platforms. This review summarizes the major technological
advances in hPSC culture, and highlights the opportunities and challenges in
future therapeutic applications.
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Culture medium; Stem cell niche; Signal transduction; Embryoid bodies
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Core tip: This review summarizes recent developments in cell culture systems for human
pluripotent stem cells, including signal transduction requirements at different
pluripotency stages, advances in extracellular matrices and handling methods,
establishment of chemically defined conditions, and various cell culture platforms for
specific purposes.
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INTRODUCTION

Human pluripotent stem cells (hPSCs), including mainly human embryonic stem cells
(hESCs) and induced pluripotent stem cells (hiPSCs), have the capacity to differentiate
to all cell types in the human body!. Since they were first derived in 1998, hESCs
have provided an unparalleled model to understand human embryogenesis, and has
sparked a revolution in regenerative medicine!’”l. Based on hESC culture conditions,
hiPSCs were first derived in 2007, which again created an unprecedented opportunity
to generate patient-specific hPSCs for disease modeling and therapeutic
applications*l. Because of their enormous potential, hPSCs have garnered vast
interest in both basic research and clinical applications!’.. Unlike somatic cell types,
pluripotent stem cells only transiently exist in the first few days of embryogenesis,
and there is no natural environment that is capable of maintaining pluripotency in
vivo for extended periods of time, so hPSCs in the lab are all artifacts of in vitro cell
culture conditions!'l. It is commonly recognized that cell culture quality is a major
limiting factor of hPSC applications. In the past 20 years, cell culture is a main
research focus in the hPSC field, and many technological improvements have been
made to realize the potential of hPSCs.

In order to maintain their pluripotency, hPSCs require proper combinations of
extrinsic signal stimuli to establish a stem cell niche in cell culture systems’l. Suitable
methods and culture platforms are required to sustain cell survival and promote
specific functions in various applications. hPSCs are traditionally cultured as a 2-
dimensional (2D) monolayer on mouse embryonic fibroblast feeder cells (MEFs) in
medium supplemented with either fetal bovine serum (FBS) or components extracted
from serum!”. This traditional culture is sufficient for hPSC maintenance and general
characterization but cannot satisfy the needs of numerous potential applications, such
as cell therapy and gene targeting. At the same time, new knowledge from basic
research also leads to new questions and challenges for further technology
development in cell culture!®'’l. This review will discuss five areas in hPSC culture
development that includes: (1) Stage-specific signaling requirements; (2) Essential
extracellular matrix; (3) Handling methods; (4) Defined culture composition; and (5)
Culture platforms (Figure 1).

STAGE-SPECIFIC SIGNALING REQUIREMENTS FOR HPSC
PLURIPOTENCY

After almost four decades of research, people have realized that mammalian PSCs
could be maintained at distinctive developmental stages. hPSCs at each stage require
a specific and different combination of growth factor stimulations. Three stages of
pluripotency have been reported in hPSCs, including primed, naive, and extended
pluripotency. However, most hPSCs are derived and maintained as primed PSCs.

The pluripotency stages are defined according to the differentiation potential and
developmental timing during mouse embryogenesis. In mouse embryogenesis,
primed ESCs are derived from post-implantation epiblasts!'!], and naive ESCs come
from the inner cell mass of preimplantation blastocysts!'**"], both of which show
limited ability to contribute to the extraembryonic placental tissues in vivo. Recently,
extended pluripotent stem cells (EPSCs) have been reported with extended ability to
contribute to both extraembryonic and embryonic tissues!""”]. Human and mouse
PSCs share similar growth factor signal stimulations that are required to maintain
PSCs at each specific stage. The hPSC pluripotency stages are determined according
to signal requirements and corresponding gene expression.

Primed ESC stage - common hESC culture

Thomson et al'"! first established hESCs from the inner cell mass (ICM) of blastocysts in
MEEF feeder cell culture with FBS. In the following 20 years, researchers have
endeavored to understand the essential signals from FBS and feeder cells that
promote pluripotency (Table 1). Many cell culture systems have been established to
maintain hESCs. FGF, TGF- family, and insulin master the three essential signaling
pathways for hPSC survival and pluripotency, and they have been combined together

Baishidenge WJSC | https://www.wjgnet.com 969 November 26,2019 | Volume 11 | Issue 1l |



Liu W et al. Cell culture for hPSCs

Stage-specific

pluripotency
EPSC
prs | IF, GSKi, CHRM2i, PARPI,
WNTI, ROCKi (2017)
‘&"& Naive Oo,(
3 LIF, MEKi, <,
Qs? GSK3i(2013) '&0/0
& o Primed {/é
& Inter-a-inhibitor 1,10 (2010, 2011) Y
& (2016) bl et R Gastruloids
IGF(2007) (2014)
. X Primed
Synthetic peptidesp . T FGF2 (2005)  Miniature culture
Laminin (2010) TGFB (2004) ==t systems (2009)
(2012)
Fibronectin
Biomaterial-specific %
Vitronectin (2006) 3D platforms (2007) E?gry‘aff{til;g?;o%g)embwd %’é
(2008)
Matrigel 3%
s g (2001) - mTeSR(2010) 2
£ NZyme free dissociation MEF FBS (1998) 3
g EDTA (2012) Enzyme based dissociation (1998) KOSR (2000) E8(2011) 2
s TrypLE (2011) Acautase (2008) 2D Culture =
£ Trypsin/EDTA (2004) (1998) NBF (2006)
c
o
x MYH inhibition FBS (1998)

Blebbistatin (2010)

ROCK inhibition
Y27632(2007)

hPSC culture

Collagenase or

Nicotinamide (2018) dispase (1998)

Figure 1 Five areas in human pluripotent stem cell culture development. hPSC: Human pluripotent stem cell.

as the most common extrinsic stimuli to derive and maintain hESCs and hiPSCs!"***l.
FGF family members, with FGF2 as the main effector, activate the ERK pathway to
promote cell survival, proliferation, and pluripotency!**!l. TGF-p family members,
including TGF-B, Activin, and Nodal, induce SMAD2/3-dependent transcription to
sustain pluripotency!*!'”*. Insulin is a promiscuous factor present in most hESC
media, and is required for cell survival, metabolism, and pluripotency!”**. Insulin can
be replaced by insulin-like growth factor (IGF), which activates the IGF receptor
pathway to support hESCs!*l. Based on the hESC culture conditions, Tesar et al!'!l
derived primed mouse ESCs (mESCs) from post-implantation epiblasts, which are
also called mouse epiblast stem cells (mEpiSCs). These primed mESCs exhibit similar
growth factor preference as hESCs. If without specification, hESC culture condition
usually refers to conditions that can sustain primed hPSCs and primed mPSCs.

In addition to the growth factors ruled by the three mentioned pathways, other
signaling pathways are also reported to support pluripotency. For example, FLT3,
heregulin, heparin, heparan sulfate, S1P, and PDGF promote hESC pluripotency, and
all are found to promote ERK pathway activation!**’l. Beneficial effects are also
observed with other factors such as pipecolic acid and GABA, but their molecular
mechanisms remain unknown’.

Besides the beneficial factors, some growth factor pathways need to be suppressed
to maintain primed pluripotency in hESCs. Exogenous BMP signal from serum or
serum products leads to the exit of self-renewal™!. The inhibition of BMP pathway
promotes hESC pluripotency even without addition of TGF-p in medium containing
knockout serum replacement (KOSR)I*. At the same time, WNT inhibition is also
beneficial for cell pluripotency, while WNT activation leads to cell differentiation!™.
Multiple groups reported earlier that hESC pluripotency was promoted by WNT
pathway activators, such as WNT3A, LiCl, and BIO***, but those observations
could be artifacts from differential culture background, coming from different
medium composition. Presently, WNT activators are usually used to induce hPSC
differentiation to mesoderm or neural crest lineages™*l.

Based on the knowledge of hESC culture conditions, various primed stage hPSCs
have been derived from different sources. In addition to the inner cell mass of
embryos!'l, hESCs are also derived from a single cell of an 8-cell blastomere without
embryo destruction”’l. In recent years, patient-specific nuclear transfer-ESCs (hNT-
ESCs) have been created through somatic cell nuclear transfer (SCNT) to caffeine-
treated oocytes™]. At the same time, hiPSCs are generated directly from somatic cells
through somatic reprogramming by defined factors>*. No matter the sources, the
hPSCs derived under hESC conditions always reflect characteristics that resemble
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primed mouse ESCs.

Naive hPSC stage

Immediately after the derivation of hESCs, researchers noticed that hESCs required a
different growth factor regulation from preimplantation blastocyst-derived mESCs!*.
Smith and colleagues show that mouse ESCs can be maintained by leukemia
inhibitory factor (LIF) in media containing FBS, by LIF and BMP4 in serum-free
media, or by the dual inhibition of MEK and GSK3 (2i) in serum-free cultures!’-*’l.
These cells are called naive mESCs in contrast with primed mESCs, because the naive
mESCs represent an earlier developmental stage. The naive mESC conditions cannot
be used to maintain primed hPSCs and mESCs. Examples include BMP4, ERK
inhibitor, and GSK3 inhibitor, all of which induce the differentiation of primed hPSCs.

Naive mESCs contribute to blastocyst chimeras more effectively, demonstrating a
unique epigenetic signature with genome-wide DNA hypomethylation, and with the
silent-X chromosome reactivated in female cells®”. Compared to primed mESCs, naive
mESCs exhibit more genomic consistency and differentiation potentials. Naive hPSCs
could presumably gain similar advantages, yet hPSC pluripotency could not be
maintained by mouse naive conditions. It is reported that key genes such as ESRRB,
KLF2, and BMP4 are not expressed in human naive epiblasts!*l. By overexpressing
KLF4, naive hPSCs can be maintained under mouse 2i conditions with an additional
PKA inhibitor®*’l. This suggests that additional signal modulation is necessary to
maintain hPSCs at the naive stage.

In the past 5 years, major efforts have been devoted to developing culture
conditions to maintain naive hESCs. Six combinations of extrinsic stimuli are reported
to maintain naive hPSC, which are summarized in Table 24!l Similar to mouse
culture, all naive conditions require MEK and GSK3 inhibitors (2i), and LIF is applied
in five of the six media. All the conditions include additional supplements besides
base medium, such as KOSR, B27, N2, and TeSR1 supplements™. Interestingly, four
conditions also contain FGF2 that is not required in mESC culture. At the same time,
various additional small chemicals are used to modulate pathways, such as
LCK/SRC, Raf, FGFR, HDAC, and PKC. These additional factors help induce gene
expression that are beneficial to naive pluripotency. Currently, there remains no
consensus concerning which pathways are essential for the maintenance of naive
hPSCs. It is conceivable that a more unified culture system will be developed in the
near future.

It is important to point out that naive pluripotency requires different maintenance
signals, which sometimes have opposite effects on primed hPSCs. For example, the
FGF and ERK pathway is inhibitory to naive pluripotency, while it also promotes
primed pluripotency. At the same time, BMP4 and WNT signals promote naive
hPSCs, but induce differentiation of primed hPSCs. Such phenomena demonstrate
that hPSCs at each stage require distinctive signals for exiting pluripotency as well as
for cell fate determination.

Extended pluripotency

Recently, two new mouse cell culture conditions have been reported to sustain ESCs
with extended pluripotency. These cells can contribute to not only embryonic, but also
extraembryonic lineages, giving them the name of extended pluripotent stem cells
(EPSCs)'*1. Surprisingly, these two conditions only share GSK3 inhibition. Deng and
colleagues showed that mouse EPSCs are maintained by the EPS-LCDM medium,
which contains the combination of LIF, CHIR99021 (GSK inhibitor), dimethindene
maleate (M2 muscarinic receptor inhibitor), and minocycline hydrochloride (PARP
inhibitor)"?l. With the help of WNT inhibitor (IWR-endo-1) and ROCK inhibitor
(Y27632), EPS-LCDM can be used to maintain human EPSCs. In contrast, Liu and
colleagues reported a different formula to maintain EPSCs, which includes inhibitors
of various pathways including MEK, GSK3, p38, JNK, SRC, and Tankyrase!*). More
work is necessary to determine whether the two EPSCs are at similar developmental
stages, and what central regulation is shared by these two conditions.

Naive hPSC and hEPSC cultures allow better cell survival after individualization
than primed hPSCs, which is beneficial for applications such as gene targeting and
expansion. They also provide alternative model systems to understand human
embryogenesis, and more studies are needed to explore their potential. However,
currently most studies and applications use primed hESC conditions, so the
remainder of this review will focus on the technology development related to primed
hPSCs.

CELL ADHESION FOR CELL SURVIVAL AND EXPANSION
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In order to maintain hPSC pluripotency, a stem cell niche requires not only growth
factor signals but also cell adhesion. Without the support of exogenous adhesion
proteins, hPSCs either die or differentiate!'”*’l. In original hESC derivation, cell
adhesion signals are provided by MEF feeder cells and their secreted extracellular
matrix (ECM)!". Matrigel was later found sufficient to support hESC survival and self-
renewal without feeder cellsl”’l. Matrigel is isolated from mouse Engelbreth-Holm-
Swarm teratocarcinoma cells, so it is not ideal for hPSCs that have applications in
clinical therapiest™ ). The establishment of feeder-free culture permits the possibility
to optimize ECM and medium composition in parallel, and greatly accelerates
technology development.

Matrigel is a mixture of mainly laminin and collagen, which can activate integrin
signaling. Various integrin-activating ECM proteins and their recombinant
derivatives can support hPSCs, which include laminin, vitronectin, fibronectin, and
inter-a-inhibitor(*”*-*’l. Recombinant vitronectin and laminin domains can be
produced in bacteria or in a cell free system, and they are becoming popular choices
for cell culture that needs defined recombinant ECM components!'”>*1,

Besides cell-ECM interaction, cell-cell interaction mediated by E-cadherin is another
key component of hPSC niche. E-cadherins facilitate hPSC expansion in the form of
colonies!”. Recombinant E-cadherin is produced as a fusion protein that contains N-
terminal E-cadherin and C-terminal IgG-Fc domains. This protein sustains hPSC
survival and self-renewal in the absence of integrin-stimulating ECM). When E-
Cadherin and laminin are combined to create an artificial matrix, the clonal expansion
of hPSCs is significantly improved in comparison to single-component matrices!*’l.
These data suggest that integrin- and E-cadherin-mediated adhesions provide the
principle ECM cues in hPSC niche.

Based on hPSC niche composition, specific peptides have been identified to sustain
hPSC culturel'*’l. The most popular peptides are RGD domain-based peptides, which
activate integrin pathways. These peptides are sufficient for hPSC survival and
expansion, and the efficiency is similar to that of matrigel and vitronectinl®**!. Such
peptides can be chemically produced in large scale, and are very attractive materials
for tissue engineering and technology development. The recombinant proteins and
peptides can be conjugated to various matrices to construct a synthetic ECM
environment. With improved hPSC handling methods, hPSCs are more tolerant to
various materials, which greatly expand the choices of ECM materials for different
culture platforms and applications.

HANDLING METHODS

Compared to naive hPSCs and hEPSCs, primed hPSCs are more prone to cell death
after dissociation. Most hPSC culture manipulations involve cell dissociation or
individualization. Efforts have been focused on promoting cell survival in hPSC
handling methods that are essential for various applications.

In regular maintenance, hPSCs proliferate quickly and are usually passaged every
4-7 d. Traditionally, hPSCs are manually split, or dissociated with collagenase or
dispase, and cells are collected as clumps!”. Collagenase and dispase cause minimal
disruption of hPSC niches, and cells survive well as aggregates of uneven sizes.
Unfortunately, such a dissociation method is not suitable for gene targeting or other
experiments that require individualized cells. After hPSCs are individualized with
trypsin/ EDTA"], most cells die within 24 h after passaging, and fewer than 1% of
hPSCs can survive clonally without exogenous intervention. After individualization,
the loss of cell adhesion activates the Rho-associated protein kinase (ROCK)
/Actinomyosin axis that leads to increased actin-myosin contractility and cell death.
Cell survival of individualized cells is significantly improved by the inhibition of
ROCK, myosin heavy chain (MYH), and actin proteins!®**’l. Vitamin B3 is sometimes
used in hPSC expansion, and it was recently found that nicotinamide promotes cell
survival by inhibiting ROCK activity!*l. Interestingly, even though caspase cascades
are activated by dissociation, caspase inhibitors could not rescue cell survival.
Researchers typically use ROCK inhibitors and the MYH inhibitor blebbistatin to
facilitate single cell clonal formation and expansion!*”*“l,

Dissociation reagents are also important for the cell survival after dissociation.
TrypLE and accutase are recombinant proteases that have gentler effects on cells than
traditional trypsin/EDTA, which greatly improves cell survival after dissociation,
whether or not ROCK inhibitors are present!”””). hPSCs can also be dissociated as
small aggregates with enzyme-free EDTA/PBS or citric acid solutions”>”’l. After
attaching to ECM coated surfaces, these small aggregates quickly re-establish colonies
and can achieve good survival ratios even without ROCK inhibitors. This enzyme-free
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method does not digest the ECM, and does not need enzyme neutralization and
removal. It provides some unique advantages in clonal hPSC expansion over enzyme-
based dissociation methods!".

Cryopreservation is the essential final stage of hPSC culture. It has long been
problematic to efficiently revive hPSCs after cryopreservation. When hPSCs are
harvested using dispase or collagenase, fewer than 5% of colonies could be recovered.
In order to achieve good cryopreservation in these conditions, hPSCs need to be
individualized, and later recovered in the presence of ROCK inhibitors or
blebbistatin*”*). However, when enzyme-free PBS/EDTA is used to dissociate cells,
hPSCs can be efficiently cryopreserved even without ROCK inhibitors!.

With the emergence of new genome recombination technologies, increasingly
hPSCs are being used in gene targeting that requires individualization and clonal
expansion. For these purposes, TrypLE, accutase, and enzyme-free dissociation are
usually used to harvest cells, and cells are often treated with ROCK inhibitor during
electroporation and platingl’®”’l. If antibiotics, such as puromycin and neomycin, are
applied to select positive clones, ROCK inhibitor usually needs to be present to
improve clonal hPSC expansion.

CULTURE CONSISTENCY, FROM SERUM TO CHEMICALLY
DEFINED CONDITIONS

Even though growth factors and ECM are vital for hPSC maintenance, they are only a
small part of cell culture components. Cell culture systems also include other equally
important factors, such as water, nutrients, salts, vitamins, lipids, air, and temperature
control”. Optimal culture composition is essential for cell survival, pluripotency, and
therapeutic applications.

Most medium nutrients, salts, vitamins and water are provided through various
basic media such as DMEM/F12. Additional medium components are usually
supplied in the form of fetal bovine serum (FBS), KOSR, or defined mixture such as
B27 supplement™>”’l. At the same time, MEF feeder cells are often used to provide
unspecified beneficial factors!'l. FBS and KOSR contain undefined components of
animal origins, and even B27 has bovine serum albumin (BSA) as a major component.
These supplements pose major obstacles for hPSC applications. First, the exposure to
animal cells and animal products leads to risk of immune rejection to hPSCs by
contaminated animal components. This would make the hPSC product unsuitable for
therapeutic applications. Second, secretion from feeder cells or serum components
often lead to complications when trying to interpret a phenomenon or molecular
mechanism. Third, the uncertainty of undefined composition also leads to
complications in large-scale production which can cause a significant batch to batch
variation. It is more desirable to have a robust culture system with defined
composition while free of animal products.

Many defined cell culture systems have been developed to culture primed hPSCs.
Individual labs and international collaboration have been involved in defining the
components in cell culture medial'®*>***#*1 In 2010, the International Stem Cell
Initiative systematically evaluated a few popular defined hPSC media, and mTeSR1
and STEMPRO demonstrated a more consistent ability to main hPSCs!'*l. Besides
FGF2, all these media contain BSA. Albumin is a principal serum protein, and makes
up 3.5 to 5.0 g/dL in serum. Most cell culture contains albumin!*#?. Even though BSA
can be replaced by human serum albumin or recombinant albumin, the sheer amount
of the albumin in medium significantly affects consistency which relies on the quality
of albumin in each production batch. Chen et all'"! showed that the essential role of
albumin is to block the toxicity of antioxidant 2-mercaptoethanol that is traditionally
added into hPSC culture. When 2-mercaptoethanol is removed from medium,
albumin is no longer required for hPSCs. Based on this finding, E8 medium was
developed to sustain hPSC pluripotency with eight essential components!'’l. E8
components include growth factors (insulin, FGF, and TGEFp), nutritional support
(DMEM/F12 base medium), antioxidants (selenium, vitamin C, and transferrin) and
pH modulator (NaHCQO,). The E8 medium formula has a significantly simplified
composition, which is a good platform to understand hPSC physiology. When
albumin is no longer necessary, E8-based culture system can facilitate hPSC
production for therapeutic applications, and hPSCs can be cultured in E8 medium for
>50 passages without any signs of karyotypic abnormalities while maintaining their
pluripotency. hESCs and hiPSCs maintained in E8 medium have been efficiently
induced into many somatic cell types and tissues under adherent and suspension
culture conditions!®*,

When researchers use albumin-free media, many cellular treatments and
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manipulations need to be reevaluated. First, as a carrier protein, albumin is a strong
adsorbent and blocker, so the concentrations of small chemicals used for cell
manipulations need to be re-examined in albumin-free condition. Second, it is found
that stem cells are more sensitive to suboptimal conditions or environmental changes
in albumin-free medium, such as toxins, small chemical treatments, and medium
acidosis[¥l.

Besides albumin, there are other factors that could also affect hPSC culture
consistency. FGF2 is essential for pluripotency, but it is thermally unstable, which can
result in precipitation and conformational changes of proteins, so high concentrations
of FGF2 must be added in defined culture, and it needs to be replenished regularly.
FGF2 can be stabilized by heparin, a specific point mutation, or slow release
mechanism to help resolve this issue”*], and mutant forms of FGF2 that are stable
against thermal denaturation have been established, such as K128N (Chen et alt*’),
2016). It was also found that defined media produce different patterns of cellular
metabolism compared to KOSR-containing media. Due to the lack of lipid
components from KOSR, cells in E8 and TeSR demonstrate increased oxidative
pentose phosphate pathway metabolism.

Although primed hPSCs can be maintained in E8 medium, there remains no similar
albumin-free condition capable of naive hPSC and EPSC maintenance. The media for
the latter two hPSCs require albumin-containing supplements and additional small
molecule modulators. This remains not only an interesting biological question but
also a practical problem in the development of potential hPSC applications in the
future.

CULTURE PLATFORMS FOR SPECIFIC PURPOSES

As discussed in previous sections, traditional hPSC culture systems are established on
a 2D monolayer with suitable ECMs. However, conventional 2D monolayer culture
does not accurately replicate the in vivo physiological environment, and often fails to
meet the demands of research and therapeutic applications!”’!. With the advances in
culture medium, ECM, and handling methods, various culture platforms have been
developed to utilize hPSCs beyond the usual 2D monolayer!”'l. ROCK/MYH
inhibitors promote cell survival and make hPSCs more tolerant to various treatments,
which facilitates the fast development of hPSC culture platforms. We will briefly
discuss biomaterial-free embryoid body culture as well as biomaterial-specific 2D and
3D platforms.

Biomaterial-free 3D embryoid body culture

When no ECM is supplemented to hPSCs, cells in suspension form embryoid bodies
through E-cadherins. Many different methods have been developed to make
embryoid bodies” . When hPSCs are harvested as individualized cells, ROCK
inhibitor greatly promoted cell survival during the formation of embryoid bodies
independent of the dissociation method.

The 3D suspension culture provides multiple advantages in large scale production,
storage, and differentiation”**”l. Clinical applications often require 10’-10"° or more
hPSCs. However, 2D culture cannot constantly produce uniform hPSCs in such large
quantities. The embryoid bodies can be grown in stirred-suspension bioreactors,
spinner flasks, or bag, greatly increasing cell culture capacity”!. The suspension
culture can now produce more than 10" hPSCs!”’l. Bioreactors provide a homogenous
growth environment with real-time monitoring of oxygen level, medium acidosis, and
metabolite concentrations!”. The shear stress and slowed growth rate are common
issues that need to be considered when cells are expanded.

The embryoid body structure mimics cell interaction in embryogenesis, and hPSCs
can spontaneously differentiate to cell types of three germ layers in the absence of
growth factors. Embryoid body can be used to evaluate pluripotency in vitro” ', and
it has become an attractive alternative to a traditional teratoma assay!'""!. The 3D
culture can also be used for lineage-specific differentiation. In recent years, organoid
is becoming a powerful model to understand embryogenesis and lineage-specific
differentiation"”.. hPSC embryoid bodies can be adapted to organoid differentiation
for specific cell types!'™!".

hPSCs in suspension display altered metabolic status and slower cell proliferation.
Xu and colleagues utilized the altered hPSC physiology in suspension to develop the
spheropreservation method!".. In suspension, hPSC embryoid bodies can maintain
cell viability and pluripotency at room temperature for several days. This allows the
cells to be transported at room temperature without cryopreservation. It is a
convenient way to transport cells without conventional methods that require either
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dry ice for frozen cells or a 37 °C container for live cell culture vessels.

Biomaterial-specific 3D platforms

3D scaffolds are increasingly used for hPSC maintenance and differentiation with the
assistance of natural and synthetic materials!'’l. These materials are usually
biocompatible and biodegradable, and provide various biological signals and
mechanical strength for specific applications. Many natural materials, such as
hyaluronic acid (HA) and alginate, are functional for hPSCs maintenance, but they are
difficult to control due to undefined polymer size and the potential to influence
cellular signal transduction!"””. Synthetic polymers such as polyethylene glycol (PEG)
are readily polymerized, and can be functionalized with specific ligands. This allows
fine-tuning of the stem cell niche to meet the requirements of various applications.
PEG-based hydrogel has been used to study the effect of N-cadherin peptide on
mESC growth and neural differentiation!"’, and also shown to successfully support
the development of neural tube structure from single mESCs!'”l. Many ligands have
been discussed in previous sections. With the proper choice of biomaterials, hPSCs
can be maintained, differentiated, and cryopreserved efficiently in 3D platforms!'*‘.

Miniature culture systems

Besides large-scale production for therapeutic applications, new platforms have been
developed as miniature culture systems that can be used for basic research and drug
screening.

Microfluidic systems feature automatic operation, precise control of treatment
parameters, as well as integrated functional modules. It has been used to interrogate
the effect of cell patterning, physical factors, chemical factors as well as cell-cell and
cell-ECM interactions in hPSCs. Microfluidic chips were designed for analysis of
hPSC response to treatments as single colonies!"'"""?l. Similar systems have been used
to understand how growth factor signals could impact cell fate determination!**'*,
comparable to organ-on-a-chip platforms for cancer and somatic cells. Microfluidic
devices are powerful tools for research in cellular function, cell fate determination as
well as disease modeling.

Recently, gastruloid culture platforms were developed for pluripotent stem cells as
a multicellular in vitro model of the gastrulating embryo. Generation of geometrically
confined stem cell colonies significantly improves the reproducibility and quantitative
analysis of differentiation. 2D micropatterned hESC colonies are generated on a
surface coated with patterned ECM proteins or ligands!'**. The pattern can be
precisely controlled in size, shape, and ligand. This platform not only improves the
reproducibility of differentiation, but also provides a platform for microscopic
imaging and screening. Recently, gastruloid culture has been used to study how
geometric constrains could affect cell fate determination with specific spatial
distribution'®l. An important advantage of this system compared to the embryoid
bodies platform is the better control over cell number, being important when
reproducing early developmental stages influenced by cell number and patterning.

CONCLUSION

In the past 20 years, hPSC culture technologies have evolved extensively on all fronts.
We can expect to see hPSCs at all three embryonic stages efficiently maintained very
soon. However, development of clinical therapies or disease models needs more than
just pluripotent stem cells. The next great challenge is to efficiently differentiate or
generate specific cell types from hPSCs in cell culture, which will require more
complex signal transduction and medium composition for differentiation initiation,
cell fate specification, and maturation. In addition, the cell culture platform will be
involved in how differentiated cells could be used in various applications, which will
require the infusion of bioengineering technologies and efficient cell handling
methods. The principles of hPSC culture technology could be applied to
differentiation and further applications. More exciting cell culture advances will
eventually help to realize the great potential of hPSCs just as people imagined when
the cells were first derived in 1998.
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Abstract

Neural stem cells (NSC) act as a versatile tool for neuronal cell replacement
strategies to treat neurodegenerative disorders in which functional
neurorestorative mechanisms are limited. While the beneficial effects of such cell-
based therapy have already been documented in terms of neurodegeneration of
various origins, a neurophysiological basis for improvement in the recovery of
neurological function is still not completely understood. This overview briefly
describes the cumulative evidence from electrophysiological studies of NSC-
derived neurons, aimed at establishing the maturation of differentiated neurons
within a host microenvironment, and their integration into the host circuits, with
a particular focus on the neurogenesis of NSC grafts within the post-ischemic
milieu. Overwhelming evidence demonstrates that the host microenvironment
largely regulates the lineage of NSC grafts. This regulatory role, as yet
underestimated, raises possibilities for the favoured maturation of a subset of
neural phenotypes in order to gain timely remodelling of the impaired brain
tissue and amplify the therapeutic effects of NSC-based therapy for recovery of
neurological function.

Key words: Neural stem cells; Embryonic progenitors; Neurogenesis; Maturation of
neurophysiological properties; Integration into network; Neural stem cell therapy;

Neurodegeneration; Ischemic injury

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Electrophysiology combined with post-hoc immunohistochemistry was utilized
for monitoring the maturation of neural stem cell (NSC)-derived hippocampal neurons
within a host tissue, aimed at establishing the neurogenesis of NSC grafts between
physiological and post-ischemic endogenous milieus. Understanding the timing
maturation of the neurophysiological properties of differentiated neurons within the
microenvironment of a host brain tissue will provide an assessment of the effects of cell-
based therapy with regard to neurodegenerative disorders of varied aetiology.
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INTRODUCTION

Stem cell therapy has emerged to become a universal “rescue” tool for a broad range
of neurological disorders which are as yet incurable with canonical treatment
approaches. Since the discovery of stem cells, this avenue of research has become
mainstream, not least due to the enigmatic nature of stem cells, but mostly because of
the immense therapeutic potential of stem cells, unveiled either by experimental
studies or clinical trials. Undoubtedly, the prominent therapeutic effects produced by
neural stem cell (NSC) use in different types of neuropathology give credit to NSC as
a multipurpose tool for curing neurodegeneration in a variety of diseases of the
central nervous system!*). Among all the advanced features of this cell type, the
multi-lineage potential of NSC is probably the most attractive in terms of a cell-based
therapy for the treatment of neurodegenerative disorders which are accompanied by
extensive neuronal cell death that require a replacement of the pool of non-
recoverable cells. These include such disorders as stroke, epilepsy, different forms of
dementia, including Alzheimer’s and Parkinson’s diseases, among others?*. The high
capacity of NSC - either of fetal or adult brain origin - to differentiate between the
lineages of neuronal or glial cell types, provides the damaged brain with a newly
developed pool of cells consisting of a mixture of the entirely different phenotypes:
e.g., cholinergic, serotonergic, GABAergic, other neuronal subtypes, mixed with
oligodendrocytes, astrocytes, reparative microglial subtypes, etc. This innate
peculiarity of NSC to differentiate into diverse phenotypes, confirmed by several lines
of evidence as a result of monitoring cell grafts in the post-stroke brain-''l, can
underlie the versatile beneficial effects when employed as cell-based therapy!.
Consequently, such a therapy could lead to the “self-repair” of the damaged tissue by
amplifying the remodelling of the injured brain through the rebuilding of damaged
neuronal ensembles, neurite remodelling and the rewiring of the whole circuitry
using one therapeutic approach. Together, this offers a potential advantage of NSC
use in terms of boosting neurorestorative effects and amplifying the recovery of
neurological function. In addition, employing NSC as a therapeutic approach has
proved to be safe, owing to the restricted proliferation of neural precursors - unlike
stem cells - that implies a lower risk of malignant transformation that could
subsequently develop in the brain”'""’l. The latter is an essential requirement that cell-
based therapies should meet.

NEURAL STEM CELL FOR MULTI-LINEAGE
DIFFERENTIATION WITHIN A HOST TISSUE

Among two stem cell therapy approaches applicable at present - the transplantation
of already differentiated cell phenotypes from induced pluripotent stem cells (iPSC)
and the engraftment of neural progenitors into the injured brain - the use of NSC has
emerged as one that opens a door for “self-repair” of the damaged tissue. The
rationale for this lies with the multi-lineage differentiation of NSC regulated by a host
(endogenous) microenvironment. This implies that after engraftment into the injured
tissue, NSC differentiation occurs in a way that is pertinent to impairments taking
place within the damaged area. In the light of the microenvironment characteristics
featuring the post-ischemic brain tissue, a high level of excitotoxicity which originates
from overwhelming glutamate, necrotic, pro-apoptotic factors being released
following massive ischemic cell death, is a critical determinant that dramatically
lowers the cell viability of already differentiated iPSC-derived neurons after
transplantation. Similarly, the overactivation of pro-inflammatory signalling
pathways pertinent to the post-ischemic impairments would suppress the survival of
vulnerable neurons transplanted into the post-stroke brain. In support of this, there
has been a routine low survival rate of iPSC-derived neurons after transplantation
into the post-ischemic brain - the process greatly exacerbated by the proximity of cell
grafts to the stroke lesion!'*""l. Furthermore, the lowered viability of engineered iPSC-
derived cell grafts following transplantation has been a general problem for gene
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therapy applications in clinical trials for Alzheimer’s and Parkinson’s diseases!'**"\.
Establishing how the transplanted neurons can be protected over time within a
pathological milieu is a key prerequisite for achieving the optimal outcome of cell-
based therapy. This is where the advantage of the high intrinsic plasticity of NSC over
the differentiated neuronal phenotypes in terms of gaining cell viability while within
a detrimental host microenvironment, has appeared.

Emerging data from functional studies of the NSC-derived neurons indicate that
neuronal differentiation and maturation occur at a much faster rate within a host
brain tissue than in in vitro cell cultures. For instance, the maturation of
electrophysiological properties of the NSC-derived neurons in organotypic
hippocampal tissue has been completed for up to 3 weeks after engraftment?”’*?. By
contrast, the maturation of biophysical properties of stem cell-derived neurons in
dissociated cell cultures normally requires months to achieve a similar result.
Electrophysiological studies collectively suggest that it is often necessary to use
enriched media (a “cocktail”) composed of a mixture of transcriptional factors and
master regulators to force the maturation of neurophysiological properties of iPSC-
derived neurons?”>*l. In this context, the accelerated neuronal maturation of NSC
grafts within an endogenous microenvironment is highly advantageous, since only
mature neurons will contribute to neurological function and lead to tissue
remodelling for functional recovery. Although the precise mechanisms that underlie
the accelerated neuronal maturation of NSC within a host brain tissue remain largely
unknown, the potential of NSC for achieving fast therapeutic outcomes argues the
case for pursuing further research to explore this in detail.

Among the benefits of NSC use as a promising therapeutic approach, one may
assume engaging other mechanism(s), which remain as yet enigmatic. It can include,
in particular, triggering the pool of resident NSC to cause it to become activated. The
resident NSC - the population of adult stem cells available across the mature brain at
the subventricular and subgranular dentate gyrus zones of the hippocampus,
cerebellum, forebrain, olfactory bulbs - revealed the innate therapeutic potential with
regard to the regeneration of the impaired brain tissuel**’l. Growing interest within
this newly exploring research area piles up further arguments for the high intrinsic
plasticity of NSC and the control of the NSC fate by a host endogenous environment.

MONITORING NEURONAL MATURATION - CHALLENGES
AND IMPORTANCE

Despite the lengthy period of time since the therapeutic effects of stem cell
applications in brain injuries were first documented, to date neurophysiological
mechanisms mediating these effects are still beyond our comprehensive
understanding. For decades, in innumerable attempts to assess how far competent
NSC-derived cells become over time within the adult brain, most data across the field
have generally illustrated many antigens/markers that differentiated cells can
express. While a combination of immunocytochemical (histochemical) profiles firmly
documents the cell lineage!**l, along with an ample expression of various receptors,
proteins, etc., across the pool of differentiated cells, it provides, however, no rigorous
evidence for the functional properties of these cells. Cells displaying a clear
immunoreactivity might yet possess neither functional receptors nor signalling
pathways constituted to ensure appropriate neurophysiological activity. Given that
the appropriate level of neurophysiological activity - of individual cells and
integrated neuronal network activity - determines the function, the anticipated
beneficial effects of cell-based therapy would ultimately rely on the timing maturation
of the neurophysiological properties of differentiated neurons, followed by their
functional integration into the host circuits. Eventually, this dictates the overall
outcome of the therapy being applied.

Notwithstanding their importance, the functional studies investigating how far the
stem cell-derived neurons are physiologically credible following neurogenesis, have
been scarce. There have only been a few studies, with some exceptional examples as
follows!”'*>*% 'which have performed meticulous investigations of the biophysical
properties and the neurophysiological activity of stem cell-derived neurons. The
depth to which the majority of works tested the maturation of stem cell-derived
neurons consisted of basic patterns of firing and synaptic activity recorded from
differentiated neurons, typically at the very late time-points after transplantation (a
few months in the post-stroke brain). Certainly, major challenges lay in selecting the
difficult electrophysiological technique. Among technical difficulties, the
methodology of conventional whole-cell recordings carrying on in vivo demands the
termination of an acute experiment; therefore, the assessment of neurological function
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through behavioural testing commonly precedes studies at the neuronal level.
Consequently, a huge leap exists for the time window between cell engraftment to
when the neurophysiological properties of stem cell-differentiated neurons have been
tested. Therefore, a number of important questions remain to be answered. First of all,
the time window that stem cell-derived neurons require to set up their
neurophysiological properties to match the level of functional activity displayed by
endogenous neurons. Second, what is the time scale for differentiated neurons to
become functionally integrated into the host circuits? Third, is there a difference in the
timing of neuronal maturation between different milieus (i.e., varied pathological
microenvironments)? This knowledge is essential when it comes to making decisions
with regard to a scheme for stem cell transplantation (timely initiation of the
treatment) and the assessment of anticipated benefits, along with the potential risks
associated with the therapy application, depending on the severity of the tissue
damagel™l.

Evidence-based advances of the ex vivo brain tissue preparations have attracted
attention to this experimental approach as an alternative to in vivo studies. Brain slices
fulfil expectations for functional studies at the sub-cellular, cellular and neuronal
network levels due to the preserved tissue layer architecture consisting of innate cell
assemblies. Over time, organotypic brain slices have been effectively used to discover
important insights into the cellular and molecular mechanisms of neurodegeneration -
first of all, because of feasibility for the long-term maintenance of viable tissue, with
much fewer costs as compared to animal model use, and because varied combinations
of advanced techniques and analytical tools become applicable to brain tissue at either
immature or mature developmental stages!™*l. One of the other problems in studies
of neurodegenerative disorders is that the generated animal models do not replicate
the neuropathological changes obtained from post-mortem studies of the brain
neurodegeneration, for instance, in stroke (cerebral ischemia), Alzheimer’s and
Parkinson’s diseases, other forms of demential®®l. Whilst the use of animal models
remains in a constant debate in terms of whether or not they are relevant to human
neurodegenerative disorders associated with the clear clinicopathological profile of
memory loss and cognitive decline (debatable in animal species), mechanistic studies
require model systems for exploring the mechanisms of neurodegeneration and
treatment strategies. In this context, once again organotypic brain slices perfectly fit
these aims.

Taking all the above into account, monitoring the time-dependent maturation of
NSC grafts within a host hippocampal tissue has recently been employed. Functional
studies have been carried out in organotypic hippocampal slices, aimed at answering
the questions as highlighted earlier. The experimental data from electrophysiological
recordings, combined with electron microscopy and immunohistological approaches,
have revealed that NSC-derived hippocampal neurons have matured
electrophysiological properties, and have functionally integrated into the host circuits
within 3 weeks of engraftment”l. Moreover, the neurophysiological maturation of
NSC-derived neurons achieved a similar level of activity as that exhibited by
endogenous CA1l pyramidal neurons (varied electrophysiological parameters were
quantitatively compared between the groups). Next, a morphological comparison has
been performed with regard to the synapses which NSC-derived neurons constituted
with endogenous cells. The visualised structures, either presynaptic terminals
containing numerous vesicles or postsynaptic structures, revealed the typical
morphology, confirmed by synaptic function (i.e., recordings of the postsynaptic
currents) detected as early as the first two weeks after engraftment?!l. Extrapolating
from the experimental data from this and other studies?”?, the maturation of neuronal
excitability and synaptogenesis within a host tissue can be envisaged to last up to a
few weeks - a time scale much faster than established in dissociated cell cultures
across a vast literature (NSC-derived vs iPSC-derived neurons!™l). Consequently, the
therapeutic outcome from NSC-based therapy could, therefore, be anticipated to
emerge shortly after initiating the treatment - within only a few weeks. In the light of
such a time range, accelerated NSC maturation can provide a mechanistic basis of the
speedy therapeutic effects in a recovery of neurological function observed one week
after stem cell transplantation into the stroke-damaged brain!''*’\. Collectively, the
outlined in vivo and in vitro data suggest that NSC-based therapy is advantageous in
promoting the remodeling of brain tissue to amplify a recovery of neurological
function, given that no effective therapy currently exists.

GLIAL LINEAGE AT WORK

A substantial bias in the neurogenesis of NSC grafts to glial lineage has been found
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while monitoring NSC neurogenesis within the ischemic-injured brain tissuel”’. In the
post-ischemic environment (organotypic hippocampal slices subjected to ischemic
conditions - oxygen-glucose deprivation!*’), NSC grafts have been largely
differentiating into glia, with a prompt rise in NSC-derived oligodendrocytes,
followed by astrocytes. Notably, NSC-derived oligodendrocytes have already been
identified at week 1, and astrocytes - by two weeks. In the meantime, NSC-derived
neurons matured in terms of their electrophysiological properties with a dramatically
slower rate within the post-ischemic milieu than in a physiological environment*!l.
Based on the experimental data from a direct comparison between electro-
physiological parameters, the promoted glial lineage has been a hallmark of NSC
neurogenesis within the post-ischemic tissue (approximately 70% of grafted NSC
differentiated into glia), opposing the reduced neuronal lineage (a drop from
approximately 70% to approximately 30% in the proportion of NSC-derived neurons;
Figure 1). Similar effects with regard to both the differentiation and the maturation of
fetal NSC grafts in the post-stroke brain were observed in vivol). The rationale for such
a strong influence of the post-ischemic environment on NSC neurogenesis rests in
how far the post-ischemic milieu is overburdened with extracellular glutamate!l*'],
potassium, mediators of inflammation!*’, pro-apoptotic factors, enzymes, and other
compoundst**! that produce long-lasting excitotoxic actions, resulting in delayed
neuronal cell death*,

Oligodendrocytes and astrocytes are thought to have diverse roles in brain
physiology and neuropathology, and both can actively communicate with neurons
and other cell typest*l. Therefore, the peculiarity of NSC neurogenesis within post-
ischemic tissue may mirror the numerous roles that these glial cell types would play
there. Promoted glial lineage implies the glia-mediated neuroprotective and
neurotrophic supports of the oxygen-glucose-deprived endogenous neurons as the
first steps of defence against the ischemic impairments. Owing to the neuroprotective
role of oligodendrocytes, protecting, in particular, the survival of CA1 hippocampal
neurons, the NSC-derived oligodendrocytes may constitute endogenously-driven
neuroprotection by providing a metabolic supply (paracrine signaling action), for
instance, via the production of lactate, oligodendrocyte-derived trophic factors,
GDNF!#1. In addition to this mechanism, the revealed impact of oligodendrocytes on
astroglial development**] may explain that NSC-derived oligodendrocytes precede
the derivation of astrocytic phenotypel®l. As the most abundant cell type in the
mammalian brain!*, astrocytes are highly secretory cells, able to produce large
amounts of proteins in order to provide trophic support. The astrocytic-mediated
surveillance of neurotoxic inflammation™”, together with a high capability of taking
up glutamate and potassiuml'! are essential to lower excitotoxicity within the post-
ischemic tissue. The stem cell-derived astrocytes have been shown to replicate the
functional properties of astroglia, including the uptake of glutamate and promoting
synaptogenesis**>2. All the aforementioned lines of evidence support the possibility
that NSC-derived oligodendrocytes and astrocytes provide the post-ischemic tissue
clearance off debris, lower down the high level of excitotoxicity, and eventually
improve the survival of oxygen-glucose-deprived endogenous neurons in post-
ischemic conditions. These together favor the maturation of NSC-derived neurons
within the endogenous post-ischemic environment as the subsequent step of NSC-
based therapy to advance the remodelling of the ischemic-injured tissue and to
facilitate its functional recovery.

SUMMARY AND SOME REMARKS

The great ability of NSC grafts to differentiate into neurons, astrocytes or
oligodendrocytes within damaged brain tissue marks these cells as a versatile tool for
neural replacement strategies in neurodegenerative disorders of various origins. The
potential of NSC-based therapy with regard to brain neurodegeneration treatment is,
therefore, mediated by multiple mechanisms to effectively amplify the therapeutic
outcomel” >, While ethics restrict the use of embryonic NSC, the reprogramming of
somatic cells can offer an alternative source for generating the progeny-restricted
neural progenitors applicable for cell-based therapies. Given that iPSC feature a
patient-specific phenotype, this will ultimately meet any safety concerns effectively.
The phenotypic specificity appears particularly useful in generating in vitro human
models of neurological disorders linked to genetic mutations, and iPSC have become
widely exploited in this avenue of research. The iPSC capability of recapitulating both
genetic and phenotypic profiles over the developmental stages in vitro as in the adult
human brain has enabled functional studies in human cells directly for exploring the
pathogenesis of genetically-triggered neurodegenerative disorders. Many protocols
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Figure 1 Schematic illustration for neurogenesis of neural stem cell (NSC) grafts within a host hippocampal
tissue, showing the difference in relative proportions for neuronal (yellow) vs glial (purple) NSC lineage
between physiological environment (a) and the post-ischemic milieu (tissue subjected to oxygen-glucose
deprivation) (b) at an earlier time-window - first 2 weeks after engraftment into organotypic hippocampal
tissue. NSC are fetal progenitors isolated from mouse hippocampus grafted into organotypic hippocampal slices for
monitoring the time-dependent NSC neurogenesis within a host tissue.

for the manufacture of nerve cell phenotypes are being actively developed and made
available, and the most recent advances in the technology of genome editing,
including the CRISPR/Cas9-based correction of gene mutations, constantly refine
stem cell clones to facilitate functional studies of brain neurodegeneration. This
research direction has marked a new milestone in up-to-date strategies and
therapeutic approaches tailored to amplify the remodeling of the injured brain tissue
and boost the recovery of neurological function.
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Abstract

BACKGROUND

Recently, the exclusive use of mesenchymal stem cell (MSC)-secreted molecules,
called secretome, rather than cells, has been evaluated for overcoming the
limitations of cell-based therapy, while maintaining its advantages. However, the
use of naive secretome may not fully satisfy the specificity of each disease.
Therefore, it appears to be more advantageous to use the functionally reinforced
secretome through a series of processes involving physico-chemical adjustments
or genetic manipulation rather than to the use naive secretome.

AIM
To determine the therapeutic potential of the secretome released from miR-122-
transfected adipose-derived stromal cells (ASCs).

METHODS

We collected secretory materials released from ASCs that had been transfected
with antifibrotic miR-122 (MCM) and compared their antifibrotic effects with
those of the naive secretome (CM). MCM and CM were intravenously
administered to the mouse model of thioacetamide-induced liver fibrosis, and
their therapeutic potentials were compared.
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RESULTS

MCM infusion provided higher therapeutic potential in terms of: (A) Reducing
collagen content in the liver; (B) Inhibiting proinflammatory cytokines; and (C)
Reducing abnormally elevated liver enzymes than the infusion of the naive
secretome. The proteomic analysis of MCM also indicated that the contents of
antifibrotic proteins were significantly elevated compared to those in the naive
secretome.

CONCLUSION

We could, thus, conclude that the secretome released from miR-122-transfected
ASCs has higher antifibrotic and anti-inflammatory properties than the naive
secretome. Because miR-122 transfection into ASCs provides a specific way of
potentiating the antifibrotic properties of ASC secretome, it could be considered
as an enhanced method for reinforcing secretome effectiveness.

Key words: Adipose-derived stem cells; Liver fibrosis; MicroRNAs; miR-122;
Mesenchymal stem cells; Secretome

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: We herein intended to determine the antifibrotic effects of the secretome
released from miR-122-transfected adipose-derived stromal cells (miR-122-secretome).
miR 122-secrectome and naive secretome were intravenously administered to the mice
with liver fibrosis, respectively. miR122-secrectome infusion provided higher
therapeutic potential in terms of reducing collagen content in the liver, inhibiting
proinflammatory cytokines, and reducing abnormally elevated liver enzymes than the
infusion of the naive secretome. Proteomic analysis of the miR 122-secrectome indicated
that the contents of antifibrotic proteins were significantly elevated compared to those in
the naive secretome. Our results demonstrate that miR 122-secrectome has higher
antifibrotic and anti-inflammatory properties than the naive secretome.

Citation: Kim KH, Lee JI, Kim OH, Hong HE, Kwak BJ, Choi HJ, Ahn J, Lee TY, Lee SC,
Kim SJ. Ameliorating liver fibrosis in an animal model using the secretome released from
miR-122-transfected adipose-derived stem cells. World J Stem Cells 2019; 11(11): 990-1004

URL: https://www.wjgnet.com/1948-0210/full/v11/i11/990.htm
DOI: https://dx.doi.org/10.4252/wjsc.v11.i11.990
INTRODUCTION

Stem cell research is one of the promising areas of biomedical research. However,
notwithstanding remarkable achievements in the field of mesenchymal stem cells
(MSCs), their clinical applications are still challenging, especially due to safety
concerns. To date, increasing evidence has been accumulating in support of the notion
that the principal action mechanism of MSCs is secretome-mediated"!. Thus, to
overcome the limitations of cell-based therapy, numerous researchers have focused on
the exclusive use of MSC-secreted molecules rather than the cells per se. The total set
of molecules secreted or surface-shed by cells is generally referred to as secretome.
The secretome includes bioactive peptides, such as cytokines, chemokines, and
growth factors!*l. These soluble factors are released from MSCs either alone or in the
form of extracellular vesicles.

The therapeutic potential of secretome can be potentiated by adjusting the
conditions under which MSCs are incubated. Among these conditions, the genetic
modification of MSCs can offer enormous and persistent reinforcements of the MSC
secretome. Literature supports that microRNAs (miRNAs) play a substantial role in
the process of liver fibrosisl*l. MicroRNAs are small non-coding RNA molecules
(containing about 22 nucleotides) that alter gene expression at the posttranscriptional
level, resulting in altered protein synthesis!”l. Hence, miRNAs can exquisitely adjust
the expression of numerous genes particularly responsible for fundamental cellular
processes, such as proliferation, development, and differentiation!""l. The miRNAs
responsible for liver fibrosis can largely be divided into fibrotic and antifibrotic
miRNAs. Of these, miR-122 is one of the representative antifibrotic miRNAs that
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negatively regulates collagen production in hepatic stellate cells (HSCs)!""'?. Thus,
harnessing MSCs to confer miR-122 to HSCs would be a potential novel therapeutic
approach for reinforcing the antifibrotic effects of MSCs. In this study, we aimed to
the determine the antifibrotic effects of the secretome released from miR-122-
transfected ASCs in both in vitro and in vivo models of liver fibrosis.

MATERIALS AND METHODS
Isolation of ASCs

Human adipose-derived stromal cells (ASCs) were obtained from lipoaspirated fat
with inform consent of the volunteers. This research was approved by Institutional
Review Board (IRB number 700069-201407-BR-002-01) of Hurim BioCell Co. Ltd.
(Seoul, South Korea). ASCs were isolated and cultured according to previous
reports!”’l. Lipoaspirated fat was digested by 0.1% collagenase (Sigma-Aldrich, St.
Louis, MO, United States) in saline and collected after centrifugation. Cells were
plated into culture flask in low-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM; Thermo Fisher Scientific, Hemel Hempstead, United Kingdom)
supplemented with 10% FBS (Thermo Fisher Scientific), 100 U/mL of penicillin
(Thermo Fisher Scientific), and 0.1 mg/mL of streptomycin (Thermo Fisher Scientific).
ASCs were incubated at 37 °C in humidified chamber containing 5% carbon dioxide
and medium was changed every 3 d.

Transfection and attainment of secretome

ASCs were transfected with miR-122 (Exiqon, Germatown, MD) per well mixed with
the Lipofectamine RNAIMAX Reagent (Thermo). After 72hr of transfection, the cells
were morphologically observed by the inverted microscope. The cell numbers of the
experimental groups were counted automatic cell counter (Countess®, Invitrogen, San
Diego, CA, United States) using trypan blue solution. Transfected cells were
processed for cell phenotyping or differentiated into three-lineage induction.

ASCs with or without miR-122 transfection were grown in a 100 mm cell dishes
(Corning Glass Works, Corning, NY, United States). After reaching 70%-80%
confluence, 1.0 x 10° ASCs were cultured in 5 mL serum-free low-glucose DMEM for
48 h. Therefore, to obtain 0.2 mL amount of secretome from 1.0 x 10°® ASCs, the
conditioned media were concentrated 25-fold using ultra filtration units with a 3-kDa
molecular weight cutoff (Amicon Ultra-PL 3; Millipore, Bedford, MA, United States).
We then injected 0.1 mL amount of secretome per mouse. This means that one mouse
is injected with the secretome obtained from 5 x 10> ASCs. In this study, NCM refers
to the secretome shed from ASCs after 48 h of incubation, and MCM refers to the
secretome shed from miR-122-transfected ASCs after 48 h of incubation.

Cell phenotyping by FACS analysis

The immunophnotypes of the experimental groups were determined by flow
cytometry analysis (Cytomics FC500 flow cytometer, Beckman Coulter, Fullerton, CA,
United States) using FITC-conjugated CD31, CD45, and CD73 antibodies and PE-
conjugated CD90 and CD105 antibodies (BD Pharmingen, San Jose, CA, United
States). Isotype controls were performed with antibodies against IgG for samples.

Differentiation into adipocytes, osteocytes, and chondrocytes

Transfected cells were induced toward the three lineages for 21 d. The adipogenic,
osteogenic and chondrogenic differentiation ability of MSCs was determined as
previously described!"""!. Briefly, the cells were plated at a density of 1 x 10* or 5 x 10°
cells/cm? in growth medium for 3 d, and then cultured in adipocyte and osteocyte
differentiation medium (StemPro™, Gibco) for 3 wk. For chondrogenic induction,
expansion medium containing 8 x 10* cells was cultured for 2 h. Then, chondrogenesis
differentiation medium (StemPro™, Gibco) was added and cultured for 3 wk. After
differentiation, Lipid vesicles and calcium deposition were observed by oil Red O and
Alizarin Red staining. For chondrogenic induction, micromass cultures were plated
by seeding 5 pL droplets of 8 x 10* cells into the center of 48-well plate. After
incubating micromass cultures for 2 h at 37 °C, chondrogenic medium (StemPro,
GIBCO) was added to 400 pL per culture wells and cultured for 3 wk. Chondrocyte
induction was determined by immunohistochemical staining for collagen type I and II
and proteoglycan!'’l. Primary antibodies were purchased from Millipore (Millipore,
CA, United States) and reacted with sections. After incubation with primary
antibodies, sections were incubated with PE-conjugated goat anti-rabbit
immunoglobulin G (Abcam, Cambridge, MA, United Kingdom) and rabbit anti-
mouse immunoglobulin G (Abcam). Nuclei were counterstained with DAPI (4',6-
diamidino-2-phenylindole, Invitrogen).
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Human HSC culture

The LX-2 human HSCs were obtained from were kindly donated by Dr. Won-il Jeong
in KAIST Biomedical research of Korea. LX-2 cells were maintained in DMEM
(Thermo, Carlsbad, CA, United States). The medium was supplemented with 10% FBS
(GibcoBRL, Calsbad, CA, United States), 1% antibiotics (Thermo), at 37 °C.

Western blot analysis

LX-2 cells and liver specimens obtained from mice were lysed using the EzZRIPA Lysis
kit (ATTO Corporation; Tokyo, Japan), and quantified by Bradford reagent (Bio-
RadHercules, CA, United States). Proteins were visualized by western analysis using
the following primary antibodies (1:1000 dilution) at 4 °C overnight and then with
HRP-conjugated secondary antibodies (1:2000 dilution) for 1 h at 25°C. From Cell
Signaling Technology (Beverly, MA, United States), we obtained primary antibodies
against Proliferating cell nuclear antigen (PCNA), transforming growth factor-p (TGF-
1), alpha-smooth muscle actin (a-SMA), metallopeptidase inhibitor 1 (TIMP-1),
matrix metallopeptidase 2 (MMP2), collagen type- 1 alpha-1 (COL1A1), -actin, and
horseradish peroxidase (HRP)-conjugated secondary antibody. Specific immune
complexes were detected using the Western Blotting Plus Chemiluminescence
Reagent (Millipore, Bedford, MA, United States).

Animals and study design

Five-week male BALB/c mice (Orient Bio, Seongnam, Korea) were used in this study.
Animal studies were carried out in compliance with the guidelines of the Institute for
Laboratory Animal Research, Korea (IRB No: CUMC-2017-0317-04). We then
compared the effects of the MCM in an in vivo model of Thioacetamide (TAA)-
induced hepatic fibrosis model. The in vivo model was generated by subcutaneous
injection of TAA (200 mg/kg, three times a week for 8 wk) into experimental mice.
Each group included 10 mice, and these were further divided into two subgroups:
those for Control mice (n = 30), and those for TAA-treated mice (n = 30).
Subsequently, control mice and TAA-treated mice were intravenously (using tail vein)
infused with normal saline, CM, and MCM, respectively.

Serology test and ELISA

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

Immunohistochemistry, Sirius red staining and masson’s trichrome staining

For immunohistochemical analysis, formalin-fixed, paraffin-embedded tissue sections
were deparaffinized, rehydrated in an ethanol series and subjected to epitope retrieval
using standard procedures. Antibodies against of PCNA, TIMP-1, Albumin, a-SMA,
TGF-p1, MMP-2, SOD, Catalase and GPx (all from Cell Signaling Technology, MA,
United States) were used for immunochemical staining. The samples were then
examined under a laser-scanning microscope (Eclipse TE300; Nikon, Tokyo, Japan) to
analyze the expression of PCNA, TIMP-1, Albumin, a-SMA, TGF-1, MMP-2, SOD,
Catalase and GPx. Sirius red staining and Trichrome staining were performed using
the Sirius red staining kit and Masson’s trichrome staining kit according to the
manufacturer’s protocol (Polysciences, Warrington, PA, United Kingdom).

Statistical analysis

All data were analyzed with SPSS 11.0 software (SPSS Inc., Chicago, IL, United States)
and SigmaPlot® ver. 12.0 (Systat Software Inc., Chicago, IL, United States). The data
are presented as mean * standard deviation (SD). Statistical comparison among
groups was determined using Kruskal-Wallis test followed by Dunnett’s test as the
post hoc analysis. Probability values of P < 0.05 were regarded as statistically
significant.

RESULTS

Determination of differentiation potential of miR-122-transfected ASCs
We first determined whether miR-122 transfection impairs ASC functionality,
especially their multilineage differentiation potential. Flow cytometric analysis
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showed that miR-122 transfection did not alter the expression of surface markers of
ASCs (Figure 1A). Gross cell morphology was also identical regardless of miR-122
transfection (Figure 1B). In addition, transfecting miRNA did not affect multilineage
differentiation potential of ASCs, including the potentials of differentiating adipocytic
(Figure 1B) or osteogenic (Figure 1C) lineages, and the expression of collagens (type I
and type II) and proteoglycan (Figure 1D).

In vitro experiments validating the effects of miR-122transfection into ASCs

We investigated the expression of fibrosis-related markers in miR-122-transfected
ASCs. miR-122-transfected ASCs showed a decreased expression of fibrosis-related
proteins (TGF p1, MMP2, a-SMA, and TIMP) compared to control ASCs or ASCs
transfected with miR-122 (Figure 2A). We obtained human HSCs (LX2 cells) and
treated them with a varying concentration of TAA for determining in vitro model of
liver fibrosis. TAA elicited a concentration-dependent increase of fibrosis markers to a
certain extent, and we determined that 5.0 mmol TAA is appropriate for inducing
fibrosis in LX2 cells (Figure 2B and C).

Next, we obtained the secretome from the CM of ASCs as described in the method.
In this study, NCM refers to the secretome shed from ASCs after 48 h of incubation,
and MCM refers to the secretome shed from miR-122-transfected ASCs after 48 h of
incubation. The in vitro model of liver fibrosis was generated by treating human HSCs
cells (LX2 cells) with a hepatotoxin (TAA). We then treated the TAA-treated LX2 cells
with NCM or MCM, and investigated the expression of fibrosis-related markers using
western blot analysis (Figure 2D). Overall, the addition of each secretome (NCM or
MCM) to TAA-treated LX2 cells significantly decreased the expression of fibrotic
markers (MMP2, TGF-p1, and a-SMA) (P < 0.05). When comparing the two kinds of
secretome, MCM induced the more significant reduction of fibrotic markers than did
NCM (P < 0.05).

Determination of antifibrotic effects of the secretome released from miR-122-

transfected ASCs in the in vivo model of liver fibrosis

We generated an in vivo model of liver fibrosis in mouse by subcutaneous injection of
TAA (200 mg/kg) three times a week for 5 wk and validated the effects of MCM in
this model. The mice were divided into two groups: control (n = 30) and TAA-treated
mice (n = 30), and the latter were intravenously infused normal saline (1 = 10), NCM
(n =10), or MCM (n = 10) twice (200 mg/kg, three times a week for 8 wk). On the 7" d
after infusion, the mice were euthanized and specimens were obtained for study.
Sirius red and Masson trichrome stains were used for the estimation of fibrosis. These
stains showed that, although both treatments (NCM and MCM) decreased the content
of collagen, MCM significantly had the greatest effect (Figure 3A and B). In the
western blot analysis of the liver specimens, MCM infusion significantly increased the
expression of PCNA (a proliferation marker), and significantly decreased the
expression of a-SMA, TGF-1, and MMP1 (fibrotic markers) and increased an
antifibrotic marker (TIMP-1) in the TA A-treated mice (Figure 3C).

Comparison of immunohistochemical stains

We compared the histological changes of the livers obtained from each mouse group.
PCNA was used as the marker for hepatocyte proliferation; a-SMA, TGF-p1, and
MMP1 for liver fibrosis; albumin for hepatic synthetic function; TIMP-1 for liver
antifibrosis; and SOD, catalase, and GPx for liver antioxidant activity. Through
immunohistochemical staining, the MCM group showed the highest expression of
PCNA, albumin, and TIMP-1, and the lowest expression of a-SMA, TGF-f1, and
MMP1 (Figure 4A and B). The MCM group also showed the highest expression of
SOD, catalase, and GPx (Figure 5).

Comparison of systemic markers and liver enzymes after each treatment

We compared the expression of systemic inflammatory markers, such as IL-6 and
TNF-gq, in the serum of each mouse group. Secretome infusions (NCM and MCM)
significantly decreased the expression of these markers, and MCM decreased their
expression in a higher degree than NCM (P < 0.05) (Figure 6A). Finally, we compared
the serum levels of liver enzymes (AST and ALT) in each mouse group. Secretome
infusions significantly decreased the elevated levels of liver enzymes, and MCM had a
higher effect than NCM (P < 0.05) (Figure 6B).

Using liquid chromatography-mass spectrometry (LC/MS), we analyzed and
compared the protein contents of NCM and MCM (Figure 6C). The protein
constituents and concentrations of various important proteins varied widely between
NCM and MCM, validating the effects of miR-125 transfection. Specifically, MCM
exhibited a significantly decreased concentration of essential intermediates of the
TGEF-B/Smad signaling, such as transgelin, PIN1, and profilin-1, compared to NCM.
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Figure 1 Assessment of multilineage differentiation potential of miR-122-transfected adipose-derived stem cells. A: Flow cytometric analysis showing that
miR-122 transfection did not alter the expression of surface markers of adipose-derived stem cells (ASCs). ASCs were negative for CD31 and CD45 (hematopoietic
stem cell-associated markers) expression and positive for CD73 and CD105 (mesenchymal stem cell-associated markers) expression regardless of miR-122
transfection; B: Comparison of gross cell morphology between ASCs with/without miR-122 transfection. Cells appear to be identical regardless of miR-122
transfection; C, D: Photomicrographs showing successful differentiation of ASCs into adipocytes, osteocytes, and chondrocytes regardiess of miR-122 transfection.
The differentiated cells were identified using four distinct staining methods (Qil Red O, Alizarin Red, collagen type 1, and proteoglycan). Scale bars = 100 um. Values
are presented as mean * standard deviation of three independent experiments. *P < 0.05. ASC: Adipose-derived stem cell; HSC: Hepatic stellate cell; PG:

Proteoglycan.
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DISCUSSION

In this study, we have shown that the secretome released from miR-122 transfected
ASCs was superior to the naive secretome in improving liver fibrosis while
minimizing inflammatory processes in mice with TAA-induced liver fibrosis.
Specifically, infusion of the secretome from miR-122-transfected ASCs provided
higher therapeutic potential in terms of: (A) Reducing collagen content in the liver; (B)
Inhibiting proinflammatory cytokines; and (C) Reducing abnormally elevated liver
enzymes than infusion of the naive secretome. Thus, it can be postulated that miR-122
transfection into ASCs reconditions them to have higher antifibrotic properties and to
release a secretome with higher antifibrotic components. In reality, our proteomic
analysis of the secretome released from miR-122-transfected ASCs indicated that it
had significantly lesser contents of essential intermediates of liver fibrosis compared
to the naive secretome. We could, thus, conclude that the secretome released from
miR-122-transfected ASCs has higher antifibrotic and anti-inflammatory properties
than the naive secretome.

Accumulating evidence indicates that various miRNAs are essentially involved in
the process of fibrosis, particularly related with the action of HSCs!'”l. Fibrogenic
injury of the liver prompts HSCs to undergo proliferation, migrate to injured sites,
and transform into myofibroblast-like cells which apparently lose their lipid
droplets!'™*]. Subsequently, the activated HSCs, named fibroblast-like cells, produce
large amounts of extracellular matrix proteins, such as collagen I and II, finally
leading to liver fibrosis!'”?'*l. Of various cytokines, TGF-P plays essential roles in the
process of liver fibrosis1.

A number of miRNAs are involved in the processes of liver fibrosis, by either
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Figure 2 In vitro experiments validating the effects of miR-122 transfection into Adipose-derived stem cells. A: Western blot analysis showing the expression
of fibrotic and antifibrotic markers in miR-122-transfected adipose-derived stem cells (ASCs). miR-122-transfected ASCs showed decreased expression of fibrotic
proteins (TGF B1, MMP2, and a-SMA) and increased expression of an antifibrotic protein (TIMP-1) than control ASCs. The graphs below microscopic figures show the
relative densities of these markers; B, C: RT-PCR (left) and western blot analysis (right) of LX2 cells for the determination of the thioacetamide (TAA) concentration
used for generating in vitro model of liver fibrosis. A TAA concentration of 2.5 mM was used for inducting LX2 cells into fibrosis; D: Effects of MCM in the in vitro model
of liver fibrosis. The in vitro model of liver fibrosis was generated by treating human HSCs cells (LX2 cells) with a hepatotoxin (TAA). In western blot analysis (Left),
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Figure 3 Determination of antifibrotic effects of MCM in the in vivo model of liver fibrosis. Control mice and thioacetamide (TAA)-treated mice (mouse model of
liver fibrosis) were intravenously (using tail vein) infused with normal saline, CM, and MCM. A, B: Sirius red A and Masson'’s trichrome B stains showing that MCM
infusion significantly decreased the collagen content of the liver in the mouse model of liver fibrosis. Magnification x 400. Percentages of fibrotic areas were measured
using NIH image J and expressed as relative values to those in normal livers; C: Western blot analysis of liver specimens. MCM infusion significantly increased the
expression of PCNA (a proliferation marker), and significantly decreased the expression of a-SMA, TGF-1, and MMP1 (fibrotic markers) and increased an antifibrotic
marker (TIMP-1) in the mouse model of liver fibrosis. The relative densities of individual markers had been quantified using Image Lab 3.0 (Bio-Rad) software and then
were normalized to that of B-actin in each group. Values are presented as mean + standard deviation of three independent experiments. P < 0.05 vs Ct (TAA). P <
0.05 between TAA + NCM and TAA + MCM. a-SMA: Alpha-smooth muscle actin; Ct: Control; CM: The secretome obtained from ASCs after 48-h-incubation; MCM:
The secretome released from miR-122-transfected ASCs; MMP-1: Metalloproteinases-1; PCNA: Proliferating cell nuclear antigen; TAA: Thioacetamide; TGF-@:
Transforming growth factor-; TIMP-1: Tissue inhibitor of metalloproteinases-1.
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Figure 4 Immunohistochemical staining showing the effects of MCM on the expression of inflammatory and fibrotic markers in the livers. A, B: Upon
comparing immunohistochemical staining patterns, MCM infusion led to higher expression of PCNA (an inflammatory marker), albumin, and TIMP-1 (an antifibrotic
marker) A, and lower expression of a-SMA, TGF-B1, and MMP1 (fibrotic markers) B in the livers of TAA-treated mice. Percentages of immunoreactive areas were
measured using NIH image J and expressed as relative values to those in normal livers. Magnification x 400. Values are presented as mean + standard deviation of
three independent experiments. *P < 0.05 vs Ct (TAA). °P < 0.05 between TAA + NCM and TAA + MCM. a-SMA: Alpha-smooth muscle actin; Ct: Control; CM: The
secretome obtained from ASCs after 48-h-incubation; MCM: The secretome released from miR-122-transfected ASCs; MMP-1: Metalloproteinases-1; PCNA:
Proliferating cell nuclear antigen; TAA: Thioacetamide; TGF-B: Transforming growth factor-; TIMP-1: Tissue inhibitor of metalloproteinases-1.
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Figure 5 Effects of MCM on the expression of antioxidant enzymes in the liver. Upon comparing immunohistochemical staining patterns, MCM infusion was
observed to lead to a higher expression of SOD, catalase, and GPx in the livers of thioacetamide (TAA)-treated mice. The graphs below microscopic figures show the
relative densities of these markers. Percentages of inmunoreactive areas were measured using NIH image J and expressed as relative values to those in normal
livers. Magnification x 400. Values are presented as mean + standard deviation of three independent experiments. ?P < 0.05 vs Ct (TAA). °P < 0.05 between TAA +
NCM and TAA + MCM. Ct: Control; CM: The secretome obtained from ASCs after 48-h-incubation; GPx: Slutathione peroxidase; MCM: The secretome released from
miR-122-transfected ASCs; SOD: Superoxide dismutase; TAA: Thioacetamide.

promoting or preventing it. For instance, profibrotic miRNAs include miR-29b, miR-
571, miR-199a, miR-200a, and miR-200b, and antifibrotic miRNAs include miR-122,
miR-199, miR-200, miR-542, miR-652, and imR-181b*-*?l. Specifically, miR-29b exerts
its antifibrotic properties by inhibiting activation of HSCs"!l. Increased serum level of
miR-571 has been proposed as a potential biomarker of liver fibrosis, and serum levels
of miR-542, miR-652, and imR-181b are decreased in cirrhosis. In addition, serum
levels of miR-199a, miR-200a, and miR-200b were highly associated with progression
of liver fibrosis in patients with chronic HCV infection™.

miR-122 is highly expressed in liver, accounting for about 70% and 52% of total
miRNAs in liver of adult mouse and human, respectively™l. miR-122 is essentially
involved in liver development, differentiation, homeostasis, and functions. Initially,
investigators revealed the crucial role of miR-122 in the regulation of cholesterol and
fatty acid metabolism in the adult liver”. Thereafter, anti-inflammatory and anti-
fibrotic properties of miR-122 have been revealed by the generation of both germline
knock-out (KO) mice and liver-specific KO-, Specifically, genetic deletion of miR-
122 led to liver microsteatosis and inflammation, ultimately resulting in
steatohepatitis and fibrosis"*".. Additionally, miR-122 expression was reduced in a
carbon tetrachloride-induced liver fibrosis mouse model!''l. Interestingly, the
restoration of miR-122 levels in miR-122 KO mice reversed the process of liver
inflammation, by repressing two miR-122 targets, the chemokine CcI2"! and the pro-
fibrogenic Kriippel-like factor 6 (KLF6)"", demonstrating potential utility of miR-122
in therapeutics. We, thus, selected the delivery of miR-122 into ASCs as a mean of
reinforcing the antifibrotic properties of ASCs in this study.

We have also shown that the expression of antioxidant enzymes in the liver
specimens was significantly increased in the mice infused with the secretome released
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Figure 6 Determination of systemic effects of MCM and analysis of secretome components. A: Results of ELISA showing serum levels of inflammatory markers
(IL-6 and TNF-a) in each group. MCM administration had the greatest effect on lowering the serum levels of IL-6 and TNF-a in thioacetamide (TAA)-treated mice; B:
Serology tests of AST and ALT in the mouse model of liver fibrosis. MCM infusion had the greatest effect on decreasing the serum levels of AST and ALT; C: Heat
map generated from label-free LC-MS for quantitative proteomics reflecting protein expression values of NCM and MCM. Samples are arranged in columns, proteins
in rows. Red shading indicates increased expression in samples compared to control; green shading indicates reduced expression; and black shading indicates
median expression. Each sample for LC-MS was pooled from three samples of the secretome. The components and concentrations of various essential proteins
varied widely between NCM and MCM, validating the effects of miR-125 transfection. Specifically, MCM exhibited a significantly lower concentration of essential
intermediates of TGF-B/Smad signaling, such as transgelin, PIN1, and Profilin-1, than NCM. Values are presented as mean + standard deviation of three independent
experiments. P < 0.05 vs Ct (TAA). <P < 0.05 between TAA + NCM and TAA + MCM. ALT: Alanine transaminase; AST: Aspartate transaminase; TAA:
Thioacetamide; TNF- a: Tumor necrosis factor-a.

from miR-122 transfected ASCs compared with the mice infused with the naive
secretome. Although a variety of functional capacities of MSCs or their secretome
have been reported, the protective effects against oxidative stress have rarely been
reported. Kim et all*”! reported that incubation with secretomes derived from ASCs
aided human dental fibroblast cells to resist free radicals, and increased antioxidant
enzymes, such as SOD and glutathione peroxidase. Recently, Arslan et al*’! showed
that MSC-derived exosome treatment decreased oxidative stress in the mouse model
of ischemia/reperfusion.
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It has been demonstrated that oxidative stress involves in both onset and
progression of fibrosis arising from a variety origin, such as alcohol, viruses, iron or
copper overload, or cholestasis!*l. Both expression and synthesis of this inflammatory
and profibrogenic cytokines are mainly modulated through redox-sensitive

reactions!*>*°l. Further, redox-sensitive reactions also involve in other essential
processes of liver fibrosis, such as activation of HSCs and expression of
metalloproteinases and of their specific inhibitors*). We thus think that reduction of

oxidative stress could be another way of antifibrotic mechanisms exerted by the
secretome released from miR-122 transfected ASCs.

Here, we have focused on the effects of secretome and not those of the stem cells,
on liver fibrosis. The term secretome was first mentioned by Black et al®" to refer to all
the factors secreted by a cell, along with the secretory pathway constituents. The main
constituents of a secretome include secretory proteins and extracellular vesicles. The
secreted proteins in humans account for 13%-20% of the entire proteome and include
growth factors, cytokines, chemokines, adhesion molecules, proteases, and shed
receptorst’l. Extracellular vesicles are typically 30-2000 nm in diameter and can be
subdivided into exosomes, microvesicles, and apoptotic bodies, according to their
size. Extracellular vesicles usually contain and, thus, carry non-protein components,
such as lipids, DNAs, micro-RNAs, and mRNAs. In this study, we focused on the
effects of the whole secretome, not its individual constituents, such as exosomes.
Exosomes, for example, can be obtained by protracted, complex, and expansive
processes™. We expect that our results will help eliminate the laborious and
expensive process of obtaining exosomes.

The concept of using miRNAs for enhancing the therapeutic potential of the
secretome released from stem cells is quite different from how they have been used
before. Previously used methods for potentiating secretome, which include physical
and chemical stimulation methods, such as hypoxic preconditioning"** or the use of
lipopolysaccharides!™, can be categorized as nonspecific stimulation. By contrast, the
concept of using miRNAs can be categorized as liver-specific stimulation. In the
future, the clinical application of secretome is expected to be tailored according to the
needs of patients, combining nonspecific and specific stimulations.

In conclusion, we have shown that the secretome released from miR-122-
transfected ASCs was superior to the naive secretome in improving liver fibrosis,
while minimizing inflammatory processes, in mice with TAA-induced liver fibrosis.
Hence, it can be postulated that miR-122 transfection into ASCs reconditioned them to
have higher antifibrotic properties and to release a secretome with higher antifibrotic
components. We could, thus, conclude that the secretome released from miR-122
transfected ASCs has higher antifibrotic and anti-inflammatory properties than the
naive secretome. Because miR-122 transfection into ASCs provides a specific way of
potentiating the antifibrotic properties of the ASC secretome, it could be considered as
an enhanced method of reinforcing secretome effectiveness.

ARTICLE HIGHLIGHTS

Research background

The therapeutic potential of mesenchymal stem cells (MSCs) is known to be mediated mainly by
the secretome that refers to the total collection of secretory materials from MSCs. Basically, naive
secretome has anti-inflammatory, immunomodulatory, and tissue reparative properties. To
increase the amount or to reinforce the potential of naive secretome, researchers have attempted
to adjust physico-chemical environment of MSCs or genetically manipulate MSCs. The former
has the advantage of being simple but lacking persistence, while the latter has a strong
persistence but has the disadvantage of a safety concern in the clinical application.

Research motivation

We have been considering genetic modification as a way of persistently potentiating the
therapeutic potential of naive secretome. In addition, contrasted by the use of genetically
modified MSCs, we thought that the use of the secretome could significantly lower the safety
concern. We also noted miRNAs as the materials to be used for genetic manipulation, because
miRNA is critically involved in the process of liver fibrosis.

Research objectives
Our aim was to determine the antifibrotic potential of the secretome released from miR-122-
transfected adipose-derived stromal cells (ASCs) in the model of liver fibrosis.

Research methods

Secretory materials released from ASCs that had been transfected with antifibrotic miR-122 were
collected and termed as miR122-secretome. The in vitro model of liver fibrosis was generated by
treating human hepatic stellate cells (LX2 cells) with a hepatotoxin (thioacetamide; TAA), and
the in vivo model of liver fibrosis was generated by subcutaneous injection of TAA (200 mg/kg,
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three times a week for 8 wk) into five-week male BALB/c mice. For determining in vivo effects of
miR122-secretome, each secretome (miR122-secrectome and naive secretome) was intravenously
administered to the mice with liver fibrosis, respectively. The degree of liver fibrosis and other
alternations in cells or tissues were determined using by molecular and histological
investigations, including cell viability assay, western blotting, immunohistochemistry, serology
tests, and sandwich enzyme-linked immunosorbent assays.

Research results

The addition of miR-122-secretome to fibrosis-induced LX2 cells significantly decreased the
expression of fibrotic markers (MMP2, TGF-B1, TIMP-1, and a-SMA) and increased the
expression of an antifibrotic marker (TIMP-1). The western blot analysis showed that miR122-
secretome infusion significantly increased the expression of PCNA (a proliferation marker),
significantly decreased the expression of a-SMA, TGF-f1, and MMP1 (fibrotic markers), and
increased an antifibrotic marker (TIMP-1) in the livers of TAA-treated mice. In addition, miR122-
secretome infusion significantly reduced collagen content in the livers, inhibited serum levels of
proinflammatory cytokines, such as IL-6 and TNF-a, as well as serum levels of liver enzymes
than infusion of the naive secretome. Finally, our analysis of the components of miR-122-
secretome showed that miR-122-secretome exhibited a significantly decreased concentration of
essential intermediates of the TGF-p/Smad signaling, such as transgelin, PIN1, and profilin-1,
compared to NCM.

Research conclusions

miR-122-secretome was found to be superior to the naive secretome in improving liver fibrosis
while minimizing inflammatory processes in mice with TAA-induced liver fibrosis. Our
proteomic analysis of the miR-122-secretome also validated that miR-122-secretome had
significantly lesser contents of essential intermediates of liver fibrosis. Therefore, transfecting
miR-122 into ASCs is worth considering as a way of reinforcing antifibrotic properties of the
secretome from ASCs.
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Abstract

BACKGROUND

Mesenchymal stem cells are pluripotent cells that have the ability to generate
cells from a cell line or in other cell types from different tissues but from the same
origin. Although those cells have more limited differentiation capacity than
embryonic stem cells, they are easily obtained from somatic tissue and can be
grown in large quantities. This characteristic of undifferentiated stem cells
differentiating into different cell lines arouses strategies in regenerative medicine
for the treatment of different diseases such as neurodegenerative diseases.

AIM
To evaluate the cell differentiation capacity of human breastmilk stem cells for
the three germ layers by a systematic review.

METHODS

The searched databases were PubMed, EMBASE, OVID, and COCHRANE
LIBRARY, published between 2007 and 2018 in the English language. All were in
vitro studies for analysis of the "cell differentiation potential" in the literature
using the keywords “human breastmilk,” “stem cells,” and keywords combined
with the Boolean operator “NOT” were used to exclude those articles that had the
word “CANCER” and their respective synonyms, which were previously
consulted according to medical subject heading terms. PRISMA 2009 guidelines
were followed in this study.
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RESULTS

A total of 315 titles and abstracts of articles were examined. From these, 21 were
in common with more than one database, leaving 294 articles for analysis. Of that
total, five publications met the inclusion criteria. When analyzing the
publications, it was demonstrated that human breastmilk stem cells have a high
cellular plasticity, exhibiting the ability to generate cells of all three germ layers,
endoderm, mesoderm, and ectoderm, demonstrating their stemness. Those cells
expressed the genes, TRA-1-60/81, octamer-binding transcription factor 4, and
NANOG, of which NANOG, a critical regulator for self-renewal and
maintenance, was the most highly expressed. Those cells have the ability to
differentiate in vitro into adipocytes, chondrocytes, osteocytes, oligodendrocytes,
astrocytes, and neurons as well hepatocytes, f-pancreatic cells, and
cardiomyocytes.

CONCLUSION

Although the literature has been scarce, the pluripotentiality of these cells
represents great potential for tissue engineering and cellular therapy. Further
studies for safe clinical translation are needed.

Key words: Human breastmilk; Stem cells; Cell differentiation; Pluripotency; Stemness

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Human breastmilk stem cells present interesting features that make them an
alternative source of stem cells, mainly because they do not require any invasive
procedure to be obtained. The objective was to investigate the literature data on their
ability to differentiate into other cell lines. It was possible to verify that these cells have a
high capacity of differentiation, as they are able to generate cells of the endoderm,
mesoderm, and ectoderm lineages. However, the number of publications on the subject is
still scarce, demonstrating that this source needs more studies and has the potential to be
explored in regenerative medicine.

Citation: Pacheco CMR, Ferreira PE, Sacaki CS, Tannous LA, Zotarelli-Filho 1J, Guarita-
Souza LC, de Carvalho KAT. In vitro differentiation capacity of human breastmilk stem cells:
A systematic review. World J Stem Cells 2019; 11(11): 1005-1019

URL: https://www.wjgnet.com/1948-0210/full/v11/i11/1005.htm
DOI: https://dx.doi.org/10.4252/wjsc.v11.i11.1005
INTRODUCTION

Adult stem cells (ASCs) are present in small quantities in several mature tissues
where they are quiescent, that is, not in the process of cell division. These cells are
activated during the process of cellular replacement of tissues, being responsible for
maintaining the biological homeostasis of the organism, thereby preserving the
integrity of the tissues in which they are found. Similar to all other stem cells (SCs),
ASCs have the property of self-renewal in that they make identical copies of
themselves for long periods. Also, they may give rise to mature cell types with
characteristic morphology and specialized functions!'.

Typically, SCs generate an intermediate cell type, called progenitor or precursor
cells, before they become fully differentiated. These intermediate-stage cells are
partially differentiated in fetal or adult tissues and give rise to different lineages after
cell division. ASCs generally reach differentiation through a specific cellular
development pathway; however, research has shown that their characteristics are not
as definitive as previously thought°l.

A well-known type of ASC is mesenchymal stem cells (MSCs), which are present in
several adult tissues. Among the most studied are the bone marrow (BM), adipose
tissue, dental pulp, and vessel wall of the umbilical cord. MSCs are considered
pluripotent cells by many researchers, because they are able to differentiate into
osteoblasts, chondrocytes, adipocytes, as well as neural precursors, neurons, and glial
cells. This cell population can be easily isolated and expanded in vitro because its
potential of differentiation reflects the stimulatory and inhibitory factors to which
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they are subjected. Moreover, they are able to differentiate into specialized cells, with
distinct phenotypes from their precursor, through inhibition and/or activation of
certain molecular pathways!".

Recently, the mammary epithelium has been the focus of a large number of studies
due to its remarkable population of SCs as human breastmilk stem cells (hBSCs). It is
believed that the existence of these cells in this organ is related to the ability of the
mammary gland to expand significantly and regress over the adult life (Figure 1)FL
The hBSCs are found in the mammary gland in a state of latency and in low numbers;
however, during gestation and lactation, they are activated and then transform the
ductal structure into a secretory organ. Afterwards, when weaning occurs, milk
production decays, inducing apoptosis of the mammary parenchyma cells. As a
result, the ductal structure returns until a next pregnancy stimulates modifications of
the tissue architecture once again!®’.

Breastmilk has several cellular components together with hBSCs. In 2007, this
population of stem cells in breastmilk was identified for the first time and when
analyzed, showed Nestin (marker of neural stem cells) and different cytokeratins
(CKs) such as CK5, CK14, CK18, and CK19 on their surfaces’l. CKs are intermediate
filaments expressed in the mammary epithelium depending on the differentiation that
the cell undergoes. For example, CK5 expression is indicative of hBSCs of mammary
origin. Cells in culture were found to be positive only for Nestin or double positive for
CK5/Nestin, but no co-expression of CK14, CK18, or CK19 and Nestin was observed.
It is also noteworthy that the analysis of fresh milk by real-time polymerase chain
reaction (RT-PCR) only detected Nestin and CK18, indicating that breastmilk contains
SCs and differentiated cells.

Research has shown that hBSCs have the ability to generate the following three
lineages: (1) Alveolar lobe, also named myoepithelial cells, a structure of the adult
gland, which constitutes the basal layer of the ducts and alveoli; (2) Ductal epithelial
cells, which coat the lumen of the ducts; and (3) Alveolar epithelial cells, which are
responsible for protein synthesis in breastmilk!'’l. This evident ability of
differentiation into cell types different from their tissue of origin raises the question of
the real potential of differentiation of these cells. In this context, the purpose of this
systematic review was to address the potential of differentiation of hBSCs into the
three germ layers.

MATERIALS AND METHODS

Data sources and search strategy
In order to select papers that addressed the topic “potential of cell differentiation of
hBSCs” in the literature, PubMed, EMBASE, OVID, AND COCHRANE LIBRARY
databases were searched for analysis of the “potential of cell differentiation of
hBSCs.” The keywords used were “HUMAN BREAST MILK” and “STEM CELLS.”
Also, a combination of the keywords with AND, and the Boolean operator “NOT”
were used to exclude those papers that had the word “CANCER” and its respective
synonyms, which were previously consulted in medical subject heading (MeSH)
terms. The title and abstracts were examined in all conditions. Papers on cell
differentiation were selected manually from this broader primary search by adding
the term “cell differentiation” and synonyms, and a very small number of papers
were generated. The research structure used in the databases is represented in Table 1.
All duplicate papers were excluded, and the remaining ones were sorted t by title,
abstract, and full text. Furthermore, papers in which the abstract was not available
were analyzed in their entirety.

Study eligibility criteria

The inclusion criteria were all papers that: (1) Addressed the plasticity of stem cells
derived from human breastmilk, that is, the ability of the cell to differentiate into
more than one cell line; (2) Were published between 2007 and 2018; (3) Were written
in the English language; and (4) Were in vitro studies. Three authors independently
assessed all papers, and the reviewers reached consensus on the eligibility of the
studies after discussion. The exclusion criteria were as follows: (1) Studies in which
the origin of the stem cells obtained were from other animal species; (2) Studies that
used stem cells from other body tissues; (3) In vivo studies; and (4) Written in
languages other than English. Subsequently, using the same criteria, the abstracts
were selected. Lastly, the complete texts of the papers considered relevant in the
previous steps were evaluated according to the following exclusion criteria: (1)
Unpublished literature; (2) Only summary of the congress available; (3) Full text not
available; and (4) Does not contemplate the process of cell differentiation.
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Figure 1 Transformation of the mammary gland throughout life.

Study selection and risk of bias in each study

Two independent reviewers (1 and 2) performed research and study selection. Data
extraction was performed by reviewer 1 and fully reviewed by reviewer 2. A third
investigator decided some conflicting points and made the final decision to choose the
articles. Only studies reported in English were evaluated. The Cochrane instrument
was adopted to assess the quality of the included studies""l.

Risk of bias

Considering the Cochrane tool for risk of bias, the overall evaluation resulted in five
studies with a high risk of bias and three studies with uncertain risk. The domains
that presented the highest risk of bias were related to a number of samples, volume of
milk collected e income cells per milliliters (n = 3). Also, there was an absence of
financial source in two studies and two studies did not disclose information on the
conflict of interest statement.

RESULTS

In the review, 315 papers were initially retrieved (Figure 2), 21 of which were present
in more than one database; therefore, they were excluded and considered only once,
generating a total of 294 papers. Of these, only five papers met the eligibility criteria;
their characteristics are summarized in Table 2.

Although there are few studies in the literature on hBSCs, it is evident that this cell
population has mesenchymal characteristics. Positivity for smooth muscle actin
(SMA), Vimentin, and Nestin markers, along with the expression of surface markers
[cluster of differentiations (CDs)]: CD44, CD29, CD73, CD90, CD106, CD133, CD146,
CD271, and spinocerebellar ataxia type 1 (SCA1) support this claim. Low expression
of adhesion molecules markers CD146 and CD144 was also detected. In addition,
negativity was found for CD33, CD34, CD45, CD105, CD123, CD133, stage-specific
embryonic antigen-4 (SSEA-4), and SSEA-1/CD15, confirming that such cells have no
hematopoietic origin (Table 3).

The expression of transcription factors considered embryonic stem cell (ESC)
markers such as SEEA4, TRA 60-1, Oct4, sex-determining region Y (SRY)-box 2 (Sox2),
and NANOG was also evaluated by immunofluorescence staining. A subpopulation
of cells expressing CK18 was found, and the frequency of positive cells for that
population was 65.33% % 6.1%.
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Table 1 Example of the research structure in PubMed

The same search strategy was used in the other databases

PubMed Human Breastmilk OR Human Milk OR
(Title/ Abstract) Breast Feeding OR Lactation

AND
PubMed Stem Cells Or Progenitor Cells OR
(Title/ Abstract) Mother Cells

NOT
PubMed Cancer
(Title/ Abstract)

The hBSCs differentiated into different cell types of mesodermal origin in vitro
including adipocytes, chondrocytes, and osteocytes (Figure 3). Moreover, they
differentiated into three neural lines: oligodendrocytes, astrocytes, and neurons. They
also differentiated into tissues of endodermal origin, as hepatocytes, B-pancreatic
cells, and cardiomyocytes. Therefore, their property of differentiation in multiple lines
is explicit (Figure 4).

These findings provide evidence of the existence of a subpopulation of pluripotent
hBSCs, suggesting that these cells, when isolated from breastmilk, can be stimulated
to create several types of tissues and be used in regenerative medicine. If hBSCs have
great potential to differentiate into neural cell lines or even into neural precursor cells
spontaneously, they would have great applicability in the treatment of
neurodegenerative diseases.

DISCUSSION

Considering the results obtained in this review, it was possible to observe the scarcity
of studies seeking to verify the potential of cellular differentiation of hBSCs. BM-
derived MSCs were the first to be described in 1966""°, and even though in recent
years there has been an increase in reports on the isolation of MSCs from different
sources, they are the most frequently studied cell typel’. MSCs can be induced in vitro
to differentiate into various cell types found at various stages of development, as well
as at specific anatomical sites*.

Although the International Society of Cell Therapy advocates that human MSCs
contain the positive surface markers CD105, CD73 and CD90; and have negativity to
CD45, CD34, CD14 or CD11b, CD79a or CD19 and human leukocyte antigen-DR
isotype, other surface antigens such as CD13, CD29, CD44, and CD10, which are often
expressed in MSCsl*’l, should also be analyzed. Flow cytometry and
immunocytochemistry analyses revealed that the hBSCs exhibited the positive surface
markers CD29, CD44, CD90, CD146, CD271, and stem cell antigen-1. In addition, the
markers CD33, CD34, CD45, CD73, CD123, and CD144 were considered negative by
both techniques. Nevertheless, a discrepancy was observed concerning the CD105
marker, because it was negative (2.64% * 0.55%) when analyzed by flow cytometry,
and positive (68.3% + 3.91%) when observed by immunocytochemistry!'*'**°l,
Likewise, lack of expression of CD90 (7.7% #+ 0.8%) and CD73 (2.1% + 0.41%) surface
markers was reported, but a positive marker was found for CD105 (47.7% £ 2.95%)P"L.

CD146-positive cells have a greater potential for cell proliferation and
differentiation!. The CD271 marker acts to maintain the clonogenicity of MSCs;
however, most of these cells do not co-express CD90 and CD73, two general MSC
markers. CD271 is not expressed in all MSCs, but is found at high levels in the BM,
adipose tissue, and periodontal ligament. Moreover, it is expressed at low levels in
MSCs derived from placenta and is not expressed in synovial membranes™.

Regarding the transcription factors considered ESC markers that were evaluated by
immunofluorescence, flow cytometry, and reverse transcription PCR (RT-PCR), the
hBSCs did not express SSEA4 and SSEA1/CD15. Additionally, the markers Oct4,
Sox2, NANOG, and TRA-1-60/81 were reactive. The genes, TRA-1-60/81 and NANOG
were the most highly expressed, followed by Oct4. In fact, NANOG is considered a
crucial regulator of self-renewal and maintenance of pluripotentiality!™l.

SSEA-4 is a marker of ESCs initially used to isolate MSCs from the BM. It has been
observed that when positively expressed, the cells in culture expand extensively and
exhibit trilineage differentiation potency. Nevertheless, the use of SSEA-4 as a marker
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Table 2 Details of selected articles

Number of Vol. of milk Income Markers -  Markers - Differentiat Conclusio
Ref. Purpose cellcells/ PCR WB .
samples  collected ml FC IF ion cell n
Patki et all'””  To study the 35 15 mL 25x10%3.0 CD29, CD33, Nestin, Notdone  Notdone  Adipogenic, Mesenchy-
multipotent x 10°/mL CD34, CD44, Vimentin, chondroge- mal stem
differentiati CD45, CD73, Smooth nic, cells isolated
on capacity SCA-1. Muscle osteogenic  from human
of the long- Actin and E- lineages. breast milk
term MSC Cadherin. have cellular
culture. potency to
differentiate
into
different cell
types.
Hassiotou et To examine > 70 5-200 mL Not done SSEA-4 e OCT4,SOX2 TRA-1-60/  Oct4, Sox2 ~ Osteogenic, Stem cells in
all™l regulators of TRA-1-60 / and Nanog. TRA-1-81,  and Nanog. adipogenic, breast milk
self-renewal TRA-1-81. Oct4, Sox2, chondroge- contain
of hBSCs KIf4 and nic, pluripotency
and their Nanog neuronal, properties.
plasticity genes. pancreatic,
and hepatocyte,
potential to cardiomyo-
differentiate cytes,
into cell mammary
types differentiati
outside the on and
mammary teratoma.
lineage.
Hosseiniet  To Not present 5-200 mL 4.0 x 10*/mL Not done Nestin, Not done Not done Neurosphe- The breast
all™l differentiate Nanog, f3- res, neurons, milk-
the breast tubulin III, oligodendro derived
milk- 04, GFAP, -cytes,and  stem cells
derived Oct4, Sox2, astrocytes.  showed the
stem cells CD44, capability to
toward CD105, be
neural stem CD106, differentia-
cells and CD133. ted into
then into the neural cell
neurons and lineages and
neuroglia. their
similarity to
both
embryonic
and
mesenchy-
mal stem
cells makes
them a good
candidate
for cell
therapy in
neurodegen
erative
diseases.
Sani et all'”!  To examine 5 5-50 mL Not done CD90 CD44, Oct4, Sox2, SRY gene Not done Osteogenic ~ Most of the
the CD144,CD  Nanog and and cells found
pluripotency 271,CD123, CK18. adipogenic  are
of the CD133, lineages. mesenchy-
human CD73,CD mal stem
breast milk- 106, CD146, cells, but,
derived CD45, CD cells similar
cells. 105,CD34, to
SSEA-4, embryonic
TRA-60-1, stem cells
CD are also
15/SSEA-1. present.
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Sani et al'®l  To examine 15
the
differentiati
on potential
of the hBSCs
into
functional
hepatocytes
in vitro.
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5-50 mL Not done Not done CK18, CK19, AFP, CK19, Not done Hepatocyte The hBSCs

albumin, CYP2B6, lineage. demonstrate

alpha- HNF4, G6P. the ability to

fetoprotein. express
many key

factors that
are
important in
liver
functions.

hBSC: Human breastmilk stem cell.

is questionable since its positivity was suggested to be an artificial induction of in vitro
culture using fetal bovine serum (FBS), which contains glycosphingolipids and
globoserms that can be recognized by an SSEA-4 antibody. These findings raise the
question of the physiological relevance and reliability of SSEA-4 as a marker for
MSCS[ZZ,}‘)].

The transcription factors Oct4 and NANOG are indispensable for maintaining the
self-renewal of ESCs. In addition, Oct4 directly inhibits the signaling pathway of bone
morphogenetic protein-4, which activates the mesoderm and the extra-embryonic
differentiation of the ectoderm and endoderm, while NANOG acts as a repressor of
the neural crest and neuroectoderma lineage and is essential for maintaining the
properties of MSCsl“*1,

Pluripotency genes can be strongly correlated with and are the main transcription
factors controlling the differentiation and pluripotency of multiple lines of ESCs. The
presence of these genes in hBSCs allows a strong association since they play an
important role in lactation and the ability to differentiate multiple breastmilk cell
lines™.

Nestin is a well-known marker of SCs of various lineages, and its expression in
hBSCs indicates an increase in the characteristics of mammary progenitor cells during
lactation. It is also highly expressed in lactating mammary tissues.

Through the observation of positivity for SMA, Vimentin, E-cadherin, and Nestin
markers by flow cytochemistry, it is possible to hypothesize that the origin of the
hBSCs is myoepithelial. HBSCs are positive for CK5 and SMA, and such dual
positivity indicates the precursor nature of the cells. In addition, when labeling for
CK18 was analyzed, it was present at a frequency of 65.33% * 6.1% of the cell pool,
revealing that there is a subpopulation of cells in breastmilk that is derived from
luminal epithelial cellst.

Currently in the MSC population, only a subpopulation contemplates the criteria
recommended by the International Society of Cell Therapy since more compromised
or more immature cells can be observed. There is still no consensus on the use of only
one marker for the identification of MSCs from different sources, because there are
phenotypic and/or functional differences that need to be better understood. It is
reinforced that MSC manipulation can generate phenotypic rearrangements, losing
the expression of some markers and acquiring others’l. This phenotype can be
modulated in culture and does not reflect the phenotype in vivo.

By PCR in cells derived from fresh breastmilk, absence of the SRY gene in genomic
DNA was shown, indicating that there are no cells originating from fetal tissues
between the isolated cells; thus, there is no fetal microchemistry. Therefore, there is no
exchange of stem cells between the mother and the embryol*’l.

Among the criteria established for the characterization of MSCs, their ability to
differentiate into osteogenic, chondrogenic and adipogenic lineage is included!’l.
Several studies have shown that these cells can also differentiate into unrelated germ
lines in a process called transdifferentiation. Thus, MSCs can differentiate into cells of
mesodermal lineage, such as bone, fat and cartilage, as well as have the potential for
endodermal and neuroectodermal differentiation'l.

The use of culture medium containing FBS supplemented with ascorbic acid, {3-
glycerophosphate, and dexamethasone is needed for osteogenic differentiation from
MSCs. It induces an increase in alkaline phosphatase activity and calcium deposition.
It was found that by subjecting hBSCs to the osteogenic differentiation environment,
for 3 to 4 wk, the presence of osteocytes, the cell acquired cuboidal morphology, and
produced mineralized material were observed. Calcium phosphate mineralization
was verified by positive staining by Alizarin Red S, indicating that the calcium
deposits as amorphous accumulation between the cells!'**’l. Nuclear expression of
Runt-related transcription factor 2 (RUNX2), an essential transcription factor for
osteoblastic differentiation, was also detected. Some RUNX2-positive cells co-
expressed osterix, an osteoblast-specific transcription factor required for bone
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Ovid EBSCO Cochrance
(n=29) (n = 40) (n =175)

Total records
(n =315)

PubMed

(n=91)
Duplicates
(n=21)

Records after
duplicates
removed

(n = 294)

Exclusion on title
(n = 230)

Exclusion on abstract (7 = 37)
-Not human breastmilk stem cells (7 = 9)
-Not human (7 = 10)

-Analysis of other cell types present
in human breastmilk (7 = 13)
-Origin of other body tissiue (7 = 5)

Records screened
(n=27)

-Not full text (7 = 1)
-Not human (7 = 8)

Exclusion on full text (7 = 23)

-Other stem cells types (7 = 2)
-Did not make cell differentiation (7 = 11)

Final studies included
in this review (7 = 5)

Figure 2 Flow chart demonstrating the search results with excluded and included studies.
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formation!".

Chondrogenic differentiation can be obtained by micromass culture utilizing an
FBS-free culture medium containing transforming growth factor beta, which
stimulates the production of highly sulfated proteoglycans, specific for cartilage and
type II collagen. In contrast, cells synthesize extracellular matrix glycosaminoglycan,
collagen type II, and aggrecan, which can be detected by immunohistological staining
or by the expression of typical genes of the chondrogenic lineage via PCR. After
chondrogenic differentiation environment exposure for 21 d, the hBSCs began to
show changes in their cellular morphology including acquisition of the spindle shape,
the presence of larger round cell aggregates, and the accumulation of cartilage
characteristic sulfate proteoglycans, being ratified by staining of Safranin-O!'>""l. The
transcription factors for chondrocytes, RUNX2/Sox6, were also identified in
differentiated cells!'"”l.

When exposed to culture medium containing FBS, dexamethasone, and
isobutylmethylxanthine, MSCs were induced to differentiate into adipocytes.
Adipogenic differentiation is characterized by the acquisition of an oval cellular
morphology and the appearance of intracellular lipid droplets. Such changes can be
verified in hBSCs stimulated to adipogenic differentiation for 21 d, which were
confirmed by staining with Oil Red O and by positivity of the peroxisome
proliferator-activated receptor gamma transcription factor, which is responsible for
the regulation of the lipid metabolism/">'*'\.

Regarding the potential of hBSCs to generate different lineages, the presence of
myoepithelial cells was observed in the adhered colonies after 2 wk of receiving
induction medium for breast differentiation; by the 3rd wk, luminal cells were
detected, some of which spontaneously synthesized milk proteins such as 3-casein,
lactoferrin, and a-lactalbumin, which were detected in the culture supernatant!"!.

It is interesting that many cells that constitute the liver are also the main
progenitors for the formation of new hepatocytes. Moreover, when the tissue is
compromised, SCs present in the bile ducts are stimulated, which leads to the
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Table 3 CD and their functions

Marker

Function

Ref.

CD15/SSEA-1

CD29

CD33
CD34

CD44
CD45

CD73

CD90
CD105
CD106

CD123

CD133

CD144

CD146

CD271

SSEA-4

TRA-60-1

NESTIN

VIMENTIN

SMA
E-CADHERIN

NANOG
B-TUBULIN III
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Stage-specific embryonic antigen, also marker for
primitive mesenchymal cells in human bone
marrow.

Expressed in myoepithelial cells including
mammary gland cells.

Present in immune cells of myeloid lineage.

Marker of hematopoietic stem cells, vascular
endothelium and fibroblasts of some tissues.

Marker of myoepithelial cells.

Membrane protein present in lymphocytes and
absent in erythrocytes and platelets. This protein is
lost during the maturation of red cells in the bone
marrow. Because it is present in lymphocytes, it is
called Common Leukocyte Antigen.

Marker expressed in mesenchymal stem cells,
possessing enzymatic activity and catalytic
dephosphorylation of adenosine monophosphate
converting it into adenosine.

Marker of mesenchymal stem cells.
Marker of mesenchymal stem cells.

Acts on the cell cycle of T and B lymphocytes, in
addition to being involved in tissue repair.

The IL-3 receptor subunit plays an important role
in the growth and differentiation of hematopoietic
progenitor cells.

Marker of hematopoietic stem cells.

Also known as VE-cadherin and cadherin-5, it is a
calcium-dependent transmembrane cell adhesion
molecule, located in the intercellular borders of
endothelial cells, hematopoietic stem cells and
perineural cells.

Mediated cell-cell interactions, cytoskeletal
remodeling, angiogenesis, and migration of
endothelial cells.

Transmembrane protein found in neuronal axons,
Schwann cells, and perineural cells of peripheral
nerves. In addition, it can be found in some
epithelial, mesenchymal, and lymphoid tissues.

Marker of mesenchymal stem cells derived from
the BM, acting mainly on cell proliferation.

Related to pluripotency of human embryonic stem
cells, and lost in cell differentiation.

Multipotent, neural, medullary, pancreatic, and
epithelial stem cell marker.

Cytoskeletal intermediate filament protein,
associated with the nuclear and plasma
membrane, maintains the position of the nucleus
and the mitotic spindle during the life of the cell,
and is found mainly in mesenchymal stem cells.

Marker of myoepithelial cells.

Calcium-dependent cell adhesion molecule, with
important function in the formation and
maintenance of normal tissue architecture, present
in epithelial cells of the human mammary gland
and epithelial marker of mesenchymal transition
in its first passages.

Pluripotency marker.

Considered an early neuronal marker because the
tubulin protein is the main constituent of the
microtubules, which are tubular structures that
make up the cytoskeleton and they are involved in
the transport of organelles and the elongation of
axons and dendrites.
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Anjos-Afonso et all'”}

Indumathi et ail”!

Indumathi et all”!

Indumathi et all”)

Notta ef all')

Indumathi et all”)

Indumathi et all”}
Indumathi et al”)

Indumathi et all”}

Testa et all'’)

Indumathi et all”}

Dejana et al”’!

Sorrentino et all*']

Lv et al®

Lv et al™]

Schopperle et al”’!

Toma et all”*)

Mendez et al™]

Twigger et al*’]
Klopp et al”’]
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Kapitein et al*’]
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O4

GFAP

OCT4

SOX2

CK18

KLF 4

SCA-1

Specific marker of gangliosides expressed by pre-  Girolamo et al*’!
oligodendrocytes and premyelinated
oligodendrocytes.

Glial fibrillary acidic protein forms subunits of the Hol et all’"!
intermediate filaments of the cellular cytoskeleton,
being present in the cytoplasm of the astrocytes.

Pluripotency marker. Riekstina et all”’)

Controls the undifferentiated and pluripotential  Young et all*’!
state of the CTEs.

Expressed in the luminal cells of the breast, which Thomas et gl
synthesize proteins from breast milk.

Kruppel like factor 4 is a transcription factor Li et al™]
related to pluripotency and cell proliferation

potential.

The stem cell antigen 1 is found in stem cells. Holmes et al*!

differentiation of the hepatocytes. The differentiation of hepatocytes from non-hepatic
ASCs has already been demonstrated by SCs originating from BM? in the umbilical
cord blood!™! and adipose tissuel*l. The hBSCs were able to differentiate in
hepatocytes using a-fetoprotein (AFP), pyruvate-kinase M2 isoenzyme, and the
albumin functional marker in this study!"l.

The markers CK18, CK19, and AFP were identified on differentiating hBSCs into
hepatocytes on the 30th day of culture through immunocytochemistry analysis!'®l.
They also analyzed the expression of hepatocyte-specific genes, such as hepatocyte
nuclear factor 4 (HNF4), albumin, CK19, cytochrome p450 family 2 subfamily B
member 6 (CYP2B6), glucose 6-phosphate (G6P), and Claudin, which were detected in
differentiated cells and may indicate the formation of bile canaliculi. Semi-
quantitative RT-PCR showed that the amount of CK19, CYP2B6, and G6P was
comparable to that of the positive control used. These cells showed the ability to store
glycogen through indocyanine green clearance test, in which hepatocellular function
was dynamically assessed, indicating that the differentiated hBSCs are functional in
vitro. Therefore, these cells can differentiate into endoderm lineages.

Both MSCs obtained from BM! and adipose tissuel*! have the ability to
differentiate into multilineage, including transdifferentiation in pancreatic beta cells.
RT-PCR analysis revealed that hBSCs, when exposed to an environment that induces
pancreatic differentiation, positively expressed the pancreatic and duodenal
homeobox 1 marker and insulin marker(””l. These genes are associated with pancreatic
development, as previously proven in the literaturel*’l. From these findings, the use of
these cells could be considered an alternative in the treatment of type I diabetes, with
the ultimate aim of restoring the patient's glycemic levels.

The hBSCs can also stimulate the formation of cardiospheres. These cells start to
express troponin T after 4 wk of culture!”l. Remarkably, MSCs have been used for
decades in cardiac regenerative therapy, with several sources of these cells such as the
umbilical cord, placenta, and bone marrow. For example, MSC cord was seen to help
in the recovery of motor function and increase strength of the cardiac musclel*l.

The ability of MSCs to differentiate into neural cells under specific culture
conditions has also been reported. For instance, BM MSCs, when cultured in the
presence of epidermal growth factor or brain-derived neurotrophic factor expressed
glial fibrillary acidic protein (GFAP) and neuron-specific nuclear protein*!. In a
previous study!*, hBSCs were cultured in DMEM/F12 with B27 1% and N2 2% for 7-
10 days. After this time, some bead-like cellular aggregations were formed, which
were dissociated and conditioned on a different plate containing DMEM/F12, B27,
N2, beta fibroblast growth factor, and epidermal growth factor. To analyze the
differentiation induction process into neural cells, and in order to compare whether
there were differences between the cells before and after this protocol, the authors
performed immunocytochemistry techniques for the antibody Nestin and flow
cytometry for the CD133 marker. They found that a subpopulation of MSCs derived
from breastmilk expressed Nestin (7.4% * 3.30%) and CD133 (2.76% *1.93%), but after
exposure to neurogenic induction medium, the frequency of Nestin-positive cells
(58.20% * 6.71%) and those expressing positivity for CD133 (58.74% + 3.36%)
significantly increased. Since these are markers of neural stem cells, it can be inferred
that hBSCs may exhibit behavior similar to that of neural stem cells. Recently, hBSCs
were also observed to be prone to differentiate into the following three neural cell
lines: neurons, astrocytes, and oligodendrocytes. The B-tubulin IIT marker was used to
detect neurons, the O4 antibody for oligodendrocytes, and the GFAP antibody for
astrocytes!” .
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Figure 3 The hBSCs have the ability to differentiate into different cell types of mesodermal origin in vitro. A: Adipogenic; B: Chondrogenic; C: Osteogenic.
Differentiation of hBSCs was stained with Oil Red O, Alcian Blue, and Alizarin Red, respectively (inversion optical microscope, 100x). Original figure from approved
project No. 1.324.098 (11/16/2015) of the Human Ethical Committee of the Pequeno Principe Faculty. hBSC: Human breastmilk stem cell.

Mesenchymal breastmilk stem cells can differentiate in vitro into cell lines of all
three germ layers. Some studies have already shown the in vitro differentiation of
MSCs to cells with neuronal and glial morphology, which express neuronal and glial
markers after stimulation with retinoic acid, nerve growth factor, beta fibroblast
growth factor, valproic acid, forskolin, and glial growth factor!***l, pointing out the
transdifferentiation potential of primitive mesenchymal progenitors to cells derived
from other embryonic leaflets.

A theoretical model of MSC differentiation was created, in which undifferentiated
cells would go through two phases before acquiring a specific phenotype. In the first
one, after asymmetric divisions, the MSCs originate a population of cells less
undifferentiated and a population of precursor cells with restricted self-renewal and
differentiation potential. The transition from the stem cell compartment to the
compromised compartment would occur with the symmetric division of tri- or bi-
potent progenitor cells, which would originate the unipotent progenitors. This process
is well controlled and involves a change in the secretion profile of cytokines and
growth factors, as well as a modification in the three-dimensional structure of the
extracellular matrix, besides the activation and inactivation of transcriptional factors
and consequent expression of genes related to this differentiation pathway™.

Injecting MSCs into immunodeficient animals showed that they can respond to the
different stimuli in vivo, differentiating themselves in a disorganized way and leading
to the formation of cysts, teratomas, and tumors present in different types of tissues
originating from each of the three embryonic leaflets"”. It is noteworthy that one of
the studies performed teratoma formation testing, where freshly isolated hBSCs and
cultured sphered milk cells were injected subcutaneously into SCID mice (n = 15).
After 9 wk of the procedure, the mice were examined, and no tumor formation was
observed!"’l. SCID lineage mice have great immunological compromises since they are
deficient in T lymphocytes, B lymphocytes, and natural killer cells, and the use of
these mice for teratoma formation tests is the most appropriatel!. In fact, the existence
of pluripotent ASCs that do not form teratomas was previously described in BM,
considering that these cells have unique patterns of DNA methylation in some genes
and it is suggested that the non-formation of teratomas would be associated with
these epigenetic characteristics!™.

Even though ESCs originate from the internal mass of the blastocysts, it is also
possible to find them in adult tissues in specialized niches. Recent evidence has
suggested that certain subpopulations of cells within ASC compartments can
differentiate into cell types outside their dermal origin under specific
microenvironments in vitro and in vivol. These results indicate that hBSCs possibly
have pluripotency characteristics, with many characteristics to be still explored.

In conclusion, human breastmilk stem cells have high cellular plasticity, exhibiting
the ability to generate cells from all three germ layers as demonstrated by their
stemness. Thus, further studies are needed to elucidate the implication of these cells in
regenerative medicine and bioengineering as well to explore these ASCs obtained
from no invasive sources.
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Pluripotency on human breast milk stem cells
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Figure 4 Multilineage potential of hBSCs. These cells can differentiate into mesodermal lineages, endodermal lineages, and the neuroectodermal lineage. hBSC:
Human breastmilk stem cell.

ARTICLE HIGHLIGHTS
Research background

Mesenchymal stem cells are pluripotent cells that have the ability to generate cells from a cell
line or in other cell types from different tissues but from the same origin; although those cells
have a more limited differentiation capacity than embryonic stem cells, they are easily obtained
from the somatic tissue and can be grown in large quantities. This characteristic of
undifferentiated stem cells differentiating into different cell lines arouses strategies in
regenerative medicine for the treatment of different diseases, such as neurodegenerative
diseases.

Research motivation

Mammary epithelium has been the focus of studies due to its remarkable population of human
breastmilk stem cells (hBSCs). It will be important to evaluate the scientific literature as to the
potential for differentiation of these cells for regenerative medicine.

Research objectives

Baishidenge WISC | https://www.wjgnet.com 1016 November 26,2019 | Volume 11 | Issue 1l |



Pacheco CMR et al. Differentiation human breastmilk stem cells

The main objective was to evaluate the cell differentiation capacity of hBSCs for the three germ
layers through a systematic review.

Research methods

The searched databases were PubMed, EMBASE, OVID, and COCHRANE LIBRARY; the
inclusion criteria were all papers that: (1) addressed the plasticity of stem cells derived from
human breastmilk, that is, the ability of the cell to differentiate into more than one cell line; (2)
published between 2007 and 2018 in the English language; and (3) were in vitro studies for the
analysis of the "cell differentiation potential" in the literature using the keywords "HUMAN
BREASTMILK," "STEM CELLS," and keywords combined with the Boolean operator "NOT" used
to exclude those articles that had the word "CANCER" and their respective synonyms, which
were previously consulted according to the medical subject heading terms. PRISMA 2009
guidelines were followed in this study.

Research results

A total of 315 titles and abstracts of articles were examined. From these, 21 were in common with
more than one database; remaining 294 articles. Out of that total, 5 publications met the inclusion
criteria. When analyzing the publications, it was demonstrated that human breastmilk stem cells
have a high cellular plasticity, exhibiting the ability to generate cells of all three germ layers:
endoderm, mesoderm and ectoderm, demonstrating their stemness. Those cells expressed the
genes, TRA-1-60/81, octamer-binding transcription factor 4, and NANOG; NANOG was the
gene most highly expressed, which is a regulator for self-renewing and its maintenance. Those
cells have the ability to differentiate in vitro: adipocytes, chondrocytes, osteocytes,
oligodendrocytes, astrocytes, neurons as well hepatocytes, B-pancreatic cells, and
cardiomyocytes.

Research conclusions

The hBSCs expressed the genes, TRA-1-60/81, NANOG, and Oct4. The pluripotentiality of
hBSCs has been demonstrated by its NANOG expression, which is a regulator for self-renewal
and its maintenance. This study opens the possibilities to use this source of adult stem cells for
tissue engineering and cellular therapy. hBSCs demonstrated their stemness by high cellular
plasticity and exhibiting the ability to generate cells of all three germ layers.

Research perspectives

There will be great potential of hBSCs for tissue engineering and cellular therapy, but more
studies for a safe translation will be needed. The single cell analysis seems to be the best method
for the next step to evaluate the genetic stability of hBSCs.
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