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Abstract

Mathematisch-Naturwissenschaftliche Fakultét
Institute for Stem Cell Research and Regenerative Medicine

Doctor rerum naturalium

Derivation, characterization and application of human primary stem cells,
iPSCs, and iPSC-derived MSCs for regenerative medicine and disease
modelling

by Lucas-Sebastian Spitzhorn

In today’s research and medical practice, stem cells are of high relevance. They represent
a promising alternative to whole organ transplantation and provide multiple ways of
action and settings to be used in. The first aspect of this work was the derivation of stem
cells from different sources. Bone marrow is a long-established source for stem cells such
as mesenchymal stem cells (MSCs). Amniotic fluid and urine were investigated herein as
alternative sources to receive MSCs originating from the kidney following detailed
characterization of the isolated cells. These urine stem cells were furthermore
reprogrammed into induced pluripotent stem cells (iPSCs) which are capable of
differentiating into all cells of the human body. The suitability of iPSCs was further
successfully tested for toxicology studies as well as for liver disease modelling

(particularly non-alcoholic fatty liver disease- NAFLD).

For the purpose of in vivo studies within this work, mesenchymal stem cells were derived
from iPSCs from different origins, termed iMSCs. These iMSCs were analysed upon their
features compared to primary MSCs and were shown to represent rejuvenated und thus
more potent cells than their native counterparts. The iMSCs were used in 2 independent
animal models to study their potential to be used in translational regenerative medicine

approaches.

The first model was the Gunn rat which lacks activity of the Ugtlal (UDP

glucuronosyltransferase family 1 member Al) by spontaneous mutation, resulting in



increased bilirubin levels. To improve this liver disease phenotype human iMSCs
(derived from iPSCs from human foetal MSCs) were transplanted by intra-spleenic
injection after liver injury by partial hepatectomy. The transplanted human iMSCs
differentiated into functional human liver cells and thereby contributed to liver

regeneration and to the reduction of serum bilirubin levels in Gunn rats.

The second model, in which the iMSCs were applied, was a human-scale preclinical
animal model for bone regeneration. iMSCs differentiated from human foreskin
fibroblast-derived iPSCs were transplanted combined with calcium phosphate granules
into a critical size defect in the tibiae of Gottingen mini pigs. The human iMSCs
significantly supported bone regeneration and showed a similar effect than autologous
bone marrow concentrate which consist of MSCs, immune cells and growth factors. In
addition to the direct therapeutic effect by differentiation of the iMSCs it can be assumed
that the paracrine release of signalling factors is another mode of action by iMSCs
capable to suppress the host’s immune system and to attract resident stem cells. This

represents another clinically relevant property of MSCs.

Beside the MSC-derived immune-modulatory factors it was further shown that human
foetal MSCs secrete factors which promote oligodendrogenesis in rat neural stem cells

and iPSC-derived neuronal stem cells.

In conclusion, amniotic fluid and urine were qualified as sources for renal stem cells,
iPSCs were generated and shown to be a promising tool for future research, iMSCs were
shown to be rejuvenated and able to support regeneration of liver and bone in vivo.
Additionally, MSCs were shown to be active in paracrine manner and by that were able to
aid neuronal developmental processes. All findings reported herein by translational

research qualify (1)MSCs for developing new therapeutic approaches.



Zusammenfassung

Fiir die heutige Forschung und klinische Anwendungen sind Stammzellen von hoher
Relevanz. Sie sind gute Alternativen zur Transplantation ganzer Organe und koénnen
vielfdltig eingesetzt werden. Der erste Teil dieser Arbeit bestand in der Gewinnung von
Stammzellen aus verschiedenen Quellen. Das Knochenmark ist eine etablierte Quelle zur
Gewinnung von Stammzellen wie den mesenchymalen Stammzellen (MSCs). Als
alternative Stammzellquellen wurden in dieser Arbeit das Fruchtwasser sowie der Urin
untersucht und die gewonnenen Stammzellen als MSCs mit Ursprung in der Niere
charakterisiert. Diese Urinstammzellen wurden zusitzlich in induzierte pluripotente
Stammzellen (iPSCs) reprogrammiert, die in der Lage sind, sich in alle Zellen des
menschlichen Korpers zu differenzieren. Weiterhin wurde gezeigt, dass sich iPSCs
hervorragend fiir Toxikologie-Studien sowie zur Modellierung von Leberkrankheiten (im

speziellen nicht alkoholische Fettleber- NAFLD) eignen.

Zur Durchfithrung von in vivo-Studien innerhalb dieser Arbeit wurden MSCs aus iPSCs
hergestellt; genannt iMSCs. Diese iMSCs wurden im Vergleich zu primdren MSCs
analysiert und als verjiingte MSCs identifiziert, die potenter sind als ihre priméren
Gegenstiicke. Diese iMSCs wurden in zwei unabhingigen in vivo-Modellen eingesetzt,

um ihr Potenzial fiir translationale regenerative Anwendungen zu untersuchen.

Das erste Modell war die Gunn-Ratte, bei der eine natiirliche Mutation in dem Ugtlal
Gen (UDP glucuronosyltransferase family 1 member A1) mit einem daraus resultierenden
erhohten  Serum-Bilirubin-Wert  vorliegt. Nach partieller Hepatektomie und
anschliefender Transplantation humaner iMSCs, die aus iPSCs von fotalen MSCs
hergestellt wurden, konnte gezeigt werden, dass humane iMSCs in funktionale
Leberzellen differenziert sind. Dadurch haben sie zur Regeneration der Leber und zur

Senkung des erhdhten Bilirubin Spiegels beigetragen.

Als zweite in vivo-Studie wurden iMSCs, die aus iPSCs aus humanen Vorhaut
Fibroblasten erzeugt wurden, in Kombination mit Kalziumphosphat-Granulat in einen
Knochendefekt kritischer Gréfe in das Schienbein von Goéttingen Minischweinen
transplantiert. Die humanen iMSCs unterstiitzten die Knochenheilung in diesem pra-

klinischen Tiermodell humaner GroBe signifikant und zeigten vergleichbare Ergebnisse



wie  autologes  Knochenmark-Konzentrat, das MSCs, Immunzellen und

Wachstumsfaktoren beinhaltet.

Zusitzlich zu dem direkten therapeutischen Effekt der iMSCs durch Differenzierung kann
auch ein parakriner Wirkmechanismus angenommen werden, wodurch das Immunsystem

des Empfiangers unterdriickt wird und koérpereigene Stammzellen mobilisiert werden.

Es wurde zudem gezeigt, dass fotale MSCs zusétzlich zu immunmodulierenden Stoffen
auch Faktoren sezernieren, die die Oligodendrogenese in neuronalen Zellen der Ratte und

in neuronalen Stammzellen aus iPSCs fordern.

Zusammenfassend wurden Fruchtwasser und Urin als geeignete Quellen fiir
Nierenstammzellen identifiziert. Pluripotente iPSCs wurden aus Urinstammzellen
hergestellt und zeigten sich als vielversprechende Zellen fiir die zukiinftige Forschung.
iMSCs wurden als verjiingte Stammzellen beschrieben, die in der Lage sind in vivo zur
Leber- und Knochenheilung beizutragen. Darliber hinaus wurden MSCs als parakrin-
aktive Zellen beschrieben, die neuronale Entwicklungsprozesse unterstiitzen konnen. All
diese Befunde zeichnen (i)MSCs unterschiedlicher Quellen fiir die translationale
Forschung aus und stellen eine Basis flir die Entwicklung neuer therapeutischer Ansétze

dar.
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1. Introduction

1.1 Stem Cells

The smallest structural unit of all living organisms is the cell. The human body is
comprised of more than 200 different cell types which have their specific functions and
appearances, and which form an inter-connected network [Ellinger and Ellinger, 2014]. A
special subpopulation of cells, the stem cells, is characterized by their ability of
indefinitely self-renewal and their potential to differentiate into cells with organ-specific
functions. The self-renewing ability of stem cells is manifested in their ability to divide
and give rise to cells with the same properties as the mother cell by symmetric cell
division. Alternatively, asymmetric cell division of stem cells results in one daughter stem
cell with identical properties to the mother stem cell and one cell primed to undergo
further differentiation [McCaffrey and Macara, 2011]. These features are making stem
cells enormously important for the organogenesis during development, tissue homeostasis
and regeneration processes. Germ line stem cells are important for the reproduction and

somatic stem cells are crucial for organogenesis.

Different types of stem cells exist which are distinguished by their differentiation
potential. Totipotent stem cells can differentiate into all the cells of the body including
extraembryonic tissue; pluripotent stem cells only lack the differentiation into extra
embryonic tissue; multipotent stem cells can give rise to all types of a single germ layer
whereas unipotent stem cells are tissue specific [Fuchs et al., 2004; Weissman, 2000]. In
contrast to the restricted differentiation potential of adult stem cells, embryonic stem cells
(derived from the inner cell mass of the blastocyst) have a pluripotent differentiation
capacity covering ectodermal, mesodermal and endodermal cell lineages [Thomson et al.,

1998; Chambers et al., 2004].

Stem cells reside in a special microenvironment — the stem cell niches [Li et al., 2005]
which provide a milieu of interacting cellular and acellular factors determining the fate of

the stem cells [Haque et al., 2013].
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1.2 Mesenchymal Stem Cells

Alexander A. Maximow described the presence of cells within the bone marrow with
features of fibroblast capable to support haematopoiesis [Maximow, 1924]. Friedenstein
and colleagues isolated stem cells from bone marrow employing their ability of plastic
adherence [Friedenstein et al., 1970]. The term “mesenchymal stem cells” (MSCs) was
established by Arnold 1. Caplan in the 1990°s [Caplan, 1991]. Originally, MSCs were
derived from the perivascular region of the bone marrow [Bianco et al., 2013] but have
now been isolated from other tissues such as blood [Campagnoli et al., 2001], adipose
tissue [Zuk et al., 2002], umbilical cord blood [Rosada et al., 2003], placenta [Parolini et
al., 2008], skin [Toma et al., 2005], teeth [Perry et al., 2008], liver [Wenceslau et al.,
2011], pancreas [Seeberger et al., 2011] and urine [Spitzhorn et al., 2018].

MSCs are multipotent as shown by their differentiation potential into various
mesenchymal lineages such as bone, cartilage and fat [Uccelli et al., 2008]. This fate
determination and thus the switch from self-renewal to differentiation, is governed by
growth factors, cytokines, adhesion molecules and extracellular matrix components which
are present in the stem cell niche [Song et al., 2006]. MSCs have a great proliferation
potential in vitro and have a spindle-shaped, fibroblastoid morphology. They are
characterized by a distinct cell surface marker pattern including high levels of CD73,
CD90 and CD105 by parallel lacking the hematopoietic markers CD14, CD20, CD34 and
CDA45. This specific morphology, immunophenpotype and differentiation potential were
set as the minimal criteria for MSCs by the international society for cellular therapy
(ISCT) [Dominici et al., 2006]. Expression of CD146 as well as platelet-derived growth
factor receptor B (PDGFRp) was further described for MSC identification [Crisan et al.,
2008]. Additionally, MSCs were shown to be able to differentiate into other cells types
such as cardiomyocytes [Makino et al., 1999], neuronal cells [Woodbury et al., 2000] or
hepatocytes [Sato et al., 2005].
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1. Differentiation into 2. Paracrine signalling
. MSCs . .
organ-specific cells by secretion of cytokines
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Figure 1.1: Modes of MSC action based on existing knowledge.

Apart from their differentiation capacity, MSCs have been shown to be paracrine active in
various ways. By secretion of cytokines and growth factors they can support
haematopoiesis in the bone marrow but also to modulate the immune system which also
involves its suppression. Furthermore, MSCs are able to support regeneration processes
by release of trophic factors [Li et al., 2015]. Chemokines and corresponding receptors
are crucial in chemotaxis of leucocytes to sites of inflammation or injury [Miyasaka et al.,
2004]. MSCs express many chemokine receptors contributing to their ability to home into
injured tissue and to show a tropism towards injured tissue [Phinney et al., 2007; Hwang
et al., 2009; Vogel et al., 2010] which makes them very useful in many (pre-)clinical
regenerative therapies. Amongst factors secreted by MSCs there are pro-angiogenic
cytokines and growth factors such as VEGF-A, IL-6, IL-8, HGF and PDGF [Takahashi et
al., 2018].

Currently there is a big debate on the proper characterization of MSCs since recently the
human skeletal stem cells were described for the first time. These skeletal stem cells have
a distinct cell surface marker profile (PDPN'/CD146/CD73/CD164") and are able to
generate progenitor cells for the bone, cartilage and stroma lineage but not adipogenic

lineage [Chan et al., 2018].



Introduction 19

1.3 Clinical Applications of MSCs

Due to their secretion of different cytokines [Charbord et al., 2011] and the above
described differentiation potential, MSCs are seen as key players in medical research and
enable innovative therapeutic approaches. Their good in vitro propagation and their high
plasticity endow them to be suitable for direct cell transplantation or to contribute to

tissue engineering approaches for repair or replacement of injured or diseased organs

[Mark et al., 2013].

Because of this broad range differentiation potential, MSCs are of high therapeutic
relevance. Beside their regenerative properties MSCs can interact with cells of the innate
as well as the adaptive immune system and thus modulate immunological effector
functions resulting in immune-suppressive and anti-inflammatory ability. They can
suppress the activation of natural killer cells, which are important for the innate
immunity. On the level of the adaptive immunity they suppress the activation and
maturation of dendritic cells, T-cells and B-cells [Uccelli et al., 2008]. Their function as
paracrine effector cells is utilized by their application in acute Graft-versus-host disease
(GvHD) in which T-cells which remained in the transplanted organ recognise cells of the
recipient as foreign and attack them. In addition to this, they are used to support the
growth of haematopoietic cells after bone marrow transplantation which is enabled by
their stroma function [Zeiser et al., 2017; Le Blanc et al., 2008]. Haploidentical (only 50
percent match of HLA marker between donor and recipient) MSCs were transplanted into
a young patient suffering from GvHD and could improve the patient’s conditions without
obvious side effects after 1 year [Le Blanc, 2008]. For treatment of immune-system-
associated diseases such as Multiple sclerosis or Crohn’s disease their function as
immune modulators is employed [Uccelli et al., 2011; Duijvestein et al., 2010].
Furthermore, MSCs were shown to improve the success rate of allogenic transplantations

[Nesselmann et al., 2011].

Especially for skeletal tissue engineering MSCs are widely used [Mirmalek-Sani et al.,
2006; Rose et al., 2002; Oreffo et al., 2005]. Also, MSCs were shown to have positive
effects in treatment of the genetic bone disease osteogenesis imperfecta [Horwitz et al.,
2002]. MSCs regenerated tissue after myocardial infarction or neural diseases and support
wound healing [Wu et al., 2010; Williams et al., 2011]. For the treatment of cancer,

MSCs are used as carriers of anti-tumour agents since they home in into tumorous tissue
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[Bexell et al., 2012;]. In a rat model of acute renal failure, injection of MSCs led to

increased renal function by secretion of anti-inflammatory cytokines [Togel et al., 2005]

More than 740 clinical trials employing MSCs were registered so far as either on-going or
completed [https://clinicaltrials.gov/] to investigate the therapeutic potential of MSCs.
Therefore, these cells have been transplanted into patients suffering from GvHD, multiple
sclerosis or acute myocardial ischemia either autologous or allogenic [Squillaro et al.,
2016; Wang et al., 2012]. Furthermore, MSCs have been implemented in many additional

diseases affecting various organs emphasizing the multipotency of MSCs.

Clinical trials employing MSCs (27/03/2019)
Total: 742; thereof iMSCs: 2 (1 iPSC, 1 ESC)

Number of Trials

Figure 1.2: Number and distribution of clinical trials employing MSCs. The numbers
where calculated based on the deposited information at https://clinicaltrials.gov/. Clinical

trials using (a) MSCs are displayed in light blue and (b) iMSCs are displayed in red.

1.4 MSCs in Liver Regeneration

A healthy liver is crucial as it has several key functions like removal of toxins from the
blood, synthesis of proteins and vitamin storage amongst others. Due to its detoxifying
function, the liver has a remarkably high regenerative potential [Starzl et al., 1993]. Liver
regeneration is impaired under pathological liver conditions such as viral infection,

inflammation or inherited genetic metabolic diseases. Such situations trigger hepatic
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progenitor cells to restore liver tissue [Duncan et al., 2009]. Although these cells are of
high proliferation capacity and can differentiate into mature hepatocytes the intrinsic
regeneration capacity of the liver might be insufficient [Chatzipantelis et al., 2008], or
impaired upon tumour removal [Karoui et al., 2006]. An insufficient regeneration process
could be explained by suppressed proliferation of the hepatocytes, which normally
reconstitute the liver mass within days. If the hepatocyte proliferation and function is
continuously impaired, whole organ transplantations might become necessary but there is

an acute donor organ shortage.

Alternatively, cell transplantations could be done, which bear a lower risk of comorbidity
but are also limited by the low number of available organs for cell isolation [Nussler et
al., 2006]. As an opportunity to be used in cell-based therapies, MSCs are under critical
evaluation for treating liver diseases. MSC transplantation could circumvent the above-
mentioned shortcomings of primary liver cells. In addition to their well-known
differentiation capacity into bone, fat and cartilage they can differentiate into functional
liver cells in vitro and in vivo [Sato et al., 2005; Kuo et al., 2008; Kordes et al., 2015]
furthermore liver resident MSCs were described which are also called hepatic stellate
cells [Kordes et al., 2013; Michellotti et al., 2013; Kordes et al., 2014]. Thus, they can
directly contribute to liver regeneration or promote liver recovery by releasing trophic
factors [van Poll et al., 2008]. Triggered by the perfect microenvironment, it was shown
that MSCs are able to differentiate into hepatocyte-like cells (HLCs) [Chivu et al., 2009;
Li et al., 2013], expressed hepatocyte genes and were able to store glycogen and to
produce urea [Lange et al., 2005; Schwartz et al., 2002; Lee et al., 2004]. Furthermore,
pathological liver conditions such as liver fibrosis (pathological increment of collagen
deposits) improved upon MSCs injection [Zhao et al., 2012]. One major condition in
today’s medicine with no promising treatment available, cirrhosis, which is a cause of
long-term chronical liver injury, was improved in a rat model after transplantation of
human MSCs [Jung et al., 2009]. After injection of MSCs via the portal or tail vain MSCs
restored liver function indicated by albumin production after partial hepatectomy [Li et
al., 2013]. Reduction of fibrosis was also achieved by hepatocyte-like cells (HLCs)
derived from MSCs [Abdel Aziz et al., 2007]. As a next step for in vitro analysis of
supportive effects of MSCs on liver function, three-dimensional organoids were

generated through self-organization of endothelial cells, MSCs and hepatocytes. The
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organoids could remarkably restore liver function upon transplantation into mice [Takebe

etal., 2014].

1.5 MSCs in Bone Regeneration

Although healing of the most bone fractures happens without any problems,
complications as skeletal bone defects or cases of non-union are challenges for
orthopaedic surgeons. Fracture healing involves a complex cascade under the contribution
of circulating blood cells [Kuroda et al., 2014], macrophages [Das et al., 2013], as well as
stromal stem and progenitor cells. In these situations, usage of autologous bone grafts is
the gold standard. But this treatment option is associated with several hurdles such as
limited and suboptimal bone grafts and donor site comorbidity [Faour et al., 2011].
Autologous bone marrow concentrate which is composed of stem cells, immune cells, and
growth factors was shown as promising alternative for treatment of bone defects [Hakimi
et al., 2014; Herten et al., 2013]. Also, the single use of autologous MSCs which are able
to differentiate into osteogenic lineage has been reported [Grayson et al., 2015; Hakimi et
al., 2014]. Both alternatives were successfully applied in animal models for recovery of
bone tissue in weight-bearing and non-weightbearing conditions [Hakimi et al., 2014;
Bhumiratana et al., 2016]. For example, MSCs are used in preclinical large animal studies
for facial bone regeneration [Bhumiratana et al, 2016] and further numerous clinical trials

for MSCs are focussing on bone related research [https://clinicaltrials.gov/].

1.6 MSCs in Neurogenesis

Demyelination in the central nervous system (CNS) is characterized by the reduction of
myelin sheets of the neurons. It is associated with neurodegenerative diseases such as
Multiple sclerosis. This loss of myelin can be counteracted by recruitment of new glial
cells which are responsible for the myelination process [Jessen et al., 1980, Franklin,
2002] to a certain extend. Adult neural stem cells as well as oligodendroglial progenitor
cells at the site of myelin loss are the most prominent cell types for repairing the myelin
sheets [Akkermann et al., 2016]. But this intrinsic repair process is limited [Kremer et al.

2011].
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In the brain environment, MSCs were also successfully tested and their neuroprotective
abilities have been reported [Karussis et al., 2008]. MSCs were shown to have a
beneficial effect on animals suffering from neurodegenerative impairments [Jin et al.,
2002]. External support of oligodendrogenesis was reported for the use of MSC-secreted
factors [Kassis et al., 2008; Uccelli et al., 2008]. Both cell types involved in the myelin
repair were susceptible for MSC-mediated stimuli to differentiate towards
oligodendroglial direction [Rivera et al., 2006; Jadasz et al., 2013]. It was shown that
factors secreted by human MSCs increased the level of oligodendrogenesis in adult neural
stem cells (aNSCs) in rats as well as axonal tissue integration and wrapping. In the rat
setting MSC conditioned media supported oligodendral differentiation of oligodendral
progenitor cells by upregulated expression of myelin [Jadasz et al., 2013]. Moreover,
conditioned media of human MSCs supported regeneration of demyelinated CNS upon
injection in an animal model of Multiple sclerosis by HGF-driven generation of
oligodendrocytes and neurons [Bai et al., 2012]. Additionally, it could be shown that
hippocampal stem cells gain potential to differentiate into oligodendrocytes through
MSC-mediated signalling [Munoz et al., 2005; Rivera et al., 2006]. In a model of spinal
cord contusion, administration of MSCs resulted in an improved functional outcome
[Chopp et al., 2000]. In experimental-induced autoimmune encephalomyelitis MSCs

showed neuroprotective function and modulated the immune system [Kassis et al., 2008].

1.7 Induced Pluripotent Stem Cells

Since their first derivation in 1998 by James Thomson, embryonic stem cells (ESCs) have
become the gold standard for researchers working on stem cells due to their unrestricted
differentiation and proliferation capacity [Thomson et al., 1998]. ESCs represent the first
isolated pluripotent stem cells. They are derived from the inner cell mass of the
blastocysts (a structure formed 5 days after fertilization of the egg) which mostly is taken
from spare embryos from in vitro fertilization in agreement with the donor [Shand et al.,
2012]. For the human, this was done 1998 for the first time in a process in which the
trophoblast, the outer layer of the blastocysts, was removed and the inner cell mass was
taken out for subsequent processing and cultivation on inactivated mouse embryonic
fibroblasts. The researchers themselves described the ethical issues attached to this

technique [Thomson et al., 1998].
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Pluripotent stem cells are characterized by the expression of OCT4 (octamer binding
transcription factor 4), SOX2 (SRY (sex determining region Y)-box 2, NANOG and
KLF4 (krueppel-like factor 4) and other pluripotency-associated genes and activated
relevant signaling pathways such as leukemia inhibitory factor/ signal transducer and
activator of transcription 3 (LIF/STAT3) to maintain stemness, formation of three
dimensional embryoid bodies which can spontaneous differentiate into cells of all three
germ layers and their ability to form teratomas (tumorous tissue which can include cells
from all three germ layers) upon transplantation into immune-compromised mice
[Alvarez et al., 2012; Thomson et al., 1998]. Other approaches to generate pluripotent
cells from somatic cells include somatic cell nuclear transfer into oocytes [Wilmut et al.,
1997], exposure of somatic cells with extracts from embryonic carcinoma cells or ESCs
[Taranger et al., 2005] or the fusion of somatic cells with embryonic germ or stem cells
[Tada et al., 2001; Cowan et al., 2005]. All these approaches rely on the use of embryonic

cells or material which is wrought with massively ethical issues and concerns.

These problems could be overcome by the generation of induced pluripotent stem cells
(iPSCs) by the Nobel Prize awarded researcher and physician Shinya Yamanaka. By
ectopic expression via retroviruses of the transcription factors OCT4, SOX2, KLF4 and
C-MYC (v-myc myelocytomatosis viral oncogene homolog), human dermal fibroblast
cells could be reprogrammed into pluripotent stem cells [Takahashi et al., 2007]. This
technique was described one year before for reprogramming of mouse fibroblasts
[Takahashi and Yamanaka, 2006]. These iPSCs were morphological identical to ESC by
growing in flat colonies and expressed the pluripotency genes in comparable levels and

had high telomerase activity levels [Takahashi et al., 2007].
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Figure 1.3: Derivation process of iPSCs and differentiation into organ-specific cells.
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This reprogramming mechanism is associated with several key events such as increase of
reactive oxygen species resulting in DNA damage and activated p53 which regulates cell
cycle arrest, senescence and apoptosis [Mah et al., 2011]. The mesenchymal-to-epithelial
transition (process in which mesenchymal cells switch their identity to epithelial cells) is
another important step [Li et al., 2010]. Furthermore, epigenetic remodelling via
alterations in CpG methylation patterns and histone modifications occur which
subsequently leads to overall changes on the transcriptional level [Takahashi et al., 2007].
This comes along with changes in the bioenergetic metabolism in mitochondria where a
shift from oxidative phosphorylation to glycolysis takes place [Prigione et al., 2010].
Telomere length is increased by reprogramming indicating a rejuvenation of the cells
[Mahmoudi et al., 2012]. It could be shown that iPSCs preserve an epigenetic memory
leading to an enhanced differentiation capacity into the cell lineage they were derived

from [Hu et al., 2010].

The original reprogramming protocol was improved and redefined over the years to
increase its efficacy. Therefore, the use of small molecules such as anaplastic lymphoma
kinase (ALK) 4/5/7 inhibitor SB431542, the MEK inhibitor PD0325901 or the glycogen
synthase kinase 3 (GSK-3) inhibitor CHIR99021 were described [Drews et al., 2012].
The single use of only one vector led to a reduction of integrations into the genome
[Carey et al., 2009] and the use of non-integrating adenoviruses enabled it to receive an

unmodified genome [Zhou et al., 2009]. To avoid the need for viruses, other
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reprogramming ways were described using mini-circle DNA or the transcription factors
were carried in the nucleus using episomal plasmids and electroporation [Yu et al., 2011].
It is important to avoid integration into the genome since integration events may result in
inactivation of tumour suppressor genes or the activation of oncogenes causing tumour
formation [Chatterjee et al., 2016]. Up to date, many different cell types were
reprogrammed into iPSCs including cord blood and adult blood cells [Chou et al., 2011],
amniotic fluid cells [Wolfrum et al. 2010], MSCs [Megges et al., 2015], chorionic villi-
derived cells [Lichtner et al., 2015], epicardium-derived cells [Paulitschek et al., 2017]
and urine-derived cells [Bohndorf et al., 2017].

1.8 In Human Application of iPSC-derived Cells

Due to their ability of indefinitely self-renewal and pluripotent differentiation potential,
iPSCs have tremendous value for bio-medical research and clinical applications.
Furthermore, new methods to model human diseases in vitro have arisen to study the
underlying molecular mechanisms and to discover new drugs or diagnostics [Drews et al.,
2012]. More and more, iPSCs replace primary human cells or human carcinoma cell lines
in in vitro settings thereby circumventing limitation such as poor in vitro lifespan or
genetic aberrations. They have been used to study a broad variety of diseases including
Parkinson’s disease [Miller et al., 2013], hepatitis ¢ virus [Schdbel et al., 2018], retinitis
pigmentosa [Jin et al., 2011], steatosis [Graffmann et al., 2015] and Alzheimer's disease

[Israel et al., 2012].

The medical potential of iPSCs has not exclusively been analysed in cell culture. Within
the last years some pioneer in-human trials using iPSC-derived cells were performed. In
2014, skin cells of an aged Japanese woman were reprogrammed into iPSCs which
subsequently were differentiated into retinal cells in sheet architecture. They were
transplanted into the patient’s retina to treat age-related macular degeneration which is
associated with gradual loss of sight up to blindness. One year post operation the survival
of transplanted cells was reported without obvious side effects [Mandai et al., 2017]. A
follow-up trial for the same disease was done using allogenic cells since the autologous
cells were infringed by age-related genetic defects. The human leukocyte antigen (HLA)

matched 1PSCs were obtained from an iPSC bank and were as such chosen to minimize
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the risk of rejection by the recipient’s immune system. Since allogenic transplantations
are more cost- and time-effective than personalized treatment, this study is of high
importance to unveil the allogenic iPSC-based treatment for future applications

[Cyranoski, 2017].

1.9 iPSC-derived MSCs (iMSCs)

As mentioned above, MSCs can be routinely obtained from bone marrow or other sources
but these invasive procedures are associated with particular risks [Sheyn et al., 2016].
Especially in a clinical scenario with a high frequency of elderly patients several
limitations reduce cell quality. These aged cells exhibit higher levels of genomic
instability, cellular senescence, DNA damage, oxidative stress and immunogenicity [Zhou
et al., 2008; Moskalev et al., 2013; Reuter et al., 2010; Brink et al., 2009]. These ageing-
associated cellular changes reduce the proliferation and differentiation potential of the
MSCs and thereby their therapeutic potential [Oreffo et al., 1998; Stolzing and Scutt,
2006; Wagner et al., 2009; Duscher et al., 2014]. Furthermore, their in vitro proliferation
capacity is limited, by replicative senescence [Wagner et al., 2008], which can lead to an
insufficient number of cells [Illich et al., 2011]. The therapeutic potential of MSCs
decreases over in vitro culture time by decline of their differentiation capacity resulting
from chronological ageing [Katsara et al., 2011; Duscher et al., 2014; Palumbo et al.,
2014; Kasper et al., 2009; Stolzing et al., 2008]. Therefore, foetal MSCs have been shown
to have better features then their adult counterparts [Mirmalek Sani et al., 2006] and
showed better outcome in a mouse model of Multiple sclerosis [Scruggs et al., 2013].
Differences between the young and old stem cells have been shown in methylation
pattern [Bork et al., 2010], telomere length [Wagner et al., 2008; 2010], growth factor
production as well as altered oxidative stress levels and altered signalling pathways

[Wilson et al., 2010].

These difficulties associated with MSCs from an aged background could be overcome by
generation of MSCs from iPSCs [Frobel et al., 2014] since via reprogramming the cells
undergo a rejuvenation process. These so called iMSCs can also be generated from ESCs
and were shown to exhibit similar features than native MSCs related to their

differentiation capacity and their potential use in regeneration processes [Chen et al.,
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2012; Kimbrel et al., 2014]. As an alternative for primary MSCs, MSCs from iPSCs or
ESCs (both termed iMSCs in the following chapters) were generated by the induction of
epithelial-to-mesenchymal transition using the transforming growth factor beta (TGFf)-
receptor inhibitor SB-431542 [Chen et al., 2012] amongst many other protocols. These
iMSCs met the minimal criteria for MSCs by their ability to grow on plastic surfaces, cell
surface marker composition and their multilineage differentiation potential [Villa-Diaz et
al., 2012]. The differentiation potential of iMSCs into osteogenic and chondrogenic
lineage was comparable to the native MSCs but iMSCs exhibited a weaker potential to

differentiate into fat cells [Chen et al., 2012; Boyd et al., 2009; Kang et al., 2015].
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Figure 1.4: Generation of human iMSCs from pluripotent stem cells.

iMSCs have been employed in many pre-clinical studies such as the treatment of hind-
limp ischemia where transplantation of iIMSCs supported neovascularisation and
myogenesis. Furthermore, iMSCs contributed to liver regeneration and differentiated into
functional human liver cells in Gunn rats [Spitzhorn et al., 2018]. Additionally, it was
shown that a rejuvenation effect occurs through reprogramming which also effects the
resulting iMSCs to be in a younger state [Spitzhorn et al., 2019], which also was shown
for patients’ cells suffering from early onset ageing syndrome [Frobel et al., 2014;
Cheung et al., 2014]. For transplantation safety is very important to note that iMSCs are
not pluripotent and thus upon injection of iMSCs no teratoma formation was observed

[Chen et al., 2012]. iMSCs contributed to regeneration in various animal disease models
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such as hypoxic ischemia autoimmunity limb ischemia and multiple sclerosis [Kimbrel et
al., 2014; Gruenloh et al., 2011; Lian et al., 2010; Hawkins et al., 2018; Wang et al.,
2014]. iMSCs were shown to act directly by differentiation into bone cells and indirectly
by the recruitment of resident host cells contributed to regeneration in a murine radial
defect model [Sheyn et al., 2016]. Remarkably, two clinical trials have used iMSCs for

the treatment of GvHD and meniscus injury [https://clinicaltrials.gov/].

1.10 Amniotic Fluid as a Source of Stem Cells

Amniotic fluid (AF) in the amniotic sac surrounds the embryo during pregnancy and is
essential for the foetal development. Its main component is water (98-99%) but it also
contains proteins, carbohydrates, lipids, electrolytes, enzymes and hormones. Amniotic
fluid protects the foetus from external mechanical stimuli and contains nutrients and
growth factors as well as substances for the innate immune system. Since the embryo is
constantly breathing the amniotic fluid, it is essential for lung development [Underwood
et al.,, 2005; Harding and Hoper, 1996]. Until the middle of the second trimester of
gestation AF mainly results from maternal plasma and permeates the membranes of the
embryo by osmosis and hydrostatic force [Underwood et al., 2005]. From this time point
on until delivery, amniotic fluid composition is predominantly built up by the excretory
fluids of the foetus such as urine, respiratory or gastrointestinal efflux [Olver and Strang,
1974]. Amniotic fluid is routinely collected during pregnancy in a process called
amniocentesis for diagnostic purpose [De Coppi et al., 2007] but can also be obtained

during caesarean sections [Spitzhorn et al., 2017; Rahman et al., 2018].

The AF contains differentiated and undifferentiated cells [Simoni and Colognato, 2009;
Torricelli et al., 1993]. The AF harbours stem cells (AFSCs) which exhibit therapeutic
potential [De Coppi et al., 2007]. These AFSCs are highly proliferative, have a broad in
vitro differentiation capacity, low potential to provoke immunogenic reactions, have anti-
inflammatory potential and are not tumorigenic [De Coppi et al., 2007; Antonucci et al.,
2014]. There have been reports of AFSCs isolated from first/second trimester, describing
these cells to express pluripotency factors OCT4, NANOG, KLF4, SOX2, CD133, stage-
specific embryonic antigen 4 (SSEA4) and C-Kit [Moschidou et al., 2013; Koike et al.,
2014]. Additional studies revealed their self-renewing potential, high plasticity and their
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good susceptibility for reprogramming purposes [Hawkins et al., 2017; Moschidou et al.,
2012]. Furthermore, they were characterized as paracrine effectors cells by promoting
angiogenesis, vasculogenesis and osteogenesis [Mirabella et al., 2011, 2013; Ranzoni et
al., 2016]. Due to these features AFSCs are considered for therapeutically applications for
example in improvement of wound healing by differentiation into keratinocytes [Sun et

al., 2015].

Within the AFSCs, MSC-like cells (AF-MSCs), were identified which share MSC
features of plastic adherence, morphology, immunophenotype and differentiation
potential [Savickiene et al., 2015; Tsai et al., 2004; Kaviani et al., 2001; Tsai et al., 2007].
Very importantly, these AF-MSCs are of foetal and not maternal origin [In’t Anker et al.,
2004]. A comparative study of MSCs from different origins (amniotic fluid/membrane,
cord blood and bone marrow) revealed overlapping potentials as well as transcriptomes.
But each origin was manifested in gene expression profile by specifically upregulated
genes. Amniotic fluid/membrane MSCs expressed genes associated with uterine
maturation and homeostasis of fluids and electrolytes, cord blood derived MSCs showed
upregulation of genes involved in innate immune system and bone marrow MSCs had

upregulated bone formation genes [Tsai et al., 2007].

Several features of Amniotic fluid-derived MSCs make them suitable for regenerative
medicine including (i) low immunogenicity and anti-inflammatory properties by low level
expression of major histocompatibility complex (MHC) antigens [Kang et al., 2012], (ii)
better in vitro propagation than bone marrow-derived MSCs [In’t Anker et al., 2003;
Roubelakis et al., 2007] (ii1) genomic stability during in vitro culture [De Coppi et al.,
2007] and (iv) a broader range of differentiation potential [Kang et al., 2012].
Furthermore, they can be banked comparable to cord blood cells until they are needed

[Cananzi et al., 2009].

1.11 Kidney Structure and Cell Types for Kidney-related Research

The kidney harbours 26 different cell types and as such represents one of the most
complex organs in the human body. The kidneys are necessary for electrolyte and pH
homeostasis and clear the blood from toxins which are excreted via the urinary system

[O’Brien and McMahon, 2014; Al-Awqati and Oliver, 2002; Hariharan et al. 2015;
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Arcolino et al., 2015]. The functional units within the kidney are the nephrons which are
located within the renal cortex and medulla and appear in a number of 1-1.5 million in a
human adult kidney [McMahon, 2016]. A single nephron is built up by the renal
corpuscle and the renal tubule system. The main part of the renal corpuscle is the
Bowman’s capsule which harbours the glomerulus which is rich of renal capillaries.
Podocytes are located within and are essential for maintenance of the matrix for the blood
filtration processes as their inter-connecting foot processes build up the slit diaphragms

[Chuah and Zink, 2017].

The kidney is very challenging organ for researchers since it is composed of a high
number of different cell types which are able to interchange identities by a highly
complex signalling orchestration of cells from epithelial and stromal linage [Little, 2016;
Al-Awaqati and Oliver, 2012]. Amongst these cells, mesenchymal cells from the kidney
have been shown to express Cbp/p300-interacting transactivator 1 (CITEDI1) and SIX2
which are essential in maintaining self-renewal [Kobayashi et al., 2014; Combes et al.,
2017]. In addition to these, more key regulators of the functional units, the nephrons, have
been reported such as WT1, SALLI, BRN1, PAX2, Cytokeratin 19 (CK19), CDI133,
Podocalyxin-like protein 1 (PODXL), HOXD11, HNF1B, Lhx1 and Pax8 [Buzhor et al.,
2013; Metsuyanim et al., 2009; Schedl, 2007; Higgins et al., 2004; Georgas et al., 2011;
Hendry et al., 2011].

Since pathological kidney conditions are on the rise and current treatment relies on
dialysis or transplantation, organ shortage drives the search for alternative treatment
options. MSCs from the bone marrow showed beneficial outcome and have already been
used to treat renal diseases [Casiraghi et al., 2016; Hamza et al., 2017]. In a model of
acute kidney injury MSCs were able to suppress the immune system and contributed to
restoration of kidney function [Veceri¢-Haler et al., 2017]. In other studies AF-MSCs
from the second trimester were successfully used to build up kidney structures in vitro
[Perin et al., 2007]. Furthermore, AF-MSCs improved kidney recovery in a rodent model
of tubular necrosis [Perin et al., 2010; Sedrakyan et al., 2012; Rosner et al., 2012]. These
findings were further confirmed and AF-MSCs showed comparable outcome than BM-
MSCs [Hauser et al., 2010]. Second trimester AFCs were observed to express podocyte
markers NPHS2 and CD2AP in addition to mesenchymal markers [Siegel et al., 2009;
Perin et al., 2007] and as such can differentiate into podocytes [Da Sacco et al., 2017]. As

a further step to generate kidney structures in vitro, species chimeric renal structures were
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derived by combination of human AF-MSCs with murine embryonal kidney cells [Siegel

etal, 2010].

Other alternatives for transplantations are renal progenitors isolated from the kidney
directly or from urine [Acrolino et al., 2015; Spitzhorn et al., 2018]. As the kidney is
connected to the urinary system, viable kidney cells such as podocytes, proximal tubular
cells and urine stem cells (USCs) can be found in the urine [Arcolino et al., 2015].
Alternatively, these cells can also be obtained by biopsies of the kidney or the upper
urogenital tract. USCs are essential for renewal of kidney tissue based on their stem cell
characteristics including clonogenicity, multipotent differentiation potential and high
proliferative potential [Zhang et al, 2014]. These USCs can form different cell types from
the kidney and the remaining urogenital tract and express SIX2, CITED1, WT1, epCAM
and Sall11; of which CITEDI1 and Salll are essential for maintenance of progenitor cell
state whereas WT1 is important for differentiation processes [Acrolino et al., 2015,
Bussolati and Camussi 2015]. Apart from renal marker expression these USCs are also
able to differentiate into bone, cartilage and fat cells in vitro, this why they also have been
called uMSCs [Spitzhorn et al., 2018]. They also share MSCs specific cell surface marker
expression [Kloskowski et al., 2015]. Apart from their ability to differentiate into mature
kidney cells they also were found to be immune-modulatory and paracrine active [Zhang
et al., 2014]. In addition to primary renal stem cells from amniotic fluid and urine, iPSCs
have been used to generate kidney cells or kidney organoids in vitro [Cruz et al., 2017,

Nguyen et al., 2019].



Aims 33

Aims of This Thesis

Since stem cells are tremendously important for today’s regenerative medical research
and new stem cell sources have to be established, this thesis aimed to derive stem cells
from amniotic fluid and urine and to analyse their origin as well as therapeutic potential.
Furthermore, iPSCs should be generated from urine-derived stem cells and the potential
of iIPSC-derived cells for in vitro toxicology and liver disease modelling (NAFLD) should
be elucidated. To add more clinical relevance, MSCs should be generated from
pluripotent stem cells (iMSCs) and analysed if they represent an alternative to native
MSCs. The therapeutic potential human iMSCs should be applied in translational in vivo
models for inherited liver disease and critical bone defect. Additionally, the paracrine

effect of human native MSCs on oligodendrogenesis should be investigated.



34 Results - Publications

2. Results - Publications

Part 1: Sources of Stem Cells

2.1 Isolation and Molecular Characterization of Amniotic Fluid-derived Mesenchymal

Stem Cells obtained from Caesarean sections
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Abstract

Human amniotic fluid cells are immune-privileged with low immunogenicity and anti-
inflammatory properties. They are able to self-renew, are highly proliferative, and have a
broad differentiation potential, making them amenable for cell-based therapies. Amniotic
fluid (AF) is routinely obtained via amniocentesis and contains heterogeneous
populations of foetal-derived progenitor cells including mesenchymal stem cells (MSCs).
In this study, we isolated human MSCs from AF (AF-MSCs) obtained during Caesarean
sections (C-sections) and characterized them. These AF-MSCs showed typical MSC
characteristics such as morphology, in vitro differentiation potential, surface marker
expression, and secreted factors. Besides vimentin and the stem cell marker CD133,
subpopulations of AF-MSCs expressed pluripotency-associated markers such as SSEA4,
c-Kit, TRA-1-60, and TRA-1-81. The secretome and related gene ontology (GO) terms
underline their immune modulatory properties. Furthermore, transcriptome analyses
revealed similarities with native foetal bone marrow-derived MSCs. Significant KEGG
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Human amniotic fluid cells are immune-privileged with low immunogenicity and anti-inflammatory properties. They are able to
self-renew, are highly proliferative, and have a broad differentiation potential, making them amenable for cell-based therapies.
Amniotic fluid (AF) is routinely obtained via amniocentesis and contains heterogeneous populations of foetal-derived progenitor
cells including mesenchymal stem cells (MSCs). In this study, we isolated human MSCs from AF (AF-MSCs) obtained during
Caesarean sections (C-sections) and characterized them. These AF-MSCs showed typical MSC characteristics such as
morphology, in vitro differentiation potential, surface marker expression, and secreted factors. Besides vimentin and the stem cell
marker CD133, subpopulations of AF-MSCs expressed pluripotency-associated markers such as SSEA4, c-Kit, TRA-1-60, and
TRA-1-81. The secretome and related gene ontology (GO) terms underline their immune modulatory properties. Furthermore,
transcriptome analyses revealed similarities with native foetal bone marrow-derived MSCs. Significant KEGG pathways as well as
GO terms are mostly related to immune function, embryonic skeletal system, and TGFf3-signalling. An AF-MSC-enriched gene
set included putative AF-MSC markers PSG5, EMX-2, and EVR-3. In essence, C-section-derived AF-MSCs can be routinely
obtained and are amenable for personalized cell therapies and disease modelling.

lack carcinogenesis after transplantation in nude mice and
have the ability to create embryoid body-like structures after

Recent human AF research has shown that stem cells from
the first and second trimester can be collected during
amniocentesis (an invasive method of prenatal diagnosis of
chromosomal abnormalities and foetal infections) [1]. The
therapeutic potential including in vitro characterization of
human amniotic fluid-derived stem cells (AFSCs) was first
reported by the Atala group [2]. Because of their low immuno-
genicity, anti-inflammatory properties, and high proliferative
and differentiation capacity in vitro, AFSCs are amenable for
clinical application and tissue engineering. Furthermore, they

specific treatments. Their possible origin from epiblast,
demonstrated by the presence of common features with pri-
mordial germ cells, is also under discussion [2, 3]. The AFSC
populations are heterogeneous in nature, of foetal-derived-
differentiated and undifferentiated progenitor cells [4]. In
1993, Torricelli and coworkers first reported a subpopulation
of hematopoietic progenitor cells in AF [5]. Interestingly,
in 2003, it was reported that a small subpopulation of AFSCs
expresses the pluripotency-regulating marker, octamer-
binding transcription factor 4 (OCT4) [6]. Later, Moschidou
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coworkers reported that AFSCs isolated from the first trimes-
ter express other pluripotent stem cell-associated markers
such as NANOG, sex-determining region Y-box 2 (SOX2),
Kriippel-like factor 4 (KLF4), stage-specific embryonic
antigen-4 (SSEA4), CD133, and c-Kit [7, 8]. Their self-
renewal capabilities were also confirmed, thus indicating that
AFSCs are of high plasticity and easily reprogrammable as our
previous studies demonstrated [9, 10]. At the transcription
level, it has also been shown that a subpopulation of AFSCs
has high overlap with human ESCs as they share about 82%
of transcriptome identity [11]. Additionally, AFSCs were
found to be paracrine active as their conditioned media
contain cytokines which have a profound effect on vasculo-
genesis, angiogenesis, and osteogenesis [12-14]. AFSCs have
the potential for use in clinical applications as shown for
example by keratinocyte differentiation and subsequent
improvement of wound healing [15].

Mesenchymal stem cells (MSCs) are multipotent stromal
stem cells [16, 17]. Morphologically, they are fibroblast-like
and spindle-shaped cells. In vitro, these clonogenic cells
easily adhere to plastic surfaces and have high-replicative
capacity [17, 18]. Several sources are reported from adult
and foetal tissues from which these types of MSCs can be
obtained, for example, bone marrow (BM) and adipose tissue
[19] and extraembryonic tissues such as umbilical cord blood
[20, 21] and placental tissues such as amnion and decidua
and furthermore from second and term amniotic fluid [22].
In vitro and in vivo MSCs differentiate into mesodermal cell
types such as fibroblasts, osteoblasts, chondrocytes, and
adipocytes [16, 23]. The International Society for Cellular
Therapy (ISCT) postulated that for transplantation and
cellular therapy, MSCs should not differentiate into blood
cells and therefore not express any markers of hematopoietic
lineage such as the surface markers CD14, CD34, and CD45.
In contrast to this, bone marrow MSCs should express CD73,
CD90, and CD105 referring to their minimal characteriza-
tion criteria [24]. MSCs have been widely used for therapies
such as graft versus host disease, precisely in over 700 clinical
trials till date (https://clinicaltrials.gov). The frequency and
differentiation capacity as well as proliferation potential from
BM-MSCs has been shown to decrease with age [25].

A subpopulation of AFSCs with mesenchymal characteris-
tics has been isolated from second and third-trimester AF and
thus referred to as amniotic fluid mesenchymal stem cells (AF-
MSCs). They were isolated based upon their plastic adherence
and similar cell surface marker composition as MSCs from
other sources. Furthermore, they were also able to differentiate
into bone, cartilage, and fat cells in vitro [23, 26-28]. Various
studies have shown that these AF-MSCs also express OCT4
[27, 28]; however, this is still controversial since no one has
yet defined the self-renewal function of OCT4 in AF-MSCs
as has been shown in human embryonic stem cells [29].

AF-MSCs are advantageous in terms of developmental
stages but problematic with respect to the invasiveness of the
collection procedures—amniocentesis and foetal infections.
Therefore, C-section-derived AF could be an alternative
source for these cells. However, the amniotic fluid is merely
discarded during this procedure that is why few studies have
isolated AFSCs at this stage of gestation. The question remains
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as to whether full-term AF harbours AF-MSCs of similar
potency as cells obtained in the first and second trimesters
of pregnancy.

In this study, we characterized human AF-MSCs obtained
from C-sections (third trimester) and tested their multiline-
age differentiation capacity in vitro, immunophenotype,
expression of mesenchymal markers, multipotency markers,
transcriptome, and their secretome. Our data suggests that
AF obtained from C-sections may represent a promising
source for stem cells of mesenchymal origin. Presently, the
most common source of MSCs is the bone marrow (BM).
However, harvesting and processing of BM-MSCs have
major drawbacks and limitations. Thus, it is significant that
AF collected during C-sections is an alternative source of
AF-MSCs that are immature and possess high plasticity
making them useful for clinical applications.

2. Materials and Methods

2.1. Preparation of Amniotic Fluid. Three amniotic fluid
samples from healthy human donors were collected during
full-term C-sections from the Obstetrics and Gynaecology
faculty, Heinrich Heine University Diisseldorf, Germany,
with patient consent as well as institutional ethical approval
and kept at 4°C until processed. In general, the time between
collection and processing was kept as short as possible to
minimize cell death. First, AF was washed with PBS (Gibco;
Thermo Fisher Scientific, Darmstadt, Germany) and centri-
fuged at 300 xg for 5min. The supernatant was discarded,
and the pellet washed again with PBS and was dissolved in
Ammonium chloride (University Hospital Disseldorf; Phar-
macy) to lyse the remaining erythrocytes. Thereafter, the cell
solution was incubated at 4°C for 20 min and centrifuged
again. This procedure was repeated until the pellet had a clear
colour. Afterwards, the cells were cultured in Chang C
Medium (Irvine Scientific, CA, USA) containing 88% «MEM
(Minimum Essential Medium Eagle Alpha Modification;
Sigma) with 10% FBS, 1% GlutaMAX, 1% penicillin/strepto-
mycin (all Gibco), 10% Chang B Basal Medium, and 2%
Chang C supplement (Irvine Scientific) at 37°C and 5% CO,.
Once attached, the cells were visible after 4-7 days and the
medium was changed. Upon attainment of 90% confluency,
the cells were detached using TrypLE Express (Thermo Fisher
Scientific) and seeded into other plate formats or frozen.

2.2. Flow Cytometric Analysis of Amniotic Fluid Cells. The
immunophenotyping of three independent AF prepara-
tions was done using the human MSC phenotyping kit
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)
was done according to manufacturer’s instructions. After
harvesting, 2 x 10° AF-MSCs were transferred into two test
tubes. 2ml PBS was added to each tube and centrifuged at
300 xg for 5min. The supernatant was discarded and the
pellet resuspended in 100yl PBS within the tubes. In one
of the tubes, 0.5ul of the MSC phenotyping cocktail and
the other tube 0.5ul of the isotype control cocktail were
added and vortexed. The MSC phenotyping cocktail con-
tained fluorochrome-conjugated monoclonal antibodies
CD14-PerCP, CD20-PerCP, CD34-PerCP, CD45-PerCP,
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CD73-APC, CD90-FITC, and CD105-PE. The isotype
phenotyping cocktail contained fluorochrome-conjugated
antibodies that should not specifically detect human anti-
gens and was therefore used as a negative control. The
tubes were incubated at 4°C for 10min in the dark. To
washout nonbinding antibodies, 1 ml PBS was added and
centrifugation at 300 xg for 5 min was performed. Afterwards,
the cell pellet was fixed using 4% paraformaldehyde (PFA;
Polysciences Inc., PA, USA). For flow cytometric analysis
of the AF-MSCs for pluripotency-associated markers,
TRA-1-60, TRA-1-81, and SSEA4 dye-coupled antibodies
were used (anti-TRA-1-60-PE, human (clone: REA157),
number 130-100-347; anti-TRA-1-81-PE, human (clone:
REA246), number 130-101-410, and anti-SSEA-4-PE,
human (clone: REA101), number 130-098-369; Miltenyi
Biotec GmbH). The staining procedure was carried out as
described above.

The cells were stored at 4°C in the dark until flow
cytometric analysis via BD FACSCanto (BD Biosciences,
Heidelberg, Germany) and CyAn ADP (Beckman Coulter,
CA, USA) was done. Histograms were created using the
FCSalyzer software version 0.9.3.

2.3. Immunofluorescence Staining. To analyse the cells for
specific markers, AF-MSCs were cultured in 12- or 24-well
plates. At 60-80% confluency, the cells were washed and sub-
sequently fixed using 4% PFA for 15min at room tempera-
ture (RT) on a rocking platform. The fixed cells were
treated with 1% Triton X-100 (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) for 5min and blocking buffer was
added to the cells. For intracellular staining, this buffer con-
tained 10% normal goat serum (NGS; Sigma), 0.5% Triton
X-100, 1% BSA (Sigma), and 0.05% Tween 20 (Sigma), all
dissolved in PBS. If extracellular structures were to be
stained, Triton and Tween were omitted. After blocking for
2h at RT, the first antibodies OCT-4A (C30A3) rabbit mAb
number 2840, SSEA4 (MC813) mouse mAb number 4755,
E-cadherin (24E10) rabbit mAb number 3195, vimentin
(5G3F10) mouse mAb number 3390, TRA-1-60 mouse
mAb number 4746, TRA-1-81 mouse mAb number 4745
(Cell Signalling Technology, MA, USA), CD133 PA2049
(Boster Bio, PA, USA), and c-Kit (H-300) rabbit polyclonal
IgG (Tebu Bio, Offenbach, Germany) were diluted in blocking
buffer/PBS and added to the cells with an incubation time of 1 h
at RT. After washing for three times with 0.05% Tween 20 in
PBS, the appropriate secondary Cy3- or Alexa Fluor 488-
labelled antibodies (Thermo Fisher Scientific) and Hoechst
33258 dye (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany, 1:5000 in blocking buffer) were applied for visuali-
zation of the primary antibodies and cell nuclei, respectively.
Images were taken with a fluorescence microscope (LSM700;
Zeiss, Oberkochen, Germany).

2.4. In Vitro Differentiation into Adipogenic, Chondrogenic,
and Osteogenic Lineage. The differentiation of the AF-MSCs
from passages 5 to 6 was carried out using the StemPro
Adipogenesis differentiation Kit, StemPro Chondrogenesis
differentiation Kit, and StemPro Osteogenesis differentiation
Kit (Gibco, Life Technologies, CA, USA). The differentiation

media were formulated by mixing 90ml of the respective
basal media with 10 ml of their corresponding supplements
and 1.1 ml of penicillin/streptomycin. At 60-70% confluency,
cultivation of the cells in the differentiation media or Chang
C media (control wells) was initiated. The medium was
replaced every 2-3 days for three weeks. After this period,
the medium was removed, and the cells were washed with
PBS and fixed with 4% PFA for 30 min at RT on a rocking
platform. Subsequently, the cells were stained for distinct
developed structures.

2.5. Oil Red O Staining for Adipocytes. Fixed cells were
washed with 50% ethanol and then 0.2% Oil Red O working
solution was added to the wells and incubated for 30 min
at RT on a rocking platform. This solution stained the
developed fat vacuoles. The 0.2% Oil Red O working solu-
tion was prepared by diluting the 0.5% Oil Red O stock
solution (Sigma) with distilled water and filtering it. After
washing twice with 50% ethanol and at least 3 times with
distilled water until all the excess Oil Red O solution was
removed, cells were kept in PBS and images were taken
with a light microscope.

2.6. Alcian Blue Staining of Chondrocytes. After fixation, cells
should be stained with alcian blue which turns sulfated
proteoglycans deposits in chondrocytes visibly blue. Cells
were first washed with PBS and 1% alcian blue 8GX (Sigma)
solution, prepared in 0.IN hydrochloric acid (HCI), was
added. The cells were stained for 30 min at RT on a rocking
platform. Afterwards, the cells were washed three times with
0.1 N HCI solution and with distilled water until the alcian
blue solution was completely removed. Cells were then kept
in PBS for microscopic imaging.

2.7. Alizarin Red S Staining for Osteoblasts. Alizarin red S
(Sigma) which specifically stains developed calcium deposits
was used to stain the cells after osteogenic differentiation. Cells
were washed after fixation with PBS, and 2% alizarin red S solu-
tion in distilled water was added. After 30 min incubation at
RT on a rocking platform, the cells were washed with distilled
water and then with PBS to remove the remaining dye. For
light microscopic analysis, the cells were kept in PBS.

2.8. Secretome Analysis. For the detection of cytokines
secreted by the AF-MSCs, the Proteome Profiler Human
Cytokine Array Panel A (R&D Systems, MA, USA) was
performed according to the manufacturer’s instructions.
Initially, 1.5ml of conditioned medium (pooled equal vol-
umes from the three independent AF-MSC samples used
for this study) was used. The array was evaluated by detection
of the emitted chemiluminescence. The pixel density of each
spotted cytokine was analysed using the software Image]. All
spots on the membrane including reference and negative
control spots were measured separately. Correlation varia-
tions and p values were calculated based on the pixel density.
The pixel density value of 50 was set as the threshold.

2.9. RNA Isolation. After incubation with TRIzol (Thermo
Fisher) for 5min at RT on a rocking platform, the cells
were detached and frozen within this solution at —80°C.
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The RNA was then isolated by using the Direct-zol RNA
MiniPrep Kit (Zymo Research, CA, USA) which already con-
tains DNase. The resulting RNA was dissolved in RNA/
DNAse free water and analysed using the NanoDrop 2000
(Thermo Fisher) spectrophotometer.

2.10. Transcriptome Analysis. Microarray experiments were
performed on the PrimeView Human Gene Expression Array
(Affymetrix, Thermo Fisher Scientific) for two samples of
AF-MSCs (AF-MSC1, AF-MSC2), foetal bone marrow-
derived MSCs (fMSC), and embryonic stem cells (H1, H9) as
well as human foreskin fibroblast-derived induced pluripotent
stem cells (iPSCs) and are provided online at the National
Center of Biotechnology Information (NCBI) Gene Expres-
sion Omnibus (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE100448). The unnormalized bead summary data
was further processed via the R/Bioconductor [30] envi-
ronment using the package affy (http://bioconductor.org/
packages/release/bioc/html/affy.html) [31]. The obtained
data was background-corrected, transformed to a logarith-
mic scale (to the base 2), and normalized by employing
the Robust Multiarray Average method. Heatmaps and
cluster analysis were generated using the heatmap.2 function
from the gplots package, and the correlation coefficients were
measured using Pearson correlation as similarity measure
(http://CRAN.R-project.org/package=gplots).

2.11. Gene Ontology, KEGG Pathway, and STRING Network
Analysis. After transcriptome analysis gene ontology terms
and associated KEGG pathways [32] for the different gene
sets were generated using the DAVID tool (https://david.
nciferf.gov/) [33], the STRING network tool was used for
network cluster analysis (https://string-db.org/) [34].

3. Results

3.1. Isolation and Culture of C-Section-Derived AF-MSCs.
During C-sections at full-term gestation, AF was collected
using a syringe (Figure 1(a)) and transferred into 50 ml tubes.
The red colour of the fluid indicates the presence of erythro-
cytes. The AF was washed twice with PBS (Figures 1(b) and
1(c)) then the remaining erythrocytes were lysed by resus-
pending the cell pellet in ammonium chloride (Figure 1(d)).
After additional washing, the pellet had a whitish colour
indicating successful removal of the remaining blood cells
(Figure 1(e)). Microscopic analysis directly after the purifica-
tion displayed a heterogeneous mixture of different cell types
(Figure 1(f)). First, attached cells were visible after 4 to 7
days. After passaging them twice, the heterogeneous mor-
phology of the cells (Figure 1(g)) became more homogeneous
with spindle-shaped fibroblast-like forms (Figure 1(h)). Cells
were cultured until they all showed a homogeneous MSC
morphology and then used for further experiments.

3.2. In Vitro Differentiation Capacity and Cell Surface Marker
Expression. To investigate their multipotent differentiation
capacity, AF-MSCs from three independent preparations were
challenged to differentiate into adipogenic, chondrogenic, and
osteogenic directions by employing distinct differentiation
media for 3 weeks. Successful differentiation into adipocytes
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was observed by staining of emerging fat droplets with Oil
Red O solution (Figure 2(a), A1). The fat vacuoles surrounded
the cell nuclei. During chondrogenic differentiation, the cells
aggregated and alcian blue staining showed the presence
of emerged proteoglycans within the developed cell clus-
ters of chondrocytes (Figure 2(a), A2) and osteogenic
lineage differentiation was shown by alizarin red S staining
of developed calcium deposits (Figure 2(a), A3). The visual
mineralization of the cells started after the first week. Cells
of the control wells remained fibroblast-like. Cells from all
preparations showed a higher propensity to differentiate
into the osteogenic lineage than into the other two inves-
tigated lineages as evidenced by differentiated areas within
the cell culture dish of about 90%.

3.3. Flow Cytometric Analysis for Cell Surface Marker
Expression. To analyse the cell surface marker presence on
the AF-MSCs, the human MSC phenotyping kit (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) was used which
contained antibodies against MSC-related markers CD73,
CD90, and CD105 separately and antibodies against haema-
topoietic markers CD14, CD20, CD34, and CD45 in a com-
bined cocktail. After staining, the cells were analysed using
a flow cytometer. Within the three independent AF-MSC
preparations, the presence of CD73, CD90, and CD105 pos-
itive cells was up to 90%. As expected, all cell preparations
were devoid of the haematopoietic markers CD14, CD20,
CD34, and CD45 (Figure 2(b)). Furthermore, AF-MSCs were
analysed for the expression of pluripotency-associated cell
surface markers. A subpopulation of approximately 33% of
the cells was positive for SSEA4 whereas 14% of the cells
was positive for TRA-1-60 and 8% was positive for TRA-1-
81 (Figure 3(b), B1, B2, and B3).

3.4. Immunofluorescent-Based Analysis of Stem Cell Marker
Expression in AF-MSCs. AF-MSCs had a spindle-shaped
morphology and expressed the type III intermediate filament
vimentin (Figure 3(a), Al) which is expressed by mesen-
chymal cells and widely used as a mesenchymal indicator
[35]. In parallel, these cells were negative for E-cadherin
(Figure 3(a), A2) as a marker for epithelial cells. The expres-
sion of CD133/prominin-1 (Figure 3(a), A3), a marker for
multipotent progenitor cells including MSCs [36, 37], was
detected. The populations we isolated did not express
OCT4 or NANOG (Figure 3(a), A5 and A6). However, the
AF-MSCs expressed c-Kit, SSEA4, TRA-1-60, and TRA-1-
81 (Figure 3(a), A4, A7, A8, and A9). The percentage of
cells positive for the investigated markers was consistent
with the flow cytometric data.

3.5. Secretome Analysis. The ability of AF-MSCs to secrete
cytokines was investigated employing a cytokine array. To
achieve this, cell culture supernatants from three distinct
AF-MSC preparations were pooled and analysed using
the cytokine array. This revealed the presence of chemokine
(C-C motif), ligand 2 (CCL2; MCP-1), C-X-C motif chemo-
kine 1 (CXCL1; GROa), CXCL12 (SDF-1), colony stimu-
lating factor 2 (CSF2; GM-CSF), intercellular adhesion
molecule 1 (ICAM1; CD54), interleukin-6 (IL-6), IL-8,
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FIGURE 1: Amniotic fluid cell preparation. Amniotic fluid was collected during Caesarean sections using a 60 ml syringe (a). The AF was washed
with PBS and centrifuged resulting in a reddish pellet (b, ¢). The red colour indicated the presence of erythrocytes which were then lysed using
ammonium chloride at 4°C. The resulting white cell pellet (d, ) was transferred to cell culture vessels showing high level of heterogeneity (f).
After, prolonged in vitro culture and passaging heterogeneous cell morphology (g) became uniform showing spindle-shaped fibroblast-like

morphology (h).

IL-21, macrophage migration inhibitory factor (MIF), and
plasminogen activator inhibitor-1 (PAI-1; SERPINEIL) at
distinct levels which were above background expression
(Figures 4(a) and 4(b)). CCL2, CXCL1, IL-6, and IL-8
were the highest secreted cytokines. Average levels of
secretion were found for CSF2, ICAM1, MIF, and SERPINE
(PAI-1) whereas CXCL12 and IL-21 were expressed at the

lowest levels. Gene ontology term analysis of the secreted
cytokines revealed terms associated with immune modula-
tory properties such as “immune response,” “chemotaxis,”
and “inflammatory response” (Figure 4(c)).

3.6. Overlapping, Distinct Gene Expression, Associated
Gene Ontologies, and Pathways. Hierarchical clustering
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Fi1GURE 2: In vitro differentiation potential and immunophenotype of AF-MSCs. Multilineage differentiation potential of AF-MSCs was
investigated by applying adipocyte, chondrocyte, and osteoblast differentiation media to the cells for 3 weeks. Staining of Oil Red O
showed successful differentiation into adipogenic lineage with developed fat vacuoles surrounding the cell nucleus (A1). Chondrogenic
differentiation was shown to be present by alcian blue staining of cell aggregates containing proteoglycan (A2). Osteoblast formation by
AF-MSCs was indicated by alizarin red S staining of calcium deposits (A3). Flow cytometry was used for the analysis of cell surface
marker expression. Histograms showed that MSC markers CD73, CD90, and CD105 were detected as cell surface proteins on AF-MSCs
preparation derived from C-sections whereas hematopoietic marker expressions CD14, CD20, CD34, and CD45 were low (bold lines) (b).

Antibody isotype controls are represented by thin lines.

(Figure 5(a)) based on the transcriptome profiles of AF-MSCs,
fMSCs, and pluripotent stem cells (H1, H9, and iPSCs)
revealed a closer relationship of AF-MSC1 and AF-MSC2 to
native fMSCs than to pluripotent stem cells. The heatmap
derived from the transcriptome data (Figure 5(b)) shows
that the cells from both AF preparations are closer to
fMSCs. The heatmap consists of 17 genes commonly up- and
downregulated between AF-MSCs, fMSCs, and pluripotent
cells. Genes which were expressed predominantly in AF-
MSCs and fMSCs were vimentin (VIM), CD44, CD73,
CDI105, and SERPINEI as well as osteogenic markers
runt-related transcription factor 2 (RUNX2) and growth/
differentiation factor 5 (GDF5). In contrast to this, AF-
MSCs and fMSCs were devoid of E-Cadherin and
pluripotency markers OCT4, SOX2, and NANOG. Venn
diagram analysis (Figure 5(c)) revealed an overlap of
11,148 genes among all cell types. Interestingly, AF-
MSCs shared more genes (489) with pluripotent stem
cells than with fMSCs (442). KEGG pathway analysis of
genes shared between pluripotent stem cells and AF-MSCs
showed the involvement of phosphatidylinositol pathway

and Notch signalling (Supplementary Figure S1 available
online at https://doi.org/10.1155/2017/5932706). However,
AF-MSCs distinctly expressed 181 genes.

Pearson correlation analysis of the transcriptome data
(Figure 5(d)) revealed a high correlation (0.89 and 0.90)
between AF-MSC1 and AF-MSC2 and fMSCs but low corre-
lation (0.78-0.81) with the pluripotent cells. The significant
KEGG pathways as well as gene ontology terms related to
the shared genes between AF samples and fMSCs were
related to immune function, skeletal development, and
TGEF-signalling (Figure S2).

3.7. AF-MSC-Specific Gene Expression Analysis. A heatmap
was derived using the 181 AF-MSC exclusive gene set
(Figure 6(a)). One subset of these genes could be used to iden-
tify possible AF-MSC marker genes (Figure 6(b)) including
PSG5, Cdorf26, CSorfd, EVR-3, EMX-2, and Cl50rf37.
Furthermore, gene ontology analysis focusing on biological
processes (Figure 6(c)) showed the involvement of genes asso-
ciated with skeletal system development and patterning.
Tissue-specific gene distribution analysis (Figure 6(d))
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FIGURE 3: Protein expression analysis of AF-MSCs. (a) By immunofluorescent staining, AF-MSCs were found to express vimentin (Al),
CD133 (A3), c-Kit (A4), SSEA4 (A7), TRA-1-60 (A8), and TRA-1-81 (A9) and by parallel absence of E-cadherin (A2), NANOG (A5), and
OCT4 (A6). Cell nuclei were stained using Hoechst. (b) Flow cytometric analysis confirmed cell surface expression of SSEA4 (B1), TRA 1-60

(B2), and TRA-1-81 (B3).

revealed the relationship between the 181 AF-MSC-specific
genes and the different embryonic tissues. The most promi-
nent tissues were the testis, kidney, and hypothalamus. The
rest of the genes were distributed among the other organs.
The AF-MSC-specific gene set (181 genes) was further com-
pared to an already published transcriptome dataset of third-
trimester AFSCs [11] and visualized with a Venn diagram
(Figure 6(e)). 25 genes including HOXB7, APBB1IP, HOXBS,
PTHLH, and ZPLDI were found to be expressed in common
between these two gene sets. Referring to the associated gene
ontology terms, these genes are mostly associated with embry-
onic skeletal system morphogenesis, positive regulation of

branching involved in ureteric bud morphogenesis, skeletal
system development, and regulation of mesonephros develop-
ment as well as anterior/posterior pattern specification.

3.8. Network Analysis of 181 AF-MSC Exclusive Genes. The
network analysis of the 181 AF-MSC-specific genes was
done using the STRING tool and predicted 4 different
clusters (Figure 7): cluster 1 displayed the patterning and
embryonic development related HOX genes such as the
homeobox B7 (HOXB?), cluster 2 contained the immunity-
related gene (e.g., CSF2), and cluster 3 included the extracel-
lular matrix- (ECM-) related gene set (e.g., laminin subunit
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FIGURE 4: Secretome analysis of AF-MSCs. The cytokines CCL2, CXCL1, CXCL12, CSF2,ICAM, IL-6, IL-8, IL-21, MIF, and SERPINE1 were
detected by protein arrays in cell culture supernatant from AF-MSCs. A membrane with spotted antibodies was used for detection. The three
red-boxed spot pairs in the corners represent protein array quality controls (a). Densitometric analysis revealed specific pixel densities; the
pixel density of 50 represents the threshold (red line) (b). Gene ontology analysis of secreted cytokines revealed the shown top 14 results
with p values below 0.0005 (c).

alpha 3 (LAMA 3)) whereas cluster 4 showed the WNT 4. Discussion
pathway and signalling-related gene set which includes

WNTI10A. The network analysis also revealed functional bio- ~ In comparison to our results, it was shown that MSCs
logical process (BP) enrichment of regionalization, anterior/  derived from the bone marrow attached to the cell culture
posterior pattern specification, chordate embryonic develop-  dish within three days after plating whereas umbilical cord

ment, embryonic organ development, and embryonic skeletal ~ and adipose tissue-derived MSCs attached within the first
system morphogenesis. 24h [38]. The prolonged attachment time of the AF-MSCs
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could be explained by the change of environment (micro-
environment of amnion with distinct chemicals), the high
heterogeneity of the cells, and a lower prevalence of stem
cells within at term amniotic fluid when compared to the
first and second-trimester amniotic fluid. In addition to
the fibroblast-like cells, other cell morphologies were pres-
ent in the AF preparation but these diluted out with time
and increasing passage numbers (Figure 1). The remaining
cells were of mesenchymal morphology and expressed
vimentin and were devoid of E-cadherin (Figure 2(a), Al
and A2). Wolfrum et al. reported epithelial-like morphol-
ogies in senescent AFSCs [11]. Hoehn et al. similarly
recognized different populations in second-trimester AF

that either possessed fibroblast-like or epithelial-like mor-
phologies [39, 40]. Comparable proliferative capabilities
of the populations, long-lasting ex vivo culture of the
fibroblast-like cells which proliferated over 30 passages and
the epithelial-like morphologies have also been observed.
Nevertheless, most of the studies obtained AFSCs from
amniocentesis. This procedure has restricted access to the
fluid with a certain level of risk to the foetus and mother
[41]. The collection of AF from full-term pregnancies or
during deliveries as done in the present study could be a
possible alternative option with higher prevalence of
healthy diploid foetuses as compared to first- and second-
trimester-derived AF.
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The exhibited multilineage differentiation potential into
bone, fat, and cartilage cells of the C-section-derived
AF-MSCs (Figure 2(a), Al, A2, and A3) was also previously
described for AFSCs derived from amniocentesis. The
chondrogenic differentiation potential of AF-MSCs derived
from amniocentesis has been reported [42] and especially
osteogenic differentiation potential and further use in bone
defect models underlines the potency of these cells to build
up osteoblasts [43] and thus could be used for future bone
related therapies.

The AF-MSCs obtained during C-sections showed the
typical MSC cell surface marker expression of CD73, CD90,
and CD105 by parallel absence of the haematopoietic
markers CD14, CD20, CD34, and CD45 (Figure 2(b)) as
described by the ISCT [24]. However, as shown in previous
studies, different individuals and origins of MSCs, respec-
tively, can lead to altered cell surface maker expressions [23].

The transcription factor OCT4 in association with
NANOG and SOX2 has been shown to be the key driver
of pluripotency [29]. However, the majority of AFSC stud-
ies published so far have focused on only expression but
not function.

In contrast to other studies describing OCT4 and
NANOG expression in third-trimester AF-derived cells, our
analysis revealed these markers to be negative for caesarean-
derived AF-MSCs [27, 28, 41]. In our case, we identified
singular cytoplasmic OCT4 positive-expressing cells at pas-
sages 1-2, but after a few more passaging, these cells were
diluted out (data not shown). This variability could be due
to the number of passages, different protocols, culture
methods, and media used.

It was previously shown that a subpopulation of AFSCs
from the first and second trimester expresses the pluripo-
tency markers OCT4, NANOG, SOX2, ¢-MYC, and KLF4
[6, 7, 10] thus indicating that first and second-trimester
AFSCs are multipotent and express pluripotency-associated
markers. Although, Prusa et al. claimed OCT4 expression
by 5 out of 11 independent AF-MSCs (no passage numbers
stated) as indicated by real-time PCR. Additionally, they only
showed a single cell of their AF preparations being positive
for OCT4. Furthermore, the functionality of this OCT4
positivity was not addressed [6].

However, first-trimester c-Kit-positive AFSCs were con-
verted to a pluripotent state by supplementation with valproic
acid in pluripotency supporting media and matrix. [10].
While valproic acid could induce pluripotency, these cells
were distinct from hESCs as evidenced by microarray analysis
[9]. Additional results [7] further support our observation
that developmental potential of AFSCs decreases with gesta-
tion time. Also shown in our current study, transcriptome
cluster analysis revealed clear separation between AFSCs
and hESC:s [7]. Thus it can be concluded that subpopulations
of early term AFSCs are more susceptible for reprogramming
events but are not pluripotent.

In this study, we have demonstrated the expression of
SSEA4, an early embryonic glycolipid antigen by immunoflu-
orescent and flow cytometric analysis (Figures 3(a), A7 and
3(b), B1). This protein does not play a critical role in main-
taining pluripotency and has also been shown to be expressed
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in adult BM-MSCs [44, 45]. Furthermore, the cells were
found to be c-Kit positive (Figure 3(a), A4), which is essential
for the maintenance and differentiation of hematopoietic
stem cells and multipotent progenitor cells [46]. It has been
reported that c-Kit-expressing cells show a subpopulation
of MSCs derived from adipose tissue that possess a higher
telomerase expression and differentiation potential [47].
Moreover, a subpopulation of the AF-MSCs from C-sections
also expresses TRA-1-60 and TRA-1-81 as shown by
immunofluorescent-based stainings as well as flow cytometric
analysis (Figures 3(a), A8 and A9 and 3(b), B2 and B3).
This relates to already existing studies of midtrimester AF
preparations [48].

Chemokines and their correspondent receptors are
important for attraction and homing of leukocytes to infec-
tions, injury, or inflammation sites [49]. MSCs express these
receptors, and thus it has been shown that chemokines and
growth factors are chemotactic for bone marrow-derived
MSCs [50]. Due to their immune modulatory properties,
MSCs are widely used in clinical application in graft versus
host disease [51]. In accordance with our secretome data
(Figure 3) revealing the release of at least 9 distinct cytokines
from AF-MSCs, Mirabella et al. analysed AFSC-conditioned
media and identified the presence of known proangiogenic
and antiangiogenic factors such as vascular endothelial
growth factor (VEGF), CXCL12, IL-8, CCL2, two angio-
genesis inhibitors interferon gamma (IFNy), and CXCL10
and IP-10 as secreted proteins [13]. Besides angiogenesis,
AFSCs also contribute to osteogenesis either directly or
indirectly by secreting distinct cytokines [14].

The therapeutic potential of AF-MSCs and their secreted
molecules in mice with acute hepatic failure has been ana-
lysed, and numerous proinflammatory mediators, regulating
cytokines and growth factors in AF-MSC-conditioned media
such as IL-10, IL-27, IL-17E, IL-12p70, IL-1p3, and IL-1ra,
were observed. Some tissue repair promoting factors, namely,
SERPINE1, MCP-1, and SDF-1, were also identified [52].
Our results agree with the previous comparison of cytokines
released from MSCs originating from the bone marrow, cord
blood, and placenta. The pool of cytokines previously
investigated was the same as that of our work. MIF, IL-8,
SERPINEL, GROg«, and IL-6 were secreted by MSCs from
all the investigated sources. Placental MSCs expressed
ICAM-1 (CD54), and MCP-1 (CCL2) and bone marrow
MSCs secreted MCP-1 (CCL2), and SDF-1 (CXCL12) in
addition [53]. Other studies that investigated a larger pool
of cytokines showed additional expression of RANTES,
INFy, IL-l1a, TGEp, angiogenin, and oncostatin M [54].
The trophic factors released by AF-MSCs are and will be of
great importance for future therapies.

Cluster dendrogram analysis clearly demonstrated that
the transcriptomes of the two AF-MSC samples clustered
together with the fMSC sample while the pluripotent
iPSCs and ESCs (H1, H9) clustered in a separate group
(Figure 5(a)). Both AF-MSC preparations acquired the
expression profile of native foetal MSCs (Figures 5(b)
and 5(d)). They were devoid of pluripotency-associated
markers OCT4, NANOG, and SOX2 but express the MSC
markers CD44, CD73, CDI105, and vimentin.
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Recent studies investigating the gene expression pat-
tern of AFSCs at different passages by illumina microarray
detected 1970 differentially expressed genes and classified
the expression profile into 9 distinct clusters. Genes with
gradually increasing expression and higher passages included
CXCL12, CDH6, and FOLR3. On the other hand, the
important downregulated genes were CCND2, K8, IGF2,
BNP-B, and CRABPII [55]. The Venn diagram of the ana-
lysed data sets in the present study showed a group of genes
which are exclusively expressed by the AF-MSC samples
(Figure 5(c)). From the heatmap of the 181 AF-MSC-
specific genes (Figure 6(a)) identified by transcriptome
analysis, a group of potential AF-MSC marker genes was
extracted. This group contained PSG5, C4orf26, C8orf4,
EVR-3, EMX-2, and Cl50rf37 amongst others (Figure 6(b)),
of which some such as C8orf4 have not been characterized
yet. Using these 181 genes, gene ontology analysis was con-
ducted and most of the terms within the top 10 results of
the biological processes were related to bone and skeletal
development (Figure 6(c)). Global gene expression of AFSCs
compared with AF-iPSCs and ESCs revealed genes related to
self-renewal and pluripotency (1299 genes, e.g., POU5FI,
SOX2, NANOG, and microRNA-binding protein LIN28) as
well as AFSC-specific genes (665 genes, e.g., OXTR, HHAT,
RGS5, NF2, CD59, TNFSF10, and NT5E) were identified in
AFSCs [11]. The AF-MSC-specific genes from our study
were further investigated using the STRING tool which built
up 4 different clusters (Figure 7): patterning and embryonic
development-related HOX genes, immunity-related genes,
ECM-related genes, and a WNT pathway and signalling-
related gene set which is in line with the KEGG pathway
analysis (Figure S3). Compared to the previous identified
665 AFSC-specific genes, we could show an overlap of 25
genes (Figure 6(e)) which include HOXB7, APBB1IP, HOXBS,
PTHLH, and ZPLDI which were also present within the
highest expressed genes within our samples (Figure 6(b)).
These genes are mainly involved in skeletal development
(Figure 6(e) and Table S1). This subset of genes represents
putative marker genes for AF-MSC selection procedures in
the future.

5. Conclusion

In this study, we have demonstrated that a subpopulation of
human AFSCs (AF-MSCs) isolated from AF collected dur-
ing C-sections is indeed MSCs meeting the accepted criteria
and definition [16]. In addition, we show that the transcrip-
tomes of AF-MSCs are more similar to that of BM-MSCs
(Pearson’s correlation of 0.9) than to bona fide pluripotent
stem cells (human embryonic stem cell lines H1 and H9
and a dermal fibroblast-derived iPSC line) even though they
express well-known pluripotency-associated markers. We
finally demonstrated their ability to secrete a plethora of
cytokines and growth factors crucial for paracrine signalling.
Overall, Caesarean section-derived amniotic fluid which in
contrast to that obtained from amniocentesis is of no risk
to the foetus and contain AF-MSCs with great potential for
clinical applications.
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Abstract

Background: Established therapies for managing kidney dysfunction such as kidney
dialysis and transplantation are limited due to the shortage of compatible donated organs
and high costs. Stem cell-based therapies are currently under investigation as an
alternative treatment option. As amniotic fluid is composed of fetal urine harboring
mesenchymal stem cells (AF-MSCs), we hypothesized that third-trimester amniotic fluid
could be a novel source of renal progenitor and differentiated cells.
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conducted to monitor expression of renal-related genes.

RESULTS: Regardless of the media used, AFCs showed expression of pluripotency-
associated markers such as SSEA4, TRA-1-60, TRA-1-81 and C-Kit. They also express
the mesenchymal marker Vimentin. Immunophenotyping confirmed that third-trimester
AFCs are bona fide MSCs. AF-MSCs expressed the master renal progenitor markers
SIX2 and CITEDI, in addition to typical renal proteins such as PODXL, LHX1, BRN1
and PAXS. Albumin endocytosis assays demonstrated the functionality of AF-MSCs as
renal cells. Additionally, upregulated expression of BMP7 and downregulation of WT1,
CD133, SIX2 and C-Kit were observed upon activation of WNT signaling by treatment
with the GSK-3 inhibitor CHIR99201. Transcriptome analysis and semiquantitative PCR
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revealed increasing expression levels of renal-specific genes (e.g., SALL1, HNF4B,
SIX2) with gestational time. Moreover, AF-MSCs shared more genes with human kidney
cells than with native MSCs and gene ontology terms revealed involvement of biological
processes associated with kidney morphogenesis.

CONCLUSIONS: Third-trimester amniotic fluid contains AF-MSCs of renal origin and
this novel source of kidney progenitors may have enormous future potentials for disease

modeling, renal repair and drug screening.
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Abstract

Background: Established therapies for managing kidney dysfunction such as kidney dialysis and transplantation are
limited due to the shortage of compatible donated organs and high costs. Stem cell-based therapies are currently
under investigation as an alternative treatment option. As amniotic fluid is composed of fetal urine harboring
mesenchymal stem cells (AF-MSCs), we hypothesized that third-trimester amniotic fluid could be a novel source of
renal progenitor and differentiated cells.

Methods: Human third-trimester amniotic fluid cells (AFCs) were isolated and cultured in distinct media. These cells
were characterized as renal progenitor cells with respect to cell morphology, cell surface marker expression, transcriptome
and differentiation into chondrocytes, osteoblasts and adipocytes. To test for renal function, a comparative albumin
endocytosis assay was performed using AF-MSCs and commercially available renal cells derived from kidney biopsies.
Comparative transcriptome analyses of first, second and third trimester-derived AF-MSCs were conducted to monitor
expression of renal-related genes.

Results: Regardless of the media used, AFCs showed expression of pluripotency-associated markers such as SSEA4,
TRA-1-60, TRA-1-81 and C-Kit. They also express the mesenchymal marker Vimentin. Immunophenotyping confirmed that
third-trimester AFCs are bona fide MSCs. AF-MSCs expressed the master renal progenitor markers SIX2 and CITED1, in
addition to typical renal proteins such as PODXL, LHX1, BRNT and PAX8. Albumin endocytosis assays demonstrated the
functionality of AF-MSCs as renal cells. Additionally, upregulated expression of BMP7 and downregulation of WTT, CD133,
SIX2 and C-Kit were observed upon activation of WNT signaling by treatment with the GSK-3 inhibitor CHIR99201.
Transcriptome analysis and semiquantitative PCR revealed increasing expression levels of renal-specific genes
(e.g., SALLT, HNF48B, SIX2) with gestational time. Moreover, AF-MSCs shared more genes with human kidney cells
than with native MSCs and gene ontology terms revealed involvement of biological processes associated with
kidney morphogenesis.

Conclusions: Third-trimester amniotic fluid contains AF-MSCs of renal origin and this novel source of kidney
progenitors may have enormous future potentials for disease modeling, renal repair and drug screening.
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Background

A functional kidney is essential for healthy living due to
its major role in toxin and drug filtration. Globally, each
year millions of patients require rapid kidney transplant-
ation or dialysis to restore renal function [1, 2]. But the
shortage of compatible organs, donor-associated
diseases, ageing-associated factors and high cost of
transplantation/dialysis are major hurdles [3]. Kidney-
associated dysfunctions are now a prioritized health con-
cern and research area. A potential alternative source of
renal cells are those derived from embryonic and in-
duced pluripotent stem cells (ESCs and iPSCs) [4-9].
Clinical applications of pluripotent stem cell technolo-
gies are constrained by the risk of tumor formation, im-
munological rejection, legal as well as ethical concerns.
In light of this, it is therefore important to find other
sources of stem cells which are not tumorigenic, bear a
broad differentiation potential and have a high renal re-
generative potential.

The architecture and organization of the kidney is very
complex and consists of numerous cell types [10] which
can interchange identities by a very complex reciprocal
interplay and interactions of stromal and epithelial cell
lineages [9, 11]. Kidney mesenchymal cells have been
demonstrated to express SIX2 and Cbp/p300-interacting
transactivator 1 (CITEDI) which are crucial for the self-
renewing capability [11, 12]. Furthermore, the main kid-
ney nephron-regulatory genes have been described, such
as SALL1, PAX2, WT1I, Cytokeratin 19 (CK19), CD133,
Podocalyxin-like protein 1 (PODXL), HOXD11, HNFIB,
BRNI1, Lhx1l and Pax8 [13-18]. Adult and fetal bone
marrow-derived mesenchymal stem cells (BM-MSCs)
have been shown to be capable of repairing renal func-
tion deficits [19, 20]. BM-MSCs have potent immuno-
suppressive properties and their potential application in
acute kidney injury animal models has been studied re-
cently [21]. However, the use of adult BM-MSCs has
some limitations such as the low number of MSCs in
adult bone marrow, expression of ageing-associated fac-
tors, slow expansion rate, early senescence, inactive tel-
omerase, shorter telomeres and restricted differentiation
potential [22]. Due to the increasing number of patients
with kidney diseases and limited cell-based therapeutic
options, alternative renal progenitor cells and sources
are clearly in need [23]. Amniotic fluid contains fetal-
derived differentiated and undifferentiated progenitor
cells. In vitro, they can be expanded in distinct media
formulations and exhibit a heterogeneous morphology
with a preponderance of epithelioid and fibroblastoid
mesenchymal-like cell shape [24]. In 2007, Perin et al.
[25] demonstrated the potency of second-trimester am-
niotic fluid-derived MSCs (AF-MSCs) to form embry-
onic kidney structures in vitro. Later, they also showed
that human AF-MSCs help in regenerating kidneys
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undergoing acute tubular necrosis in a rodent model
[26-28]. In an animal model of acute renal injury,
Camussi’s research group confirmed these results and
could show comparable efficacy between BM-MSCs and
AF-MSCs [29]. Remarkably, the renal differentiation po-
tential of AF-MSCs was demonstrated by producing
chimeric organotypic renal structures from murine em-
bryonic kidney cells and human AF-MSCs [30].
Although properties of human amniotic fluid cells such
as the lack of immunogenicity and tumorigenicity, their
anti-inflammatory properties and their high proliferative
and differentiation potential are well described [31, 32],
the exact origin of AF-MSCs is still unknown and con-
troversial [33]. Before use in clinical applications, it is
mandatory to elucidate the origin of AF-MSCs. Due to
the fact that term amniotic fluid consists mostly of fetal
urine [34], we hypothesized that AF-MSCs originate
from the kidney and accumulate in the AF during fetal
nephrogenesis.

Adult and neonatal human urine has been described
as a source of kidney progenitor cells [35, 36]. Second-
trimester AFCs have been described as an alternative
source of podocytes [37] which express mesenchymal
markers as well as the podocyte markers CD2AP and
NPHS2 [25, 38]. In this study we isolated third-trimester
human AF-MSCs and cultured them in distinct support-
ing media. AF-MSCs were characterized as a multipo-
tent population of renal cells. By combining cellular,
molecular, functional and transcriptome data, we con-
clude that third-trimester amniotic fluid harbors MSCs
originating from the fetal kidney. These cells should be
considered promising sources for studies on kidney de-
velopment, nephrotoxicity tests, disease modeling, drug
screening and future kidney-related cellular therapies.

Methods

Isolation and culture of human amniotic fluidic cells
Healthy donors who provided the first and second-
trimester amniotic fluid in this study provided written
informed consent in accordance with the Declaration of
Helsinki. Ethical approval was given by the Research
Ethics Committees of Hammersmith & Queen Char-
lotte’s Hospitals (2001/6234) in compliance with UK na-
tional guidelines (Review of the Guidance on the
Research Use of Fetuses and Fetal Material (1989), also
known as the Polkinghorne Guidelines, Her Majesty’s
Stationery Office, London, 1989: Cm762) for the collec-
tion of fetal tissue for research. Third-trimester amniotic
fluid samples from healthy donors were collected from
the Department of Obstetrics and Gynaecology, Medical
Faculty, Heinrich Heine University Diisseldorf, Germany,
with informed patient consent as well as institutional
ethical approval. Amniotic fluids were processed and
AF-MSCs were isolated as described previously [32]. In
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brief, the cells were cultured in Prime XV or Chang C
Medium (both Irvine Scientificc CA, USA), aMEM
(Minimum Essential Medium Eagle Alpha Modification;
Sigma) containing 10% FBS, 1% GlutaMAX and 1%
penicillin/streptomycin (Penstrep), MG30 (Cell Lines
Service, Germany) or renal cell medium (RCM) consist-
ing of high-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 1% Penstrep, 1% glutamine,
10% FBS and SingleQuot Kit CC-4127 REGM at 37 °C,
5% CO, and 5% O, (Lonza) [39, 40].

After the appearance of initially attached cells (days
4-7), the medium was changed and cells grew until
reaching almost full confluency. The cells were then de-
tached using TrypLE Express (Thermo Fisher Scientific)
and prepared for further passaging and experiments.
Urine-derived kidney progenitor cells and corresponding
iPSCs (UM51, ISRM-UM51 [40]) and human renal epi-
thelial cells from a biopsy (HREpCs; PromoCell,
Heidelberg, Germany) were used as control cells.

Immunofluorescence staining

To analyze the cells for pluripotency, mesenchymal stem
cell and renal cell specific markers, AF-MSCs were cul-
tured in 12-well plates. After a washing step using PBS
(Gibco), 4% paraformaldehyde (PFA; Polysciences Inc.,
PA, USA) was used to fix the cells for 15min at room
temperature (RT). To increase the cell membranes’ per-
meability, 1% Triton X-100 (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany) was applied to the fixed cells for 5
min followed by blocking of unspecific binding sites for
2 h. For staining of intracellular proteins, this blocking
buffer contained 10% normal goat serum (NGS; Sigma), 0.
5% Triton X-100, 1% BSA (Sigma) and 0.05% Tween 20
(Sigma), all dissolved in PBS. Triton and Tween were
omitted when extracellular proteins were stained. After-
ward, the primary antibodies (presented in Additional file 1:
Table S1) were diluted in blocking buffer/PBS and incu-
bated with the cells for 1 h at RT followed by several
washing steps using 0.05% Tween 20 in PBS. The corre-
sponding secondary Cy3-labeled or Alexa Fluor 488-
labeled antibodies (Thermo Fisher Scientific) and Hoechst
33,258 dye (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) or DAPI (Southern Biotech) were added under
light exclusion. For the actin filament staining, the toxin
phalloidin 488 (A12370; Life Technologies) was used in a
dilution of 1:200. A fluorescence microscope (LSM700;
Zeiss, Oberkochen, Germany) was used for taking the pic-
tures. All pictures were processed with the ZenBlue 2012
Software Version 1.1.2.0. (Carl Zeiss Microscopy GmbH,
Jena, Germany).

In-vitro differentiation assay
In-vitro differentiation of the AF-MSCs into adipocytes,
chondrocytes and osteoblasts was done employing the
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StemPro Adipogenesis, Chondrogenesis, and Osteogen-
esis differentiation Kits (Gibco, Life Technologies, CA,
USA). Media were replaced 2-3 times per week for 3
weeks, and the formation of intracellular lipid droplets
(adipocytes), calcium mineralization (osteoblasts) and
cellular aggregation toward clusters (chondrocytes) was
observed from 14 to 21 days. After the differentiation
process, fixation of the cells was done using 4% PFA for
30 min at RT. Subsequently, the cells were stained with
Oil Red O for adipocytes, Alcian Blue for chondrocytes,
and Alizarin Red S for osteoblasts as described previ-
ously [32]. A light microscope was used for imaging.

Flow cytometric analysis

The human MSC phenotyping kit (Miltenyi Biotec
GmbH, Bergisch Gladbach, Germany) was used to
analyze the cell surface marker composition of the AF-
MSC samples (2 x 10° cells were used for each analysis),
according to the manufacturer’s instructions. The cells
were washed with PBS and centrifuged at 300 x g for 5
min. After resuspending the pellet in 100 ul PBS, 0.5 ul
of the MSC phenotyping cocktail or of the isotype
control cocktail were added and the tubes were mixed
thoroughly. The MSC phenotyping cocktail is composed
of a mixture of fluorochrome-coupled antibodies against
various cell surface proteins (CD14-PerCP, CD20-PerCP,
CD34-PerCP, CD45-PerCP, CD73-APC, CD90-FITC and
CD105-PE). The isotype phenotyping cocktail served as
a negative control. The antibody binding took place at
4 °C for 10 min in the dark. Nonbound antibodies were
washed out using 1 ml PBS. After centrifugation at 300
x g for 5 min, cell fixation using 4% PFA was done.

To analyze the AF-MSCs for pluripotency-associated
cell surface markers (TRA-1-60, TRA-1-81, stage-specific
embryonic antigen 4 (SSEA4)), corresponding prelabeled
antibodies (anti-TRA-1-60-PE, human (clone REA157),
number 130-100-347; anti-TRA-1-81-PE, human (clone
REA246), number 130-101-410, and anti-SSEA-4-PE, hu-
man (clone REA101), number 130-098-369; Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) were used.
The staining procedure was carried out as already
described. Until analysis via BD FACSCanto (BD
Biosciences, Heidelberg, Germany) and CyAn ADP
(Beckman Coulter, CA, USA), stained cells were kept at
4 °C in the dark. The FCSalyzer software version 0.9.3 and
Summit 4.3 software were used for data analysis.

RNA isolation and quantitative PCR

After single washing with PBS, TRIzol (Thermo Fisher)
was added to the cells for 5 min at RT, and the cells
were scraped off and stored at — 80 °C. For isolation of
the RNA, the Direct-zol RNA Miniprep Kit (Zymo
Research, CA, USA) was used according to the manufac-
turer’s instructions. All of the primers used were
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Fig. 1 (See legend on next page)
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Fig. 1 Initially attached heterogeneous AFCs display homogeneous cell morphology upon passaging and include typical kidney cell morphologies.
Phenotypical complexity of AFCs observed, regardless of culture media composition within first two passages. Upon further passaging, cells became
homogeneous with fibroblast-like morphology (a). During culture, subpopulation of cells observed which had similar morphology to distinct renal-
originated progenitor cells UM51 and HREpCs (b). AF-MSC amniotic fluid mesenchymal stem cell, HREpC human renal epithelial cell, aMEM minimum

essential medium alpha modification, RCM renal cell medium

purchased from MWG (primer sequences and predicted
sizes of amplicons presented in Additional file 1: Table
S2). After checking the quality of mRNA, complemen-
tary DNA (cDNA) was synthesized with the TagMan
Reverse Transcription Kit (Applied Biosystems). A sam-
ple of 500 ng of RNA was used for cDNA synthesis. The
prepared mix of 20 pl per sample consisted of 7.70 pl
H,O, 2 pl reverse transcriptase buffer, 4.4 pl MgCl,
(25 mM), 1 pl Oligo (dT)/random hexamer (50 pM),
4 pl ANTP mix (10 mM), 0.4 pl RNase inhibitor (20 U/
ul) and 0.5 pl reverse transcriptase (50 U/ul). For semi-
qPCR, a mixture of 25 pl per sample contained the fol-
lowing: 11.375 ul H,O, 5 pl of 1x Go-Taq G2 Hot Start
Green PCR buffer, 4 pl of 4 mM MgCl,, 0.5 pul ANTP-
Mix (10 mM each), 1 pl forward primer (0.3 pM), 1 pl
reverse primer (0.3 pM), 0.125 pl (0.625 U) Hotstart Taq
polymerase (5 U/pl) and 2 pl cDNA. A PCR thermal cy-
cler (PEQLAB, Erlangen Germany) was employed. After
an initial denaturation step at 95 °C for 2 min, 30 cycles
followed with a denaturation step at 95 °C for 30 s, an
annealing step at the temperature specific for each pri-
mer (ranging from 55 to 63 °C) for 30-35 s and an
extension step at 72 °C for 30-40 s. Detection of semi-
qPCR amplification products was performed by size
fractionation on 2% agarose gel electrophoresis.
Real-time quantitative PCR was performed in technical
triplicates with Power SYBR Green Master Mix (Life
Technologies) on a VIIA7 (Life Technologies) machine.
Mean values were normalized to levels of the house-
keeping gene ribosomal protein L37A. Results are
depicted as mean values (% of untreated control) with
95% confidence interval.

Albumin endocytosis assay

To analyze the functional ability of the AF-MSCs to
endocytose exogenous albumin, cells were plated at a
density of 30% in 12-well plates without coating. After
2 days, media were supplemented with 10 pM CHIR dis-
solved in DMSO or the same volume of DMSO alone
and the cells were allowed to differentiate for 2 days.
After this time period the cells were washed once with
PBS and incubated in new medium supplemented with
20 pg/ml of albumin from bovine serum (BSA), Alexa
Fluor™ 488 conjugate (catalog no. A13100; Thermo Fi-
scher) for 1 h. As endocytosis is an energy-dependent
process, incubations were performed at 37 °C. After 1 h
of incubation, however, cells were washed three times

with ice-cold PBS and fixed with 4% PFA for 15 min.
Cell-associated fluorescence was analyzed using an exci-
tation wavelength of 488 nm and an emission wave-
length of 540 nm and imaged using a florescence
microscope (LSM700; Zeiss, Oberkochen, Germany). All
pictures were analyzed with ZenBlue 2012 Software Ver-
sion 1.1.2.0. (Carl Zeiss Microscopy GmbH, Jena,
Germany). Human fetal foreskin cell line HFF1 (SCRC-
1041; ATCC) and fMSCs (kindly gifted from Prof. Rich-
ard O. C. Oreffo, Southampton, UK) served as control.

Transcriptome analysis

PrimeView Human Gene Expression Array Chips
(Affymetrix; Thermo Fisher Scientific) were used for
microarray experiments (conducted by Biologisch-
Medizinisches Forschungszentrum, Diisseldorf, Germany).
The gene expression profile for AF-MSCs, HREpCs,
fMSCs, UM51 and ISRM-UM51 are provided online at
the National Center of Biotechnology Information Gene
Expression Omnibus. The affy package of the R/Biocon-
ductor environment [41, 42] was used for further process-
ing of the unnormalized bead summary data. After
background correction, the data were transformed to a
logarithmic scale (to base 2), and normalized by employ-
ing the robust multiarray average method. The heatmap.2
function from the gplots package (http://CRAN.R-project.
org/package=gplots) was employed to create cluster ana-
lysis and heatmaps. The correlation coefficients were cal-
culated with Pearson correlation as a similarity measure
(http://CRAN.R-project.org/package=gplots). Based on
the results of the transcriptome analysis, the DAVID tool
(https://david.ncifcrf.gov/) [43] was used to generate gene
ontology terms and associated KEGG pathways [44] for
the distinct gene sets.

Results

AFCs become homogeneous after several passages and
contain a renal cell-like subpopulation

In-vitro growth of AFCs in monolayers preserves diversity
of cell types irrespective of media, in particular within the
first two passages. AFCs were isolated and expanded in
various media (RCM, Prime XV, Chang C, MG30, xMEM)
under hypoxic conditions. Bright-field microscopic obser-
vation revealed a mixture of distinct cell types with a
morphology of mesenchymal-like, epithelioid, spindle,
cobble-stone and tubular shapes, of fetal-derived differen-
tiated and undifferentiated progenitor cells (Fig. 1a). After
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Fig. 2 Pluripotency-associated stem cell marker expression of AFCs in distinct media. Immunofluorescent-based staining showed similar stem cell-
related protein expression in all three media conditions (RCM, Prime XV, Chang C). AFCs express SSEA4, C-Kit, TRA-1-60 and TRA-1-81. Cell nuclei
stained using Hoechst (a). Flow cytometric analysis confirmed cell surface expression of SSEA4, TRA-1-60 and TRA-1-81 (b). RCM renal cell medium

passaging 3—4 times, the cells became more homogeneous
with fibroblastic mesenchymal-like morphologies in all
media except aMEM and MG30. In «MEM and MG30,
cells attained an oval/egg-shaped morphology and had sig-
nificantly decreased growth rates (Fig. la). Based on
morphology, renal progenitor, undifferentiated and
differentiated cell types were observed as subpopulations.
The commercially available human kidney cell line
HREpC as well as urine-derived renal cells (UM51) served
as controls (Fig. 1b).

AFCs express pluripotency-associated proteins

To analyze the presence of pluripotent stem cell-
associated markers in AFCs, both immunofluorescence
staining and flow cytometry were performed. The AFC
populations cultured in RCM, Prime XV and Chang C
media were found to express SSEA4, C-Kit, TRA-1-60
and TRA-1-81. Expression of cytoplasmic and no
nuclear octamer-binding transcription factor 4 (OCT4)
was observed at early passages in RCM and Prime XV
(Fig. 2a). However, the percentages of cells positive for
the investigated markers (SSEA4, C-Kit, TRA-1-60 and
TRA-1-81) were consistent with the flow cytometric
data. Approximately 13% of the RCM cultured cells were
positive for SSEA4, 9% for TRA-1-60 and 6% for TRA-
1-81. AFCs cultured in Prime XV showed positivity rates
of 13.2% for SSEA4, 8.7% for TRA-1-60 and 11.2% for
TRA-1-81. Previously performed flow cytometric ana-
lysis for cells cultured in Chang C media revealed 33.1%
SSEA4, 14.4% TRA-1-60 and 7.6% TRA-1-81 positive
cells [32] (Fig. 2b).

AFCs express proteins related to MSCs as well as CK19

and show multilineage differentiation potential in vitro

AFCs cultured in all three media compositions (RCM,
Prime XV and Chang C) expressed the typical mesen-
chymal marker Vimentin and not E-Cadherin. Addition-
ally, subpopulations of the cells were positive for CK19,
a marker for renal epithelial cells. The expression of
CD133/Prominin-1, as a marker for multipotent pro-
genitor cells, was also observed in all conditions.
HREpCs, derived from kidney biopsies, were used as
renal reference cells and also showed positivity for
Vimentin, CD133 and CK19 (Fig. 3a). To analyze the
typical MSC surface marker expression in AFCs, flow
cytometric analysis was conducted. The presence of
CD73, CD90 and CD105 could be identified in all cases;
interestingly, cells in RCM had the highest level of

expression. However, all cell preparations were devoid of
the hematopoietic markers CD14, CD20, CD34 and
CD45 (Fig. 3b, [32]). These features establish and con-
firm these cells as bona fide AF-MSCs.

To investigate the differentiation capacity of the AFCs,
the cells were subjected to adipocyte, chondrocyte and
osteoblast differentiation for 3 weeks. Successful differen-
tiation into adipocytes was observed by Oil Red O staining
of emerging fat droplets surrounding the cell nuclei.
During chondrogenic differentiation the cells aggregated,
and Alcian Blue staining showed the presence of emerged
proteoglycans within the developed cell clusters. Osteo-
genic lineage differentiation was shown by Alizarin Red S
staining of developed calcium deposits (Fig. 3c).

AF-MSCs express renal markers irrespective of in-vitro
culture media composition

To validate our hypothesis that third-trimester AF-MSCs
harbor renal progenitor cells, we analyzed AF-MSCs cul-
tured in RCM, which is a medium formulated for kidney
cells, for the expression of kidney-associated markers
SIX2, CITED1, LHX1, PODXL, BRN1 and Paired-Box-
Protein 8 (PAX8)—these were positive. Prime XV and
Chang C, specialized for AFC culture, also supported ex-
pression of the renal markers. The commercially bought
human kidney cells HREpCs served as a positive control.
These results imply that AF-MSCs are of nephrogenic
origin and the phenotype is maintained irrespective of
the media used (Fig. 4).

AF-MSCs are able to transport albumin

Albumin endocytosis is a criterion defining renal cells.
To analyze the ability of AF-MSCs to take up and re-
lease albumin, fluorescent dye-coupled Alexa Fluor™
488-labeled albumin was used. It could be shown that
the temperature-dependent (37 °C) uptake of albumin
(1 h incubation) by AF-MSCs was higher in comparison
to fetal MSCs (fMSCs) and human fetal foreskin cell
HFF1. This held true for both progenitor and differenti-
ated cells (Fig. 5a). To differentiate AF-MSCs, we treated
the cells with 10 uM CHIR99021 (WNT pathway activa-
tion by GSK3 inhibition) for 2 days and observed mor-
phological changes from fibroblastic to elongated
tubular shape (Fig. 5b), resulting in decreased expression
of progenitor markers C-Kit and SIX2. The expression
and localization of WT1 switched from nuclear to cyto-
plasmic upon CHIR99021 treatment whereas Nephrin
(NPHS1) expression was stable (Fig. 5¢c) as detected at
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Fig. 3 AFCs express typical MSC-associated proteins as well as CK19 and show multilineage differentiation potential in vitro. AFCs cultured in
distinct media compositions stained positive for Vimentin and CD133 but negative for E-Cadherin. CK19, an established kidney epithelial marker,
also expressed. Cell nuclei stained using Hoechst/DAPI (a). Flow cytometry-based analysis confirmed expression of MSC markers CD73, CD90 and
CD105, and negativity for hematopoietic markers CD14, CD20, CD34 and CD45 (antibody isotype controls represented by thin lines; bold lines
indicate histograms of distinct proteins) (b). Analysis of multilineage differentiation capacity of AF-MSCs revealed Alizarin Red staining of osteoid
matrix-like structure in osteogenic medium, Alcian Blue staining of proteoglycans in chondrogenic media and lipid droplet formation around the
cells in adipogenic media (c). HREpC human renal epithelial cell, RCM renal cell medium

the protein level via immunofluorescent-based staining.
Real-time RT PCR revealed downregulation of SIX2,
WT1 and CDI133 and activation of kidney-associated
bone morphogenic protein 7 (BMP?) (Fig. 5d). Based on
our experimental data we derive a scheme describing
CHIR99021-mediated WNT activation and its influence
on differentiation or self-renewal (Fig. 6). Self-renewal
(inactive WNT signaling) is maintained by elevated

expression of the renal progenitor markers SIX2, WT1
and CDI133 (stem cell proliferation marker) and down-
regulated expression of BMP7. In contrast, upon activa-
tion of canonical WNT signaling by GSK3p inhibition
with CHIR99021, AF-MSCs exit self-renewal and differ-
entiate as a consequence of elevated BMP7 expression
and downregulation of SIX2, W71 and CDI33
respectively.

AF-MSC (RCM)

AF-MSC (Prime XV)

Fig. 4 Renal-specific marker expression in AF-MSCs. Immunofluorescent-based images showing expression and localization of SIX2, CITED1, PAXS,
BRN1, PODXL and LHX1 in AF-MSCs cultured in either RCM, PrimeXV or Chang C. HREpCs cells served as positive control. Cell nuclei stained using
Hoechst/DAPI. AF-MSC amniotic fluid mesenchymal stem cell, HREpC human renal epithelial cell, RCM renal cell medium

AF-MSC (Chang C) HREpC (RCM)
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Fig. 5 Functional characterization of AF-MSCs as renal cells. Regardless of differentiated or undifferentiated AF-MSC status, functional albumin
endocytosis observed at significantly higher levels than in HFF1 and fetal MSCs (fMSC) when cells incubated with albumin at 37 °C (a). Activation
of WNT signaling by supplementation with GSK3-inhibitor CHIR99021 led to differentiation into tubular looking cells, shown by phalloidin staining
(b). WT1 localization switch from nucleus to cytoplasm, Nephrin expression retained and C-Kit and SIX2 expression decreased (c). Cell nuclei stained
using Hoechst/DAPI. gRT-PCR of CHIR differentiated cells clearly showed downregulation of renal undifferentiated progenitor markers CD133, SIX2 and
WTT and upregulation of the differentiation marker BMP7 (d). AF-MSC amniotic fluid mesenchymal stem cell, DMSO dimethylsulfoxide, fMSC fetal
mesenchymal stem cell, HFF human foreskin fibroblast, HREpC human renal epithelial cell, w/o without

Increased appearance of renal-associated genes in AFCs
correlates with gestational time

Taking advantage of previously published transcriptome
data [45], related to renal system development from first
and second-trimester AFCs, we analyzed gene set enrich-
ments and related GOs from T1 (first trimester), T2
(second trimester) and T3 (third trimester). Interestingly,
the number of expressed kidney-associated genes in-
creased with gestational time. From the predictions based
on the datasets, we observed that most of the renal
developmental-related genes (eight genes) were expressed
in the third trimester. Subsequently, only four genes were
identified to be present in the second trimester and none
was predicted to be expressed in the first trimester. In line
with this, no kidney development-related GO terms were
found for AFC samples from the first trimester, 10 GOs
were shown for the second and 12 GOs in the third tri-
mester, thus implying an increasing renal expression pat-
tern during fetal kidney development which is also shown
in a heatmap generated from the transcriptome data (Fig.
7a—c). These data were validated by semi-qPCR of cDNA
samples obtained from the mRNA of AFCs/AF-MSCs from
the first, second, early third and late third trimesters. We
did not detect renal gene expression from the first-trimester
samples; in contrast, PAX8 and SALLI could be detected in
the second and third-trimester samples. In contrast to this,
third-trimester cells exclusively expressed SIX2, PAX2,
LHXI1, WT1, HNF1B, BRNI, NPHSI and SALL4 (Fig. 7d).

Transcriptome analysis of third-trimester AF-MSCs reveals
involvement in kidney specific biological processes

To reveal the AF-MSC identity, the cells’ transcriptomes
were compared to HREpCs, UM51 (urine-derived SIX2-
positive renal cells) and UM51-derived iPSCs (ISRM-
UM51). Using cluster dendrogram analysis, AF-MSCs
were shown to cluster together with two different kidney
cells and apart from the iPSCs (Fig. 8a). This is also
shown by Pearson correlation coefficient calculation
(Fig. 8b), revealing a value of 0.9095 for AF-MSC 1 and
UMS51 and a value of 0.955 for AF-MSC 1 and HREpCs.
Next, we wanted to focus on genes shared amongst the
AF-MSCs and the other two renal cell types. Since
UM51, HREpCs and AF-MSCs showed expression of
MSC markers, a sample of bone marrow-derived fetal
MSCs was included in the Venn diagram, to allow focus
on commonly expressed genes in AF-MSCs, UM51 and
HREpCs but not in fMSCs (409 genes) (Fig. 8c). Using
these genes, a GO term analysis was conducted. Among
the top 20 GOs (Fig. 8d), 11 GOs were connected to kid-
ney development-related biological processes such as
“renal tubule development” and “nephron epithelium de-
velopment”. The significant KEGG pathways resulting
from the 409 shared genes are shown in Fig. 8e, reveal-
ing stem cell-related pathways such as “TGF-beta signal-
ing pathway” and “Hedgehog signaling pathway”. The
complete gene lists, GOs (BP, CC, MF) and the KEGG
pathways for each single group as well as for a group

f co133 | Bmp7

T WT1

pet®

Self-Renewal

CHIR99021
| SIX2
T S CD133 IBMP?
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Fig. 6 WNT mediated cell fate decisions in AF-MSCs. Self-renewal renal progenitor cells maintained when WNT signaling is inactive due to

WT1

Differentiation

sustained upregulated expression of SIX2, WTT and CD133 and downregulation of BMP7 on mRNA level. Upon activation of canonical WNT signaling
(ie, CHIR99021-mediated GSK3p inhibition) there is an exit of self-renewal, due to upregulated expression of BMP7, but downregulation of WT1, SIX2
and CD133 expression on MRNA level
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Fig. 7 Expression levels of renal-specific genes in AFCs increase with gestational time. Number of renal-enriched genes (blue line) and GOs of
trimester-specific AFCs (red line) indicates increasing pattern during fetal kidney development (a). Differentially expressed genes involved in nephron
development in second and third-trimester AFCs. Gene-set enrichment analysis revealed expression of genes from different renal developmental
compartments such as metanephros development (ADAMTS16, EPCAM, HNF1B, NOG, SALL1, WNT4), metanephric mesenchyme development (HNF1B,
SALLT), renal tubule development (HOXD11, LHX1, PAX2, UMOD), metanephric nephron and tubule development (PAX2, UMOD), and metanephric glomerulus
and mesonephros development (LHX1, PAX2) (b). Heatmap showing relative expression of genes involved in nephrogenesis from existing
published data of AFCs from first and second trimester (c). Semi-qPCR of renal genes in AFC/AF-MSC samples from first, second, early third
and late third trimester. Gel bands indicating enriched expression of renal genes in third trimester boxed in red (d). AFC amniotic fluid cell, AF-MSC
amniotic fluid mesenchymal stem cell, GO gene ontology, T1 first trimester, T2 second trimester, T3 third trimester

consisting of AF-MSCs, UM51 and HREpCs are pro-
vided in Additional files 2, 3 and 4.

Discussion

Amniotic fluid cells display a spectrum of morphologies
(Fig. 1la) depicting their composition of fetal-derived
differentiated and undifferentiated progenitor cells [24,
33]. In the majority of studies, the heterogeneity of AF-
derived cells has led to conflicting results and uncer-
tainty regarding the identity of the cell population, in
particular the origin of the third-trimester AFCs [37].
In our earlier work it could be shown that first-
trimester AFCs have a germ cell origin [45]. Remark-
ably, we observed that third-trimester AFCs have
similar morphologies when compared to urine-derived
cells and human kidney biopsy-derived cells (Fig. 1b),
as shown by others [46-50]. It is well known that AF
contains various cell types which originate mostly from
fetal urine [34, 51] and the appearance of cells in the
amniotic fluid/fetal urine increases in number with ges-
tational age. Furthermore, it has also been shown re-
cently that urine cells have a kidney origin [35-37, 40].
In studies on full-term male fetal AF-MSC transcrip-
tomes, we and others found that most of the expressed
genes were related to kidney and skeletal system devel-
opment [32, 37]. Nevertheless, the phenotypes of AFCs
obtained during culture were dictated by culture condi-
tions [52] and by the passage number. Initially, we cul-
tured the cells in five distinct media, namely RCM,
Prime XV, Chang C, MG30 and aMEM. Regardless of
the media used, homogeneous spindle-shaped mesen-
chymal like cells were observed after a few passages,
except for «MEM and MG30 which also led to de-
creased growth rates. So, these media were excluded
from further analysis.

In this study, the third-trimester AFCs were shown to
maintain expression of pluripotency-associated stem cell
markers C-Kit, SSEA4, TRA-1-60 and TRA-1-81 but not
nuclear OCT4 (Fig. 2a), which has also been shown for a
subpopulation of urine-derived stem cells [46, 48]. C-kit
was also identified to be expressed at the loop of Henley
and distal tubules of murine kidney [53]. Second-
trimester human nephron progenitor cells were shown
to have elevated expression of NANOG and OCT4 [14].

These data suggests that pluripotency-associated gene/
protein expression decreases with gestational time.

Third-trimester AFCs investigated in the present work
expressed the mesenchymal marker Vimentin, typical
MSC cell surface markers CD73, CD90, and CD105 as
well as the stem cell marker CD133. Furthermore, the
cells differentiated into adipocytes, osteocytes and chon-
drocytes (Fig. 3a—c), which has also been reported for
cells derived from human kidneys [13], and hence we
refer to the cells as AF-MSCs. In support of our find-
ings, AFCs as well as cells derived from preterm neo-
natal urine were described to be positive for Vimentin
and CD133 but negative for hematopoietic cell markers
[35], which also was confirmed for fetal and adult
kidney-derived cells [13, 14, 54]. In addition, our AF-
MSCs also express CK19 (Fig. 3a) as shown previously
for human kidney cells [53]. It has been described that
subpopulations of renal cells exist with MSC-specific
morphology and marker expression (CD73, CD105)
which additionally express metanephric mesenchyme
markers such as SIX2, CITED1 and PAX2 [37, 54].

As the AF-MSCs share similar properties with neo-
natal urine cells and human renal cells with respect to
pluripotency-associated and mesenchymal marker
expression, and multipotent differentiation potential, we
assumed, as shown in the 1970s [51], that AFCs origin-
ate from fetal kidney. This hypothesis is supported by a
recent review describing that cells leave the fetal kidney
during the transition from the pronephron to the
metanephron, and reside within AF [37]. To confirm, we
investigated AF-MSCs cultured in RCM, Chang C and
Prime XV for the expression of typical renal markers
such as SIX2, CITED1, PODXL, LHX1, BRN1 and
PAXS. Irrespective of the used media, the third-trimester
AF-MSCs expressed all of these markers (Fig. 4). In line
with our results, nephron progenitor cells derived from
the developing human kidney as well as from neonatal
urine were previously reported to express the investi-
gated marker [14, 15, 35, 55, 56].

We also investigated uptake of exogenous albumin as
a key kidney function, which has been shown for hu-
man renal cells [57-59] as well neonatal urine cells
[35]. Third-trimester AF-MSCs and HREpCs showed
albumin endocytosis whereas fMSCs and HFF1 did not
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Fig. 8 Third-trimester AF-MSCs express genes associated with renal-specific biological processes and have high overlap with kidney cells. Cluster
dendrogram shows close relationship of AF-MSCs with UM51 and HREpCs (a), confirmed by Pearson correlation coefficients (b). Venn diagram
analysis extracted 409 genes shared amongst AF-MSCs, UM51 and HREpCs (red circle) (c). Top 20 GO terms of the common 409 genes listed
depending on their —log(p value), renal-related GOs indicated with red bars (d). Significant KEGG pathways for the 409 genes. Stem cell-related
pathways shaded red (e). AF-MSC amniotic fluid mesenchymal stem cell, ECM extracellular matrix, fMSC fetal mesenchymal stem cell, HREpC
human renal epithelial cell, KEGG Kyoto Encyclopedia of Genes and Genomes, TGF transforming growth factor

(Fig. 5a). Further, we analyzed the changes in morph-
ology and protein/gene expression in the AF-MSCs
upon differentiation by activation of WNT signaling as
a consequence of inhibition of GSK3 using CHIR99201.
Cell shapes became elongated and expression of renal
progenitor markers C-KIT and SIX2 decreased, WT1
expression translocated from the nucleus to the cyto-
plasm and Nephrin expression remained cytoplasmic,

which was also confirmed for cells isolated directly
from a human kidney biopsy [37, 60]. The translocation
of WT1 expression from the nucleus to cytoplasm has
been described previously [61]. The cytoplasmic
expression of WT1 will denote a loss of transcription
factor activity.

Moreover, qRT-PCR revealed that the differentiated
AF-MSCs acquired upregulated BMP7 expression with
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parallel decreased SIX2, WTI and CDI33 expression
(Fig. 5d), as shown previously [62, 63]. One possible ex-
planation for our observations could be that the anti-
body recognizes an epitope present on a variant of WT1
which we could not detect with our primers. Of course
this is speculation and more studies are required to sub-
stantiate this observation.

Since nephrons are generated during the second and
third trimesters [64], a synergistic relation between ex-
pression of kidney-associated genes in AF-MSCs and the
gestational period can be postulated. To address this, we
analyzed gene expression from previously published
transcriptome data [32, 45] and performed a semiquanti-
tative PCR of first, second and third-trimester samples
to investigate any possible relationship between gradual
expressions of renal genes with gestational time. The
third-trimester AF-MSCs expressed increasing number
of genes and GOs compared to second-trimester cells
(Fig. 7a, b, d). For future research it would be of high
value to have AF samples obtained from gestational
week-wise time points to better understand the impact
of the temporal developmental stage of the fetal kidney
on the composition of the AF and likewise the identity
of AF-MSCs. Cluster dendrogram analysis based on the
transcriptome data showed that AF-MSCs cluster apart
from pluripotent cells and cluster together with kidney-
derived cells (Fig. 8a, b). In line with this, AF-MSCs
shared more genes with human kidney cells UM51 and
HREpCs than with fetal MSCs (Fig. 8c). Furthermore,
GO analysis focusing on biological processes revealed
the involvement of genes associated mostly with kidney
development (Fig. 8d), which also can be observed in
our previous analysis of AF specific genes [32].

Since the kidney is a complex organ and is composed
of a multitude of different cell types, sorting and specifi-
cation of distinct kidney cells from the amniotic fluid
needs to be investigated.

Nevertheless, our results identify third-trimester hu-
man amniotic fluid-derived mesenchymal stem cells as
of renal origin. As we have demonstrated before that
these AF-MSCs also secrete immunomodulatory factors,
they are highly suitable for transplantation, for example
in chronic/acute kidney disease or graft versus host dis-
ease. These findings qualify these cells and the iPSCs de-
rived from them as potent cells that can be used in the
future for research on nephrogenesis, for modeling
kidney-related diseases and for drug screening in com-
bination with tissue engineering approaches such 3D
organoid formation to further improve mimicking of
kidney features in vitro.

Conclusions
We have demonstrated that third-trimester human AFCs
originated from fetal kidney are mesenchymal stem cells
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(AF-MSCs) with retained renal cell gene expression and
functionality. AFCs/AF-MSCs have been widely investi-
gated; however, to date only a limited number of studies
have attempted to reveal their enigmatic origin. Our re-
sults add an important milestone for the usefulness of
these cells as a suitable source for future studies related to
nephrogenesis, derivation of iPSCs, nephrotoxicity tests
and kidney disease-related cell replacement therapies.
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2.3 Urine-derived stem cells as innovative platform for drug testing and disease

modelling

Lucas-Sebastian Spitzhorn, Md Shaifur Rahman, Lisa Nguyen, Audrey Ncube, Martina Bohndorf,
Wasco Wruck and James Adjaye

Abstract

Kidney-related diseases and associated health costs are on the rise. Due to the shortage of
compatible organ donors, stem cell-based therapies are considered as alternative
treatment options. To date, several adult stem cell sources have been established such as
bone marrow, cord blood and amniotic fluid. Although these sources harbor stem cells
with great regenerative potential there are some limitations. Cord blood and amniotic
fluid can only be accessed before and at birth and bone marrow requires invasive
procedures associated with risks and pain for the patient. So far, kidney biopsies are used
to derive human kidney cells for research purposes. Recent investigations have shown
that urine represents an alternative source of renal stem cells and differentiated cells
originating from shed cells within the kidney. These include urine- derived mesenchymal
stem cells (uMSCs) and renal epithelial tubular cells (uURETCs). These cells can be
collected without the need of invasive or complex procedures. In this review, we describe
the cellular and molecular features of these cells and emphasize possible future
applications in drug-screening and development, nephrotoxicity tests and disease

modelling.
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of amniotic fluid cells.

Kidneys are crucial for filtration of drugs and toxins and their proper function is essential for
overall health. Unfortunately, due to disease and improper function, kidney transplantation or
dialysis are necessary for millions of patients annually all over the world.!?

RIGHT: The kidney
metabolises drugs via
cytochrome P450 and
other protein systems

LINICIANS face several hurdles, such

as limited organ donors and high

financial demands, during the course of

administering the necessary treatment
options. The kidney metabolises drugs via cytochrome
P450 and other protein systems.* The increasing
prevalence of acute kidney injury (AK) is associated
with medical and economic burdens.® AKI, of which
19-26% are induced by drugs, can result in chronic
kidney disease (CKD),5” which increases the probability
of developing renal cell carcinoma.® Nephrotoxicity
caused by drugs is an important causative factor in
the development of AKI and CKD.? It causes failure of
about 7% of newly developed drugs, thus emphasising
that pre-clinical models have to be improved.'

Several drugs are nephrotoxic per se. These side
effects could be increased by prolonged medication
and synergistic effects with other drugs, such
as cephalosporins plus aminoglycosides, which
are used in cancer treatment.!' Although there are
models such as cisplatin treatment'? to investigate
drug induced nephrotoxicity, more prospective
studies and novel in vitro models are warranted
to validate these approaches.

Embryonic and induced pluripotent stem
cells (ESCs / iPSCs) have been differentiated into
kidney-related cells, thus representing a potential
alternative to native cells.’315

The kidney is an organ of high complexity
consisting of many cell types.' One key regulator

drugtargetreview.com
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of nephrogenesis, SIX2, has been shown to be
expressed in umbilical cord mesenchymal stem
cells (uMSCs).'” Bone marrow-derived mesenchymal
stem cells (MSCs) have been successfully used

to restore renal function deficits.!® It has been
shown that renal cells can be isolated from

urine as well as from third trimester amniotic

fluid, which mostly consists of foetal urine.
Obtaining kidney biopsy-derived cells from patients
is difficult; thus urine represents a substitution
which enables personalised research approaches
for kidney-related drug screening and toxicity
tests. Building upon previous work showing that
amniotic fluid mostly consist of foetal urine,'®
amniotic fluid-derived stem cells were recently also
described as MSCs of renal origin?® and have been
used to generate podocytes.?!

Urine is a source of stem cells

Derivation of patient-specific stem cells from urine

has many advantages over other established stem
cell sources. These autologous or human leukocyte

Liz Quinn

Associate Director,
Stem Cell Marketing,
Takara Bio USA

EXPERIMENTS are therefore

DRUG TARGET REVIEW | Summer 2018, Issue 02

antigens (HLA)-matched uMSCs are ideal for
transplantation purposes. Additionally, it is possible
to generate vast amounts of these cells because
the source is nearly infinite and can be expanded
in vitro on a large scale in a good manufacturing
practice (GMP) setting. In case of infants and older
patients with impaired wound healing, urine cells
can be obtained non-invasively, without wounding,
cost-effectively and easily cultured. uMSCs or
URETCs can be reprogrammed into iPSCs'” also
under GMP conditions.

Urine-derived stem cells have

features of MSCs and kidney cells

Cellular and molecular characterisation of the
uMSCs and uRETCs revealed similarities with
amniotic fluid-derived MSCs.?° Furthermore, they
are able to differentiate into osteoblasts, adipocytes
and chondrocytes and secreted cytokines capable
of modulating the immune system and support
healing processes. Besides their MSC marker
expression, these cells express kidney-related >

Overcoming the problems
of working with human
primary hepatocytes

Human primary hepatocytes (hpheps) are the gold standard for in vitro
evaluation of drug metabolism, drug-drug interactions, and metabolic
disease research. However, hpheps don’t survive in standard 2D culture
for very long — no longer than two or three days.
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“This fundamental
limitation restricts
the utility of
hpheps in multiple
applications,
including drug
metabolism

and metabolic
disease research”

W @DrugTargetRev

limited due to their rapid loss of
function when cultured in vitro,
which is especially problematic
for chronic toxicity studies that
require longer usage windows to
observe the effects of drugs.
This fundamental limitation
restricts the utility of hpheps in
multiple applications, including
drug metabolism and metabolic
disease research. To address this
problem, 3D sandwich cultures
with matrix overlays (Liu et al.
1999), bioreactors (Hoffman
et al. 2012), and 3D spheroid
cultures (Proctor et al. 2017)
have been developed. Although
these approaches can maintain
some hepatocyte functions for
several weeks in vitro, they do not

entirely overcome the limitations
of hpheps because these culture
systems restrict the types of
assays that can be performed.
Further, they require advanced
and expensive lab equipment,
are not easy to use, or are not
generally applicable to hpheps
from different donors.

Another problem is the large
variation between donors and
a finite number of harvestable
cells — normally from patient
biopsies — from each donor. It is
now possible to obtain batches of

hpheps from commercial vendors.

Though commercial vendors
might provide a more convenient
and reliable source of cells,

each batch of isolated cells is
donor-specific and, as such,

needs to be pre-screened by
the vendors and qualified
for different functions

(eg, transporter-mediated
uptake, metabolic activity,
CYP enzyme induction).

And to complicate things even
further, each vendor provides
their own culture medium to go
with the cells, which can lead to
variable results when comparing
results from different vendors,
donors and experiments. As a
result, no matter what the
source of hpheps, no universally
accepted culture system
currently exists and researchers
need to pre-qualify each lot of
cells prior to their experiments,
which influences the ability to
interpret their results. M
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ABOVE: Molecular and cellular characteristics of uMSCs and uMSC-iPSCs. (Middle column) uMSCs with grain-like morphology were
isolated from urine. (Left columns) They are able to differentiate into fat (Oil Red O), cartilage (Alcian Blue) and bone cells (Alizarin Red S)
and additionally express renal markers SIX2, LHX1 and Nephrin and can be differentiated into podocyte-like cells. (Right columns)
uMSC-iPSCs are positive for OCT4 and can be differentiated into endothelial cells (CD31), neuronal cells (MAP2 and Doublecortin),
hepatocytes (Albumin) and form kidney organoids. Cell nuclei were stained using DAPI or Hoechst 33258

markers such as SIX2, Nephrin and LHX1 and can
be differentiated into podocyte-like cells (Figure 1).
Furthermore, it was possible to efficiently generate
iPSCs from these cells.!” These uMSC-iPSCs can

be differentiated into all cell types within the body
including hepatocytes, neurons and endothelial
cells (Figure 1).

Gene expression analysis confirms

kidney origin of urine cells

Figure 2 shows a heatmap representation of
genes associated with (A) pluri- and multipotency,
(B) renal developmental processes, (C) encoding
the core ADME (absorption, distribution,
metabolism, and excretion) enzymes and (D) of
the cytochrome P450 family. The heatmaps are
based on uMSC transcriptome data sets described
in the research'”?° and also uRETCs obtained
directly from urine using a selective medium

for differentiated cells. Drugs up-regulate the
enzyme systems responsible for their degradation
or activation (Phase 1) and conjugation (Phase

1) to biochemical forms that can be excreted

in bile or urine.??2* Genes coding Phase | and
Phase Il enzymes are included in the absorption,
distribution, metabolism, and excretion (ADME)
genes. The high similarity between both cell types
is demonstrated by the predominantly consistent
expression between both cell types. However,
clustering of renal developmental genes shows

a separation of uMSCs and uRETCs pointing to
differences in these cells in nephrogenesis. These

differences are shown in Figure 2E. The subsets

of genes exclusively expressed in uMSCs or
URETCs were further subjected to gene ontology
(GO) analysis and revealed differences in kidney
developmental processes, such as the GO-terms
drug transmembrane transport, paramesonephric
duct development, distal tubule morphogenesis
for uRETCs and metanephric tubule development,
glomerulus development for uMSCs (Figure 2F).

Improve disease modelling, drug

screening and nephrotoxicity tests

using 3D-based kidney organoids

Ethical concerns and the limited predictability

of cross-species translation of research results
increase the importance of in vitro models as an
alternative to in vivo pre-clinical testing. Recent 3D
approaches increase assay relevance but still need
improvement.?

Moreover, uMSC-iPSCs are the basis for
generating 3D kidney organoids. To resemble the
complex kidney structure, it is useful to combine
different cell types. We have generated 3D
kidney organoids (Figure 1) by combining uMSCs
as renal cells with uMSC-iPSCs differentiated
endothelial cells (iECs) and mesenchymal stem
cells (iMSCs) originating from the same individual.'”
This approach may enable researchers to better
mimic human physiology in contrast to standard
2D cell culture systems. For future research and
therapy, it is important to increase maturity, and
thus functionality, in order to attain predictive

drugtargetreview.com
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ABOVE: Gene expression profiles characterise renal developmental properties of uMSCs and URETCs. Heatmap-based representations of
co-regulated expression of distinct gene sets associated with (A) pluri- and multipotency, (B) renal developmental processes, (C) the core
ADME genes (http:/pharmaadme.org/joomla/index.php?option=com _content&task=view&id=14&Itemid=29) and (D) cytochrome P450
genes. uMSCs and URETCs have high similarity. However, the clustering related to renal development demonstrates differences between
both cell types (C). Values on the color key scales are logarithmic (base 2). (E) Venn diagram analysis of genes expressed in uMSCs and
URETCs identified 10837 genes expressed in common, 309 genes expressed in uMSCs and 602 genes expressed in URETCs. (F) Genes
exclusively expressed in uMSCs or uRETCs reveal many kidney-related terms which point to their distinct developmental potential.

value. Recent studies have shown bio-printing?6:2”
and kidney-on-a-chip technology? as improved
means of generating better in vitro models.

Perspectives

Urine is a source of stem cells that can be accessed
non-invasively, with no pain and risk for the patient;
has nearly unlimited availablity; and is cost-efficient.
Urine should be considered as an alternative to
established stem cell sources such as bone marrow
and cord blood. Most importantly, uMSCs and uRETCs
originate from the kidney and, thus, by-pass the need
for donated kidneys. Combined with HLA analysis
and analysis of the patient's CYP variants, the cells
are perfectly suited for individualised drug screening,
dose determination, disease modelling in vitro and
eventually kidney-associated cell therapies.
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Jrom SIX2-positive renal cells isolated from urine of an African male expressing the

CYP2D6 *4/*17 variant which confers intermediate drug metabolizing activity
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Abstract

SIX2-positive renal cells isolated from urine from a S1lyear old male of African origin
bearing the CYP2D6 *4/*17 variant were reprogrammed by nucleofection of a
combination of two episomal-based plasmids omitting pathway (TGFp, MEK and
GSK3p) inhibition. The induced pluripotent stem cells (iPSCs) were characterized by
immunocytochemistry, embryoid body formation, DNA-fingerprinting and karyotype
analysis. Comparative transcriptome analyses with human embryonic stem cell lines H1

and HO revealed a Pearson correlation of 0.9243 and 0.9619 respectively.
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ARTICLE INFO ABSTRACT
Am‘clf history: SIX2-positive renal cells isolated from urine from a 51 year old male of African origin bearing the CYP2D6 *4/*17
Received 29 June 2017 variant were reprogrammed by nucleofection of a combination of two episomal-based plasmids omitting path-

Received in revised form 7 September 2017
Accepted 3 October 2017
Available online 07 October 2017

way (TGFB3, MEK and GSK3f3) inhibition. The induced pluripotent stem cells (iPSCs) were characterized by immu-
nocytochemistry, embryoid body formation, DNA-fingerprinting and karyotype analysis. Comparative

transcriptome analyses with human embryonic stem cell lines H1 and H9 revealed a Pearson correlation of

0.9243 and 0.9619 respectively.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Resource table.

Unique stem cell line HHUUKDI001-A
identifier

Alternative name of ISRM-UM51
stem cell line

Institution Institute for Stem Cell Research and Regenerative
Medicine
Contact information of ~ James Adjaye, James.Adjaye@med.uni-duesseldorf.de
distributor
Type of cell line iPSC
Origin Human

Additional origin info  Applicable for human ESC or iPSC
Age: 51 Sex: Male
Ethnicity if known: African

Cell Source SIX2-positive renal cells isolated from urine
Method of Episomal-based plasmid expressing OCT4, SOX2,
reprogramming NANOG, KLF4, c-MYC and LIN28
Associated disease none
Method of modification n/a
Gene correction NO
Name of transgene or ~ none
resistance
Inducible/constitutive  n/a
system

* Corresponding author.
E-mail address: james.adjaye@med.uni-duesseldorf.de (J. Adjaye).
! These authors contributed equally to the work.

http://dx.doi.org/10.1016/j.s¢cr.2017.10.004

(continued)
Date archived/stock 08.10.2016
date
Cell line n/a
repository/bank
Ethical approval Ethical committee of the medical faculty of Heinrich

Heine University, Diisseldorf, Germany
Approval number: 5704

Resource utility

SIX2-positive renal cells derived iPSCs are more efficient for the dif-
ferentiation into distinct kidney cell types. Furthermore, the African or-
igin and CYP2D6 *4/*17 variant will enable better screening for drugs
and toxicology studies.

Resource details

SIX2 and CD133 positive renal cells (Fig. 1A) isolated from urine of a
51 year old male (UM51) were reprogrammed by nucleofection of a
combination of two episomal-based plasmids (7F1) expressing OCT4,
SOX2, NANOG, LIN28, c-MYC and KLF-4. The resulting iPSC line ISRM-
UMS51 (Fig. 1B) expresses the pluripotency-associated transcription fac-
tors OCT4, NANOG, SOX2 and cell surface markers SSEA-4, TRA-1-60
and TRA-1-81 (Fig. 1C). Pluripotency was further demonstrated by
SSEA4 flow cytometry (Fig. 1E) and also in vitro by embryoid body
(EB)-based differentiation into cell types representative of the three

1873-5061/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Characteristics of ISRM-UM51.
Classification Test Result Data
Morphology Photography Normal Fig. 1 panel B
Phenotype Immunocytochemistry Expression of pluripotency- associated markers: OCT4, NANOG, SOX2, Fig. 1 panel C
TRA-1-60, TRA-1-81 and SSEA4
Flow cytometry Expression of pluripotency marker SSEA4 Fig. 1 panel E
Genotype Karyotype (G-banding) and resolution 46 XY Fig. 1 panel F
150-300 Bd
Identity Microsatellite PCR (mPCR) Not tested -
STR analysis PCR, two sites tested, matched Supplementary
File 1
Mutation analysis (IF Sequencing Not tested -
APPLICABLE) Southern Blot OR WGS Not tested -
Microbiology and virology Mycoplasma Mycoplasma testing by PCR Supplementary
Negative File 2
Differentiation potential Embryoid body formation OR Teratoma Expression of germ layer-specific proteins Ectoderm: Nestin Fig. 1 panel D

formation OR Scorecard

Endoderm: AFP/SOX17

Mesoderm: SMA

Donor screening HIV 1 + 2 Hepatitis B, Hepatitis C Not tested -
(OPTIONAL)

Genotype additional info Blood group genotyping Not tested -
(OPTIONAL) HLA tissue typing A*03:01,33:01 B*08:01,53:01C*04:01/09N,07:02 DRB1*07:01,13:01 -

DQB1702:02,06:03.

germ layers- endoderm (SOX17 and AFP), ectoderm (NESTIN) and me-
soderm (SMA) (Fig. 1D). Chromosomal content analysis revealed a nor-
mal 46, XY karyotype (Fig. 1F). Confirmation of vector dilution in ISRM-
UM51 was carried out by analysing mRNA expression of endogenous
OCT4 (top panel) and exogenous/vector expressed OCT4 (lower panel)
(Fig. 1G). Comparative transcriptome and cluster analysis with the
human embryonic stem cell lines H1 and H9 revealed a Pearson correla-
tion of 0.9243 and 0.9619 respectively (Fig. 1H). DNA fingerprinting
confirmed the origin of ISRM-UM51 based on the primers D1751290
and D21S2055 (Supplementary File 1). A PCR-based Mycoplasma con-
tamination test was negative (Supplementary File 2).

The HLA-genotype of  UM51 is: A*03:01,33:01
B*08:01,53:01C*04:01/09N,07:02 DRB1¥07:01,13:01
DQB1*02:02,06:03. For further functional analysis, the CYP2D6 variant
was determined. CYP2D6 is a highly polymorphic gene, with more
than 70 distinct allele variants. It is involved in the metabolism of nearly
all drugs; genetic variability affects the impact of drugs, which might
lead to deficiencies or toxicity. For individuals with high CYP2DG6 activity
usual drug doses are not sufficient, as medication is degraded quickly. In
contrast, individuals with low or missing CYP2D6 activity normal drug
doses might be toxic. The four distinct CYP2D6 phenotypes are defined
as poor metabolizer (PM), intermediate metabolizer (IM), extensive
metaboliser (EM) and ultra-rapid metaboliser (UM) (Pinto and Dolan,
2011). UM51 has the CYP2D6 *4/*17 genotype conferring an intermedi-
ate metabolizing activity. This knowledge can be used for future person-
alized drug testing, screening and toxicology studies (Supplementary
File 3).

Materials and methods
Cell culture

Approximately 200 ml of fresh urine (UM51) were centrifuged at
400g for 10 min. Thereafter the supernatant was discarded then 2 ml
(in each well of a 6 well plate) of expansion medium consisting of
high-glucose Dulbecco's Modified Eagle's Medium (DMEM) supple-
mented with 1% Penicillin-Streptomycin (Penstrep), 1% Glutamine,
10% fetal calf serum and SingleQuot Kit CC-4127 REGM (Lonza) added
to resuspend cell pellet. The cells were cultured at 37 °C, 5% CO, and
5% O,. This protocol is a modification from Zhou et al. (2011).

ISRM-UM51, HESC-H1 and H9 were cultured in StemMACS iPS-Brew
XF Medium with 1% Penstrep on Matrigel at 37 °C and 5% CO,. All cell
lines were split once per week.

Derivation of iPSCs

Approximately 250,000 SIX2-positive renal cells derived from UM51
were reprogrammed into iPSCs by nucleofection of an episomal-based
plasmid combination (Kobayashi et al., 2008; Yu et al., 2011), but omit-
ting pathway inhibitions: TGFB3/SB431245, MEK/PD0325901 and
GSK3R/CHIR99021. Vector dilution was confirmed by PCR (Fig. 1G)
(Table 1).

DNA fingerprinting analysis

The STR analysis was performed by PCR using primers D1751290
and D21S2055 (Supplementary File 1). Primer sequences are shown in
Table 2.

CYP2D6 genotyping and phenotyping

The assay was carried on genomic DNA outsourced to CeGat GmbH-
Germany (Supplementary File 3). The pharmacogenetics (PGx) profile
(Table A) gives information on a patient's genotype and phenotype
based on tested pharmacogenetic markers. Genotype information is de-
rived from genetic analysis, from which the phenotype can be deter-
mined. The Organization (CPIC or DPWG) indicates where the
genotype/phenotype interpretation is derived from.

Under foreseeable drug-PGx interactions (Table B) are variant phe-
notypes and related drugs for which dosage guidelines exist. Addition-
ally the FDA/EMA drug label contains relevant PGx information
classified as “required, recommended or actionable”. Genetic variants
may influence drug efficacy or the risk of adverse drug reactions,
hence guidelines of drug label recommendations should be considered
when prescribing such drugs.

Embryoid body (EB) formation

To confirm pluripotency of the cultured iPSCs, EB formation was per-
formed. First, iPSCs were cultured normally on Matrigel coated plates
until sub-confluent. The cells were further cultured for a week in a
T25 flask in high glucose DMEM, containing 1% NEAA. Afterwards, EBs
were settled for 3-4 days on a gelatin coated 12-well plate in prepara-
tion for antibody staining. Cells were fixed with 4% paraformaldehyde
(PFA) and immunocytochemistry (ICC) performed. To visualize differ-
entiated cells, markers for all three germ layers were employed. The



Results - Publications

81

M. Bohndorf et al. / Stem Cell Research 25 (2017) 18-21 21
Table 2
Antibodies used for immunocytochemistry/flow-cytometry.
Antibody Dilution Company Cat # and RRID
Flow-cytometry Anti-SSEA-4-PE 1:11 Miltenyi Biotec Cat# 130-098-369, RRID:AB_2653519
Renal progenitor marker SIX2 1:200 Proteintech Group Cat# 11562-1-AP, RRID:AB_2189084
Pluripotency markers CD133 1:500 US Biological Cat# C2514—90B, RRID:AB_2284567Boster Biological; PA2049
Pluripotency markers Rabbit anti-OCT4 1:400 Cell Signaling Technology Cat# 2840S, RRID:AB_2167691
Pluripotency markers Rabbit anti-SOX2 1:400 Cell Signaling Technology Cat# 3579S, RRID:AB_2195767
Pluripotency markers Rabbit anti-NANOG 1:800 Cell Signaling Technology Cat# 4903S, RRID:AB_10559205
Pluripotency markers Mouse anti-Tra-1-60 1:1000 Cell Signaling Technology Cat# 4746S, RRID:AB_2119059
Pluripotency markers Mouse anti-Tra-1-81 1:1000 Cell Signaling Technology Cat# 4745S, RRID:AB_2119060
Pluripotency markers Mouse anti-SSEA4 1:1000 Cell Signaling Technology Cat# 4755S, RRID:AB_1264259
Differentiation markers Mouse anti-Sox17 1:50 R and D Systems Cat# AF1924, RRID:AB_355060
Differentiation markers Rabbit anti-AFP 1:200 Cell Signaling Technology Cat# 2137S, RRID:AB_2209744
Differentiation markers anti-Nestin 1:250 Sigma-Aldrich Cat# N5413, RRID:AB_1841032
Differentiation markers anti-aSMA 1:1000 Dako Cat# M0851, RRID:AB_2223500
Secondary antibodies anti-mouse-Cy3 1:2000 Thermo Fisher Scientific Cat# A10521, RRID:AB_2534030
Secondary antibodies anti-rabbit-Alexa488 1:2000 Thermo Fisher Scientific Cat# A27034, RRID:AB_2536097
Nuclear Co-Staining Hoechst 1:5000 Thermo Fisher Scientific Cat# H3569, RRID:AB_2651133
Primers
Target Forward/Reverse primer (5'-3")
Episomal Plasmids (qPCR) OCT4 Plasmid AGTGAGAGGCAACCTGGAGA/AGGAACTGCTTCCTTCACGA
Fingerprinting D1751290 GCAACAGAGCAAGACTGTC/GGAAACAGTTAAATGGCCAA
Fingerprinting D21S2055 AACAGAACCAATAGGCTATCTATC/TACAGTAAATCACTTGGTAGGAGA
Mycoplasma 16 S rRNA gene GGGAGCAAACAGGATTAGATACCCT/TGCACCATCTGTCACTCTGTTAACCTC

primary antibodies used were incubated overnight at 4 °C; SMA (meso-
derm), SOX17 and AFP (endoderm) and NESTIN (ectoderm). After
washing, secondary antibody (Cy3, Alexa488) incubation followed for
1 h at room temperature (RT). Co-staining was accomplished using nu-
clear Hoechst. Dilutions and companies are shown in Table 2. Images
were captured using a fluorescence microscope (LSM700; Zeiss).

Flow-cytometry and immunofluorescence-based detection of pluripotency
associated proteins

Flow-cytometric analysis using a PE-labelled SSEA4 antibody was
carried out using the CyAn device from Dako. To confirm pluripotency
of the cultured iPSCs, ICC for pluripotency-associated markers was per-
formed. Primary antibodies SOX2, OCT4, NANOG, TRA-1-60, TRA-1-81
and SSEA4 were used. After fixation of the cells with 4% paraformalde-
hyde and blocking of unspecific binding-sites with a self-made blocking
buffer (10% normal goat serum, 1% bovine serum albumin, 0.5% Triton,
0.05% Tween in PBS) the primary antibodies were incubated over
night at 4 °C, followed by secondary antibody (Alexa488, Cy3) incuba-
tion as described above.

Karyotype analysis

Analysis of the karyotype was performed at the Institute of Human
Genetics and Anthropology, Heinrich-Heine-University, Diisseldorf.

Microarray-based transcriptome analysis

Global gene expression analysis was carried out on the Affymetrix
microarray platform. Total RNA (1 pg) preparations and hybridizations
were carried out by the Biologisch-medizinisches Forschungszentrum
(BMFZ), Heinrich-Heine University, Diisseldorf. The dendrogram calcu-
lated using the package affy of the R/Bioconductor software (Gentleman
et al,, 2004).

HLA-genotyping analysis

The HLA-Genotyping of UM51 was performed on genomic DNA iso-
lated from cultured cells as well as on cells derived from a buccal swab
of the corresponding donor. HLA-typing was done at the Institute for
Transplantation Diagnostics and Cell Therapeutics (ITZ) at the Universi-
ty Hospital Diisseldorf which represents an American Society for Histo-
compatibility and Immunogenetics (AHSI) accredited laboratory.
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Part 2: Translational Applications of iPSCs, MSCs and iMSCs in vitro

and in vivo

2.5 Use of Stem Cells in Toxicology

Peggy Matz, Lucas-Sebastian Spitzhorn, Jorg Otte, Marie-Ann Kawala, Julia Woestmann, Hatice

Yigit, Wasco Wruck and James Adjaye

Introduction

Within the context of animal experimentation, the 3Rs are acronyms for replace, reduce,
and refine meaning that animal tests - ordered by priority - should be replaced, be
reduced, or at least take place under the best possible conditions for the animals (refine).
To date, toxicology screens necessitate the use of significant numbers of animals, for
example, the EU program REACH Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH) shall assess the hazard risk of 30,000 chemicals
involving estimated up to 54 million additional animals. Alternative testing strategies in
the spirit of the 3Rs can achieve a reduction to below 10 million animals. Such an
approach is based on human induced pluripotent stem cell (iPSC)-derived cell types for
toxicity testing and drug development. iPSCs have the unique capacity to self-renew in
the undifferentiated state in vitro while maintaining their ability to differentiate into a
broad number of cell types. In addition, iPSCs can be generated from somatic cells of
existing individuals with known genetic characteristics. These iPSC-derived hepatocytes,
cardiomyocytes, or neuronal cells can model in vitro the patient’s genetic disease or
metabolic capability, thereby adding a further dimension to the current toxicity testing
platforms. An iPSC-HLC-based strategy thus allows large-scale studies impossible to
perform in mice, on human primary cell cultures, or from biopsies and also enables
studies on hepatocytes genetically susceptible to drug-induced liver injury as in vitro
models with genotypic relevance for toxicology screening. By employing patient-specific
iPSC-derived hepatocytes, neurons, or cardiomyocytes and systems biology models, we
can find strategies to reduce or -where possible- to replace animal tests. Systems biology

modelling can provide whole-body human toxicokinetic data by in silico and in vitro
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methods assessing absorption, distribution, metabolism, and excretion (ADME)
processes. These human-specific models can partly circumvent drawbacks of animal

models, which cannot fully reflect the human condition.
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Abbreviations

ABC Adenosine triphosphate-binding cassette

AD Alzheimer’s disease

ADME Absorption, distribution, metabolism, and
excretion

AFP o-Fetoprotein

ALK Transforming growth factor beta receptor (TGFBR)
ALS Amyotrophic lateral sclerosis

AP Action potential

aspirin Acetylsalicylic acid

ATP Adenosine triphosphate

bFGF Basic fibroblast growth factor

BMP4 Bone morphogenetic protein 4

CAS9 CRISPR- Associated endonuclease 9

CAT Catalase

CBR Carbonyl reductase

CDA Cytidine deaminase

CHST Carbohydrate sulfotransferase

CRISPR Clustered regularly interspaced short palindromic
repeats

CYP Cytochromes

CYP2D6 Cytochrome P450 family 2 subfamily D
member 6

CYP3A4 Cytochrome P450 family 3 subfamily A member 4
DEX Dexamethasone

DHRS Dehydrogenase/reductase

DILI Drug-induced liver injury

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DNMT DNA (cytosine-5)-methyltransferase

3-D Three-dimensional

EBs Embryoid bodies

EBNA-1 Epstein-Barr nuclear antigen 1

ECM Extracellular matrix

EGF Epidermal growth factor

ESCs Embryonic stem cells

EURL-ECVAM The European Union Reference Laboratory
for alternatives to animal testing

FBS Fetal bovine serum

GSK-3f8 Glycogen synthase kinase 3 beta

GST Glutathione S-transferase

HDAC Histone deacetylase

hESCs Human embryonic stem cells

HGF Hepatocyte growth factor

HIF Hypoxia inducible factor

HIF PHD1 Hypoxia-inducible factor PHD1
HLA Human leukocyte antigen

HLCs Hepatocyte-like cells

ICM Inner cell mass

iHeps Induced hepatocyte cells

iPSCs Induced pluripotent stem cells

iPSC-CM Induced pluripotent stem cell-derived
cardiomyocytes

JLNS Jervell and Lange-Nielsen syndrome
KCNH2 Potassium voltage-gated channel subfamily H
member 2

KLF4 Krueppel-like factor 4

LIN28 Lin-28 homologue A (C. elegans)

LQT2 Long QT syndrome

LSD1 Zinc finger protein

MEA Microelectrode array

MEF Mouse embryonic fibroblast

c-Myc Myelocytomatosis viral oncogene homologue
mRNA Messenger ribonucleic acid

miRNA Micro-ribonucleic acid

MRP Multidrug resistance-associated protein
NANOG Nanog homeobox
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NAT N-acetyltransferase

NES Nestin

NPCs Neural progenitor cells

OCT4 Octamer-binding protein 4/POU class 5
homeobox 1

OECD Organisation for Economic Co-operation and
Development

oriP Origin of plasmid replication

OSM Oncostatin M

PBTK Physiologically based toxicokinetic

PDK1 Pyruvate dehydrogenase kinase 1

PHH Primary human hepatocytes

PPARD Peroxisome proliferator-activated receptor delta
PPARG Peroxisome proliferator-activated receptor gamma
p53 Tumor protein p53

QSAR Quantitative structure—activity relationship
REACH Registration, Evaluation, Authorisation and
Restriction of Chemicals

ROS Reactive oxygen species

RXRA Retinoid X receptor alpha

SERPINA7? Serpin family A member 7

SLC Solute carrier

SOD Superoxide dismutase

SOX2 Sex-determining region Y (SRY)-box 2
SOX17 Sex-determining region Y (SRY)-box 17
SSEA-4 Stage-specific antigene 4

SULT Sulfotransferase

SVM Support vector machine

SV40LT Simian virus 40 large T antigen

TALEN Transcription activator-like effector nuclease
TdP Torsades de pointes

TG-GATE Toxicogenomics database

TGFR Transforming growth factor £

TGP Japanese Toxicogenomics Project consortium
TK Toxicokinetic

TRA-1-60 Tumor-related antigen-1-60

TRA-1-81 Tumor-related antigen-1-81

TRA-2-49 Tumor-related antigen-2-49, alkaline
phosphatase

TUJ1 Neuron-specific class Il B-tubulin, B-tubulin III
UDP Uridine diphosphate

UGT Uridine diphosphate glucuronosyltransferase
WNT3a Wingless-type MMTV integration site family,
member 3a

a-SMA o-Smooth muscle actin
SNP Single nucleotide polymorphism

4.10.1 Introduction

Within the context of animal experimentation, the 3Rs are acronyms for replace, reduce, and refine meaning that animal
tests—ordered by priority—should be replaced, be reduced, or at least take place under the best possible conditions for the animals
(refine). To date, toxicology screens necessitate the use of significant numbers of animals, for example, the EU program REACH
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) shall assess the hazard risk of 30,000 chemicals
involving estimated up to 54 million additional animals. Alternative testing strategies in the spirit of the 3Rs can achieve a reduction
to below 10 million animals. Such an approach is based on human induced pluripotent stem cell (iPSC)-derived cell types for
toxicity testing and drug development. iPSCs have the unique capacity to self-renew in the undifferentiated state in vitro while main-
taining their ability to differentiate into a broad number of cell types. In addition, iPSCs can be generated from somatic cells of
existing individuals with known genetic characteristics. These iPSC-derived hepatocytes, cardiomyocytes, or neuronal cells can
model in vitro the patient’s genetic disease or metabolic capability, thereby adding a further dimension to the current toxicity testing
platforms. An iPSC-HLC-based strategy thus allows large-scale studies impossible to perform in mice, on human primary cell
cultures, or from biopsies and also enables studies on hepatocytes genetically susceptible to drug-induced liver injury as in vitro
models with genotypic relevance for toxicology screening. By employing patient-specific iPSC-derived hepatocytes, neurons, or car-
diomyocytes and systems biology models, we can find strategies to reduce or—where possible—to replace animal tests. Systems
biology modeling can provide whole-body human toxicokinetic data by in silico and in vitro methods assessing absorption, distri-
bution, metabolism, and excretion (ADME) processes. These human-specific models can partly circumvent drawbacks of animal
models, which cannot fully reflect the human condition.

4.10.2 Pluripotent Stem Cells

The focus of this article will be on the application of human pluripotent stem cells, which encompass both embryonic and induced
pluripotent stem cells.

Human embryonic stem cells (hESCs) are derived from the inner cell mass (ICM) of blastocyst-stage embryos. hESCs can be
differentiated into all cell types present in the three embryonic germ layers, endoderm (e.g., cells of the gastrointestinal tract), ecto-
derm (e.g., cells of the nervous system), mesoderm (e.g., cells of the bone and muscle), and also germ cells.

Currently, there are over 400 human embryonic stem cell (hESC) lines established but only a few of these are well characterized
(lines H1 and H9) and used by most laboratories worldwide.'”
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To bypass ethical and moral concerns, scientists searched for alternative ways to derive embryonic stem cell-like cells. Takahashi
and Yamanaka were the first to successfully derive induced pluripotent cells (iPSCs) from mouse fibroblasts. In 2006, they pub-
lished the reprogramming of mouse fibroblasts to iPSCs employing retroviral transduction and coerced expression of transcription
factors, which are normally only expressed in embryonic stem cells.® Shortly after that, two groups managed the reprogramming of
human adult fibroblasts with viral transfection and overexpression of four transcription factors OCT4, SOX2, KLF4, and c-MYC * or
OCT4, SOX2, NANOG, and LIN28.”

To generate iPSCs, transformation is attained by the use of KLF4 and ¢-MYC. ¢-MYC affects p53-dependent apoptosis
in fibroblasts, which is in all probability repressed by KLF4. KLF4 activates p21 and affects proliferation. For this reason,
the balance between ¢-MYC and KLF4 during the reprogramming process is critical. Furthermore, c-MYC enhances the
expression of embryonic stem cell-specific genes by activating histone acetylase complexes. The enforced expression of
¢-MYC and KLF4 can lead to the formation of tumors. Probably OCT4 channels the cell from tumor to induced plurip-
otent cells. OCT4 and SOX2 synergistically activate target pluripotency-associated genes during the reprogramming
process.®”’

The requirement of specified amounts of each transcription factor needed for the reprogramming process is realized in a small
number of transfected cells. This could also be an explanation for the low efficiency of iPSC generation (>1%). Each cell type
needs maybe another combination of factors and different amounts of each factor to achieve higher efficiencies of
reprogramming.’

Induced pluripotent stem cells have the same properties as human embryonic stem cells, which are pluripotency, self-renewal,
and the expression of surface markers such as SSEA-4, TRA-1-60, TRA-1-81, and TRA-2-49 (alkaline phosphatase) and transcription
factors, for example, OCT4, NANOG, and SOX2.*”® Pluripotency is assayed both in vivo by the formation of teratomas when they
are injected into immunodeficient mice and also in vitro by the formation of embryoid bodies (EBs). These EBs have the innate
capacity to differentiate into endodermal lineages (expressing the marker genes SOX17 and AFP), mesodermal lineages (expressing
the marker genes a-SMA and brachyury), and ectodermal lineages (expressing the maker genes TUJ1 and Nestin).* A typical assay to
demonstrate pluripotency in vitro is shown in Fig. 1.

The efficiency of reprogramming human fibroblasts to iPSCs by using retroviruses to transduce OCT4, SOX2, KLF4, and c-MYC is
approximately 0.02%.” The reprogramming of human fibroblasts to iPSCs through transduction of lentiviral constructs carrying
OCT4, SOX2, NANOG, and LIN28 had an efficiency of 0.02-0.0095%.” Both methods are robust due to the fact that numerous
groups have been able to reproduce the protocols. In addition, there are still unresolved problems, such as the random integration
of proviruses into the genome of the reprogrammed cells and the fact that KLF4 and c-MYC are oncogenes that could be reactivated.
These conditions cause a high probability of genomic instability and mutagenesis in iPSCs.'° To enable regenerative medicine appli-
cations in the future, safer reprogramming by using fewer factors with OCT4, SOX2, and KLF4 but omitting c-MYC has been sug-
gested.'' To increase the efficiency of the viral reprogramming method, additional factors have been used such as the viral oncogene
SV40LT, which enhances the efficiency of iPSC generation from fibroblasts by inhibition of p53. It has been demonstrated that the
inhibition of p53 enhances the iPSC generation from human fibroblasts up to 100-fold.'? Furthermore, Wang and Adjaye demon-
strated that transient inhibition of p53 can increase the efficiency of reprogramming human dermal fibroblasts by approximately
sevenfold."’

Over the years, a large number of somatic cell types have been reprogrammed, for example, fibroblasts, keratinocytes,
amniotic fluid cells, and chorionic villi cells.”'*"'” The integration of proviruses into genome of viral-derived iPSCs
is a risk factor for clinical applications in the future.'® To avoid this, nonviral integration protocols have been estab-
lished.’” Additionally, mRNA, miRNA, and protein-based reprogramming have been established as reviewed in Tavernier
et al.””

Nonintegration reprogramming methods are established and standardized. Reagents and kits of various methods are also avail-
able on the market. One can select from the following methods: Sendai viral, episomal, and mRNA transfection. Sendai virus parti-
cles are used to infect the donor cells with RNA, which encode the reprogramming factors OCT4, SOX2, ¢-MYC, and KLF4 without
integration into the host genome.?" The episomal vectors are derived from the Epstein—Barr virus without the viral packaging. These
oriP/EBNA1 vectors contain DNA of the reprogramming factors OCT4, SOX2, NANOG, LIN28A, c-MYC, and KLF4 and express
these independently.””?® In vitro transcribed mRNAs of OCT4, SOX2, LIN28A, c-MYC, and KLF4 have been transfected using
the mRNA reprogramming method.” The mRNA method is the most inefficient and cumbersome protocol for reprogramming
and is not applicable to all cell types. Due to the very short half-life of the mRNAs, daily, up to 7 days transfections are necessary
to induce pluripotent stem cells. However, the main advantage of using mRNA to derive iPSCs is the absence of any exogenous viral
or plasmid DNA in the host genome.””

Recently, numerous studies have been published in demonstrating reprogramming somatic cells with supplementation with
small molecules, in addition to the Yamanaka factors.”®”” Small molecules such as the cyclic AMP analog 8-Br-cAMP, valproic
acid (a histone deacetylase inhibitor), and thiazovivin enhance reprogramming efficiency of human somatic cells.'”'*?° Addition-
ally, there exists a list of small-molecule compounds with the potential for replacing the Yamanaka factors. However, most
compounds to date function more in reprogramming mouse cells.”® Table 1 lists a selection of small molecules, which increase
the efficiency of reprogramming human somatic cells (modified from Lin and Wu 2015).*

In summary, iPSCs are promising in vitro tools for the application in tissue replacement therapies, for the generation of disease
models, and for drug screening and toxicology studies.
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Fig. 1 iPS cells used in embryoid body-based differentiation into the three embryonic germ layers. Induced pluripotent stem cell (iPSC) colonies
(A) express pluripotency-associated transcription factors such as 0CT4 (B) and can be differentiated via embryoid bodies (EBs) (C) into cell types
representative of the three germ layers (D). Immunofluorescence-based detection of expression of alpha-smooth muscle actin («-SMA) identifies the
mesoderm germ layer (D1), Nestin (NES) ectoderm (D2), and SOX17 endoderm (D3).

4.10.3 Induced Pluripotent Stem Cell-Derived Hepatocytes

The liver is the largest internal organ and is responsible for several key bodily functions such as metabolizing glucose and fatty acids
and degradation of exogenous and endogenous toxins. There are several liver-associated diseases such as fatty liver, steatosis, and
hepatitis. A broad range of mechanisms are associated with xenobiotic hepatotoxicity, for example, reactive metabolites, formation
of reactive oxygen species (ROS) and impaired transporter, and cytochrome activities.’”*®
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Table 1 Small molecules used for increasing the efficiency of reprogramming human somatic cells into iPSCs

Signaling pathway or target Name of compound Efficiency Ref
ALK4, ALKS5, ALK7 inhibitors SB431542 ~200-fold 2
cAMP-dependent protein kinase activator 8-Br-cAMP 6.5-fold 20
DNMT inhibitor, histone deacetylase inhibitor RSC133 Threefold 30
GSK-3p inhibitor, LSD1 inhibitor LicL >10-fold 2
HDAC inhibitor Sodium butyrate 100-fold o
HDAC inhibitor VPA >100-fold s
HIF PHD1 and PHD2 inhibitors N-Oxalylglycine 3.5-fold 3
PDK1 activator 5-(4-Chloro-phenyl)-3-phenyl-pent-2-enoic acid (PS48) 15-fold 3
Phosphofructokinase 1 activator Fructose-2,6-bisphosphate Twofold 3
Rho-associated protein kinase inhibitor Thiazovivin ~200-fold %
Rho-associated protein kinase inhibitor Y27632 Improved generation 3
Selective MEK/ERK inhibitor PD0325901 ~200-fold 2
TGF-B inhibitor A83-01 Sevenfold &

Modified from Lin, T.; Wu, S., Reprogramming With Small Molecules Instead of Exogenous Transcription Factors. Stem Cells Int. 2015, 2015, 794632.

Numerous studies have shown that findings in animals cannot be directly extrapolated to human because of species-species
differences.®>” Current available in vitro models such as liver cancer cell lines and primary human hepatocytes (PHH) have been
established to circumvent animal studies.”® Advantages of PHHs are the functional cellular architecture, but unfortunately, these
cells cannot be kept in culture for long periods.’” Primary hepatocytes of course are ideal for appropriate drug and toxicity screens
due to their high metabolic and functional properties.”’ However, there are several shortfalls associated with the use of primary
hepatocytes, among these are variability between donors, low number of donors, and rapid decrease of cell-specific function
in vitro.”> The lack of healthy liver sample donors and the high variability between the samples are shortfalls associated with
the use of primary liver cell. Due to this and the poor expandability, these cells are of limitation for high-throughput drug screening
and toxicological studies. The current available human liver cell models are somehow limited, and thus, it is of prime importance to
find alternatives.*' Generation of hepatocyte-like cells (HLCs) from induced pluripotent stem cells (iPSCs) could circumvent these
drawbacks.***?

Protocols for generating HLCs are based on stepwise differentiation protocols resembling the developmental process in vivo.
Most of these so far developed protocols are dependent on cytokines and growth factors, which try to mirror the partial differen-
tiation stages cells go through to become hepatocytes. The first differentiation stage is the definitive endoderm, which is accom-
plished by supplementation with activin A and in some protocols WNT3a, bFGF, and BMP4. The second stage is the
differentiation into hepatic endoderm, which resembles the bipotential hepatoblast stage in vivo. To attain a certain level of matu-
rity, HGF, OSM, DEX, and insulin are used to advance from the hepatic endoderm to HLC stage. Several protocols for deriving HLCs
in vitro have been published (Table 2).*%*>*¢0-52 Besides the improvement of supplements for derivation of hepatocytes from
iPSC, there are several engineering approaches such as micropatterning, microfluidics, and synthetic biomaterials to improve hepa-
tocyte culture for longer periods.”® Another improvement of iPSC-derived hepatocytes with respect to maturity is culturing in three-
dimensional (3-D) spheroids in contrast to the standard 2-D culture.”® The leading reason why drugs are withdrawn from the
market is the induction of drug-induced liver injury (DILI). HLCs could be powerful in predicting such reactions. Numerous groups
have shown the functional ability of HLCs to metabolize drugs, which makes it possible to use these cells for toxicology studies.””
HLCs can also be used to study host and virus interaction during an infection process like hepatitis C.”” The use of iPSC-derived
hepatocytes can also enlighten risk potentials of drugs for pregnant women and the fetus. Furthermore, it has been demonstrated
that these cells are functional by metabolizing specific drugs although they do not reach the same level of metabolic activity like
primary human hepatocytes, which was also shown on gene expression level.*>~>? iPSC-derived hepatocytes are used for drug
screening and toxicity tests. Using this approach, it is possible to investigate the influence of the genetics of the outcome of different
compounds.”’ For example, it has been shown that HLCs with an SNP in CYP2D6 have a higher persistence to tamoxifen, which is
metabolized by CYP2D6 into toxic products. In parallel, these cells had a higher sensitivity to desipramine, which is detoxified by
this enzyme. Derivation of a panel of HLCs bearing distinct genetic variations and polymorphisms would be a great tool for the
evaluation of specific drug dosages for the particular individual.”® Furthermore, such a panel of HLCs bearing distinct SNPS and
HLA types would be a great tool for high-throughput drug screening and assays on drug metabolism.”® Recently established
methods allow gene editing by CRISPR/Cas9 and TALENs, which could be used for the creation of a pool of genetically distinct
iPSC-derived hepatocytes.*°° Although transcriptome analysis showed that HL.Cs share more genes with fetal liver than with adult
liver (underlining the lack of maturity in those cells), in vitro HLC differentiation can be used to study the molecular pathways
involved in the liver development.

For the future, it will be important to mimic human physiological liver environment in vitro as close as possible to improve the
maturity and function of HLCs and thus ensure a better prediction potential for drug screening and toxicology studies.”® The
number of studies using iPSC-derived hepatocytes is increasing with more improved protocols and approaches that try to mimic
the liver environment. Future research will provide many possibilities for personalized medicine such as specific drug screenings
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Table 2 Overview of protocols used to sequentially differentiate iPSCs into HLCs
Surface Endoderm Hepatic ectoderm Hepatic maturation References
MEF Activin A, albumin fraction V (1 day)  FGF4, BMP2 (5 days) HGF (5 days) 44
Activin A, albumin fraction V, ITS 0SM, DEX (5 days)
(2 days)
MEF Activin A (5 days) FGF4, HGF (6 days) FGF4, HGF, OSM, DEX (9 days) °
Matrigel Activin A (5 days) 2BME, DMSO (7 days) Hydrocortisone 21-hemisuccinate, 46
insulin, HGF, OSM (5 days)
MEF Activin A, albumin fraction V (1 day) ~ FGF2, BMP2 (4 days) HGF, KGF (6 days) 47
Activin A, albumin fraction V, ITS 0SM, DEX, (5 days)
(2 days) 0SM, DEX 2BME (3 days)
Fibronectin Activin A, FGF2, BMP4, LY294002 FGF10 (3 days) FGF4, HGF, EGF (10 days) 48
(3 days) FGF10, RA, SB43452 (2 days)
Matrigel Activin A (5 days) BMP4, FGF2 (5 days) HGF (5 days) 49
OSM (5 days)
Gelatine Activin A, bFGF, LY (3 days) BMP4, FGF10 (4 days) HGF, OSM (19 days) 50
Activin A, bFGF (1 day)
Activin A (3 days)
Fibronectin/Matrigel Activin A, CHIR, PI-103 (1 day) DM3189 IWP2, PD0325901, BMP4 (2 days) o
Activin A, DM3189 (2 days) RA (1 day) DEX, OSM (10 days)
BMP4, A-83-01, IWP2, RA
(3 days)
Matrigel L-Wnt3A-expressing cells (ATCC, BMP4, FGF4 (5 days) HGF (5 days) 52
CRL2647), activin A (4 days) ITS, nicotinamide, NaHCO3, OSM (11 days)
HGF, EGF (6 days)
Matrigel/laminin- Activin A, Wnt3a (3 days) DMSO (1 day) HGF, OSM, hydrocortisone 5

521/laminin-111 (11 days)

to identify the impact of specific genetic alterations for liver function; generation of HLCs from iPSCs from distinct genotypes makes
it possible to evaluate new drugs.®'"®?

4.10.4 Induced Pluripotent Stem Cell-Derived Neuronal Cells

Worldwide, approximately one billion people are currently affected by a brain disorder.”” Neurodegenerative- or
neurodevelopmental-diseased persons suffer from the loss of cognitive function, movement, or muscle strength. Intellectual abil-
ities such as communication and behavior are often impaired. Although neurological diseases are widespread, little is known about
the underlying molecular mechanisms and hence the lack of effective therapies. Studies into neurological diseases are mostly carried
out in animal models and transformed cell lines and tissues from aborted fetuses or poor-quality brain biopsies.*®> Experimental
data obtained from animals and transformed cells are not representative of human neurological function due to the greater
complexity of the human brain and interspecies physiological differences. Furthermore, neurons from different species behave
differently with respect to electrophysiology.®® For example, thalidomide and 13-cis-retinoic acid are well-known human teratogens
but are harmless in murine models.®” °® The sensitivity of the human brain, chemical compounds, environmental changes, and
naturally occurring substances has to be addressed in future studies.

Human induced pluripotent stem cell (iPSC)-derived neurons are more representative of human neural physiology than other
model systems. They can recapitulate the in vivo conditions of neurodegenerative disorders in vitro and provide a promising tool for
drug screening and neurotoxicological tests. In recent years, several neuronal disease models based on patient-specific iPSCs have
been established and described.®”~""

One of the pioneering examples was the establishment of in vitro models of amyotrophic lateral sclerosis (ALS) by differenti-
ation of human embryonic stem cells and iPSCs into motor neurons.®® ® Currently, in vitro drug treatment has shown restoration
of normal distribution of affected protein(s) for several neuronal diseases such as spinal muscular atrophy, Parkinson'’s disease, Rett
syndrome, mucopolysaccharidosis type IIIB, schizophrenia, and Alzheimer’s disease.”’~"> Utilizing iPSC-derived neuronal cells
enables characterization of the effect of potential drugs and toxins on distinct cell types present in the human brain. Therefore,
neuronal differentiation protocols, which are stepwise and produce distinct cell types of the brain (e.g., neural progenitor cells
(NPCs)), represent a tool for neurotoxicity screening assay due to the highly sensitive response to neurotoxins as compared with
other neural lineages.”® So far, neurospheres developed from NPCs have been used to analyze migration, proliferation, viability,
and differentiation of neural cells in the presence of different chemicals. Methylmercury chloride was identified as neurotoxic, which
negatively impacts differentiation into neural cell types and inhibits the migration.””

More effort is needed to realize the promise of human iPSC-derived neurons in enhanced and cost-effective drug discovery and
toxicology test for clinical use. A major obstacle is the low homogeneity and immature phenotype of the iPSC-derived neurons. To
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develop reliable model system for drug discovery, the derivation of homogenous and more mature cell types is necessary in addition
to establishing standardized and optimized protocols.

4.10.5 Induced Pluripotent Stem Cell-Derived Cardiomyocytes

Cardiotoxicity is a major problem not only for drugs targeting heart diseases but also for other compounds that act by systemic
administration. Despite extensive testing with a variety of in vitro and animal models, nearly 40% of all drugs in clinical trials
have to be withdrawn due to unanticipated cardiotoxic effects.®'”® A reliable cardiotoxicity screening identifying adverse side effects
on the cardiovascular system early in the drug discovering process is needed to reduce time and cost in the development of new
compounds.

The action potential of a cardiomyocyte and thereby the overall electric activity of the myocardium originate from the complex
interplay of multiple ionic currents. Every second case of cardiotoxicity-related drug withdrawal is caused by a risk of arrhythmia,”®
namely, an extension of the repolarization of the cell membrane detectable with an electrocardiogram as a prolongation of the QT
interval. This delayed repolarization might cause a life-threatening ventricular arrhythmia termed torsades de pointes (TdP). In this
very aspect of membrane repolarization, animal cardiac physiology relies on different currents making rat, mouse, or guinea pig
an inappropriate model for human drug testing.®’ Not only in addressing safety concerns animal models lack important qualities
but also today’s advanced medicine uses monoclonal antibodies specifically designed against human drug targets.®’

Cardiac physiology is difficult to mimic in vitro; there are high interspecies variation in cardiovascular physiology, which inhibits
efficient preclinical testing. The main disadvantage of human adult cardiomyocytes is the limited proliferation rate, and therefore,
this postmitotic cell type cannot be cultured for the durations needed for drug screenings.*' New hopes for better drug screenings,
diagnostics, and therapeutic options have been raised by induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM). Theo-
retically, they provide an endless source of cardiomyocytes that can be kept in culture also for long-term experiments. Grown as
a monolayer, iPSC-CM fit into two-dimensional assays and embryoid bodies (EBs), which constitute a three-dimensional assay
system. The differentiation of cardiomyocytes from iPSCs is a complicated and multifactorial process. Since the first derivation
of iPSC-CM from mouse iPSCs in 2008 °"*” and from human in 2009,*° many improved protocols have been established
(Table 2).%" Besides recent advantages in the differentiation process, today’s iPSC-CM is still immature and resembles more
a fetal-like phenotype of a cardiomyocyte than a fully mature adult cell type. This immaturity is, among other features, characterized
by an altered current channel density manifesting in the spontaneous release of action potentials due to the less-negative resting
potential of fetal cardiomyocytes.®® Furthermore, the derived population of cardiomyocytes is heterogeneous as it usually consists
of the three major subtypes of an atrial-, ventricular-, or nodal-like phenotype. Differences of these phenotypes manifest in different
morphologies of the action potential and its response to drugs.®"*> However, functional assays such as the treatment with cardi-
oactive drugs (e.g., adrenaline, isoproterenol, and verapamil) can be conducted as iPSC-derived cardiomyocytes show a synchro-
nized response in terms of changes in the contractility and the beating rate.®° Additionally, at the single-cell level, the
intracellular transmembrane potential can be measured with a detailed characterization of electrophysiological effects.*® Even
a higher resolution can be provided by the long-established patch clamp technique allowing the recording of current changes of
single ion channels. On a larger scale, the extracellular field potential is often measured by a microelectrode array (MEA).®” The
MEA technique has been validated for iPSC-CM models showing a reliable detection of drug-induced arrthythmias and changes
in the electric properties.*”*® In addition to electrophysiological effects on cardiomyocytes caused by drug treatment, a contractile
and structural cardiotoxicity (also termed as biochemical cardiotoxicity) is sometimes caused by chemotherapeutics as anthracy-
clines or kinase-targeted cancer drugs like trastuzumab.®’ Cardiotoxic side effects of noncardiac drugs are often not detected in
preclinical or stage I trials. They only become significant during long-term treatment. Furthermore, the aged heart of older cancer
patients might be more susceptible to an adverse reaction.

It has been shown in recent studies that long-term culture of iPSC-CM is possible and this results in increased maturity. A
vascular coculture and newly designed biometrics also applying mechanical and electric forces have generated cardiomyocytes of
higher maturation.**° IPSC lines from patient-derived somatic cells have already been established (Table 3).'°%'°? Critical muta-
tions, like a missense mutation in the KCNH2 gene that causes one type of the long QT syndrome (LQT2), have been analyzed in
functional assays for their response to corresponding drugs. Using MEA analysis, it has been shown that blocking calcium channels
in LQT2 patients with nifedipine lead to a shortening of the AP duration and reduce arrhythmic activity.®''*

Recent breakthroughs in technological possibilities of genome editing using CRISPR/Cas9 and TALEN further allow the specific
insertion or correction of critical mutations.'’’ This will lead to a deeper understanding of cardiac disease and drug-target interac-
tions and hold great promise for preclinical safety testing.

4.10.6 Induced Pluripotent Stem Cell-Derived Organoids

Cellular models based on using distinct cell lines, explanted tissues, or animal models all exhibit several limitations.'**~°° Estab-
lished cell lines are usually immortalized or possess a malignant specimen origin.'°” Due to their long-term cultivation, they acquire
several mutations or contaminations, and these probably limit their true biological relevance.'°*'%’ Furthermore, cell lines that are
cultured in a two-dimensional system are not able to mimic human tissue since cells behave differently due to the lack of cell-cell
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Table 3 Overview of protocols used to sequentially differentiate iPSCs into cardiomyocytes

Differentiation condition Cardiogenic factors Small molecules References
EB formation FBS &
EB—suspension culture FGF2, activin A, DKK1, L-ascorbic acid, SB431542 ot
BMP4
Increased EB formation, forced aggregation FBS/HSA, FGF2, BMP4 Polyvinyl alcohol, 84
L-ascorbic acid
EB—suspension culture FBS L-ascorbic acid 92
Monolayer on gelatin KY02111 %
Monolayer on Matrigel/Synthemax IWP2/IWP4, CHIR99021, SB431542, DMH1 %
Monolayer on Matrigel Purmorphamine, CHIR99021, IWR-1 endo, 9
SB431542
Monolayer on Matrigel/Synthemax L-ascorbic acid, CHIR99021, WNT-C59 %
EB—suspension culture Activin A, BMP4 L-ascorbic acid, IWR-1, blebbistatin 97
Rotated Erlenmeyer flasks CHIR99021, IWP2/IWP4 %
Spinner flask SB431542, purmorphamine, CHIR99021, IWR-1 %
Increased EB formation, forced aggregation FGF2, activin A, BMP4 CHIR99021, IWP2, WNT-C59 100
Patient-derived (JLNS)/genetic engineered-derived,  Activin A, BMP4, (FGF2) CHIR99021, XAV939, (IWP-2) 101
Monolayer on Matrigel/EB formation
Patient-derived (LQT3), EB formation FGF2, activin A, BMP4 Polyvinyl alcohol, L-ascorbic acid, IWP-2 102

JLNS, Jervell and Lange-Nielsen syndrome.

and cell-matrix interactions.'®"'°® Explanted tissues are particularly limited by their availability and their short-term nature.''”

Additionally, primary cell populations can lose their phenotype when they are cultured in two-dimensional systems.'°® In animal
models, the performance of drug tests and modeling of diseases can demonstrate the effect on a complete organism. However,
certain human diseases have been extremely difficult to model in animals due to their anatomical and physiological divergence.'"
In view of these limitations, attempts are being made to generate more relevant in vitro biological model systems.

In the 1960s, small aggregates of dissociated embryonic cells were shown to reconstitute tissues with an architecture resembling
that of the original tissue.''” Recently, this knowledge was applied into several studies, and in 2009, Sato et al. were able to create an
organotypic culture system.''® These gave rise to an epithelium-only organoid based on a single intestinal cell, which was isolated
from murine intestinal crypts. They used Matrigel as an extracellular matrix (ECM) substitute and supplemented the culture
medium with key growth factors of the intestinal stem cell niche, such as WNT, Noggin, R-spondin, and EGF. This culture system,
referred to as the R-spondin method, appeared to be a major technological advance to the stem cell field. These organoids exhibited
near-physiological and self-renewing capabilities and showed similar architecture to the native organ.''> Observing these principles,
organoids resembling tissues such as the eye, gut, breast, pancreas, prostate, liver, kidney, lung, or stomach have been generated by
imitating the specific stem cell niche.'** However, most organoids still lack several key cell types, for example, mesenchymal and
endothelial.'” In addition, they only mimic the very early developmental stages of the organ under investigation.'®* Consequently,
these organoids are still limited for scientific research with respect to the physiology of the whole organism. Nevertheless, organoids
provide an important bridge between traditional in vitro and in vivo models.

Historically, the term organoid was used for all three-dimensional organotypic cultures. Recently, the definition of an
organoid has changed. Organoids have to contain more than one cell type, organized similarly to the modeled tissue, and exhibit
some functions that are specific to the native organ.''® In their review, Lancaster and Knoblich defined organoids as cell clusters that
“containing several cell types that develop from stem cells or organ progenitors and self-organize through cell sorting and spatially
restricted lineage commitment, similar to the process in vivo.”''® Consequently, organoids represent a methodical evolution of an
in vitro system called embryoid body (EB). EBs are three-dimensional aggregates of pluripotent stem cells that undergo initial devel-
opmental specification as almost identical to the pregastrulating embryo and can further differentiate to form various organized
tissues. Nevertheless, not all three-dimensional organoid culture systems make use of an initial EB formation.''” The term spheroid
refers to another traditional three-dimensional culture system. However, spheroids lack the presence of relevant stem or progenitor
cell populations performing self-renewal to sustain the three-dimensional cluster.'°

Self-organization can be realized in organoids due to a growing movement away from the two-dimensional culture, which
particularly relies on an artificial ECM. Here, Matrigel is a common and important component that provides a scaffold and addi-
tional supplementation of signaling cues.''® Laminin, fibronectin, and collagen build a physical framework of tissues and influence
cell behavior.''? Due to the fact that Matrigel is not well defined, it disregards special ECM cues, which are required by different
tissue types.'°® Current developed biotechnologies allow the incorporation of essential signals from native ECMs into synthetic
matrices and produce designer ECMs. These synthetic scaffolds can be constructed from natural macromolecules and synthetic poly-
mers."'” Here, mechanical signaling can be mimicked by a hydrogel that contains technologies like light-mediated patterning.
When exposed to light, photolabile cross-links can undergo local degradation and thereby soften the gel, whereas photoinitiators
will cause local stiffness due to additional cross-linking.'>’ Moreover, three-dimensional bioprinting is a new technique. The ink
comprises a biomaterial with living cells that is precisely positioned in an additive layer-by-layer approach in order to create
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Table 4 Advantages and limitations of three-dimensional organoid culture

Advantages Limitations

Near-physiological model system The lack of native microenvironment

High purity with minimal contributions from other cell types The absence of several key cell types (e.g., mesenchymal, stromal,
immune, neuronal cells)

Can be propagated for a long time without genomic alterations Currently depend on mouse sarcoma-derived Matrigel (precludes
transplantation into human)

Amenable to variety of established experimental techniques for 2-D Inability to mimic in vivo growth factor/signaling gradients in Matrigel

culture systems matrix

Can be derived from multiple sources Organoids in the same culture are heterogeneous in terms of viability, size,

(ESCs, iPSCs, primary cells/tissue) and shape

Limited amounts of starting material can be expanded Inability to address questions regarding the whole organism

Human diseases that are difficult to model in animals can be studied Some tissues still remain resistant to 3-D organoid culture
with patient-derived organoids

Modified from Fatehullah, A.; Tan, S. H.; Barker, N., Organoids as an in vitro model of human development and disease. Nat. Cell Biol. 2016, 18 (3), 246-254.

three-dimensional biological structures that mimic the structure and function of native tissues and organs.'”" By using this method,
researchers were recently able to create a beating heart organoid.'

During organoid formation, several factors such as growth factors and small-molecule-based pathway activators or repressors are
used to assist self-organization by controlling self-renewal and differentiation of stem cells. This is possible by mimicking the
specific stem cell niche that contains ECM and cell-cell interactions and biophysical and biochemical signals.'’® However, cell-
cell and cell-matrix interactions are difficult to control. Microfluidic devices, microbeads, and degradable vehicles in the culture
matrices can deliver soluble growth factors and ligands by forming a gradient through manipulations.'’® '*? Furthermore, an
important consideration in developing functional organoids is permitting sufficient nutrient and oxygen supply. Most attempts
to create in vitro vascularization have been a combination of neoangiogenesis and synthetic scaffolds that are used to create micro-
engineered three-dimensional structures.'”*'** An essential function is the cellular memory that enables the storage of otherwise
transient responses. In this regard, sophisticated memory devices have been a key development to mimic cellular memory via
genomic integrated circuits. Many synthetic circuits have been designed by using digital logic gates, relying on transcriptional
control using activators, repressors, and other novel mechanisms.'*

However, there are still tissues that remain to be resolved in three-dimensional organoid culture; among these is the heteroge-
neous nature of cultured organoids in terms of viability, size, and shape.'05 Regardless, the three-dimensional culture systems of
organoids have advantages over the two-dimensional culture systems but still with some limitations (Table 4).'%

The field of three-dimensional (3-D) organoids derived from human pluripotent stem cells is evolving rapidly, and there are
many possibilities for potential applications (Table 5). The organoids have the potential to model adult homeostasis, and disease
modeling will probably be a primary focus of future organoid-based studies.''® The testing of efficacy and toxicity of drug compo-
nents will be an important aspect, too. This could be applied to organoids that represent models for degenerative conditions. In
particular, the development of, for example, human liver organoids would be of enormous relevance, because the liver often metab-
olizes drugs and animal-based toxicity tests often exhibit other metabolism-related pathways. Therefore, methods to screen

Table5  Application of organoids'®®

Source of tissue Identifying patient-

Understanding Understanding transplantation/therapeutic tailored
Organoid of development of diseases cells drugs
Cerebral cortex X X
Intestine X
Optic cup X
Pituitary gland X
Kidney X X
Liver X X
Pancreas X
Neural tube X X
Stomach X X
Prostate X
Breast X
Heart X X
Lung X X

Modified from Willyard et al. Rise of the Organoids. Nature 2015, 523, 520-522.

Comprehensive Medicinal Chemistry III, Third Edition, 2017, 177-194



94 Results - Publications

Table 6 Already established organoid in vitro models for human diseases

Organoids Types of human disease modeling
Lingual Lingual carcinoma

Taste bud -

Salivary gland Hyposalivation

Esophagus Barrett’s esophagus

Stomach H. pylori infection, cancer
Intestine Cancer, cystic fibrosis, infection model for viral and bacterial infection
Colon IBD, cancer

Liver Alagille syndrome, cystic fibrosis
Pancreas Cancer

Prostate Cancer

Lung Cystic fibrosis

Retina -

Inner ear -

Brain Autism, microcephaly

Kidney -

Reproduced from Fatehullah, A.; Tan, S. H.; Barker, N. Organoids as an in vitro Model of Human Devel-
opment and Disease. Nat. Cell Biol. 2016, 18 (3), 246-254.

components in an in vitro 3-D human liver model are under investigation. This could be a great opportunity as an alternative in the
drug discovery process.'”” So far, several organoid systems have been established, which are associated with human disease
modeling (Table 6).'%

4.10.6.1 Liver Organoids

Primary and adult liver cells are difficult to cultivate, and for decades, laboratory studies have failed to generate vascularized, func-
tional, and complex organotypic cell cultures that resemble native liver.'*® Previous reported three-dimensional hepatic cell clusters
were entirely composed of epithelial structures and lacked complex structures such as blood vessels.'’

The embryonal gastrointestinal tract consists of foregut, midgut, and hindgut.'?’ Each of these regions gives rise to different
tissues and organs. The foregut gives rise to the oral cavity, pharynx, esophagus, stomach, liver, pancreas, and proximal duodenum.
The midgut and hindgut give rise to the distal duodenum, jejunum, ileum, colon, anal canal, urethra, and bladder.'*’ During liver
development, ductal epithelium and hepatocytes arise from liver progenitor cells, referred to as hepatoblasts.’*° In order to attain
maturity, these cells rely on a complex symphony of signals from other nearby cells. This leads to the initiation of human liver-bud
formation in the third or fourth week of gestation.'”® By recapitulating these principals, Takebe et al. were recently able to create
in vitro liver buds via cocultivation of hepatoblasts with mesenchymal and endothelial cells.'? They plated the different cell types
in two-dimensional conditions, and these cells self-organized into macroscopically visible three-dimensional clusters after 2 days of
culture. They detected that the lack of one cell type results in failure of three-dimensional organoid formation. The created organoids
were mechanically stable, could be manipulated physically, and were cultivated for 2 months while exhibiting a higher albumin
production rate compared with traditional two-dimensional cultures. Takebe et al. discovered that the transplantation of these liver
buds into mice led to maturation of the organoids into vascularized and functional human liver. Transplanted liver buds were
capable of rescuing drug-induced liver failure in mice."'?

More advanced methods like 3-D architecture of HLC derivatives in vitro show improvements in experimental outcome. Liver
functions such as urea synthesis and activity of distinct cytochromes were higher in the 3-D organoids than in the 2-D culture
approaches. Furthermore, these 3-D iPSC-derived hepatocyte-like cells (HLCs) were more susceptible for most of the tested drugs
in comparison with the monolayer culture.®” Furthermore, liver-bud-like tissue generation by self-organization of genetically engi-
neered iPSCs is possible. These organoids are able to perform several liver key functions.'*’

Based on these advances, it is evident that three-dimensional organoid culture systems may be suitable not only for disease
modeling, drug test performance, and developmental research but also for cell replacement therapies in the near future.

4.10.6.2 Brain Organoids

The brain is a complex organ. It derives from the neural ectoderm,'*” which gives rise to the neural plate which folds and fuses to
form the neural tube. The neural tube is an epithelium with apical-basal polarity that is organized around fluid-filled lumen that
likely represents the brain ventricles. The axes are built through concentration gradients and because of these axes the epithelial tube
can subdivide into four major brain regions: the forebrain, midbrain, hindbrain, and spinal cord.''® In general, neural stem cells
that are resident next to the ventricles differentiate into neurons.'*’ The neural stem cells expand through symmetric proliferative
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and asymmetric divisions that give rise to self-renewing progenitors and differentiated cell types which migrate to other zones to
generate stratified structures.''® '**

In previous studies, in vitro-derived neural stem cells from pluripotent stem cells were used to better decipher the mechanisms of
neural differentiation.’*” These homogenous neural stem cells were generated in classical two-dimensional culture systems and
could neither show the characteristic apical-basal polarity nor recapitulate the complicated lineage of neural stem cells. To gain
knowledge in this field, protocols for generating neurospheres have been developed.'*® Neurospheres are aggregates of neural
stem cells and have a self-renewing capacity. Though, neurospheres are not well organized and are limited in their capacity to
generate different aspects of brain development.''® Furthermore, neural tubelike structures and the neural rosettes have also
been established. Neural rosettes derive from isolated neuroepithelium or directed differentiation of pluripotent stem cells.'*”'*%
They have the ability to recapitulate apical-basal polarity and exhibit radial organization similar to that of the neural tube. They
show a higher capacity to recapitulate many aspects of brain development including the production of intermediate progenitor cells
and the timed production of layer identities similar to those in vivo.'*” However, the two-dimensional aspect of this method results
in many limitations in modeling the organization of the developing brain; hence, three-dimensional (3-D) culture methods were
established to help overcome some of these limitations.''®'?%!4°~1%¢ These methods have the potential to recapitulate brain tissue
formation. To obtain the 3-D cultures, first, embryoid bodies have to be generated from pluripotent stem cells. Second, after embed-
ding them in Matrigel, which provides an environment that is similar to the extracellular matrix, the embryonic bodies exhibit an
outgrowth of large buds of neuroepithelium. These buds have the ability to expand and develop into various brain regions. The
cerebral organoids can reach the size of a few millimeters and can be further maintained for over a year by using a bioreactor
that provides sufficient oxygen and nutrient supply.''®'** Cerebral organoids are able to mimic the development and disease condi-
tions.'*® Furthermore, they offer potential for drug testing and even future organ replacement strategies.'*® However, like all in vitro
systems, the method does not contain all crucial factors necessary for proper brain development. The surrounding embryonic tissues
that have great importance on the interplay of neural and nonneural tissue are missing.'*’

4.10.6.3 Heart Organoids

Heart organogenesis and morphogenesis are complex anatomical processes. In the adult heart, myocardial cells are generated from
mesodermal precursors during the embryonic period of heart growth.'*” Distinct signaling pathways lead to the formation of the
first and second heart fields and afterward to the four-chambered heart.'*®~'°° After the forming of the early heart shape, some
mesodermal cells from the proepicardium build the epicardium, which is a single layer of cells that envelope the heart.'*" Then,
epicardial cells become migratory mesenchymal cells and enter the underlying myocardium and differentiate.'*”

There are three main points to consider, that is, scaffold, cell sources, and signaling factors, when generating three-dimensional
(3-D) cardiac tissue for use in cardiovascular therapy or toxicological testing.'*” The differentiation of pluripotent stem cells into
cardiomyocytes follows a distinct developmental lineage after mesoderm induction. Generating organoids involve mimicking
the 3-D setting of an evolving embryo using embryoid bodies as intermediates.'>” These aggregates of cells are exposed to various
growth factors and hypoxic environment for initiating the developmental processes. Other scaffold-free constructs are used by a rela-
tively new developed method: the cell sheet engineering technique. There, a temperature-responsive culture surface is used that
detaches myocardial layers as a confluent sheet. This is achieved by lowering the temperature, which then results in the stacking
of myocardial layers to produce a 3-D cardiac construct.'”® The monolayers can rapidly attach and form cell-cell connections.
However, the thickness of the 3-D construct is limited to three layers.'” In contrast to the use of embryonic bodies and the cell
sheet engineering technique, a scaffold can be used to obtain organoids via other pathways. A scaffold represents the structural plat-
form for a new cellular microenvironment and supports new tissue formation. It provides cell attachment, migration, differentia-
tion, and organization.'*>> Biometric scaffolds are made of natural or synthetic polymers or hybrid copolymer and are similar to the
native components of the extracellular matrix.'* In general, biometric scaffolds should not be immunogenic but mechanically
stable. They should mimic cardiac tissue flexibility and allow physiological electric propagation and sufficient oxygen and nutrient
delivery to the cells and a degradation rate that is appropriate to the rate of native extracellular matrix replacement.''”'>” The
biometric scaffolds are used alone or in combination with cells.'**~'°! To gain success, the selection of cell types and scaffold mate-
rial and the incorporation of bioactive molecules and bioreactors should be noted.'*” Another method for generating a 3-D cardiac
tissue is the decellularization. Therefore, the success of this depends on specific requirements of the application as high density, high
pressure, and stiffness.’®'®®> The commonly used methods are microwave radiation and chemical, enzymatic, mechanical, and
physical separation. The combination of physical, chemical, and enzymatic methods leads to better results in the decellularization
process in whole organ and small tissues in cardiac applications.'®*'® In order to decellularize and recellularize an organ to serve as
a scaffold, detergent or an enzymatic solution is first used to remove cellular material and then the stem cell of choice is applied to
repopulate the scaffold in the presence of an appropriate culture environment.'*”

4.10.7 Use of Induced Pluripotent Stem Cells for Toxicogenomics
Toxicogenomics—an interdisciplinary between toxicology and genomics—is concerned with identification of potential human and

environmental toxicants and their putative mechanisms of action through the use of genomic resources.'®® Measurements on the
proteome, genome, and transcriptome level target at the prediction of toxicity, the finding of biomarkers, and the detection of
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genetic variants associated with higher predisposition to toxicity. A broader concept of toxicogenomics also includes metabolo-
mics.'®” A plethora of studies have demonstrated the advantages of the toxicogenomic approach.'®® For instance, McBurney
et al. proposed a systems toxicology approach to discover toxicogenomic biomarkers to detect a drug’s potential for human idio-
syncratic drug-induced liver injury and could show that the molecular analyses employed in the study were detecting substantial
“off-target” markers.'®® Ellinger-Ziegelbauer et al. could distinguish genotoxic carcinogens from nongenotoxic carcinogens via a tox-
icogenomic approach employing gene expression profiles from treated rat liver.'”® Based on the gene expression profiles and
a support vector machine (SVM), classifiers of the carcinogens were determined in what would have usually required a 2-year eval-
uation with rodent lifetime bioassays. Obviously, in toxicogenomics, the accessibility of a large amount of existing toxicological
information plays an important role. Hence, there is a need for databases making this knowledge accessible to the community
and integrating newly acquired knowledge. Here, as an example, the Japanese Toxicogenomics Project consortium (TGP) provides
a large-scale toxicogenomics database (open TG-GATEs) consisting of data from 170 compounds (mostly drugs) with the aim of
improving and enhancing drug safety assessment.'’' The database (http://toxico.nibio.go.jp/english/index.html) comprises data
and metadata including gene expression profiles and pathology and is freely available.

Although toxicity can affect various tissues such as neurotoxicity or kidney toxicity, the liver as a key metabolic organ plays
a major role for toxicity studies. Most drugs promote their own metabolism by upregulating the enzyme systems responsible for
their activation (phase I) and conjugation (phase II) to biochemical forms that can be excreted in bile or urine. The majority of drugs
that are metabolized by the liver through such detoxification pathways induce particular subsets of cytochromes (CYP) P450.'”” The
most ubiquitous of these, CYP3A4, is responsible for metabolizing a large fraction of hepatotoxic drugs, and indeed, CYP3A4 induc-
tion can be used as an index of exposure to them. The Adjaye group demonstrated the expression of cytochrome P450 family
members in induced pluripotent stem cells (iPSCs) and embryonic stem cell (ESC)-derived hepatocyte-like cells, and others
have shown the prediction of interindividual differences in hepatic functions and drug sensitivity by using human iPSC-derived
hepatocytes.”*>*>%'73 These studies among others have provided evidence that human iPSC-derived hepatocytes can be used as
an in vitro hepatocyte model for use in pharmacology and toxicology. Fig. 2 shows expression of the drug-metabolism-associated
absorption, distribution, metabolism, and excretion (ADME) genes in iPSCs differentiated into hepatocytes, cardiomyocytes, and
neurons, 71100174 The iPSC-based strategy is also exploited by companies by providing human iPSC-derived hepatocyte cells
(iHeps) for use in toxicology screening and studies.'””> The ADME genes have been shown to be associated with drug metabolism
and can be grouped into four distinct categories (http://www.pharmaadme.org/):*

1. Phase I metabolism enzymes: CYP, DHRS, and CBR

2. Phase II metabolism enzymes: GST, SULT, UGT, CHST, and NAT, which are responsible for the modification of functional
groups and the conjugation with endogenous moieties

3. Transporters: SLC, ABC, and MRP, which are responsible for the uptake and excretion of drugs in and out of cells

4. Modifiers: CAT, CDA, RXRA, PPARG, PPARD, SOD, and SERPINA7, which can have dual functions, that is, regulate the
expression of other ADME genes or modulate the biochemistry of ADME enzymes

ADME genes can be employed to derive parameters from in vitro models, which can be combined with toxicokinetic (TK)
parameters from in vivo models, which increasingly can be derived from physiologically based toxicokinetic (PBTK) modeling.'”
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Fig. 2 Gene expression analysis of the ADME genes in iPSCs differentiated into cell types representative of endoderm, mesoderm, and ectoderm.
The heatmaps represent genes encoding the core ADME enzymes based on the transcriptome data sets of iPSC- and ESC-derived HLCs (A),** car-
diomyocytes (B),'°° and neurons for Alzheimer's disease models (C'”* and D).”" The ADME genes have been shown to be associated with drug
metabolism (http://pharmaadme.org/joomla/index.php?option=com_content&task=view&id=14&Itemid=29)." Color bars: biue, iPSC-derived
neuron from AD; red, iPSC-derived neuron from healthy control; /ight blue, iPSC from AD; green, iPSCs from healthy control; black, fetal brain.
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ADME-derived parameters depend on the tested chemicals and can be integrated with chemical-independent physiological and
anatomical information in PBTK models to simulate TK profiles. Employing quantitative structure-activity relationship (QSAR)
models and in vitro methods, ADME parameters can be determined. PBTK models are valuable tools for extrapolating in vitro
results either interspecies or interindividuals and thus are gaining importance in toxicity testing.

4.10.8 The 3Rs

The 3Rs are first mentioned in a report by Russell and Burch originally published in 1959 and are acronyms for replace, reduce,
and refine.'”® The first R means that as far as possible, animal tests should be replaced. If that is not possible, they should be
reduced, and if that is also not possible, the experiments should at least take place under the best possible conditions for the
animals (refine).

To date, toxicology screens necessitate the use of significant numbers of animals. In the EU program Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH), the hazard risk of 30,000 chemicals shall be assessed, which had not
been tested before. This testing of chemicals required under the REACH regulations has been variously estimated to require up
to 54 million additional animals, therefore necessitating the development of alternative testing strategies (http://ec.europa.eu/
enterprise/sectors/chemicals/reach/index_en.htm), which could achieve a reduction to below 10 million animals.'””

3R approaches could tackle this problem by employing patient-specific iPSC-derived hepatocytes, neurons, or cardiomyocytes in
order to reduce or—where possible—to replace animal tests. In a strategy paper, the European Union Reference Laboratory for alter-
natives to animal testing (EURL-ECVAM) outlines the possible use of physiologically based toxicokinetic (PBTK) models for toxi-
cological tests with respect to the 3Rs.'”> These models have the potential to provide whole-body human toxicokinetic data by
in silico and in vitro methods assessing ADME processes. Standardization and an infrastructure for these methods are important
issues that when properly solved, could leverage their acceptance and use, thus leading to a more efficient use of available human
and animal data. Hofer et al. mention the importance of databases and data management to ensure a more ubiquitous accessibility
of existing data.'”” Adequate data management strategies are an issue for many scientific disciplines where large amounts of data are
generated and, in particular for modern biology disciplines such as toxicogenomics and systems biology, where novel techniques
produce data in high throughput.'”®

Predictions based on animals models not always reflect the human reactions but instead display sometimes qualitative and also
quantitative differences in their physiology and metabolism; for example, animal test data for acetylsalicylic acid (aspirin) demon-
strated that it could cause severe problems in rats but it is harmless to humans.'””~'? Would these animal experiments have been
used to test the safety of aspirin, it may not have been permitted for clinical trials. Already in 1988, Lave et al. criticized the reliability
and the cost-effectiveness of rodent models for carcinogenicity testing.'®* The report Toxicity Testing in the 21st Century: A Vision and
a Strategy released by the US National Academy of Sciences envisioned toxicity testing firmly based on human biology and thus
reducing animal testing.'®* Computational models would simulate dose-response behavior and extrapolate in vitro results to
in vivo human blood and tissue concentrations. Thus, human relevance of test results would be increased.

However, a full replacement of animal tests at the moment is not feasible as the models still cannot fully reflect the in vivo reality.
This is demonstrated by the demand for animal tests in most guidelines for toxicity testing, for example, the Organisation for
Economic Co-operation and Development (OECD) guidelines for the testing of chemicals. In general, guideline methods such
as OECD TGs 417 and 427 are based on animal tests.'”>"'#>'%¢ Only OECD TG 428 for the in vitro method for skin absorption
is an exception.'®” However, with the continuous improvement of the toxicological models, replacement can be envisioned as
a long-term goal, and meanwhile, the two other Rs—reduction and refinement—should be followed as far as possible.
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2.6 Liver Disease Modelling

Nina Graffmann, Lucas-Sebastian Spitzhorn, Audrey Ncube, Wasco Wruck and James Adjaye

Abstract

This chapter describes how in vitro generated hepatic cells that are derived from induced
pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs) can be used for modelling
liver disease.

We will introduce you to the essential liver functions and the different cell types in the
liver. You will learn how the liver develops in vivo and how this is reflected in in vitro
differentiation protocols. We will present you a widely used protocol for in vitro
differentiation of iPSCs into hepatocyte-like cells (HLCs) and will then discuss
advantages and disadvantages of iPSC derived hepatic cells for disease modelling. Next,
we will introduce in vitro models for several diseases affecting hepatic cells or
manifesting primarily in distant organs. You will learn how these models can be used to
improve our knowledge of these diseases and to test novel treatment strategies.

Finally, we will demonstrate the use of bioinformatic tools to systematically analyse

transcriptome data related to these disease models.
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What You Will Learn in This Chapter

This chapter describes how in vitro generated hepatic cells that are derived from induced
pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs) can be used for modelling liver
disease.

We will introduce you to the essential liver functions and the different cell types in the
liver. You will learn how the liver develops in vivo and how this is reflected in in vitro differ-
entiation protocols. We will present you a widely used protocol for in vitro differentiation of
iPSCs into hepatocyte-like cells (HLCs) and will then discuss advantages and disadvantages
of iPSC derived hepatic cells for disease modelling. Next, we will introduce in vitro models
for several diseases affecting hepatic cells or manifesting primarily in distant organs. You
will learn how these models can be used to improve our knowledge of these diseases and
to test novel treatment strategies.

Finally, we will demonstrate the use of bioinformatic tools to systematically analyse
transcriptome data related to these disease models.

11.1 The Functions of the Liver

The liver is a versatile organ involved in many essential metabolic processes in the body
and its high secretory activity classifies it as the biggest gland. One of the liver’s main func-
tions is the storage and release of micro- and macro-nutrients according to the needs of
the body. It is capable of synthesizing, storing and breaking down the main energy sources
for the body, namely glucose and fatty acids. Under the control of the insulin counterpart
glucagon -a hormone which signals low blood glucose levels to the liver- it produces glu-
cose either out of stored glycogen or by gluconeogenesis, thus providing a constant energy
supply to the body and especially the brain (Rui 2014). Fatty acids which are derived either
from the diet or from lipolysis taking place in adipocytes are taken up by the liver and
stored as triacylglycerides in lipid droplets. From there, they can be released into the blood
or they are used directly for energy generation via f-oxidation (Rui 2014).

In addition, the liver synthesizes and secretes many proteins, e.g. albumin -the major
blood protein -, clotting factors, and factors related to immune reactions (Barle et al.
1997). It also produces bile acids which are stored in the gall bladder and released into the
gut after food uptake (Chiang 2013). Furthermore, the liver plays a major role in detoxifi-
cation of natural and synthetic compounds. Protein catabolism takes place in the liver and
toxic ammonia originating from this process is transformed into urea which can be safely
excreted (Mian and Lee 2002). In addition, the large family of cytochrome P-450 (CYP)
enzymes is responsible for detoxifying a plethora of molecules, including drugs (Danielson
2002). In the latter case, CYP enzymes are not only needed for detoxification but also to
generate the metabolically active form of the drug in the first place (Danielson 2002).

11.2 Cell Types in the Liver

The liver performs versatile functions and has an intricate architecture essential for this
role. The adult human liver is composed of four lobes which consist of many small func-
tional units, the so-called liver-lobules (Kruepunga et al. 2019).

About 70% of the cells in the liver are hepatocytes which are responsible for the meta-
bolic and de-toxifying functions of the liver. Due to the anatomy of the liver lobule, the
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oxygen level of the blood that passes the hepatocytes decreases from the periphery to the
centre of the liver lobules and this is accompanied by functional alterations of the hepato-
cytes. Periportal hepatocytes are more active in oxygen consuming tasks like f-oxidation
of fatty acids and they are involved in gluconeogenesis and glucose delivery, while perive-
nous hepatocytes perform glycolysis, and metabolize drugs with their active CYP enzymes
(Hijmans et al. 2014; Kietzmann 2017).

Cholangiocytes are the second characteristic cell type in the liver (Tabibian et al. 2013).
They line the intra-hepatic bile ducts and modify primary bile as it flows towards the gall
bladder by transporting ions, solutes, and water across their membranes (Tabibian et al.
2013).

In addition to these so-called parenchymal cells, the liver consists of several non-
parenchymal cells as well. These are sinusoidal endothelial cells which line the small blood
vessels inside the liver (Wisse et al. 1996), Kupfter cells which belong to the macrophage
lineage (Bilzer et al. 2006), and hepatic stellate cells, a population of mesenchymal stem
cells (MSCs) which store retinoic acid and fat soluble vitamins and play an important role
during liver regeneration and fibrosis (Bansal 2016; Kordes et al. 2014).

As the liver performs many distinct functions, it is also affected by a wide variety of
diseases, ranging from genetic disorders affecting either hepatocytes or cholangiocytes
themselves or peripheral organs which lack proteins synthesized by the liver to metaboli-
cally induced diseases as for example steatosis, fibrosis, cirrhosis or hepatocellular carci-
noma. Currently, there are approximately 29 million people in the European Union
afflicted with chronic liver diseases (Blachier et al. 2013). In order to further increase our
meagre knowledge on the development and treatment options of these diseases, in vitro
models based on hepatocyte-like cells (HLCs) derived from induced pluripotent stem
cells (iPSCs) have emerged as tools for studying the aetiology of these diseases.

11.3 Liver Development in vivo

All in vitro differentiation protocols are based on insights from development in vivo. In
human, the onset of liver development is within the third week of gestation, when the
endoderm emerges from the anterior primitive streak (Gordillo et al. 2015; Lemaigre
2009; Zorn 2008). Driven by WNT3A and high levels of Activin/Nodal signalling, cells
specify towards definitive endoderm (DE) and migrate towards the anterior of the embryo.
Nodal signalling induces the expression of the endoderm-associated transcription factors
SOX17 and FOXA1-3 (Tsankov et al. 2015). Afterwards, the DE cells form a tube com-
prising the foregut, hindgut and midgut, which become specified according to gradients
of BMP2/4, FGE, and WNT secreted by the adjacent mesoderm cells (Dessimoz et al.
2006; McLin et al. 2007; Tiso et al. 2002). Only low to intermediate concentrations of these
factors induce foregut development. Foregut cells then develop into liver, whilst also giv-
ing rise to the ventral pancreas, stomach, lungs and thyroid (Gordillo et al. 2015; Lemaigre
2009; Zorn 2008).

Between day 23 and 26 of human development, the liver diverticulum arises from the
ventral foregut adjacent to the cardiac mesoderm (Gordillo et al. 2015; Lemaigre 2009;
Zorn 2008). This process is guided by FGF signalling from the cardiac mesoderm and
BMP2/4 signalling from the septum transversum while low levels of WNT signalling are
required. At this point the cells specify into hepatic endoderm (HE). Next, the monolayer
of HE cells develops into a multilayer of hepatoblasts -bipotential cells that can develop

11
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into hepatocytes or cholangiocytes. They form the so called liver bud by invading the
septum transversum. Hepatoblast proliferation and migration is promoted by hepatocyte
growth factor (HGF) signalling (Bladt et al. 1995; Michalopoulos et al. 2003; Schmidt et al.
1995).

Hepatoblasts express beside the fetal liver characteristic protein a-fetoprotein (AFP)
and the more general factors hepatic nuclear factor (HNF) 4a and cytokeratin (CK) 18
also albumin (ALB) which is characteristic for mature adult hepatocytes. In addition, they
express markers characteristic for cholangiocytes e.g. CK19. They start differentiating into
hepatocytes and cholangiocytes between day 56-58 of gestation. A gradient of TGEp,
Notch, WNT, BMP, and FGF signalling from the portal vein area to the periphery is
responsible for driving the cells into one of the two fates (Antoniou et al. 2009; Raynaud
et al. 2011). Cholangiocyte precursors reside at the so-called ductal plate which is located
next to the portal vein. Under the influence of the above mentioned cytokines, especially
Notch2, they mature into cholangiocytes, bud off from the ductal plate (which eventually
regresses) and form tubules (Antoniou et al. 2009; Raynaud et al. 2011). Cells at the
periphery of this signalling gradient develop into hepatocytes (Raynaud et al. 2011). This
process is guided by glucocorticoid hormones in combination with the liver specific cyto-
kines oncostatin M (OSM) and HGF as well as WNT (Kamiya et al. 2001; Michalopoulos
et al. 2003).

11.4 Invitro Hepatocyte Differentiation

Obtaining liver biopsies of healthy adult primary human hepatocytes (PHH) or cholan-
giocytes for in vitro studies is complicated due to ethical issues and the fact that healthy
individuals rarely undergo liver biopsies. Thus, in almost all cases the biopsies will be from
a diseased individual. An even stronger obstacle for using these cells for in vitro models is
the fact that they immediately start to dedifferentiate in cell culture which precludes any
long term experiments (Godoy et al. 2016).

Therefore, many research groups have developed protocols for the differentiation of
ESCs and iPSCs into hepatocyte-like cells (HLCs) or cholangiocyte-like cells (CLCs)
based on our knowledge of signalling pathways active during liver development (Agarwal
et al. 2008; Graffmann et al. 2016; Hannan et al. 2013; Jozefczuk et al. 2011; Matz et al.
2017; Sauer et al. 2014; Sgodda et al. 2017; Sgodda et al. 2013; Si-Tayeb et al. 2010; Siller
et al. 2015; Wang et al. 2017).

There are many laboratory-specific variations of a common core protocol for HLC
differentiation such that we cannot explain all in detail in this book chapter. We will focus
on the common scheme used in one of these protocol types. Besides HLC differentiation,
numerous laboratories have also established protocols for CLC differentiation, however,
this is not the subject of this chapter (Dianat et al. 2014; Ogawa et al. 2015; Sampaziotis
etal. 2017).

Most HLC differentiation schemes are based on the three major steps of differentiation
DE, HE and HLC stage (B Fig. 11.1).

Step 1: From iPSCs to DE

In the first step, iPSCs are directed towards DE by Activin A and WNT signalling. The
latter can be either induced by directly adding WNT3A to the medium of by inhibiting
GSK3p with CHIR99021 and thus activating p-catenin which enters the nucleus and initi-
ates a WNT-specific transcriptional program.
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iPSCs
single cells

200.nm
Bl
DE-Medium HE-Medium HLC-Medium

RPMI 1640 96% KO-DMEM 77.5%]|| L-15* 82%
B27 (w/o RA) 2% KO-SR 20% || FBS* 8%
Glx 1% Glx 0.5%]| Broth* 8%
P/S 1% P/S 1%]| Glx 1%
2-Mercaptoethanol ~ 0.01%/| P/S 1%

Day 1-3: Activin A 100 ng/ml|| DMSO 1% || Insulin 1TuM
Day 1 :Chir99021 2.5uM HGF 10 ng/ml
DEX 25 ng/ml

*Alternative: 98% HepatoZYME-SFM

@ Fig. 11.1  Invitro differentiation of iPSCs into HLCs. Upper lane: Bright-field images demonstrating
the changes in morphology during the differentiation process. Middle lane: Immunocytochemistry
confirming the expression of characteristic markers for the respective state. Lower lane: Medium
composition for each step (Graffmann et al. 2016)

At this stage, some groups additionally modulate FGF2 and/or BMP4 signalling to
reduce self-renewal and increase differentiation. After 3-5 days of high proliferation
accompanied by substantial cell death, the cells develop the typical petal like shape of
DE. Successful accomplishment of this step can be confirmed by staining for the endo-
derm specific transcription factor SOX17 or for the surface marker CXCR4.

Step 2: From DE to HE

In the next step, HE is induced by adding DMSO to the medium for 4 days. In addi-
tion, it is possible to also include BMP2 or 4 and/or FGF4 or 10. The morphology of the
cells further changes and they acquire a polygonal shape which is characteristic of hepato-
cytes. At this stage they express the hepatic transcription factor HNF4a and sometimes
even the early hepatocyte marker AFP.

Step 3: From HE to HLCs

Differentiation into HLCs is promoted by HGF, dexamethasone, and insulin. At this
stage most protocols include also OSM, although this has been strongly questioned
recently. While early data suggest that OSM is needed for differentiation and especially
albumin secretion (Kamiya et al. 1999, 2001), recent studies indicate that differentiation
efficiency is not reduced in the absence of OSM (Sgodda et al. 2017).
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Overall, HLCs usually appear 12-15 days after the start of differentiation. However,
maturation increases till about day 21 and in most instances cells start to de-differentiate
beyond this period. Mature HLCs are positive for CK18, ALB, E-Cadherin, as well as
many more hepatocyte markers (Agarwal et al. 2008; Graffmann et al. 2016; Matz et al.
2017). In addition, they express AFP which is not detectable in adult primary hepatocytes
and thus classifies the in vitro cells as more fetal. HLCs also have functional activities. They
synthesize urea, uptake and release indocyanine dye and store glycogen. In addition, some
of the CYP enzymes are active, especially the more fetal ones (Cameron et al. 2015;
Graffmann et al. 2016; Hay et al. 2011; Matz et al. 2017).

Numerous factors besides the medium have an influence on the success of the differ-
entiation. In earlier protocols, cells were seeded onto matrigel coated dishes for the dif-
ferentiation process. However, these days a 1:3 mixture of Laminin 521 and 111 is preferred
as this increases differentiation efficiency and is a step towards a xeno-free protocol
(Cameron et al. 2015). In all cases it is important to maintain the cells at a high density, in
order to prevent them from developing into large and granular endoderm-derived epithe-
lial cells of unknown function (Graffmann et al. 2018).

Overall, HLCs in 2D cultures lack maturity and therefore it is the “Holy Grail” in this
field of research to direct the cells towards a more adult phenotype similar to liver-biopsy
derived mature hepatocytes. 3D cultures are very promising to achieve this stage of maturity.
They comprise methods where cells are embedded in a collagen sandwich (Gieseck et al.
2014) as well as techniques with floating hepatic organoids under constant agitation or stir-
ring (Sgodda et al. 2017). Finally, it is possible to include other cell types in the organoid in
order to mimic the in vivo structures with sinusoids and mesenchymal cells (Camp et al.
2017; Nie et al. 2018).

11.5 Advantages and Disadvantages of Modelling Liver
Diseases with iPSC Derived Cells

Disease modelling with in vitro derived HLCs or CLCs is still in a relatively early phase
and there is no consensus model that can be used for all diseases. Rather, every laboratory
has optimized their models in order to fit best for the disease under investigation. Despite
this heterogeneity, there are many advantages of iPSC derived liver cells for disease model-
ling over traditional ways, which include animal models, transformed cancer cell lines,
and primary human hepatocytes (PHH) (8 Table 11.1).

O Table 11.1 Advantages and disadvantages of iPSC derived hepatic cells for disease modelling

Advantages Disadvantages

iPSCs are available from all genetic backgrounds Differentiated cells resemble
Minor risks for the patient the fetal instead of the adult
Limited ethical considerations state

Unlimited expansion of cells, unrestricted availability of cells Ageing effects are diluted out
Differentiation into distinct tissues/cell types from one donor during reprogramming
Increased lifetime of in vitro derived HLCs over primary Epigenetic memory influences
hepatocytes differentiation efficiency

Multifactorial diseases can be analysed



Results - Publications 111

195 1 1

Liver Disease Modelling

11.6 Examples of Liver Diseases Modelled with iPSC
Derived Hepatic Cells

11.6.1 Liver Diseases That Affect Hepatocytes

In recent years, several diseases have been modelled with iPSC derived hepatic cells, how-
ever, we can only present a selection of these in this chapter.

11.6.1.1 Steatosis

Steatosis is a metabolic disease which is associated with the accumulation of fat within hepa-
tocytes. Steatosis or fatty liver generally has two distinct aetiologies: Alcoholic liver disease
is triggered by high and regular intakes of alcohol, while nonalcoholic fatty liver disease
(NAFLD) depends on imbalances between calorie intake and expenditure. Since obesity as
well as insulin resistance lead to chronic inflamed adipocyte tissue, they are the major risk
factors which promote NAFLD. In later stages this disease can lead to steatohepatitis
(NASH), liver fibrosis, cirrhosis and cancer (Basaranoglu et al. 2013; Perry et al. 2015).
Besides nutrition and alcohol drugs (e.g. valproic acid, tetracycline, amiodarone) are also
crucial factors for steatosis development (Szalowska et al. 2014). Although there are some
mice models, they fail to recapitulate all aspects of the disease since the murine metabolism
reacts differently upon diet changes compared to the human setting which does not allow to
analyse all levels of the disease in a single mouse model (Machado et al. 2015; Takahashi
etal. 2012).

In vitro modulation of this condition was done by generation of iPSC derived HLCs.
Upon addition of oleic acid these HLCs incorporated fat leading to changes in the
expression of metabolic associated genes and upregulation of lipid associated proteins
(Graffmann et al. 2016).

Being a multifactorial disease, NAFLD is not caused by a single mutation. In this set-
ting it is of particular interest to study the mechanisms underlying the disease in HLCs
derived from a variety of patients in order to identify common disease associated path-
ways (Jozefczuk et al. 2012).

11.6.1.2 Hepatitis B/C

Even-though vaccination and therapy against hepatitis B virus (HBV) have been devel-
oped, approximately 260 million people are affected with chronic infection leading to a
variety of outcomes. In some cases, the patient is symptom-free in other cases liver cir-
rhosis or hepatocellular carcinoma ensue (Revill et al. 2016; Zeng et al. 2008).

Apart from man only chimpanzees are fully susceptible for this infection which has a
high tropism towards the liver. This fact makes it very challenging to study the disease.
Since the research on great apes is limited other experimental models are needed (Allweiss
and Dandri 2016). Efforts have been made to generate transgenic mice which are suscep-
tible for the virus infection due to genetic modifications (Chisari et al. 1985; Yang et al.
2014). A more advanced approach is the generation of chimeric mice harbouring human
hepatocytes as well as human immune cells and this has made it possible to study the
interplay between human hepatocytes and the adaptive immune response (Bility et al.
2014).

Successful HBV models with iPSC-derived HLCs have been described (Shlomai et al.
2014). Shlomai et al. demonstrated that HLCs can be infected with HBV and observed
changes over a time course of 24 days. In 2018, HLCs derived from human iPSCs in combina-
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tion with human umbilical vein endothelial cells (HUVECs) and MSCs were used to derive
liver organoids for modelling HBV infection. These 3D structures were more permissive for
HBV and the virus propagation maintained for a longer time span than the 2D cultured
HLCs. This personalized model enabled the modulation of HBV infection and mirrored
virus induced hepatic dysfunction as well as the life cycle of the HBV (Nie et al. 2018).

Hepatitis C virus (HCV) is also a major health burden all over the world affecting
approximately 550 million people and leading to secondary liver malfunctions. Established
medication can suppress the replication of the virus and recently even drugs that cure the
disease have been developed, although they are not affordable for the majority of the
patients (Hayes and Chayama 2017). HCV infection is particularly hard to deal with
because symptoms frequently only occur 15-20 years post-infection which limits treat-
ment options. Many patients eventually need a liver transplant because of high levels of
liver cirrhosis. However, the reinfection rate of transplanted liver is 100% (Garcia-
Retortillo et al. 2002).

As for HBV, it could be shown that HLCs from iPSCs are a relevant tool for mimicking
host-HCV interplay, allowing insights into innate immune response as well as the synthe-
sis of lipoproteins (Schobel et al. 2018). In contrast to the Huh7.5 cell line, HLCs have
been be infected with various HCV strains isolated from patients, thus enabling a more
detailed study of infection and replication modes (Wu et al. 2012). It has also been shown
that shRNA mediated repression of receptors important for the infection with HCV only
prevented the infection with wild-type virus strains and not with mutated ones (Wu et al.
2012).

Another level of HLC mediated disease modelling for both viruses is the combination
of the HLC approach with the chimeric mice approach. Chimeras harbouring human
HLCs were created for investigating the pathogenesis of HBV and HCV and as a platform
to test anti-viral components (Carpentier et al. 2014; Yuan et al. 2018).

11.6.1.3 Wilsons Disease

Wilson’s disease (WD) is caused by accumulation of copper in the liver and the brain. It is
a rare autosomal recessive disease manifesting in a mutated ATP7B gene. This gene is
crucial within the biliary excretion pathway of copper. Due to this impaired excretion,
copper accumulates over time and primarily manifests in the brain and the liver of patients
leading to hepatitis, cirrhosis, liver failure or neurological malfunctions (Brewer and
Askari 2005).

To date, four established rodent models of WD exist, but they do not carry the most
frequent missense mutation of the ATP7B gene (de Bie et al. 2007). Furthermore, the
metabolic pathways in these animals are distinct to that observed in human (Ranucci et al.
2017).

Zhang et al. differentiated iPSCs from a Chinese patient suffering from WD with a
Chinese hotspot mutation into HLCs. These HLCs mimicked the disease phenotype in
vitro by showing impaired ATP7B proteins in the cytoplasm and thus resulting in reduced
levels of copper transport. Using a lentivirus expressing the functional version of ATP7B
it was possible to cure the disease in vitro. Furthermore, addition of the chaperone drug
curcumin in the cell culture medium could rescue the disease phenotype (Zhang et al.
2011).

Yi et al. derived iPSCs from a patient carrying a Caucasian hotspot mutation. These
cells were differentiated into neurons and HLCs expressing the gene defect thereby mod-
elling both major affected cell types in WD (Yi et al. 2012).
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11.6.1.4 Drug Induced Hepatic Toxicity

Although drug-induced liver injury (DILI) is a small factor for acute liver injury it causes
most of the acute liver failures (Larrey and Pageaux 2005). DILI is also one of the main
reasons for non-approval of drugs, terminations of clinical trials as well as withdrawing
drugs from the market (Stevens and Baker 2009). During DILI, metabolites of the drugs
and patients’ proteins form adducts. These are presented on the cell surface as neo-antigens
leading either to an immune-allergic reaction or to non-allergic toxic reactions (Kaplowitz
2005). The subsequent hepatic reaction cascades include impairment of transporters, ele-
vated levels of oxidative stress, and pro-inflammatory cytokines (Russmann et al. 2010).
Especially anti-cancer drugs such as protein kinase inhibitors, immune checkpoint inhib-
itors or the epidermal growth factor receptor tyrosine kinase inhibitor can cause severe
hepatic damages (Takeda et al. 2015), although the commonly used pain relieve medica-
tion paracetamol (acetaminophen) is the leading causative drug in the UK and the US
(Larrey and Pageaux 2005).

In vitro cell models including PHH, hepatic cell lines, and HLCs in 2D and 3D com-
position have been used to promote DILI research (Gomez-Lechon et al. 2010; Lu et al.
2015). With these cell-based models it has been possible to gain insights into DILI-
associated mechanisms such as endoplasmic and oxidative stress and transporter inhi-
bition (Bell et al. 2017; Godoy et al. 2013; Schadt et al. 2015). In addition, it has been
shown that HLCs derived from patients with alpha-1-antitrypsin deficiency (see » Sect.
11.6.2.1.) react much more sensitive to several common drugs than those derived from
healthy controls (Wilson et al. 2015). In line with the need for in depth knowledge about
pharmacokinetics of certain drugs in a specific environment, iPSCs have been derived
from donors with distinct known cytochrome P450 genotypes in order to generate
HLCs which can be used for drug testing (Bohndorf et al. 2017). To enable high through-
put screening of drugs, HLC differentiation has been achieved in 384 wells (Carpentier
et al. 2016).

11.6.1.5 Tangier Disease

Tangier disease (TD) is a rare disease first found on Tangier island in Virginia where an
isolated community of descendants from settlers live. TD patients have no high density
lipoprotein (HDL) and thus cholesterol efflux is disturbed. TD symptoms due to choles-
terol ester deposits range from orange tonsils over hepatosplenomegaly and neuropathy to
cardiovascular disease. TD is caused by mutation in the gene ABCAI which regulates
cholesterol efflux via HDL (Brooks-Wilson et al. 1999; Scott 1999) and an iPSC-based
model has been reported (Bi et al. 2017). The authors of the study generated iPSCs from
TD patients and matched healthy individuals and subsequently differentiated them into
HLCs. TD iPSC-derived HLCs had impaired HDL production and cholesterol efflux and
increased triacylglycerol secretion. This iPSC-derived HLC model of TD has been instru-
mental in confirming the involvement of ABCAI in the molecular mechanisms control-
ling cholesterol eftlux.

11.6.2 Diseases That Affect Hepatocytes, But Manifest
Primarily in Other Organs

Some liver diseases have extrahepatic manifestations, meaning that other organs besides
the liver are affected.
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11.6.2.1 Alpha-1-Antitrypsin Deficiency

Alpha-1-antitrypsin deficiency (A1AD) is a genetic disorder with a worldwide prevalence
of 1:2500. It is caused by mutations in the SERPINA1 gene. This gene codes for the protein
alpha-1-anti-trpysin (A1AT) mainly synthesized in hepatocytes. A1AT is responsible for
the protection against the enzyme neutrophil elastase, which is released by neutrophils
during immune response, but also damages normal tissue if not carefully regulated by
A1AT (Brantly et al. 1988). Lack of A1AT’s anti-protease activity results in uncontrolled
circulating neutrophil elastase that destroys lung air sacs leading to emphysema or chronic
obstructive pulmonary disease (COPD). In addition, mutated A1AT protein forms insol-
uble precipitates in hepatocytes which cause damage, thus resulting in scaring and chronic
liver disease.

Using multiple donors to model the disease, Wilson et al. showed differential expres-
sion of 135 genes between HLCs derived from patients carrying the mutation and healthy
controls (Wilson et al. 2015). They and others could show that A1AT forms insoluble
aggregates in patient derived HLCs and is not exported efficiently. They could improve the
phenotype by treating the cells with a proteasome inhibitor or by increasing autophagy
(Rashid et al. 2010; Wilson et al. 2015). In addition, they also showed that HLCs derived
from A1AD patients are more sensitive for common drugs like paracetamol (acetamino-
phen) than those from healthy controls (Wilson et al. 2015).

11.6.2.2 Transthyretin-Related Hereditary Amyloidosis

Transthyretin (TTR) amyloidosis (or familial amyloidotic polyneuropathy (FAP)) is a sys-
temic familiarly hereditary disorder caused by mutations that destabilise the TTR protein
in the liver (Ando et al. 2013). Misfolded and aggregated amyloid fibrils consisting of
TTR - a plasma protein produced in the liver to transport thyroxine and vitamin A- are
deposited and accumulate in various organs and tissues, such as in the nervous system and
cardiac tissue, leading to inherent dysfunction. It is characterised by a slowly progressive
peripheral sensory motor and autonomic neuropathy, and later involves visceral organs
such as the kidney, hence becoming fatal (Ando et al. 2013).

Leung et al. generated TTR patient-specific iPSCs which were further directly differ-
entiated into hepatic, cardiac and neuronal lineages, to model three tissue types involved
in the disease. The HLCs produced and secreted mutant TTR protein, which caused cell
death of neurons and cardiac cells incubated with the TTR containing supernatant.
Treatment with stabilizers of TTR improved the phenotype. In essence, Leung et al. proved
that this iPSC-based system is an ideal platform for further investigating the role of the
liver in TTR (Leung et al. 2013).

11.6.3 Diseases That Affect Cholangiocytes

11.6.3.1 Cystic Fibrosis

Cystic fibrosis (CF) is a hereditary disease caused by mutations in the gene encoding the
CF transmembrane conductance regulator (CFTR). It involves several organ systems, with
manifestations mostly as lung disease but it also affects the liver (Accurso 2006). In the
liver, the CFTR gene expression occurs only at the level of the epithelium of the bile ducts
and the CFTR protein anchors on the apical membrane of the cholangiocytes and regu-
lates electrolyte and water content in the bile. Mutations in CFTR result in impaired secre-
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tion and thick viscous bile causing damage to both the cholangiocytes and
hepatocytes — periportal fibrosis, which over the years leads to cirrhosis (van Mourik
2017). Obstruction of the intra-hepatic bile ductules with thick mucus, leads to the devel-
opment of conditions such as progressive cholestasis or multi-lobular biliary cirrhosis
(O’Brien et al. 1992).

In vitro differentiation of iPSCs into cholangiocyte-like cells (CLCs) in a 3D system
resulted in spheres and cysts which had functional activity measured by rhodamine uptake
and swelling of the cysts (Ogawa et al. 2015; Sampaziotis et al. 2015). Patient derived CLCs
did not only show reduced cyst formation, but also had impaired functions related to dye
uptake and swelling due to the defects in CFTR function. In the in vitro assays, the func-
tion could be partly restored by treating the cysts with small molecules promoting proper
folding of CFTR (Ogawa et al. 2015; Sampaziotis et al. 2015). Thus, this system is suitable
for in vitro drug testing.

11.6.3.2 Alagille Syndrome

Alagille syndrome (ALGS) is a rare genetic disorder with varying severity, where bile duct
formation is impaired. It is considered a multi-system disorder as it also affects the liver,
skeleton, eyes and heart. It is predominantly caused by mutations in the gene Jagged 1
(JAGI) which is a ligand in the Notch signalling pathway and thus essential for cholangio-
cyte development (Kamath et al. 2010). Typical symptoms such as cholestasis, jaundice,
itching, as well as heart and skeletal problems manifest during the first 3 months of life with
the severe form, with cholestasis being a direct consequence due to insufficient bile ducts.

To improve our understanding of the mechanisms that cause ALGS liver pathology,
studies using hepatic organoids from iPSCs were recently carried out by Guan et al. (2017).
The organoids comprised a mixture of HLCs and CLCs. Organoid formation and function
was massively impaired in ALGS patient derived iPSCs. Inducing a disease causing muta-
tion in wildtype iPSCs by CRISPR (Clustered Regularly Interspaced Short Palindromic
Repeats) lead to the same phenotype as observed in ALGS patient derived organoids. In
addition, it was also possible to correct the mutation in ALGS patient derived cells which
reverted the phenotype and thus proved that the mutation was responsible for the disease
(Guan et al. 2017).

11.7 Bioinformatic Analysis

11.7.1 Datasets from Public Repositories

Bioinformatic methods enable meta-analysis of a plethora of datasets available at public
repositories such as the ones shown in @ Table 11.2.

For a more comprehensive compilation of public repositories we refer to the list rec-
ommended by the journal Scientific Data: » https://www.nature.com/sdata/policies/repos-
itories. For liver disease modeling there exist datasets generated from liver biopsies or
from iPSC-derived HLCs.

In this example, we focus on a dataset based on HLCs derived from Tangier disease
(TD, see » Sect. 11.6.1.5) patients for which no liver biopsies or primary hepatocytes
existed (Bi et al. 2017). We compare the transcriptome data of these cells with transcrip-
tomes of liver biopsies from NAFLD and NASH patients with the intention of gaining in

11
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O Table 11.2  Selection of repositories for transcriptome and genome data

Repository URL Comments
National Center for biotechnology » https://www.ncbi.nlm.nih. Microarrays and
information (NCBI) gene expression gov/geo sequencing data

omnibus (GEO)

NCBI sequence read archive (SRA) » https://www.ncbi.nlm.nih. Sequencing data
gov/sra

European Bioinformatic institute » https://www.ebi.ac.uk/ Microarrays and

(EMBL-EBI) ArrayExpress arrayexpress/ sequencing data

1000 genomes project > http://www. Sequencing data

internationalgenome.org/

depth insights on cholesterol reverse transport which is disabled in TD patients due to a
lack of HDL.

Previous bioinformatic analyses have unveiled a gene signature which correlates with
the progression of NAFLD to NASH (Wruck et al. 2017). This gene signature was func-
tionally annotated with cholesterol-related processes. Similar, although not as dramatic as
in TD, high plasma triacylglyceride levels and low HDL cholesterol often can be observed
in NAFLD patients (Arguello et al. 2015). This indicates that both diseases have a com-
mon phenotype and that bioinformatic comparisons of genome-wide gene expression can
increase our understanding of both diseases. The role of ABCAI in reverse cholesterol
transport suggests that its decreased expression in NAFLD/NASH may result in increased
liver triacylglycerides (Arguello et al. 2015; Vega-Badillo et al. 2016).

11.7.2 Comparison of Gene Expression Datasets

Employing a venn diagram analysis, we identified common genes that correlated to the
progression of NAFLD and were also differentially expressed in the iPSC-derived HLC
model of TD (@ Fig. 11.2a). Each fraction in this diagram represents the number of genes
that are either uniquely expressed in one sample or shared by the indicated samples. The
overlap common to the TD model and all NAFLD datasets consists only of two genes:
LRRC31 and C3o0rf58 (B Fig. 11.2b).

The classical way to gain a deeper insight into the functions of these genes is to review
publications, however, for these two factors the number of publications is rather limited.
Another way is to check which gene ontologies (GOs) are assigned to the gene of interest.
GOs specity the biological role of genes (Ashburner et al. 2000) and starting with the top
categories biological process (BP), cellular component (CC) and molecular function (MF)
stepwise refine these roles to very detailed terms, e.g. the BP “somatotropin secreting cell
differentiation”

C3orf58, one of the genes present in all datasets related to the progression of NAFLD to
NASH, is associated with GO terms which can be roughly grouped to Golgi, coat protein
(COP) I coated vesicles and phosphatidylinositol 3-kinase signaling. COPI and COPII coated
vesicles perform the retrograde and anterograde transport of proteins between the Golgi
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complex and the endoplasmic reticulum (ER). COPII coated vesicles play an important role
in cholesterol regulation because at low sterol levels in the ER they transport the sterol regula-
tory element binding protein (SREBP) to the Golgi for proteolytic release as transcription
factor (Tkonen 2008). Further investigation of these proteins may shed light on hitherto
unknown mechanisms of cholesterol transport regulation and progression of NAFLD.
Three of the steatosis datasets were related to NASH while one (Wruck et al. 2015) was
related to a distinction between high and low grade steatosis. We were also interested in
the comparison between TD and the three NASH datasets only. This resulted in a set of 18
genes (B Fig. 11.2¢) including also the gene ANGPTL3 - an inhibitor of lipoprotein lipase -
which Bi et al. have highlighted in their publication about the TD model (Bi et al. 2017).

11.7.3 Gene Ontology (GO) and Pathway Analysis

Gene sets like the 18 genes from the venn diagram can be further analyzed to find func-
tionality associated with them. This functionality can be given by other gene sets anno-
tated with specific functions, such as KEGG-pathways (> https://www.genome.jp/kegg/
pathway.html) (Kanehisa et al. 2017) or GOs. The gene sets determined from the analysis
of experiments can be connected to the functionally annotated gene sets by so-called
“overrepresentation analysis” Overrepresentation analysis uses statistical tests, such as
Fisher’s exact test or the hypergeometric test, to determine if the genes from the set appear
more often in a functional group of genes than in the background of all annotated genes.
Usually, in gene expression analysis genes are categorized as (differentially) expressed/not
(differentially) expressed and in the pathway (GO)/not in the pathway (GO). The number
of genes in these categories are subjected to statistical tests (e.g. hypergeometric test or
Fisher’s exact test) to determine their significance. A modified version of Fisher’s exact test
is employed in the highly frequented web tool DAVID (» https://david.ncifcrf.gov/)
(Huang da et al. 2009) which detects overrepresented gene sets in a plethora of dataset
including pathways, GOs, transcription factors, chromosomal regions, etc.

In our example, an over-representation analysis of GOs using this set of 18 genes
revealed several GO terms (B Fig. 11.2d) which can be grouped into immune-related (e.g.
B cell mediated immunity) cell junction-related (e.g. cell-cell-junction organization), and
response-related (response to toxic substance/stimulus/lipid) categories.

— Take Home Message

1. The liver is a complex organ with essential functions for metabolism and drug
detoxification

2. Its main functional cells —hepatocytes and cholangiocytes- can be generated
in vitro from pluripotent stem cells to model a wide variety of diseases

3. Disease models recapitulate the disease phenotype and help us to understand
underlying mechanisms

4. They can be used for (high throughput) drug testing and are a step towards
personalized medicine

5. 3D models generally reflect the in vivo situation better than 2D models

6. Bioinformatic tools allow the analysis of a wide spectrum of data. The compari-
son of related diseases can give hints towards common disease mechanisms
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2.7 Generation of a 3D model to better mimic NAFLD in vitro

Lucas-Sebastian Spitzhorn, Marie-Ann Kawala and James Adjaye

Abstract

Introduction: Non-alcoholic fatty liver disease (NAFLD) has become one of the major
risks for the development of hepatocellular carcinoma (HCC). Simple steatosis, which is
the first stage of NAFLD, is characterized by abnormal lipid accumulation in hepatocytes.
As the molecular processes which lead to steatosis and further progression to non-
alcoholic steatohepatitis (NASH), fibrosis, cirrhosis and HCC, are currently not
completely understood, many in vivo and in vitro models have been established.
However, current existing in vitro models are wrought with limitations. Liver-biopsy
derived primary hepatocytes have several limitations: They (i) are rare with a low number
of healthy donors, (ii) have high inter-donor variability, (iii) show limited expansion in
culture and (iv) rapid decline in function. Thus, the generation of hepatocyte like cells
(HLCs) from induced pluripotent stem cells (iPSCs) can provide an alternative cell
source. So far, these cells lack full maturity even though they express ALBUMIN and
cytochrome P450 family members. Mature HLCs are needed to maximize the relevance
of the experimental outcome and applicability of these cells for toxicology and drug
screening. Improved maturity and functionality of human iPSC-derived HLCs has been
achieved employing three-dimensional (3D) approaches incorporating MSCs and
endothelial cells.

Methods: Our preliminary proof of principle experiments involved mixing of iPSC-
derived mesenchymal stem cells (iMSCs) with human umbilical vein endothelial cells
(HUVECs) and HepG2 cells to generate 3D in vitro liver organoids. Furthermore, it is
planned to generate MSCs, HLCs and endothelial cells from the same 1PSC line (same
genetic background). Additionally, spinner flasks were used to provide better medium
flow and to improve liver bud growth. These liver buds were then challenged with high
levels of glucose and insulin to mimic steatosis.

Results: Within three weeks these cells aggregated and formed vascularized liver buds
when cultured on artificial extracellular matrices. These buds secrete urea, express

ALBUMIN, VIMENTIN (MSC marker) and CD31 — an endothelial specific marker. Fat
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droplet formation after challenging with glucose and insulin resulted in activated
expression of steatosis-associated genes.

Discussion/Conclusion: These iPSC-derived liver organoids have the added advantage of
having present mesenchymal and endothelial cells from the same individual. Further
studies are underway to better characterize these liver buds both molecular and
biochemically for liver associated genes, pathways and functions. This 3D iPSC-based
approach is a good model to study steatosis and complements our current iPSC-based 2D

model.

Publication Status: published in Zeitschrift fiir Gastroenterologie 2016; 54(12): 1343-
1404.

Impact Factor: 1.612

This article is reproduced with permission.

Approximated total share of contribution: 80%

Contribution on experimental design, realization and publication:

JA and LSS conceived the idea and designed the experiments. LSS generated the HLCs,
the iMSCs and the liver buds and did the subsequent analysis. LSS and MAK performed

the oleic acid and glucose tests. LSS prepared the figures.
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Generation of a 3D model to better mimic NAFLD
3.3 in vitro
: Spitzhorn LS', Kawala MA', Adjaye J'
Heinrich Heine University Duesseldorf, Institute for Stem
Cell Research and Regenerative Medicine, Duesseldorf,
Germany

Introduction: Non-alcoholic fatty liver disease (NAFLD) has become one
of the major risks for the development of hepatocellular carcinoma
(HCC). Simple steatosis, which is the first stage of NAFLD, is characterized
by abnormal lipid accumulation in hepatocytes. As the molecular pro-
cesses which lead to steatosis and further progression to non-alcoholic
steatohepatitis (NASH), fibrosis, cirrhosis and HCC, are currently not
completely understood, many in vivo and in vitro models have been
established. However, current existing in vitro models are wrought with
limitations. Liver-biopsy derived primary hepatocytes have several lim-
itations: They (i) are rare with a low number of healthy donors, (ii) have
high inter-donor variability, (iii) show limited expansion in culture and
(iv) rapid decline in function. Thus, the generation of hepatocyte like cells
(HLCs) from induced pluripotent stem cells (iPSCs) can provide an alter-
native cell source. So far these cells lack full maturity even though they
express ALBUMIN and cytochrome P450 family members. Mature HLCs
are needed to maximize the relevance of the experimental outcome and
applicability of these cells for toxicology and drug screening. Improved
maturity and functionality of human iPSC-derived HLCs has been
achieved employing three-dimensional (3D) approaches incorporating
MSCs and endothelial cells. Methods: Our preliminary proof of principle
experiments involved mixing of iPSC-derived mesenchymal stem cells
(iMSCs) with human umbilical vein endothelial cells (HUVECs) and
HepG2 cells to generate 3D in vitro liver organoids. Furthermore it is
planned to generate MSCs, HLCs and endothelial cells from the same iPSC
line (same genetic background). Additionally spinner flasks were used to
provide better medium flow and to improve liver bud growth. These liver
buds were then challenged with high levels of glucose and insulin to
mimic steatosis. Results: Within three weeks these cells aggregated
and formed vascularized liver buds when cultured on artificial extracel-
lular matrices. These buds secrete urea, express ALBUMIN, VIMENTIN
(MSC marker) and CD31- an endothelial specific marker. Fat droplet
formation after challenging with glucose and insulin resulted in activated
expression of steatosis-associated genes. Discussion|/Conclusion: These
iPSC-derived liver organoids have the added advantage of having present
mesenchymal and endothelial cells from the same individual. Further
studies are underway to better characterize these liver buds both mole-
cular and biochemically for liver associated genes, pathways and func-
tions. This 3D iPSC-based approach is a good model to study steatosis and
complements our current iPSC-based 2D model.

Z Gastroenterol 2016; 54: 1343-1404 Georg Thieme Verlag KG Stuttgart - New York



Results - Publications

127

A
PSC Definitive Hepatic Hepatocyte-like-
! Endoderm Endoderm cells
B
8
E,, 6 - : i I I -
£4 —
P
5 2 = T = s -
0

4
HepG2/HLCs
AFP Albumin
2500 50
8
=} =
S 2000 + E 40
g =
£ 7 1500 1 8730
S S
S £, 1000 - = £20
e £
=500 4 2 10
~ < 0

2D HLC 3D Organoid

2D HLCs

3D Organoid

Urea

25
_20 - T‘
o
?15 —
=
5 10 - —
AN B

0 D4 D8 D4 D8

3D + HepG2 3D+ HLC

Figure 1a: Generation of a 3D liver model and mimicking NAFLD in vitro. (A) Scheme of the
generation of HLCs from iPSCs including the intermediate steps definitive endoderm (DE) and
hepatic endoderm (HE). (B) Urea production level increases from DE to HE and peaks at the
HLC stage. (C) HLCs exhibit a hepatocyte-like, cobble stone morphology and express liver
markers Albumin (yellow and green) and HNF4a (red). Cell nuclei were stained using Hoechst
(blue). (D) Generation of liver buds by mixing iMSCs, HUVECs and HepG2/HLCs in a distinct
ratio. Liver buds resulted from self-condensation processes. To ensure good nutrient flow, liver
buds were cultivated in a spinner flask. (E) 3D liver buds express equal amounts of AFP than 2D
HLCs but higher levels of Albumin. Liver buds secrete Urea in similar amounts than HepG2 cells

and secretion levels alleviate over time.
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VIMENTIN
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Figure 1b: Generation of a 3D liver model and mimicking NAFLD in vitro. (F) Cells within the
liver buds were positive for the MSC Marker Vimentin (green), the liver Marker Albumin (red)
and the endothelial cell marker CD31 (red) which was present in a network-like distribution. Cell
nuclei were stained using Hoechst. (G, H) Liver buds challenged with Oleic acid or Glucose show
higher number of fat droplets than the control as indicated by BODIPY staining thereby
mimicking NAFLD in vitro.
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2.8 Constructing an Isogenic 3D Human Nephrogenic Progenitor Cell Model
Composed of Endothelial, Mesenchymal, and SIX2-Positive Renal Progenitor Cells

Lisa Nguyen, Lucas-Sebastian Spitzhorn and James Adjaye

Abstract

Urine has become the source of choice for noninvasive renal epithelial cells and renal
stem cells which can be used for generating induced pluripotent stem cells. The aim of
this study was to generate a 3D nephrogenic progenitor cell model composed of three
distinct cell types—urine-derived SIX2-positive renal progenitor cells, iPSC-derived
mesenchymal stem cells, and iPSC-derived endothelial cells originating from the same
individual. Characterization of the generated mesenchymal stem cells revealed plastic
adherent growth and a trilineage differentiation potential to adipocytes, chondrocytes, and
osteoblasts. Furthermore, these cells express the typical MSC markers CD73, CD90, and
CD105. The induced endothelial cells express the endothelial cell surface marker CD31.
Upon combination of urine-derived renal progenitor cells, induced mesenchymal stem
cells, and induced endothelial cells at a set ratio, the cells self-condensed into three-
dimensional nephrogenic progenitor cells which we refer to as 3D-NPCs.
Immunofluorescence-based stainings of sectioned 3D-NPCs revealed cells expressing the
renal progenitor cell markers (SIX2 and PAXS), podocyte markers (Nephrin and
Podocin), the endothelial marker (CD31), and mesenchymal markers (Vimentin and
PDGFR-p). These 3D-NPCs share kidney progenitor characteristics and thus the potential
to differentiate into podocytes and proximal and distal tubules. As urine-derived renal
progenitor cells can be easily obtained from cells shed into urine, the generation of 3D-
NPCs directly from renal progenitor cells instead of pluripotent stem cells or kidney
biopsies holds a great potential for the use in nephrotoxicity tests, drug screening,

modelling nephrogenesis and diseases.
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Urine has become the source of choice for noninvasive renal epithelial cells and renal stem cells which can be used for generating
induced pluripotent stem cells. The aim of this study was to generate a 3D nephrogenic progenitor cell model composed of three
distinct cell types—urine-derived SIX2-positive renal progenitor cells, iPSC-derived mesenchymal stem cells, and iPSC-derived
endothelial cells originating from the same individual. Characterization of the generated mesenchymal stem cells revealed plastic
adherent growth and a trilineage differentiation potential to adipocytes, chondrocytes, and osteoblasts. Furthermore, these cells
express the typical MSC markers CD73, CD90, and CD105. The induced endothelial cells express the endothelial cell surface
marker CD31. Upon combination of urine-derived renal progenitor cells, induced mesenchymal stem cells, and induced
endothelial cells at a set ratio, the cells self-condensed into three-dimensional nephrogenic progenitor cells which we refer to as
3D-NPCs. Immunofluorescence-based stainings of sectioned 3D-NPCs revealed cells expressing the renal progenitor cell
markers (SIX2 and PAXS), podocyte markers (Nephrin and Podocin), the endothelial marker (CD31), and mesenchymal
markers (Vimentin and PDGFR-f). These 3D-NPCs share kidney progenitor characteristics and thus the potential to
differentiate into podocytes and proximal and distal tubules. As urine-derived renal progenitor cells can be easily obtained from
cells shed into urine, the generation of 3D-NPCs directly from renal progenitor cells instead of pluripotent stem cells or kidney
biopsies holds a great potential for the use in nephrotoxicity tests, drug screening, modelling nephrogenesis and diseases.

1. Introduction

Many disease conditions, including renal diseases, require
replacement of tissues or organs. Organ or tissue transplanta-
tion is the only effective and most widely used medical treat-
ment [1]. As stem cells can be used for the generation of
autologous, specialized cell types, stem cell-based therapies
are an alternative to transplantation [2]. However, both treat-
ments face major problems: worldwide donor shortage, poor
immunohistocompatibility between the donor and recipient,
and the probability of side effects such as teratoma and tumor
formation upon stem cell therapy. An alternative to kidney
transplantations is the use of renal progenitor cells, which
can be isolated from human urine [1], in order to generate
kidney cell types and subsequently transplantable renal tis-
sues. Physiological processes in the kidney result in

thousands of viable kidney cells being shed into the urine
[1, 3]. The cell type of interest, i.e., urine stem cell or urine-
derived renal progenitor cell (UdRPC), is required for the
renewal of kidney cells [4]. UdRPCs have a rice grain-like
morphology [3] and share stem cell characteristics including
clonogenicity, high expansion capacity, multipotent differen-
tiation potency, and self-renewal driven by SIX2 [3, 5, 6]. In
addition, these cells have the potential to be differentiated
into numerous cell types present within the kidney.

The three-dimensional organoid technology is another
alternative. Here, cells of the organ of interest, such as heart,
liver, or kidney, are generated from induced pluripotent stem
cells (iPSCs) in a 3D manner, named organoids. Because
these organoids are composed of organ-specific cells which
can self-organize, they are able to recapitulate some of the
typical organ structures and functions [7, 8]. Other three-
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dimensional models include gastruloids, defined as in vitro
multicellular models capable of mimicking the gastrulation
process [9]. Published reports have shown successful genera-
tion of organoids derived from tissues such as the optic cup
[10], hypophysis epithelium [11], intestine [12], cerebrum
[13], and kidney [14]. Current shortfalls of existing organoid
models include the lack of vascularization and the associated
supply with nutrients and oxygen through blood flow as well
as the organization of complex structures. Moreover, this
kind of tissue engineering is based on the use of specific
inducing factors and scaffolds, which cannot fully recapitu-
late the in vivo microenvironment needed for cell-cell inter-
actions in the changing fluidity during organogenesis [15].
In light of these shortfalls, the generation of organoids by
imitating the multicellular interactions in the in vivo organ
is the next step needed to enhance organoid technology,
especially in the kidney.

Here, we describe the generation and characterization of
3D-NPCs (three-dimensional nephron progenitor cells)
composed of three cell types—SIX2-positive urine-derived
renal progenitor cells (UdRPCs), UdRPC-iPSC-derived mes-
enchymal stem cells (UdRPC-iMSCs), and endothelial cells
(UdRPC-iECs) to mimic the multicellular organization of
the in vivo organ. The combination of the aforementioned
cell types resulted in self-condensed 3D-NPCs, maintaining
the expression of the renal progenitor marker SIX2 when cul-
tured in self-renewal supportive medium. 3D-NPCs can be
harnessed for efficient generation of kidney organoids useful
as a platform for studying nephrogenesis, kidney disease
modelling, and nephrotoxicity testing.

2. Materials and Methods

2.1. iPSCs from Urine-Derived Renal Progenitor Cells
(UdRPCs). The iPSC line used, ISRM-UM51, here called
UdRPC-iPSCs, was reprogrammed from renal progenitor
cells (UdRPCs) isolated from urine samples as described
before [16, 17]. ISRM-UM51 is of known HLA and has a
CYP2D6 status of an intermediate metabolizer [17].

2.2. Differentiation of UdRPC-iPSCs to Endothelial Cells
(UdRPC-iECs). Prior to differentiation, UdRPC-iPS cells were
adapted to E8 medium (STEMCELL Technologies) on
Matrigel-coated plates (Corning Incorporated, #354277). At
80-90% confluency, cells were dissociated with 0.05% ED
TA/PBS and single cells were seeded on Matrigel-coated plates
with an addition of ROCK inhibitor Y-27632 (10 uM) (Tocris
Bioscience, #1254/1) for the first 24 h to improve cell survival.
When the cell density reached 70-80%, mesoderm formation
was induced for 44 h by cultivating the cells in E8 medium con-
taining 25 ng/ml activin A (PeproTech, #120-14E), 5ng/ml
BMP4 (PeproTech, #120-05ET), and 1uM CHIR99021
(Tocris Bioscience, #TB4423-GMP/10) [18]. The medium
was changed to E7 medium (STEMCELL Technologies,
#05910) supplemented with 50 ng/ml BMP4, 5 uM SB431542
(Tocris Bioscience, #1614), and 50 ng/ml VEGF-A (Peprot-
Tech, #100-200) for three to five days. Endothelial cells were
maintained in E7 medium supplemented with 50 ng/ml
VEGF-A or Medium 200 (Gibco, #M200500) at 37°C and 5%
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CO,. Human umbilical cord vein endothelial cells (HUVECs)
were used as a control.

2.3. Differentiation of UdRPC-iPSCs to Mesenchymal Stem
Cells (UdRPC-iMSCs). The UdRPC-iPSCs were split into sin-
gle cells ata confluency of 90-100% by incubating with TrypLE
(Gibco, #12604021) for 4min. Single cells were seeded on
Matrigel-coated 6-well plates. As described before, differenti-
ation was prepared at 60-70% confluency [19, 20]. Mainte-
nance medium was replaced with mesenchymal stem cell
(MSCQ) differentiation medium composed of Minimum Essen-
tial Medium Eagle (a-MEM) (Sigma-Aldrich, #M8042-
6x500ml), 10% FBS (Gibco, #10500064), 1% P/S (Invitrogen,
#15140122), 1% GlutaMAX (Gibco, #35050061), and 10 uM
of the TGF 3-receptor inhibitor SB431542. Cell differentiation
was carried out for 14 days, and medium was changed every
second day. Afterwards, the cells were passaged with TrypLE
and were plated onto uncoated flasks. Passaging was contin-
ued until the cells attained an MSC-like morphology. The cells
were kept in MSC cultivation medium (a-MEM, 10% FBS, 1%
P/S, and 1% GlutaMAX) lacking SB431542. Differentiation of
resulting UdRPC-iMSCs was carried out afterwards to evalu-
ate their trilineage differentiation potential. In addition, the
expression of typical MSC cell surface markers and the absence
of hematopoietic markers were analysed via flow cytometry.

2.4. In Vitro Differentiation Assays

2.4.1. Adipogenesis. Induction of adipogenesis was performed
by incubating UdRPC-iMSCs in adipoinductive medium
(Gibco, #A1007001) for three weeks with medium changes
every second day. Formation of lipid droplets was detected
via Oil Red O staining (Sigma-Aldrich, #1320-06-5).

2.4.2. Chrondrogenesis. Chondrogenesis of UdRPC-iMSCs
was induced with chondroinductive medium (Gibco, #A10
07101), and cells were cultivated for three weeks with regular
medium changes every second day. Cartilage formation was
confirmed with Alcian Blue staining (Sigma-Aldrich,
#33864-99-2).

2.4.3. Osteogenesis. UdRPC-iMSCs were seeded in two wells
of a 24-well plate and were incubated in osteoinductive
medium (Gibco, #A1007201) for three weeks with medium
changes every second day. To demonstrate the successful dif-
ferentiation, calcium depots were identified with Alizarin
Red staining (Sigma-Aldrich, #130-22-3).

2.5. Immunophenotyping of UIRPC-iMSCs. For the immuno-
phenotyping, two biological replicates per cell type, namely,
UdRPC-iMSCs, native UdRPCs and native human fetal
MSCs [21], were analysed. Each replicate was divided into
two aliquots, each containing 1 x 10° cells. MSC phenotyping
cocktail (cocktail of fluorochrome-conjugated monoclonal
antibodies: CD14-PerCP, CD20-PerCP, CD34-PerCP,
CD45-PerCP, CD73-APC, CD90-FITC, and CD105-PE) or
the isotype control cocktail (cocktail of fluorochrome-
conjugated monoclonal antibodies: mouse IgG1-FITC,
mouse IgG1-PE, mouse IgGl-APC, mouse IgGl-PerCP,
and mouse IgG2a-PerCP) was added to the samples. The
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TasLE 1: List of antibodies and dilution for immunofluorescence staining.

Immunofluorescence antibody Specificity Dilution Company Cat. No.
CD31 Mouse 1:300 R&D BBA7
NPHS1 Rabbit 1:200 Invitrogen PA5-20330
NPHS2 Rabbit 1:400 Proteintech 20384-1-AP
PAX8 Rabbit 1:200 Cell Signaling 59019
PDGEFR-f3 Rabbit 1:100 Cell Signaling 3169
SIX2 Rabbit 1:200 Proteintech 11562-1-AP
Vimentin Rabbit 1:200 Cell Signaling 5741
Alexa 488 Rabbit 1:500 Invitrogen A-11034
Alexa 555 Rabbit 1:500 Invitrogen A-21428
Cy3 Mouse 1:500 Invitrogen A10521
NANOG Rabbit 1:800 Cell Signaling 4903T
SSEA4 Mouse 1:1000 Cell Signaling 4755T
TRA-1-81 Mouse 1:1000 Cell Signaling 4745T

cells were incubated with the respective antibody cocktail for
10min at 4°C in the dark with occasional swaying of the
tubes. Cells were washed afterwards, and the fixed samples
were measured using the CyAn ADP (Beckman Coulter,
CA, USA) and analysed using the Summit 4.3 software.

2.6. Immunofluorescence-Based Staining. Paraformaldehyde
(Polysciences, #18814-10) fixed samples were washed with
1% Triton X-100/PBS (Merck, #9002-93-1). If staining for
cell surface markers was intended, washing was done with
PBS instead. After this step, samples were washed twice with
PBS. To block unspecific binding sites, the sample was incu-
bated with blocking buffer for 2h at room temperature.

The primary antibody was incubated overnight at 4°C.
The respective antibody was diluted following the instruc-
tions in Table 1. The following day, samples were washed
three times with 0.05% Tween/PBS (Merck, #9005-64-5).
The secondary antibody (solved 1:500 in blocking buf-
fer/PBS of a ratio 1:2) and Hoechst (Thermo Fisher,
#H3570) (1:5000) were added and incubated for 1h in the
dark at room temperature. After washing the samples twice
with 0.05% Tween/PBS, the plates were kept in 1% PS/PBS
at 4°C until evaluation under a fluorescence microscope X-
Cite series 120 Lumen Dynamics (Zeiss).

2.7. Generation of 3D-NPCs Based on the Coculture of
UdRPCs, UdRPC-iMSCs, and UdRPC-iECs. The medium
for 3D-NPC maintenance was prepared by adding 5ng/ml
VEGF-A, 1pg/ml heparin, and 5ng/ml EGF (PeproTech,
#100-47) to renal progenitor maintenance medium (RPMM)
[16, 17]. Confluent wells of UdRPCs, UdRPC-iMSCs, and
UdRPC-iECs were incubated with TrypLE at 37°C until cells
detached; thereafter, RPMM was added to stop the enzymatic
reaction. UdRPCs and UdRPC-iMSCs were centrifuged at
250 xg for 5min, and UdRPC-iECs were centrifuged at
150 xg for 5min. After aspirating the supernatant and
replenishing with fresh medium, cells were counted. The
seeding ratio between the three cell types was 10:7:2
(UdRPCs, UdRPC-iMSCs, and UdRPC-iECs). The required

cell number of one combination process was as follows:
1x10° UdRPCs, 0.7 x 10° UdRPC-iMSCs, and 0.2 x 10°
UdRPC-iECs. The cell types were resuspended in 1ml
RPMM. After mixing the three cell types, the cell suspen-
sion was added to a T25 flask with 7ml RPMM, filling up
to a total volume of 10 ml. ROCK inhibitor Y-27632 (10 uM)
was added on day one to ensure cell survival. The flask was
placed in an upright position in the incubator at 37°C and
5% CO,. After 14 days of cultivation, condensed 3D-NPCs
were transferred into a petri dish and kept at 37°C and 5%
CO, in a rotating incubator. Approximately 90% of the con-
densation experiments resulted in three-dimensional, non-
adherent 3D-NPCs.

3. Results and Discussion

3.1. Derivation of UdRPC-iMSCs from UdRPC-iPSCs. In this
study, UdRPC-iMSCs were successfully generated from the
iPSC line UM51 reprogrammed from UdRPCs [17]. The cri-
teria defining mesenchymal stem cells include plastic adher-
ence, trilineage differentiation potential to adipocytes,
chondrocytes, and osteoblasts, expression of cell surface
markers CD73, CD90, and CD105 (95% and higher), and
absence of hematopoietic markers CD14, CD20, CD34, and
CD45 [22]. The UdRPC-iMSCs displayed a fibroblast-like
and spindle-shaped morphology and were able to adhere to
plastic surfaces (Figure 1(a)). Their potential to differentiate
to clinical relevant chondrogenic and osteogenic fate was
observed by Alcian Blue and Alizarin Red staining
(Figure 1(a)). Additionally, the potential to differentiate into
adipocytes was shown by Oil Red O staining (Figure 1(a)).
Immunophenotyping of the UdRPC-iMSCs confirmed
the expression of the typical MSC cell surface markers CD73,
CD90, and CD105 and absence of the hematopoietic markers
CD14/CD20/CD34/CD45 (1.59 +0.7%, Figure 1(b)). The
levels of CD73 and CD105 were 98.30 +0.3% and 98.27 +
0.3%, respectively (Figure 1(b)). UdIRPC-iMSCs had a lower
level CD90 (25.25+6.1%) compared to bone marrow
MSCs (Figure 1(b)). The reference gold standard bone
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FiGure 1: UdRPC-iMSCs are MSCs and bear characteristic MSC features. (a) Cell morphology and trilineage differentiation potential of
UdRPC-iMSCs. UdRPC-iMSCs are elongated and spindle-shaped and possess trilineage differentiation potential to adipocytes,
chondrocytes, and osteoblasts. (b) Immunophenotype of the generated UdRPC-iMSC line. Expression of MSC cell surface markers CD73,
CD90, and CD105 and the hematopoietic markers CD14, CD20, CD34 and CD45 was analysed. Histograms of IgG control are displayed
in orange, and histograms of MSC markers are displayed in blue (n =2).

marrow-derived MSCs have more than 95% CD90" cells
(Figure S1A). However, MSCs isolated from distinct
organs and origins are known to express a diverse set of MSC
cell surface markers and even with varying degrees of
expression [23]. In contrast, the native UdRPCs, from which
the UdRPC-iMSCs originate, have high levels of CD73
(99.11 £0.3%) and CD90 (79.28 + 3.6%) and a low level of
CD105 (10.92 + 0.6%) (Figure S1B). Urine-derived stem cells
have been described to express high levels of CD29, CD44,
and CD73 (>98%) and a variable expression of CD54, CD90,
CD105, and CD166 [24, 25]. These variations between
MSCs may be due to inherent functional differences and
the fact that the cells are part of a heterogeneous
subpopulation within tissues [23]. Since UdRPC-iMSCs bear
MSC features other than 95% CD90 expression, i.e., plastic
adherence and the trilineage differentiation to adipogenic,
chondrogenic, and osteogenic fate, UdRPC-iMSCs are
considered MSC-like.

Additionally, immunofluorescence-based staining also
revealed the expression of the MSC markers a-SMA, Vimen-
tin, and PDGFR- (Figure 2). As MSCs are found in almost

all tissues of the human body, UdRPC-iMSCs are perfectly
suited for the generation of organoids consisting of distinct
cell types. MSCs have been described to be important for
the process of self-condensation in the generation of orga-
noids where contractions of the actomyosin cytoskeletal axis
of MSCs play the key role [2, 26]. Condensation did not
occur in the absence of MSCs and organoids could not form
[2]. This observation was also made in this study; even
though UdRPCs are MSCs, incubation of UdRPCs alone only
led to emerging 3D cell aggregates without the typical round
organoid structures with borders typical of 3D-NPCs (data
not shown). It is known from embryonic invagination that
Myosin II is active during this developmental process which
leads to inward dislocation of cell-cell junctions [2, 26].
Takebe et al. were able to show that in MSCs, Myosin II
was highly expressed just before condensation took place
[2]. Furthermore, it has been shown that progressive recruit-
ment of mesenchymal progenitors plays a fundamental role
in cell fate acquisition during nephrogenesis in mice and
human [27]. Another important role of MSCs was described
by Taogel et al., where MSCs were injected into rat models
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F1GURE 2: Expression of MSC markers in UdRPC-iMSCs. Stainings were carried out for the expression of the mesenchymal markers—a-SMA,
Vimentin, and PDGER-f3. Cell nuclei were stained with Hoechst. Pictures were taken under 20x magnification.
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FIGURE 3: Phase contrast image of UdRPCs and expression of kidney-related markers. (a) Cell morphology of UdRPC:s. (b) Stainings were
carried out for PAX8 and the nephron progenitor marker SIX2. Cell nuclei were stained with Hoechst. Pictures were taken under 10x and

20x magnification.

suffering from reperfusion-induced acute renal failure [28].
The injected MSCs were able to protect renal cells from fur-
ther damage and partly restored renal functions by secretion
of anti-inflammatory factors.

3.2. Urine-Derived Renal Progenitor Cells (UdARPCs). UdRPCs
were isolated from voided urine of a male donor of African
origin [17]. When kept in proliferation medium, they
retained the typical rice grain-like morphology (Figure 3(a))
and expressed PAX8 and SIX2 (Figure 3(b)).

3.3. Generation of Endothelial Cells from UdRPC-iPSCs.
UdRPC-iPSCs were differentiated to endothelial cells
(UdRPC-iECS) using a modified two-step protocol [18].

The differentiated cells had a cobblestone-like morphology
with broad cell bodies and grew as a thin adherent cell
layer (Figure 4(a)). Like HUVECs, UdRPC-iECs uniformly
expressed the endothelial cell surface marker CD31
(Figure 4(b)). Cell sizes of UIRPC-iECs were smaller than
those of HUVECs (Figure 4(b)) which could be explained
by a lower passage number and the fact that they were
derived from iPSCs which are small in size themselves.
Since in vivo vasculature for nutrient and oxygen supply
is established in the early embryonal development,
UdRPC-iECs were used for the formation of kidney preor-
ganoids which should support the sufficient availability
with nutrients and oxygen and allow further maturation
of kidney structures.
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F1GURE 4: Comparison of UdRPC-iECs with HUVECs. (a) UdRPC-iECs had a broad, cobblestone-like morphology similar to HUVECs.
(b) Expression of the endothelial cell surface marker CD31 in HUVECs and UdRPC-iECs. Cell nuclei were stained with Hoechst.

3.4. Formation of 3D-Nephron Progenitor Cells. Three-
dimensional nephron progenitor cells (3D-NPCs) were
generated by combining urine-derived SIX2-positive renal
progenitor cells (UdRPCs), UdRPC-iMSCs, and UdRPC-
iECs at a ratio of 10:7:2. The cell mixture self-condensed
after 2 to 4 days forming round-shaped, three-dimensional
structures with sharp borders (Figure 5). The 3D-NPCs were
transferred to petri dishes 14 days after the respective cells
were combined.

3.5. Expression of Renal, Endothelial, and Mesenchymal
Markers in 3D-NPCs. After three to four weeks of cultivation,
3D-NPCs were fixed, dehydrated, and subsequently embed-
ded in the preparation of cryosectioning. The sections were
then stained for the expression of several kidney-specific
markers, such as SIX2, PAXS8, Nephrin, and Podocin, endo-
thelial marker- CD31, and mesenchymal markers, PDGFR-
B and Vimentin (Figure 6).

3D-NPCs express the renal progenitor marker SIX2
which in mice has been shown to be expressed during
early kidney development, especially in the cap mesen-
chyme, a region consisting of progenitor cells committed
to the nephron fate [27, 29]. This gene is involved in the

maintenance of the progenitor state, and the depletion of
SIX2 leads to the differentiation of the progenitor cells
towards cell types making up the nephron, the functional
unit of the kidney, including podocytes and distal and
proximal tubules.

The early renal marker PAXS8 is uniformly expressed
in 3D-NPCs (Figure 6). PAX8 expression is maintained
throughout nephron morphogenesis, emerging at the renal
vesicle stage, and regulates kidney organogenesis [30, 31].
Cytoplasmic expression of Nephrin was not as uniform as
seen for SIX2 and PAXS, but more localized (Figure 6).
Nephrin is a protein of the immunoglobulin superfamily of
cell adhesion receptors and is present in epithelial podocytes
which wrap around the glomeruli and are part of the glomer-
ular filtration barrier [32]. The podocytic foot processes are
interconnected via slit diaphragms which are formed by
Nephrin, Podocin, TRPC6, and FAT1 [33, 34]. Expression
of the membrane protein Podocin, encoded by NPHS2, was
detected on the plasma membrane of cells within the 3D-
NPCs (Figure 6). It has to be noted that native UdRPCs
express SIX2 [17], Nephrin, and Podocin (data not shown);
therefore, it is further evidence in support of our generated
3D-NPCs.
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FIGURE 5: Overview of the formation of three-dimensional nephron
progenitor cells (3D-NPCs). Isogenic 3D-NPCs were generated
from three cell types namely SIX2-positive UdRPCs, UdRPC-
iMSCs, and UdRPC-iECs of the same genetic background. The
scale bar corresponds to a length of 500 ym.

Furthermore, 3D-NPCs harbour endothelial cells which
express the cell surface marker CD31 (Figure 6). CD31 is
also known as PECAM-1, a glycoprotein, and besides
being present on the cell surface of endothelial cells,
CD31 can also be found on platelets and some leukocytes
[35]. This protein is involved in the adhesion between the
endothelial cells by intercellular junctions [35]. Expression
of the MSC markers Vimentin and PDGFR-f3 was not uni-
formly distributed as seen for PAX8. Vimentin is a type
II intermediate filament, which forms the cytoskeleton
together with microtubules and actin filaments. This pro-
tein is important for the maintenance of cell and tissue
integrity [36]. Vimentin was also found to contribute to
epithelial to mesenchymal transition (EMT) by upregulat-
ing the expression of EMT-related genes [37]. PDGFR-f3
is a receptor protein for the mitogen PDGF [38] and is
involved in the development of mesenchymal stem cells. As
mentioned before, MSCs are essential for self-condensation
of organoids. In this case, UdRPC-iMSCs might have
been involved in the condensation process where the con-
tractile force of the cytoskeleton leads to 3D formation
[2]. The addition of UdRPC-iMSCs should also be bene-
ficial for the vascularization of 3D-NPCs. MSCs are in

particular known to secrete a variety of growth factors
and cytokines, some of them with proangiogenic proper-
ties such as VEGF-A, interleukin- (IL-) 6, IL-8, HGF,
and PDGF [19, 38, 39].

Additionally, the sections were also stained for the
expression of the pluripotency-associated proteins TRA-1-
81, SSEA4, and NANOG (Figure 6). We chose to analyse
NANOG expression because the cytoplasmic variant is
known to be expressed in the kidney [40].

3.6. The Generation of 3D Kidney Organoids. The generation
of kidney organoids has advanced in recent years. Compared
to the 2D approach to cultivate renal tissues, 3D culture sys-
tems better mimic the in vivo configuration. Most protocols
are based on the use of human pluripotent stem cells (ESCs
and iPSCs) differentiated via formation of the intermediate
mesoderm into renal structures [14, 41]. Alternatively, kid-
ney tissues have been generated with a two-step protocol,
starting with the formation of pluripotent stem cell-
derived embryoid bodies followed by chemical-induced
differentiation to kidney cell lineages including podocytes,
cells of proximal and distal tubules, and collecting ducts
[42]. In order to capture the complexity of the kidney
organ, multicellular kidney spheroids from a coculture of
PSCs, MSCs, and HUVECs driven by mesenchymal cell
condensation were engineered by Takebe et al. [26] and
Takahashi et al. [38]. Upon transplantation into mice, an
in vivo environment, connection to the donor vasculature
and self-organization into functional tissues fulfilling organ
functions such as urine production were observed [26].
Moreover, instead of pluripotent stem cells, murine and
human primary kidney cells isolated from biopsies have
been described for the generation of three-dimensional
renal structures in vitro [43, 44]. As renal development is
completed before birth, isolation of human NPCs however
is difficult. Several groups have worked on optimizing this
isolation process as well as the in vitro cultivation conditions.
Methods for the isolation of human NPCs from the human
fetal kidney as well as long-term 3D culture of isolated fetal
NPCs with retained nephrogenic potential have been
described [45, 46]. With a similar nephrogenic potential
as primary NPCs, our novel approach for the generation
of 3D-NPCs was based on the use of UdRPCs in combina-
tion with isogenic UdRPC-iMSCs and UdRPC-iECs. As
urine is an excretion product, isolation of UdRPCs is nonin-
vasive, cost-effective, and indefinite [3]. Moreover, they can
be isolated from every donor regardless of age, gender, and
health condition. Additionally, even though these cells have
moderate telomerase activity, they do not form teratomas or
tumors [3, 5].

4. Conclusion

Summarizing our study, heterotypic 3D-NPCs were gener-
ated by combining UdRPCs, UdRPC-iPSC-derived UdRPC-
iMSCs, and UdRPC-iECs originating from the same genetic
background, hence isogenic. An immunofluorescence-based
analysis demonstrated the expression of the renal progenitor
markers (SIX2 and PAXS), the glomerular marker (Nephrin
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FIGURE 6: Expression of kidney markers (SIX2, PAX8, Nephrin, and Podocin), endothelial marker (CD31), mesenchymal markers (PDGFR-f3
and Vimentin), and pluripotency-associated markers (TRA-1-81, NANOG, and SSEA4) in 3D-NPCs. Cell nuclei were stained with Hoechst.
Zoom-in pictures show the subcellular localization of the respective proteins. Pictures were taken under 20x magnification. The scale bars

represent a length of 50 ym.

and Podocin), and the endothelial marker (CD31) as well
as the mesenchymal markers (Vimentin and PDGFR-f).
3D-NPCs have renal progenitor characteristics and there-
fore have the potential to generate several cell types of
the kidney lineage. As the 3D-NPCs arose from isogenic
cell types, inducing the differentiation of renal cell types
with subsequent organoid formation could lead to future
use in cell replacement therapies, drug screening, and

nephrotoxicity studies as well as kidney-associated disease
modelling.
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2.9 Human iPSC-derived MSCs (iMSCs) from aged individuals acquire a rejuvenation
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Abstract

Background: Primary mesenchymal stem cells (MSCs) are fraught with ageing-related
shortfalls. Human induced pluripotent stem cells (iPSCs) - derived MSCs (iMSCs) have
been shown to be a useful clinically relevant source of MSCs that circumvent these
ageing-associated drawbacks. To date, the extent of the retention of ageing-hallmarks in
iMSCs differentiated from iPSCs derived from elderly donors remains unclear.

Methods: Fetal femur-derived MSCs (fMSCs) and adult bone-marrow MSCs (aMSCs)
were isolated, corresponding iPSCs were generated, and iMSC were differentiated from
fMSC-iPSCs, aMSC-iPSCs and from human embryonic stem cells (ESCs) HI. In
addition, typical MSC characterization such as cell surface marker expression,
differentiation capacity, secretome profile and trancriptome analysis were conducted for
the three distinct iMSC preparations- fMSC-iMSCs, aMSC-iMSCs and ESC-iMSCs. To
verify these results, previously published data sets were used as well as additional aMSCs
and iMSCs were analysed.

Results: fMSCs and aMSCs both express the typical MSC cell surface markers, and can
be differentiated into osteogenic, adipogenic and chondrogenic lineages in vitro.
However, the transcriptome analysis revealed overlapping and distinct gene expression
patterns and showed that fMSCs express more genes in common with ESCs than with
aMSCs. fMSC-iMSCs, aMSC-iMSCs and ESC-iMSCs met the criteria set out for MSCs.
Dendrogram analyses confirmed that the transcriptomes of all iMSCs clustered together
with the parental MSCs and separated from the MSC-iPSCs and ESCs. iMSCs
irrespective of donor age and cell type acquired a rejuvenation-associated gene signature,
specifically, the expression of INHBE, DNMT3B, POU5SF1PI, CDKNIC, GCNT2 which
are also expressed in pluripotent stem cells (iPSCs and ESC) but not in the parental

aMSCs. iMSCs expressed more genes in common with fMSCs than with aMSCs.
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Independent real-time PCR comparing aMSCs, fMSCs and iMSCs confirmed the
differential expression of the rejuvenation (COX7A4, EZA2, TMEMI119) and ageing
(CXADR, IGSF3) signatures. Importantly, in terms of regenerative medicine, iMSCs
acquired a secretome (e.g. Agiogenin, DKK-1, IL-8, PDGF-AA, Osteopontin, SERPINE1
and VEGF) similar to that of fMSCs, thus highlighting their ability to act via paracrine
signaling.

Conclusions: iMSCs irrespective of donor age and cell source acquire a rejuvenation gene
signature. The iMSC concept could allow circumventing the drawbacks associated with
the use of adult MSCs und thus provide a promising tool for use in various clinical

settings in the future.
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Abstract

Background: Primary mesenchymal stem cells (MSCs) are fraught with aging-related shortfalls. Human-induced
pluripotent stem cell (iPSC)-derived MSCs (iMSCs) have been shown to be a useful clinically relevant source of MSCs
that circumvent these aging-associated drawbacks. To date, the extent of the retention of aging-hallmarks in iMSCs
differentiated from iPSCs derived from elderly donors remains unclear.

Methods: Fetal femur-derived MSCs (fMSCs) and adult bone marrow MSCs (@MSCs) were isolated, corresponding
iPSCs were generated, and iMSCs were differentiated from fMSC-iPSCs, from aMSC-iPSCs, and from human
embryonic stem cells (ESCs) H1. In addition, typical MSC characterization such as cell surface marker expression,
differentiation capacity, secretome profile, and trancriptome analysis were conducted for the three distinct iMSC
preparations—fMSC-IMSCs, aMSC-IMSCs, and ESC-iIMSCs. To verify these results, previously published data sets were
used, and also, additional aMSCs and iMSCs were analyzed.

Results: fMSCs and aMSCs both express the typical MSC cell surface markers and can be differentiated into
osteogenic, adipogenic, and chondrogenic lineages in vitro. However, the transcriptome analysis revealed
overlapping and distinct gene expression patterns and showed that fMSCs express more genes in common with
ESCs than with aMSCs. fMSC-iMSCs, aMSC-iIMSCs, and ESC-iIMSCs met the criteria set out for MSCs. Dendrogram
analyses confirmed that the transcriptomes of all iIMSCs clustered together with the parental MSCs and separated
from the MSC-iPSCs and ESCs. iMSCs irrespective of donor age and cell type acquired a rejuvenation-associated
gene signature, specifically, the expression of INHBE, DNMT3B, POU5F1P1, CDKN1C, and GCNT2 which are also
expressed in pluripotent stem cells (iPSCs and ESC) but not in the parental aMSCs. iIMSCs expressed more genes in
common with fMSCs than with aMSCs. Independent real-time PCR comparing aMSCs, fMSCs, and iIMSCs confirmed
the differential expression of the rejuvenation (COX7A, EZA2, and TMEM119) and aging (CXADR and IGSF3) signatures.
Importantly, in terms of regenerative medicine, iIMSCs acquired a secretome (e.g., angiogenin, DKK-1, IL-8, PDGF-AA,
osteopontin, SERPINET, and VEGF) similar to that of fMSCs and aMSCs, thus highlighting their ability to act via
paracrine signaling.

Conclusions: iMSCs irrespective of donor age and cell source acquire a rejuvenation gene signature. The iMSC
concept could allow circumventing the drawbacks associated with the use of adult MSCs und thus provide a
promising tool for use in various clinical settings in the future.

Keywords: Aged MSC, Fetal MSCs, iPSCs, iMSCs, Transcriptome, Secretome, Rejuvenation, Aging
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Background

Primary human bone marrow-derived stem cells (MSCs)
contain a sub-population of multipotent stem cells
which retain osteogenic, chondrogenic, and adipogenic
differentiation potential [1, 2]. Apart from the adult
sources, these multipotent MSCs have been isolated
from fetal femur [3]. Due to highly proliferative,
immune-modulatory properties, and paracrine orches-
tration, MSCs offer significant therapeutic potential for
an increasing aging demographic [4].

Although the bone marrow can be collected routinely
to isolate MSCs, there are several drawbacks associated
with the use of MSCs from aged individuals. Aging in-
volves enhanced cellular senescence, instability of the
genome, accumulation of DNA damage, changes in
DNA repair pathways, oxidative stress, metabolic in-
stability, and activated immune response [5-8]. In line
with this, the expansion possibilities and application po-
tential of primary MSCs are limited, in part, by changes
in the differentiation/response potential and function of
MSCs isolated from aged donors [9-11]. However, to
date, it remains unclear whether there are any
age-related differences in transcriptome and secretome
signatures between human fetal MSCs and MSCs from
elderly donors.

Recent studies have shown that the shortfalls associated
with primary MSCs can be circumvented by reprogram-
ming them to induced pluripotent stem cells (iPSCs) [12—
14]. iPSCs have the potential to self-renew, bypass senes-
cence and are similar to human embryonic stem cells
(ESCs). However, the parental somatic aging signature and
secretome properties and subsequent reflection in iPSC
derivatives are unknown [15-17]. An iPSC-derived cell
type that is of prime interest for circumventing shortfalls
associated with primary MSCs are MSCs differentiated
from iPSCs and ESCs (iMSCs). The similarity of iMSCs to
primary MSCs and their regenerative potential in vivo has
already been demonstrated [18, 19]. Moreover, the reflec-
tion of donor age in iMSCs was shown to be reverted into
a younger state and at the same time reflected in iMSCs
from patients with early onset aging syndromes [13, 20].
Although the paracrine effects of iMSCs have been indi-
cated [21], relatively little is known about the potential to
rejuvenate the paracrine features of MSCs from elderly pa-
tients via iMSC generation.

In view of this, there is a dire need to clarify in more
detail whether age-related features inherent to primary
MSCs isolated from elderly patients are retained in the
corresponding iMSCs at the transcriptional, secretome,
and functional level. In this study, we report the
age-associated differences between fetal MSC (fMSC)
populations and MSCs isolated from elderly donors with
respect to their transcriptomes. We successfully repro-
grammed fMSCs (55days post conception) and adult
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MSC (aMSC; 60-74 years) to iPSCs and, subsequently,
generated the corresponding iMSCs. In addition, iMSCs
were also derived from ESCs. The iMSCs were similar
although not identical to primary MSCs. We unraveled a
putative rejuvenation and aging gene expression signa-
ture. We show that iMSCs irrespective of donor age and
cell type re-acquired a similar secretome to that of their
parental MSCs, thus re-enforcing their capabilities of
context-dependent paracrine signaling relevant for tissue
regeneration.

Methods

MSC preparations used in this study

Fetal femur-derived MSCs were obtained at 55 days
post-conception as previously described [3] following in-
formed, written patient consent. Approval was obtained
by the Southampton and South West Hampshire Local
Research Ethics Committee (LREC 296100). Mesenchy-
mal stem cells, used for generation of iPSCs and iMSCs,
were isolated from the bone marrow of a 74-year-old fe-
male donor as described before [22] after written in-
formed consent. The corresponding protocol was
approved by the research ethics board of the
Charite-Universitiatsmedizin, Berlin (IRB approval EA2/
126/07). Aged MSCs (60 years, 62 years, and 70 years)
were isolated as previously described [23]. Isolation of
mesenchymal stem cells from 60 to 70-year-old individ-
uals was approved under the Southampton and South
West Hampshire Local Research Ethics Committee
(LREC 194/99). Three primary fetal MSC preparations,
fMSC1, fMSC2, and fMSC3, derived from different do-
nors, were compared to MSCs isolated from elderly do-
nors between 60 and 74 years of age; aMSC1, aMSC2,
aMSC3, and aMSC4 (Additional file 1: Table S1). For
meta-analyses, we included published transcriptome
datasets of adult human MSCs which are referred to as
MSC1, MSC2, and MSC3 [24] and adult MSCs from do-
nors aged 29, 48, 60, and 76 years are referred to as
MSC4, MSC5, MSC6, and MSC7 [25]. For the purpose
of comparing the secretomes of iMSCs, fMSCs, and
aMSCs, three additional MSC preparations from donors
aged 62, 64, and 69 years were used, which had been
generated and characterized (data not shown) at the In-
stitute for Transplantation Diagnostics and Cell Thera-
peutics at Heinrich Heine University Hospital,
Diisseldorf with patient consent and approval of the Eth-
ics commission of the medical faculty Heinrich Heine
University (Study number: 5013).

Cell culture

The culture of MSCs and iMSCs was carried out in
oMEM, nucleosides, GlutaMAX with addition of 10%
fetal bovine serum (Biochrom AG, Germany), penicillin/
streptomycin, and nonessential amino acids (all from



Results - Publications

147

Spitzhorn et al. Stem Cell Research & Therapy (2019) 10:100

Life Technologies, California, USA). MSCs and iMSCs
were expanded with a seeding density of 1000 cells per
cm?. iMSCs were cultured in the same conditions start-
ing from passage four [22].

Pluripotent stem cells (iPSCs and ESCs H1 and H9
(#WAO1 and #WAQ9, respectively)) were cultured in un-
conditioned medium. The medium contained
KO-DMEM, supplementation of 20% serum replace-
ment, sodium pyruvate, nonessential amino acids, L-glu-
tamine, penicillin/streptomycin, and 0.1mM
B-mercaptoethanol (all from Life Technologies). Supple-
mentation with basic fibroblast growth factor (bFGF)
(Preprotech, USA) to a final concentration of 8 ng/ml
was carried out before media change every day. Passa-
ging of pluripotent stem cells was carried out with a
splitting ratio of 1:3 to 1:10. Passaging was conducted
manually using a syringe needle and a pipette under a
binocular microscope or using a cell scraper and PBS
(-). Mitomycin-C inactivated mouse embryonic fibro-
blasts were used as feeder cells seeded on cell culture
dishes coated with Matrigel (BD) to culture iPSCs and
ESCs. MSC culture was carried out at 37 °C and 5% CO,
in a humidified atmosphere. Pluripotent stem cell cul-
ture was carried out under the same condition with add-
itional hypoxic conditions in 5% O, [26].

In vitro differentiation of parental MSCs and iMSCs
Adipocyte differentiation was carried out using the
StemPro Adipogenesis Differentiation Kit (Life technolo-
gies, USA). The MSCs were seeded at an initial density
of 1x10* cells per cm? and induced to the adipogenic
fate with differentiation medium and cultured for 21
days. Lipid filled vacuoles were visualized with Oil red O
after adipogenic induction. Osteoblast differentiation
was performed with the StemPro Osteogenesis Differen-
tiation Kit (Life Technologies). Calcified matrix was visu-
alized with Alizarin Red after osteogenic induction. The
MSCs were seeded at a density of 5 x 10® cells per cm?®
in osteogenic induction media and cultured for 21 days.
Chondrocyte differentiation was carried out using Stem-
Pro Chondrogenesis Differentiation Kit (Life Technolo-
gies). Acidic mucosubstances were visualized by Alcian
Blue staining after chondrogenic induction.

Derivation of iPSCs from MSCs

fMSC-iPSC1, fMSC-iPSC2, and aMSC-iPSC1 were gen-
erated as previously described [22, 26]. Retroviral pluri-
potency induction in fetal femur-derived MSCs was
carried out using pMX vector-based expression of
OCT4, SOX2, KLF4, and c-MYC. Retrovirus generation
was carried out in Phoenix cells using FUGENE HD
Transfection Reagent (PROMEGA). Two hundred thou-
sand MSCs were transduced. After transduction, MSCs
were seeded onto Matrigel-coated cell culture plates
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with feeder cells (inactivated MEFs) at a density of 4000
cells per cm? for pluripotency induction. To reprogram
them, the transduced MSCs were culture in
N2B27-based medium with additions of 20% serum re-
placement, sodium pyruvate, nonessential amino acids,
L-glutamine, penicillin/streptomycin, and 0.1lmM
B-mercaptoethanol (all from Life Technologies, USA)
and bFGF (Preprotech, USA). After 14 days, the media
was switched to mTeSR1 (Stem Cell Technologies,
USA) as previously described [27]. The cells were cul-
tured until ESC-like colonies became visible. The col-
onies were isolated manually and expanded for
characterization. The resulting iPSCs were termed
fMSC-iPSC3.

So termed, aMSC-iPSC2, were generated by using epi-
somal plasmid-based reprogramming using the previ-
ously described combination of episomal plasmids 7F-2
[27]. The plasmids were delivered to aMSCs (62 years)
by nucleofection using the Human MSC (Mesenchymal
Stem Cell) Nucleofector Kit (Lonza, VPE-1001) and the
Amaxa Nucleofector II (Lonza) following the manufac-
turer’s instructions. aMSCs were cultured until passage
two and the combination of 3 ug of pEP4 EO2S EN2K,
3.2 pg of pEP4 EO2S ET2K, and 2 .4 ug of pCEP4-M2L
was mixed with the 1x10° MSCs and nucleofected
using the program U-23. Nucleofected aMSCs were ex-
panded in MSC medium for 6 days and replated with a
density of 6 x 10* cells per well of a six-well plate onto
Matrigel and feeder cell-coated culture vessels. Further
culture was carried out in N2B27-based medium as
already described. Fifty micrograms per milliliter of L-as-
corbic acid (Sigma-Aldrich) was added to the medium
[28] with a media change every other day. After 14 days,
the media was switched to mTeSR1 (Stem Cell Tech-
nologies) as previously described [27]. Further culture
was carried out until ESC-like colonies could be isolated.
ESC-like cell colonies were isolated manually with a syr-
inge needle and pipette under a stereo microscope.

The isolated colonies were seeded onto freshly pre-
pared feeder cell-coated plates as described previously
[29, 30]. The characterization of the iPSC clones was ini-
tiated after six passages. The isolated iPSCs colonies
were characterized as previously described [22]. The
pluripotency of iPSCs generated from MSCs was tested
in a similar fashion as previously described for the tool
PluriTest (http://www.pluritest.org) [31] by cluster ana-
lysis within the R statistical programming environment
[32] using function Aclust to show similarity with embry-
onal stem cells within a dendrogram.

Embryoid body-based in vitro differentiation

iPSCs were seeded into low attachment culture dishes
(Corning) and cultured in DMEM with additional 10%
fetal bovine serum (Biochrom AG), sodium pyruvate,
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L-glutamine, nonessential amino acids, and penicillin/
streptomycin (all from Life Technologies) without bFGF
for the generation of embryoid bodies (EBs). EBs were
transferred onto gelatin-coated culture dishes after 10 days
and cultured further for 10 days using the same condi-
tions. Next, the cells were fixed in 4% paraformaldehyde
(PFA) and stained using immunofluorescence-based de-
tection of germ layer-specific markers.

Generation of iMSCs

iMSCs were generated from iPSCs and ESC line H1 as
previously described [18]. In brief, iPSCs and ESCs were
cultured without feeder cells on Matrigel. When con-
fluency was reached, the medium was switched to un-
conditioned medium without bFGF supplementation or
aMEM and with addition of 10uM SB-431542 (Sig-
ma-Aldrich) with a media change every day for 10 days.
Next, the cells were trypsinized and seeded at a density
of 4 x 10" cells per cm? onto uncoated culture dishes in
MSC expansion medium. Subsequently, the cells were
passaged and reseeded at a density of 2 x 10* cells per
cm? under the same culture conditions. Finally, the cells
were passaged and seeded at a density of 1x 10* cells
per cm?. The seeding density was maintained in every
further passage.

Flow cytometry

The surface marker expression of MSCs and iMSCs was
analyzed using MSC Phenotyping Kit (Miltenyi). The
cells were trypsinized, washed with PBS and stained with
labeled antibodies as well as analyzed according to the
manufacturer’s instructions. For the analysis of the
stained cells, fluorescence-activated cell sorting (FACS)
calibur (BD) flow cytometer was used, the program Cell-
QuestPro for data acquisition, and the softwares Cyflogic
(http://www.cyflogic.com) and Microsoft Excel for data
analysis.

Quantitative real-time polymerase chain reaction

The Power SYBR Green Master Mix (Life technologies)
was used for quantitative real-time PCR analysis. Three
hundred eighty-four-well format plates were used, and
the reaction mixture had final volume of 10 pl as recom-
mended in the manufacturer’s protocol. An amount of
10 ng of cDNA was used for each reaction. The experi-
ments were done in technical replicates. The ViiA7 (Life
technologies) system was used to run the PCR with
these conditions: 95°C for 10 min; 35 cycles of 95 °C, 60 °
C, and 72°C with 30s each step. Melting curves were
generated after all cycles were completed. The 7(-delta
delta Ct) method was used to calculate relative gene ex-
pression levels using the CT mean values as an input.
Normalization was done based on the housekeeping
gene RPL37A. Table S2 shows primer sequences.
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Immunofluorescence staining

Immunofluorescence staining was used to detect pluri-
potency markers in iPSCs and to detect expression of
germ layer-specific marker in cells differentiated from
iPSCs in an embryonic body-based in vitro pluripotency
test. The cells were fixed at room temperature with 4%
PFA for 20 min. Subsequently, the cells were washed
three times in PBS and incubated in 1% Triton X-100 in
PBS for 10 min at room temperature. Next, the cells
were incubated in blocking solution: 10% FCS (Vector)
and 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 1h.
Then, the cells were incubated with the primary anti-
body at 4°C in blocking solution overnight followed by
three washes with PBS. Next, the cells were incubated
with the secondary antibody at room temperature for 1
h followed by three more washes with PBS and a final
incubation with DAPI (200 ng/ml, Invitrogen) in PBS for
20min at room temperature. This was followed by
image acquisition using a using the confocal microscope
LSM510 (Carl Zeiss). A list of the used antibodies is pro-
vided in the supplement (Additional file 1: Table S3).

Gene expression analysis

The DNA+RNA+Protein Extraction Kit (Roboklon) was
used to extract total RNA. The linear amplification kit
(Ambion) was used to produce biotin-labeled cRNA
form 500 ng of total RNA per sample. The samples were
further processed using the Illumina BeadStation 500
platform (Illumina) following the manufacturer’s proto-
col for hybridization and Cy3-streptavidin staining.
HumanHT-12 v3.0 Gene Expression Bead Chips (Illu-
mina) were used to hybridize the samples. Bead-level
data was summarized to bead-summary data using the
Gene Expression Module of the software GenomeStudio
(lumina) without normalization and background cor-
rection. Bead-summary data was imported into the R/
Bioconductor [33] environment where it was
background-corrected and normalized with quantile
normalization from the package lumi [34]. The R_builtin
function cor was used to compute the Pearson correl-
ation values between the transcriptomes detected by
microarray. Significant gene expression was calculated
by determining the detection p value based on the differ-
ence to negative control beads. A gene with a detection
p value <0.05 was considered to be expressed. Venn dia-
grams and heatmaps were generated employing the R/
Bioconductor packages VennDiagram [35] and gplots
[36]. Lists of human gene sets annotated to the Gene
Ontology (GO)-terms cell cycle, senescence, response to
oxidative stress, DNA damage repair, and aging were
generated using AmiGO 2 version 2.3.1 (http://amigo2.
berkeleybop.org/amigo) [37] and used to extract GO
term-specific gene expression data sets which were ana-
lyzed by hierarchical clustering analysis. The data set of
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the gene expression analysis will be accessible at the
Gene Expression Omnibus (GEO) repository under the
accession number GSE97311 (www.ncbinlm.nih.gov/
geo/query/acc.cgi?acc=GSE97311).

Determination of differential expression

The linear models for microarrays from the R/Biocon-
ductor limma package [38] were used to compute the
differential p value to determine the significance of the
difference between gene expression values. The com-
puted differential p value was adjusted in R/Bioconduc-
tor with the gvalue false discovery rate (FDR) correction
algorithm [39]. Genes with a FDR-corrected differential
p value of <0.05 were considered significantly different.
The up- or downregulation of these genes was calculated
by determining the ratio of the average signals. A ratio
higher than 1.33 was considered as upregulated, and a
ratio lower than 0.75 was considered as downregulated.

Determination of the aged and rejuvenation gene
signatures

Two gene signatures were determined which are charac-
terizing the aging and rejuvenation processes. The gene
signatures were identified based on combinations of
gene expression of MSCs in differing age-related stages.
The aged gene signature was defined by gene expression
in the MSCs but not in the iMSCs and iPSCs, given by
the combination of detection p values: p_ysc < 0.001A
P_imsc > 0.1A p_ipsc >0.1. The rejuvenation gene signa-
ture was defined by gene expression in the iMSCs and
iPSCs but not in the MSCs, given by the combination of
detection p values: p_nsc > 0.1A p_jmsc < 0.001A p_ipsc
<0.001.

Functional annotation of gene sets

Database for Annotation, Visualization and Integrated
Discovery (DAVID) Bioinformatics resources 6.7 (http://
david.abcc.ncifcrf.gov) [40] was used for functional an-
notation analysis of gene sets. Lists of official gene sym-
bols or Illumina IDs were used as input against human
background. The default settings of DAVID Bioinformat-
ics resources 6.7 were used. The option Kyoto
Encyclopedia of Genes and Genomes (KEGG) terms was
used for the annotation to pathways. The option
GO_BP_Direct or GO_BP_Fat was used to for annota-
tion to gene ontology terms of biological processes.

Protein association network

Based on the aged and rejuvenation gene signatures, two
protein interaction networks were constructed. The in-
teractions are based upon the Biogrid database version
3.4.161 [41] filtered for the taxonomy id 9606 (Homo sa-
piens). From the Biogrid dataset, all protein interactions
containing at least one protein coded by the above
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mentioned aged and rejuvenation signatures were ex-
tracted separately for each signature. Both resulting net-
works were reduced by adding only the n=30
interacting proteins with the most interactions to pro-
teins coded by genes from the original sets. The R pack-
age network [42] was employed to visualize these
interactions marking proteins from the original sets in
green. Communities of related proteins within the net-
works were detected via an in-betweenness clustering
analysis with the method cluster_edge betweenness from
the R package igraph [43].

Secretome analysis

The cell culture supernatants of three distinct fMSCs,
three independent iMSCs, and three distinct aMSCs
were collected, and 1.5 ml each was used for subsequent
analysis. The Proteome ProfilerTM Array Human (XL)
Cytokine Array kit (R&D Systems, catalog number
ARY022) was carried out according to the user’s manual.
Two reference spots showing successful performed ana-
lysis were located in three positions on the cytokine
membrane (in upper left, lower left, and the lower right-
corner). Horseradish peroxidase substrate and luminol
enhancer solution (GE healthcare UK limited) were used
to visualize protein distribution and amount on the
membranes. The pictures were taken with Fusion-FX
microscope (Fischer Biotec). The pixel density of the
spots was measured using Image]J, the background inten-
sity was subtracted, and the values were finally calcu-
lated as percentage of the reference spots intensity.
Values above 5% were classified as secreted. Cytokines
with values above 20% of the reference were considered
abundantly expressed.

Statistical analysis

The comparison of two groups was carried out using a
two-tailed unpaired Students ¢ test. Significant differ-
ence was defined with p values <0.05. For microarray
data analysis, a gene with an expression p value <0.01
was considered significantly expressed. A gene with a
differential p value <0.01 was considered significantly
different in terms of expression. Functional annotation
was considered significant with a p value of < 0.05.

Results

Mesenchymal stem cells of fetal and aged background
differ in transcriptome level

Irrespective of donor age, fMSCs and aMSCs showed a
typical MSC surface marker profile by expression of
CD73, CD90, and CD105 and the absence of the
hematopoietic markers CD14, CD20, CD34, and CD45
at the gene expression and protein level (Fig. la, b).
ESCs H1 which were used as a negative control did not
show expression of CD73 and CD105 at the gene
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Fig. 1 Characterization of fMSCs and aMSCs. a fMSCs and aMSCs express typical MSC surface marker genes CD73, CD90, and CD105 but no
hematopoietic marker genes. b fMSCs and aMSCs show MSC-typical surface marker expression detected by FACS. Blue: fluorophore-conjugated
antibody against surface antigen. Gray: isotype control. ¢ Confirmation of typical MSC lineage differentiation potential in fMSCs and aMSC. Alizarin
Red staining visualized the calcified matrix in red. Adipogenic: Oil Red O staining was used to visualize fat vacuoles of adipocytes in red.
Chondrogenic: Cells of pellet culture were stained with Alcian blue to visualize acidic mucosubstances in blue. Pictures were taken using a stereo
microscope. d Overlapping and distinct gene expression between fMSCs, aMSCs, and ESCs with e related KEGG pathways and GO terms depicted
as bar diagrams with —log(pValue). KEGG pathways are marked in red and GO terms in blue

expression level and had a lower expression of CD90
than the MSCs. Additionally, MSCs of both age groups
could be differentiated into osteoblasts, adipocytes, and
chondrocytes and stained positive for Alizarin Red S
(bone), Oil Red O (fat), and Alcian Blue (cartilage), re-
spectively (Fig. 1c).

Venn diagram-based analysis of the transcriptome data
revealed a higher number of genes expressed in common

between fMSCs and ESCs (747 genes) compared to the
overlap of aMSCs and ESCs (Fig. 1d). The 747 genes
were annotated to GO terms such as cell adhesion with
a p value below 0.01. In addition, genes expressed in
common between fMSCs and aMSCs (441) were anno-
tated to KEGG pathways such as calcium signaling and
GO terms such as skeletal system development with p
values below 0.01. Genes exclusively expressed in fMSCs
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(241) were annotated to the KEGG pathway
cytokine-cytokine receptor interaction with a p value
below 0.05, whereas the genes exclusively expressed in
aMSCs (296) were annotated to ECM-receptor inter-
action and extracellular matrix organization with p
values below 0.01 (Fig. le).

Derivation and characterization of iPSCs from fMSCs and
aMSCs

We previously established two iPSC lines from fetal
MSCs [26], named fMSC-iPSC1 and fMSC-iPSC2. Add-
itionally, we have described an iPSC line from MSCs of
a 74-year-old donor (aMSC-iPSC1) [22]. In the present
study, MSCs isolated from a 62-year-old donor were
successfully reprogrammed into iPSCs (aMSC-iPSC2) as
well as a new iPSC line from fMSCs was created
(fMSC-iPSC3).

Transcriptome analysis of the native MSCs, the corre-
sponding iPSCs, and the ESC line H1 revealed two sepa-
rated clusters. The first cluster included all MSC
population irrespective of the donor age which was sepa-
rated from the second cluster which includes the ESCs
and all MSC-iPSCs (Fig. 2a). At the transcriptome level,
there was a distinct level of heterogeneity in the results
since MSCs and MSC-iPSCs did not show a separation
by donor-cell age. All iPSC lines expressed
pluripotency-associated markers (Additional file 1: Fig-
ure S1) and a transcriptome similar to ESCs (Fig. 2b).
Moreover, both fMSC-iPSC3 and aMSC-iPSC2
expressed pluripotency marker at the protein level and
formed embryoid bodies and differentiated into cell
types representative of the three embryonic germ layers
(Additional file 1: Figure S1).

iMSC from MSC-iPSCs of distinct age backgrounds and
ESCs have MSC-typical marker expression and
differentiation potential

fMSC-iPSC3, aMSC-iPSC2, and ESC line H1 were differ-
entiated into MSCs and named fMSC-iMSCs,
aMSC-iMSCs, and ESC-iMSCs. iMSCs displayed
spindle-shaped morphologies comparable to primary
MSCs (Fig. 3a). In addition, all iMSCs derived from pri-
mary MSCs expressed the MSC markers CD73, CD90,
and CD105 but not the hematopoietic markers CD14,
CD20, CD34, and CD45 (Fig. 3b). Oil Red O-positive fat
droplets were detected in all iMSC preparations upon
adipogenic induction. In addition, Alizarin Red-positive
calcified matrix and Alcian Blue staining were detected
following culture in osteogenic and chondrogenic
medium, respectively (Fig. 3c). Although iMSCs were de-
rived from pluripotent cells, they had a lower expression
of pluripotency markers than the iPSC and ESCs they
were derived from (Fig. 3d). Finally, comparison of the
transcriptomes revealed a higher correlation co-efficient
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(R?) between iMSCs and primary MSCs (0.917-0.964)
than between iMSCs and iPSCs/ESCs (0.879-0.914).
Moreover, we detected a higher similarity between the
transcriptomes of fMSCs and ESCs (0.925-0.939) than
between aMSCs and ESCs (0.855-0.885) (Add-
itional file 1: Figure S2).

Primary MSCs and iMSCs have overlapping and distinct
gene expression patterns revealing higher similarity
between iMSCs and fMSCs

A Venn diagram-based representation of transcriptome
data identified 12,487 genes commonly expressed be-
tween the fMSC-iMSCs, aMSC-iMSCs, and ESC-iMSCs.
Within this shared gene set, numerous MSC-specific
genes (CD73, CD90, CD105 and PDGFRp),
MSC-associated genes (VEGFA, Vimentin, SerpinEl,
and MIF), and differentiation markers (RUNX2 and
PPARYy) were present (Fig. 4a). Clustering analysis of the
transcriptomes resulted in the formation of two
similarity-based clusters separating iMSCs (irrespective
of their source) together with primary MSCs from their
corresponding iPSCs and ESC samples (Fig. 4b). Another
Venn diagram-based analysis comparing iMSCs (com-
bination of fMSC-iMSCs, aMSC-iMSCs, and
ESC-iMSCs), fMSCs, and aMSCs revealed that more
genes were expressed in common between iMSCs and
fMSCs (534 genes) than between iMSCs and aMSCs
(398 genes) with the majority of genes expressed in all
three groups (11794). iMSCs proved the most distinct
sample set with 923 exclusively expressed genes
(Fig. 4c).

Importantly, a heatmap-based clustering analysis of
expression of DNA damage repair (such as FEN1 and
MSHS6) and aging-associated genes (such as FADSI and
NOX4) revealed that iMSCs irrespective of donor age or
cell type of origin are more similar to fMSCs compared
to aMSCs (Fig. 4d, e).

MSC-iMSCs acquired a rejuvenation signature

Genes expressed in iMSCs and pluripotent stem cells
but not expressed in primary MSCs (fMSCs and aMSCs)
were identified which we refer to as the rejuvenation sig-
nature. On a similar note, genes expressed in primary
MSCs but not in pluripotent stem cells and iMSCs are
referred to as the aging signature (Fig. 5a). Figure 5b
shows a table based on the heatmap from Fig. 5a with
the gene names within the rejuvenation and aging signa-
ture. To validate our rejuvenation and aging signatures,
we carried out an additional analysis incorporating
already published datasets of primary human MSCs of
different ages [24, 25]. A hierarchical clustering analysis
of gene expression including the new samples (MSC1-7)
independently confirmed the validity of our rejuvenation
signature (e.g., PM20D2 and HRASLS) and aging
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signature (e.g. FAMI09B and EDIL3) reflecting the re-
spective expression levels (Fig. 5c).

For further verification of the rejuvenation signature,
real-time PCR analysis was carried out using RNA from
additional independent adult MSC (56 years) and iMSC
samples from distinct age groups (urine-derived
iPSC-derived iMSCs (51 years); ESC-iMSCs (prenatal),

fMSC-iMSCs (prenatal), and HFF-iMSCs (human fetal
foreskin-derived iPSC-derived iMSCs)) employing
primers for genes of the rejuvenation (IGSF3, CXADR,
FAMS84B, INHBE, and DNMT3B) and aging signature
(COX7A, EZA2, EFEMPI, ENPP2, and TMEMII9)
(Fig. 5d). For IGSF3, the mRNA expression level in all
iMSC preparation was higher than that in the fMSCs
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(See figure on previous page.)

Fig. 3 Characterization of fMSC-iIMSCs, aMSC- iMSCs, and ESC-iMSCs. a Morphology of iMSCs compared to native MSCs. b Flow cytometry-based
analysis of MSC surface marker in iMSCs. Blue/Purple: iMSCs labeled with antibody specific to marker. Gray: isotype control. ¢ Differentiation
potential of iIMSCs in vitro. Osteogenic: Alizarin Red S staining; adipogenic: Oil red O staining; chondrogenic: Alcian Blue staining. d Gene
expression of MSC, hematopoietic, and pluripotency markers in iMSCs compared to primary MSCs and ESC H1. Representative images of

n =13 experiments

and aMSC samples whereas only three of the four iMSC
samples showed increased CXADR expression levels. For
DNMT3B, a rejuvenation signature, two of the four
iMSC samples showed upregulation. The other two
genes of the rejuvenation signature showed comparable
levels in aMSCs and iMSCs. For the aging signature,
COX7A, EZA2, EFEMPI, and TMEM119 were expressed
at lower levels in iMSCs than in aMSCs with the excep-
tion of ENPP2 (Fig. 5d).

Protein association network analyses confirm
rejuvenation and aging signature

Using the genes of the rejuvenation signature as input, a
protein association network (PAN) was created adding
the n =30 interaction partners with the most interac-
tions from the Biogrid database. We used community
clustering to identify densely connected groups of pro-
teins with fewer connections across groups. The rejuven-
ation signature PAN (Fig. 6a) includes communities
characterized by INHBE (blue), TP53, CDKNIC, IL32
(light blue), CDKI10 (petrol), ELAVL1 (purple),
DNMTS3B (yellow), and EEF1A2 (green).

Analogously, we generated a PAN based on the aging
signature which revealed genes involved in the TGFp
and mTOR-signaling pathways as well as factors associ-
ated with oxidative stress including CAT (Fig. 6b). The
aging signature PAN (Fig. 6b) includes communities
characterized by HSPA5 (blue), GRB2 (light blue),
CCDC8 (purple), CAT (petrol), EYA2 (yellow), APP
(green), and TGFBI (red).

iMSCs of different age backgrounds show overlapping
secretomes with fetal MSCs

Based on a cytokine array, the secretomes of
fMSC-iMSCs, aMSC-iMSCs, and ESC-iMSCs were
found to be similar to the secretomes of primary fMSC1,
fMSC2, and fMSC3 (Fig. 7a, b). iMSCs, independent
from their origin, as well as fetal MSCs showed a large
number overlap in the most abundantly secreted cyto-
kines: angiogenin, BDNF, Chitinase 3-like 1, Dkk-1,
EMMPRIN, ENA-78, endoglin, GDF-15 GROq,
IGFBP-2, IGFBP-3, IL-6, IL-8, IL-11, LIF, MCP-1,
MCP-3, MIFE, osteopontin, PDGF-AA, pentraxin-3, ser-
pin El, thrombospondin-1, and VEGF (Fig. 7a, Add-
itional file 1: Figure S3). KEGG pathway analysis of the
common secreted cytokines showed their involvement in
processes like cytokine-cytokine receptor interaction,

TNF signaling pathway, chemokine signaling pathway,
PI3K-Akt signaling pathway, HIF-1 signaling pathway,
and Jak-STAT signaling pathway (Fig. 7b). Gene Ontol-
ogy analysis of the common secreted cytokines showed
involvement in processes such as regulation of growth
factor activity, inflammatory response, positive regula-
tion of ERK1 and ERK2 cascade, positive regulation of
angiogenesis, and cell proliferation (Fig. 7c). In addition
to this, the secretomes of fMSCs and iMSCs were com-
pared to that of aMSCs (Fig. 7d, Additional file 1: Figure
S3). In comparison to fMSCs and iMSCs (independent
of the source), MSCs from aged individuals (aMSCs) se-
creted fewer cytokines and at lower levels except for IL6.

Discussion
Derivation and characterization of pluripotent stem
cell-derived MSCs (iMSCs) are on the rise [18, 44—46].
iMSCs have been shown to enhance regeneration and
healing when applied to a variety of animal models; mul-
tiple sclerosis, limb ischemia, arthritis, liver damage,
bone defects, wound healing, and hypoxic-ischemia in
the brain [46-53]. In this study, we comparatively and
critically assessed the effect of donor age and cell type
specificity on the iMSC “rejuvenated” signature based on
transcriptome analysis and further studied their para-
crine signaling potential by secretome analyses. We re-
vealed that fMSCs share a higher transcriptome
similarity with ESCs than with aMSCs. This age-related
difference may be due to genes involved in cell adhesion
(Fig. 1e), which is in agreement with the reported role of
adhesion-related processes in pluripotent stem cells [54].
However, the iMSCs generated in this study met the cri-
teria defined for primary MSCs to a certain extent in
terms of morphology and surface marker expression
(Fig. 3a,b), as previously shown for iMSC generation
from fibroblast-derived iPSCs [18]. In agreement with
the MSC criteria [2], the generated iMSCs were able to
differentiate into bone, cartilage, and fat cells in vitro. In
addition, we could successfully confirm a high level of
similarity between primary MSCs and iMSCs on tran-
scriptome level and could show that these iMSCs al-
though originating from pluripotent cells are not
pluripotent themselves (low similarity to iPSCs) which is
important for potential wuse in future clinical
applications.

The expression patterns of genes associated with aging
and DNA damage repair in all iMSC populations
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Fig. 4 Distinct and overlapping gene expression patterns between iMSCs and primary MSCs isolated from donors of distinct ages. a Venn
diagram-based on expressed genes detected by microarrays of one sample each of fMSC-iMSCs, aMSC-iIMSCs, and ESC-iMSCs. MSC-related genes
were expressed in all three iIMSC preparations. b Clustering dendrogram of Illumina gene expression experiments based on Pearson correlation.
One cluster consists of iPSCs and ESCs (red box), and the other separated cluster contains primary MSCs as well as all three iMSC preparations
(blue box). ¢ Venn diagram of iMSCs and MSCs from fetal and aged donors based on expressed genes of one sample each d Heatmap showing
clustering of primary MSCs and iMSCs for genes related to DNA damage repair. @ Heatmap showing clustering of primary MSCs and iMSCs for
aging-related genes
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clustered closer to fMSCs than to aMSCs (Fig. 4d, e),
thus indicating a rejuvenation. DNA damage has been
shown to be associated with the complex process of
aging before [55]. Irrespective of donor age and cell
source, iMSCs acquired a rejuvenation gene signature
also present in pluripotent stem cells but not in the par-
ental MSCs (Fig. 5a, b). Conversely, we observed a gene
set representing the aging signature comprising genes
expressed in primary MSCs but not in pluripotent stem
cells and iMSCs. We could independently confirm the
extracted aging and rejuvenation signature by including
already published datasets of adult MSCs [24, 25] in
similarity analyses based on both gene sets (Fig. 5¢). Fur-
ther confirmation of the signatures was carried out at
the mRNA level using additional MSC and iMSC sam-
ples (Fig. 5d). A large number of the genes within the re-
juvenation signature play important roles in embryonic
tissues and in development thus indicating the presence
of features associated with early development in iMSCs,
and therefore, it would appear, endowing iMSCs with
enhanced regenerative properties. The rejuvenation sig-
nature PAN revealed communities characterized by
INHBE, TP53, CDKNI1C, IL32, CDK10, ELAVLI,
DNMT3B, and EEF1A2. INHBE participates in the

activin/nodal branch of the TGFB signaling pathway
which is needed for maintenance of pluripotency [56,
57]. CDK10, CDKNI1C, and TP53 are involved in cell
cycle control which obviously plays an important role in
stem cell self-renewal [58]. However, the detailed cell
cycle coordination in order to determine cell fates is not
fully uncovered. CDK10 like all members of the CDK
family is responsible for cell cycle progression but is lim-
ited to the G2-M phase which Vallier et al. describe as
necessary to block pluripotency upon induction of differ-
entiation referring to Gonzalez et al. [59]. Gonzales et al.
furthermore report that the ATM/ATR-CHEK2-TP53
axis enhances the TGF( pathway to prevent pluripotent
state dissolution. In a previous publication, we reported
compromised induction of pluripotency in fibroblasts
from a Nijmegen Breakage syndrome patient under con-
ditions of impaired DNA damage repair and downregu-
lated TP53 and cell cycle genes [60]. CDKN1C reduces
cell proliferation by inhibiting cyclin/CdK complexes in
the G1 phase [61] and is a major regulator of embryonic
growth as has been reported by Andrews et al. for the
imprinted domain on mouse distal chromosome 7 [62].
ELAVL1 (HuR) has been associated with regulation of
growth and proliferation of vascular smooth muscle cells
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Fig. 7 Comparative analyses of the secretome of fMSCs, iMSCs, and aMSCs. a Cytokine expression of fMSC1, fMSC2, fMSC3, and iMSCs (fMSC-
iMSCs, aMSC-iMSCs, and ESC-IMSCs) detected using membrane-based cytokine arrays. Expression plot of the most abundant cytokines shared
between fMSCs and iMSCs; threshold of expression in comparison to reference spots was set to 20%. b KEGG pathway analysis of common
cytokines between fMSCs and iMSCs—log(pValue). ¢ GO terms associated with common secreted cytokines between fMSCs and iMSCs as —
log(pValue). d Cytokine expression of fMSCs, iMSCs, and aMSCs (aMSC5, aMSC6, aMSC7)

[63]. DNMT3B has been reported to be essential for de
novo methylation and mammalian development [64] and
DMNT1 and DNMT3B were shown to decrease upon
aging [65].

The aging signature PAN includes communities char-
acterized by HSPA5, CCDCS8, CAT, EYA2, APP, and
TGFB1. Catalase (CAT) is an antioxidant which has
been reported to have decreased activity upon aging in
rats [66]. GRB2 is part of the mTOR-signaling pathway
which coordinates eukaryotic cell growth and metabol-
ism with environmental inputs [67]. TGFp-signaling
plays a major role in young and aging organisms but
changes its functionality. Baugé et al. describe a shift of
TGEp-signaling from SMAD2/3 to SMAD1/5/8 as cause
of a shift from chondrogenic differentiation and matur-
ation in young joints to hypertrophic differentiation in
aged or osteoarthritic joints [68]. BDNF has been re-
ported to regulate the amyloid precursor protein APP
[69] that is involved in activity-dependent synaptic plas-
ticity and is upregulated after birth but then stays un-
changed during aging in rat hippocampus [70].

Accordingly, the loss of the aging signature during
iMSC derivation likely contributed to the advantageous
features of iMSCs compared to primary MSCs. The ob-
served fetal-like expression pattern of genes involved in
DNA damage repair in iMSCs could be due to the in-
volvement of this process in pluripotency induction. An
alternative explanation could be that young or progenitor
cells have a better capacity to repair DNA damage [71].

A rejuvenated state of processes involved in aging in
iMSCs is furthermore likely as the epigenetic rejuven-
ation of MSCs through pluripotency induction has been
described [13].

Of considerable potential significance, from a regen-
erative medicine perspective, iMSCs should have a simi-
lar secretome to that of the corresponding parental
MSCs. In line with this, the secretion of GRO«, IL-6,
IL-8, MCP-1, MIF, SDF-1, and Serpin E1 in bone
marrow-derived MSCs has been described [72]. A fur-
ther study showed that MSCs derived from bone mar-
row secrete angiogenin, G-CSF, GM-CSEF, GROa, IL-1a,
IL-6, IL-8, INFy, MCP-1, oncostatin M, RANTES, and
TGEFp and do not secrete IL-2, IL-4, IL-10, IL-12, IL-13,
MIP-1B, and SDF-la [73], all in agreement with our
iMSC secretome profile. Interestingly, we detected the
secretion of anti-inflammatory and pro-inflammatory cy-
tokines in iMSCs and fetal mesenchymal populations

confirming findings in MSCs [74]. Gene Ontology ana-
lysis revealed overlapping capabilities to interact with
the immune system and involvement in regeneration
processes of fetal MSCs and iMSCs corroborating stud-
ies with MSCs derived from adult donors [75-77]. A
KEGG pathway analysis revealed involvement of the
overlapping secreted cytokines between fetal MSCs and
iMSCs in TNF signaling pathway, Jak-STAT signaling
pathway, and PI3K-Akt signaling pathway. Interestingly,
we found SerpinEl, thrombospondin-1, IGFBP3, endo-
glin, and angiogenin to be abundantly secreted in fetal
MSCs and iMSCs. The described role of SerpinEl,
thrombospondin-1, and endoglin in wound healing [78-
80] indicate a putative fetal-like feature of wound healing
properties of iMSCs in vivo [81, 82]. Our analyses re-
vealed that aMSCs compared to fMSCs and iMSC se-
crete a reduced repertoire of cytokines and at
significantly lower levels. However, fMSCs, aMSCs, and
iMSCs secrete comparable levels of IL6, IL8, SDF-1,
MCP-1, MIF, Serpin E1, and GRO«. This once again re-
inforces the notion that MSCs isolated from the elderly
may not be as potent as fetal MSCs and pluripotent
stem cell-derived MSCs.

Conclusions

In summary, the current study shows that MSCs of fetal
and aged background are not identical and MSCs generated
from iPSCs (iMSCs) bear typical characteristics of native
MSCs but more in common with fetal MSCs. The key find-
ing from our study is the identification of a rejuvenation
gene signature in iMSCs (irrespective of donor age) which
also is present in pluripotent stem cells but not in the par-
ental MSCs. Most important for regenerative medicine,
iMSCs irrespective of initial age re-acquire a more similar
secretome to that of fetal MSCs than aged MSCs. In con-
clusion, our findings show that the acquisition of a rejuve-
nated phenotype in iMSCs re-enforces the utility of the
“IMSC concept” in regenerative medicine and cell replace-
ment therapy in an ever increasing aging population.
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Additional file 1: Table S1. List of primary MSC samples. Table S2. List
of primers. Table S3. List of antibodies. Figure S1 Pluripotency marker
staining of generated iPSC line from fMSCs and aMSCs as well as EB
formation. Figure S2. Correlation coeficiency table. Figure S3 Cytokine
membranes. (DOCX 2493 kb)
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2.10 Transplanted human pluripotent stem cell-derived mesenchymal stem cells

support liver regeneration in Gunn rats
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Abstract

Gunn rats bear a mutation within the uridine diphosphate glucuronosyltransferase-1A1
(Ugtlal) gene resulting in high serum bilirubin levels as seen in Crigler-Najjar syndrome.
In the present study, the Gunn rat was used as an animal model for heritable liver
dysfunction. Human mesenchymal stem cells (iMSC) derived from embryonic stem cells
(H1) and induced pluripotent stem cells were transplanted into Gunn rats after partial
hepatectomy. The iMSCs engrafted and survived in the liver for up to 2 months. The
transplanted iIMSCs differentiated into functional hepatocytes as evidenced by partially
suppressed hyperbilirubinemia and expression of multiple human-specific hepatocyte
markers such as Albumin, hepatocyte nuclear factor 4a, UGT1A1, Cytokeratin 18, bile
salt export pump, multidrug resistance protein 2, Na/taurocholate-cotransporting
polypeptide and a-Fetoprotein. These findings imply that transplanted human iMSCs can
contribute to liver regeneration in vivo and thus represent a promising tool for the

treatment of inherited liver diseases.
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Transplanted Human Pluripotent Stem Cell-Derived
Mesenchymal Stem Cells Support Liver
Regeneration in Gunn Rats
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Gunn rats bear a mutation within the uridine diphosphate glucuronosyltransferase-lal (Ugtlal) gene resulting
in high serum bilirubin levels as seen in Crigler-Najjar syndrome. In this study, the Gunn rat was used as an
animal model for heritable liver dysfunction. Induced mesenchymal stem cells (iMSCs) derived from em-
bryonic stem cells (H1) and induced pluripotent stem cells were transplanted into Gunn rats after partial
hepatectomy. The iMSCs engrafted and survived in the liver for up to 2 months. The transplanted iMSCs
differentiated into functional hepatocytes as evidenced by partially suppressed hyperbilirubinemia and expression
of multiple human-specific hepatocyte markers such as albumin, hepatocyte nuclear factor 4o, UGTIAI, cyto-
keratin 18, bile salt export pump, multidrug resistance protein 2, Na/taurocholate-cotransporting polypeptide, and
a-fetoprotein. These findings imply that transplanted human iMSCs can contribute to liver regeneration in vivo

and thus represent a promising tool for the treatment of inherited liver diseases.

Keywords: ESC, iPSC, iMSC, stem cell transplantation, liver regeneration, fetal MSC

Introduction

HE CRIGLER-NAJJAR SYNDROME was first reported in
1952 as an inherited disorder causing jaundice and ker-
nicterus in newborns [1]. To date, phototherapy remains the
standard treatment option to prevent the neurotoxic effects of
increased bilirubin levels [2]. Phototherapy significantly in-
fluences patient’s quality of life and can cause DNA damage
[3]. Other treatment options such as liver transplantation,
liver-directed gene therapy [4], and hepatocyte transplanta-
tion [5] require matching donors or involve suppression of the
recipient’s immune system. Thus, there is an urgent unmet
need for alternative treatment options for Crigler-Najjar
syndrome. The Gunn rat serves as an animal model to study
Crigler-Najjar syndrome 1. Gunn rats have a mutation in
the uridine diphosphate glucuronosyltransferase-1al (Ugtlal)
gene associated with decreased glucuronidation and excretion
of bilirubin leading to hyperbilirubinemia [6].
Mesenchymal stem cells (MSCs) are currently under in-
vestigation for the treatment of liver diseases. The main

reasons for the application of MSCs reside in their ability to
home-in into sites of injury and modulate the immune
system by secretion of supportive factors that make them
widely used for treating graft-versus-host disease. The
potential of MSCs to develop into bone, cartilage, and fat
cells and the presence of the cell surface markers CD73,
CD90, CD105, CD146, and platelet-derived growth factor
receptor B (PDGFRP) are well established and often used
as criteria for characterizing them [7,8]. In addition, MSCs
are reported to be able to differentiate into other organ-
specific cells such as functional liver cells in vitro and in vivo
[9,10]. An increasing number of studies have shown that
MSCs can contribute to liver regeneration either directly or
indirectly through the secretion of beneficial trophic factors
[11]. However, some studies have reported that MSCs can
also exert adverse effects, such as contributing to fibrosis in
several organs [12,13].

Most researchers typically use MSCs from distinct sour-
ces such as bone marrow, cord blood, adipose tissue, and
amniotic fluid [14]. The use of these MSCs is wrought with
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Shared senior authorship.

1702



Results - Publications

167

HUMAN iIMSCs SUPPORT LIVER REGENERATION IN GUNN RATS

several limitations such as limited expansion. In light of this,
the concept of generating MSCs from induced pluripotent
stem cells (iPSCs) is of great interest for stem cell-based
therapies given their potential immunosuppressive and re-
generative properties, which are maintained in pluripotent
stem cell-derived MSCs, termed induced MSCs (iMSCs). It
has been shown that iMSCs have the typical mesenchymal
morphology, in vitro differentiation potential, cell surface
marker expression, and similar transcriptomes to bone marrow-
derived MSCs [15]. Interestingly, iMSCs seem to be more
potent than their native counterpart [16,17]. Furthermore,
the regenerative potential of iMSCs has been demonstrated
in animal models of diseases such as multiple sclerosis, limb
ischemia, autoimmunity and hypoxic ischemia [16-20].

It has been shown that bone marrow-derived MSCs and
hepatocyte-like cells from human iPSCs can improve the
disease phenotype in Gunn rats [21,22]. In this study, we
addressed the question whether iMSCs from human em-
bryonic stem cells (ESCs) and human iPSCs are an alter-
native cell source for the regeneration of hereditable liver
defects in vivo. The iMSCs derived from both sources were
transplanted through the spleen into Gunn rats with an in-
jured liver (partial hepatectomy). By adopting this approach,
we could show the ability of the iMSCs to (1) home into the
injured liver, (2) bypass rejection by the host immune sys-
tem, and (3) acquire hepatocyte expression and function,
thereby supporting regeneration of the injured liver.

Materials and Methods
Generation of iIMSCs

Fetal MSCs (fMSCs, 55 days postconception) [23,24]
were obtained from human femur following informed written
patient consent and approval (Southampton and South West
Hampshire Local Research Ethics Committee, LREC
296100). The experimental use of human fMSCs was ap-
proved by the ethics commission of the Heinrich Heine
University, Diisseldorf. The fMSCs were cultured in o-
MEM (minimum essential medium Eagle—alpha modified;
Sigma-Aldrich, Taufkirchen, Germany) supplemented with
10% fetal bovine serum (FBS), 1% GlutaMAX, and 1% pen-
icillin/streptomycin (fMSC medium). iMSCs were generated
from human fMSCs after establishing an iPSC line [24] and
from the ESC line H1 (WiCell Research Institute, Madison,
WI) as previously described [25]. Experiments with the human
ESC line H1 and the derived iMSCs, and their application in
this study were approved by the Robert Koch Institute,
Germany (AZ:3.04.02/0132). Briefly, iPSCs and ESCs were
cultured without feeder cells on Matrigel (Becton Dickinson,
Heidelberg, Germany) using StemMACS iPS-Brew XF, hu-
man (Miltenyi Biotec, Bergisch Gladbach, Germany), with
1% penicillin/streptomycin in humidified atmosphere with
5% CO, at 37°C, with daily change of medium.

When confluency was reached, the medium was changed
to o-MEM (see fMSC medium) and the pluripotent cells were
treated daily with 10 uM of the transforming growth factor-3
(TGF-B) receptor inhibitor SB-431542 (Miltenyi Biotec) for
14 days. Afterward, the emerged iMSCs were trypsinized us-
ing TrypLE Express (Thermo Fisher Scientific, Waltham, MA)
for 10 min at 37°C, centrifuged at 300 g for 5 min, and seeded
onto uncoated culture dishes in an MSC expansion medium
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(see fTMSC medium), which led to the depletion of cells with
maintained iPSC characteristics. Further passaging was carried
out as described above when cells reached about 95% con-
fluency. The cells were seeded at 1 x 10° cells per 175 cm®.

Transcriptome analysis

Microarray experiments were performed on the Prime-
View Human Gene Expression Array platform (Affymetrix;
Thermo Fisher Scientific), the data are provided online at
the National Center of Biotechnology Information (NCBI)
Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE97692). The unnormalized bead-
summary data were further processed through the R/Bio-
conductor environment employing the package affy (http://
bioconductor.org/packages/release/bioc/html/affy.html). Using
this package, the data were background-corrected, trans-
formed to a logarithmic scale (to the base 2), and normalized
by applying the Robust Multi-array Average normalization
method.

Immunophenotyping by flow cytometry

The cell surface marker expression of the fMSCs and
iMSCs was analyzed by using the human MSC Phenotyping
Kit Human (# 130-095-198) from Milteny Biotec. To conduct
this analysis, 200,000 detached cells were distributed into two
SmL flow cytometry tubes in 100 uL phosphate-buffered
saline (PBS). The phenotyping cocktail (0.5 uL) containing
antibodies against CD14-PerCP, CD20-PerCP, CD34-PerCP,
CD45-PerCP, CD73-APC, CD90-FITC, and CD105-PE or
the isotype control cocktail was then applied. After 10 min of
incubation at 4°C, the cells were washed and resuspended in
100 pL  paraformaldehyde (PFA 4%) for flow cytometric
analysis (FACS Canto from BD Biosciences, Heidelberg,
Germany). The histograms were generated using the Flow-
JoV10 Software (FlowJo LLC, Ashland, OR).

Trilineage differentiation of MSCs

Differentiation of the fMSCs and iMSCs into adipocytes,
chondrocytes, and osteoblasts was carried out for 3 weeks
using the STEMPRO Adipogenesis/Chondrogenesis/Osteo-
genesis Differentiation Kit (Thermo Fisher Scientific).
Afterward, the cells were fixed with PFA (4%) and stained
with 0.2% Oil Red O (adipocyte differentiation), 1% Alcian
Blue (chondrocyte differentiation), or 2% Alizarin Red S
(osteoblast differentiation) solutions according to standard
protocols.

Cell proliferation analyses

The cell proliferation capacity of the fMSCs, iPSC-
iMSCs, and ESC-iMSCs was measured by the incorporation
of bromodeoxyuridine (BrdU) using the cell proliferation
enzyme-linked immunosorbent assay (ELISA), BrdU (col-
orimetric) kit (Roche, Basel, Switzerland), according to the
manufacturer’s instructions. The cells were seeded at 30,000
cells per well in a 96-well flat-bottom plate in triplicates.
BrdU (100 uM) was added 24 h later for an incorporation
time of 21 h. Cells were fixed, BrdU antibodies coupled with
peroxidase were added for 90 min, and the substrate applied
for 30 min. The colorimetric reaction was measured using an
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ELISA reader (Biotech Instruments, Heilenpark, Germany)
(dual, wavelength 655-490 nm).

Short tandem repeat analysis

The genetic background of cells was analyzed by short
tandem repeat (STR) using genomic DNA. For isolation
of genomic DNA, the GeneMATRIX DNA/RNA/Protein
Universal Purification Kit (Roboclon, Berlin, Germany) was
used. For polymerase chain reaction (PCR), 5 pL. 1x Go-Taq
G2 Hot Start Green PCR buffer, 4 mM MgCl,, 0.5 uL. ANTP
Mix (10mM each), 1 pL forward primer (0.3 uM), 1 pL re-
verse primer (0.3 uM) (sequences are given in Supple-
mentary Table S1; Supplementary Data are available online
at www.liebertpub.com/scd), 0.125 pL (0.625 U) Hotstart Taq
Polymerase (5 U/pL), and 100 ng genomic DNA were mixed.
Water was added to adjust a final volume of 25 pL.. The PCR
was performed in a thermal cycler (PEQLAB, Erlangen
Germany) starting with 5min of initial denaturation at
94°C followed by 32 cycles comprising a denaturation step
at 94°C for 155, an annealing step at 60°C for 30s, and an
extension step at 68°C for 60s (D7S796 and D21S2055).
For other STR primers, the PCR program was used as
described [26]. Detection of PCR amplification products
was done by gel electrophoresis (2.5% agarose gels).

Liver injury model and cell transplantation

Gunn rats with mutated Ugt/al [6] were obtained from the
Rat Resource & Research Centre (RRRC, Columbia, MO)
and maintained at the animal facility of the Heinrich Heine
University (Diisseldorf, Germany). Inmunocompetent female
Gunn rats with homozygous mutation were anesthetized by
combined ketamine (100mg/kg) and xylazine (10mg/kg)
injection and the two largest liver lobes were surgically
removed (70% of the liver, partial hepatectomy [PHX])
essentially as described [27]. Immediately after PHX, while
the abdomen was still open, ~4 million fMSCs (n=4), ESC-
iMSCs (n=3), or iPSC-iMSCs (n=3) from male human
donors were transplanted into rats through the spleen. For
this, the cells were trypsinized, resuspended in 300 pL
Ringer lactate buffer, filtered through a mesh (40 pum),
and injected into the tip of the spleen using G30 syringes.
One rat (T7) that received iPSC-iMSCs showed internal
bleeding in the uterus with low bilirubin serum levels and
was, therefore, excluded from further analysis. Control
Gunn rats underwent PHX (n=4), but received no cell
transplantation. After 2 months of recovery, the animals
were sacrificed by loss of blood during anesthesia. The
livers were then perfused with physiologic buffer and snap-
frozen in liquid nitrogen. The animal experiments were
approved by the relevant federal state authority for animal
protection (Landesamt fiir Natur, Umwelt und Ver-
braucherschutz Nordrhein-Westfalen, Recklinghausen,
Germany; Reference No. 84-02.04.2012.A344).

Serum and culture supernatant analysis

To determine the presence of albumin (ALB) in the blood
of Gunn rats 2 months after transplantation of human iMSCs
and control animals, the blood was collected from the portal
vein and diluted 1:10,000. Human serum samples from three
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individuals were diluted 1:1,000,000, whereas culture su-
pernatants from fMSCs and iMSCs were taken without di-
lution. These samples were analyzed by an ELISA specific
for human ALB according to the manufacturer’s recom-
mendations (human ELISA quantitation set, # E80-129;
Bethyl Laboratories, Montgomery). The concentration of
total ALB, lactate dehydrogenase (LDH), alanine transam-
inase (ALT), and aspartate transaminase (AST) in the serum
was quantified by a Spotchem EZ SP-4430 using diagnostic
test strips for multiparameter analysis (# 77182; Arkray
Europe, Amstelveen, Netherlands). The concentration of
total bilirubin in the serum was measured using the colori-
metric Bilirubin Assay kit (MAK126; Sigma-Aldrich). A
cytokine array was performed according to the protocol
from Proteome Profiler Human Cytokine Array Panel A
(R&D Systems) using 0.4mL of Gunn rat serum. The
emitted chemiluminescence was analyzed by measuring the
pixel density of each spot on the array membrane, including
reference and negative control spots.

Analysis of bile acids and their conjugates

Bile acids were analyzed by ultra-high performance liquid
tandem mass spectrometry (UHPLC-MS/MS) essentially as
described [28]. The system consists of a UHPLC-I class
(Waters, United Kingdom) coupled to a Xevo TQ-S triple
quadruple mass spectrometer (Waters). Electrospray ioni-
zation was performed in the negative ionization mode.
Chromatographic separation was performed on a BEH C18
column (2.1 x 100 mm, 1.7 pm). The mobile phase consisted
of water containing 0.1% formic acid and 5 mM ammonium
acetate (Eluent A) and acetonitrile (Eluent B). Analytes
were separated by gradient elution. The injection volume
was 5 pL and the column was maintained at 40°C. Detection
of the bile acids and their glycine and taurine conjugates
was performed in selected reaction monitoring mode. All
standards as well as the deuterated internal standard sub-
stance (d4-CA, d4-GCA and d5-TCA) were purchased from
Sigma-Aldrich and Steraloids (Newport).

Reverse transcriptase-PCR

Human-specific primers (Supplementary Table S1) were
generated to detect human mRNA in Gunn rat liver. Total
RNA was isolated from five different liver pieces of each rat
using the RNeasy Mini kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s recommendations. First-
strand cDNA was made from 1pg total RNA per 20 uL
reaction volume (RevertAid H Minus First Strand cDNA
Synthesis Kit; Thermo Fisher Scientific). A standard pro-
tocol using the 2XPCR Master Mix (Thermo Fisher Sci-
entific), 0.8 uM primers, and 5 pL template cDNA per 25 pL.
reaction volume was used to obtain PCR products by con-
ventional PCR. For quantitative real-time PCR (qPCR),
12.5ng cDNA per sample, 0.6 pM primers, and the Power
Sybr Green Master Mix (Life Technologies) were used.
Universal B-actin primers for humans and rats served as a
reference gene for the normalization of values calculated by
the 274" method. Human samples of normal liver tissue
from patients with tumors were used as a reference to assess
the abundance of iMSC-derived cells within Gunn rat tissue.
A written consent was given by the patients and the usage of
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liver samples for research was approved by the local ethics
committee of the Medical Faculty of the Heinrich Heine
University Diisseldorf (Germany).

Immunohistochemistry and immunofluorescence
analysis

For immunohistochemistry, tissue sections were made
from frozen livers and fixed with 4% formalin for 20 min.
The fixed sections were treated with 0.1% Triton X-100,
washed in PBS, and endogenous peroxidases were blocked
(dual endogenous enzyme block, # S2003; Dako, Glostrup,
Denmark). Unspecific binding of antibodies was prevented
by the treatment with 10% FBS in PBS supplemented with
0.1% saponin. A mouse antibody against the human cyto-
solic protein Stem121 (# Y40410; Takara Bio USA, Mountain
View, CA) and anti-mouse immunoglobulins coupled with
horseradish peroxidase (# AP192P; Merck Millipore, Darm-
stadt, Germany) were used for diaminobenzidine (DAB)
staining (# K346711-2; Dako). The cell nuclei were counter-
stained by diluted hematoxylin solution (1:5, # 1.05175.0500;
Merck Millipore). For the identification of liver cell types,
DAB-stained sections were treated with monoclonal anti-
bodies against CK18 (# BM2275P; Acris, Herford, Ger-
many) or HNF4o (# 3113; Cell Signaling, Danvers, MA).
The primary antibodies were then labeled by Cy3-conjugated
secondary antibodies directed against mouse or rabbit im-
munoglobulins (# AP192C, # AP182C; Merck-Millipore).
Antibodies against Collagen 1 (# C2456; Sigma-Aldrich),
Collagen 4 (# ab6586; Abcam, Cambridge, United King-
dom), OCT4-A (# C30A3; Cell Signaling), and PDGFRf
(#3169S; Cell Signaling) were used for immunofluorescence of
liver sections and cultured cells. The sections were fixed with
ice-cold methanol, whereas 4% PFA was used to fix cultured
cells. Appropriate secondary Cy3-, FITC-, or Alexa Fluor 555-
labeled antibodies (# AP182C/F, # AP192C/F; Merck-Millipore,
# A-21428; Thermo Fisher Scientific) and 4’,6-diamidino-2-
phenylindole (DAPI Fluoromount G, # 0100-20; Southern
Biotech, Birmingham, AL) or Hoechst 33258 dye (1:5,000;
Sigma-Aldrich) were applied to mark primary antibodies and
cell nuclei, respectively.

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was carried out
after fixation of liver cryosections with Carnoy’s solution
(75% methanol and 25% acetic acid) followed by pepsin
digestion (0.05 mg/mL pepsin from Roche in 0.01 N chloric
acid). Human-specific Y chromosome probe (#D-0324-100-
OR; MetaSystems, AltluBheim, Germany) and rat-specific X
chromosome probe (#IDRF1067; Empire Genomics, Buffalo,
NY) were dissolved in a hybridization solution (Empire
Genomics) and hybridized with the sections overnight at
37°C after an initial denaturation at 75°C. After washing with
saline sodium citrate, the sections were covered with a
mounting medium (DAPI Fluoromount G; Southern Biotech).

Statistics

All data were indicated as arithmetic mean * standard
error of mean. Statistical analysis was performed by Stu-
dent’s t-test and ANOVA (analysis of variance). P values of
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<0.05 were considered significant and indicated by different
letters in the graphs.

Results

Human ESC- and iPSC-derived iMSCs
are functional MSCs

Human iMSCs were derived from the ESC line H1 (ESC-
iMSCs) and iPSCs from fetal MSCs (iPSC-iMSCs) by inhibi-
tion of TGF-B signaling with SB-431542 for 14 days. This
treatment resulted in the downregulation of the pluripotency-
regulating octamer-binding transcription factor 4 (OCT4), re-
sulting in the acquisition of the typical fibroblast-like cell
morphology as well as expression of MSC surface markers
such as PDGFRp (Fig. 1A). The transcriptomes of iMSCs
from both sources were compared with the transcriptomes of
iPSCs, ESCs, and fMSCs by microarray analysis (Fig. 1B). The
iMSCs from ESCs and iPSCs expressed molecular markers
typical of MSCs, namely CD44, CD73, CD105, CD146, and
PDGFR{. In addition, expression of pluripotency-regulating
transcription factors—OCT4, SRY (sex-determining region
Y)-box 2 (SOX2), and NANOG—was downregulated in iMSCs
both at the mRNA and protein level (Fig. 1A, B). In line with
this, Pearson correlation analysis of the transcriptome data
showed a low correlation of iMSCs with their pluripotent
precursor cells and high correlation (R* values 0.944 and 0.966)
with fMSCs (Fig. 1C), which was also mirrored by cluster
analysis (Supplementary Fig. S1A). STR analysis confirmed
the same genetic background for (1) fMSCs, iPSCs, and iPSC-
iMSCs, and (2) ESC and ESC-iMSCs, as indicated by distinct
banding patterns (Supplementary Fig. S1B).

Flow cytometry-based analysis revealed comparable MSC
surface marker expression (CD73, CD90, and CD105) in
iMSCs and fMSCs (Fig. 2A-I), and markers of hematopoietic
cells were absent (Fig. 2J-L). Statistical analysis revealed no
significant differences between iMSCs and the fMSCs with
respect to these cell surface markers. Furthermore, the fMSCs
as well as the iMSCs displayed a spindle-shaped, fibroblast-like
morphology (Fig. 3A1-A3). Similar to fMSCs, iMSCs from
ESCs and iPSCs were observed to differentiate into adipo-
cytes with characteristic fat droplets following treatment
with an adipocyte differentiation medium, as evidenced by
Oil Red O staining (Fig. 3B1-B3). A typical differentiation
along the chondrogenic and osteogenic cell lineages was
demonstrated for iMSCs, as seen in fMSCs (Fig. 3C1-D3).
A BrdU ELISA was performed to determine the relative cell
proliferation capacity showing that fMSCs were signifi-
cantly more proliferative than iPSC-iMSCs and ESC-iMSCs,
whereas no significant difference was observed when the two
iMSC populations were compared (Supplementary Fig. S2).

The iMSCs neither expressed nor secreted human ALB as
investigated by transcriptome analysis and an ELISA specific
for human ALB (Fig. 4A, B). In addition, other hepatocyte-
specific markers such as hepatocyte nuclear factor 4o (HNF4a),
UGTIAI, bile salt export pump (BSEP), multidrug resistance
protein 2 (MRP2), Na/taurocholate-cotransporting polypeptide
(NTCP), and a-fetoprotein (AFP) were also not expressed. In
contrast to this, connective tissue proteins such as collagens
(COLI1u2, COLAul), connective tissue growth factor, and o-
smooth muscle actin (a-SMA) were detected at the mRNA level
(Fig. 4A).
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FIG. 1. Characterization of iMSCs by immunofluorescence and transcriptome analysis. (A) Scheme of iMSC generation
from the human ESC line H1 and fMSCs. ESCs expressing the pluripotency-associated marker OCT4 were treated with the
TGF-P receptor inhibitor SB-431542 for 14 days to facilitate their differentiation into iMSCs, concomitant with the loss of
OCT4 expression and the appearance of fibroblast-shaped cells expressing the MSC marker PDGFRp. To generate iMSCs
from fMSCs, the cells were first reprogrammed into pluripotent OCT4-expressing iPSCs using plasmids encoding the
pluripotency factors OCT4, SOX2, c-MYC, KLF4, NANOG, and LIN2S. After treatment with SB-431542, the iPSCs
differentiated into OCT4/PDGFRB" iMSCs as observed for ESC-iMSCs. Cell nuclei were stained with Hoechst 33258
(blue), OCT4 with FITC (green), and PDGFR with Cy3 (red). (B) ESC- and iPSC-derived iMSCs were characterized by gene
expression array analysis (Euclidean correlation analysis). The transcriptome analysis was performed once for a representative
preparation of each cell type. (C) Pearson correlation analysis of these transcriptome data revealed a high correlation (green) of
both iMSCs with fMSCs, but low correlation (red) with their pluripotent precursors (ESCs and iPSCs). Scale bars indicate
200 pm. ESC, embryonic stem cell; fMSC, fetal mesenchymal stem cell; iMSC, induced mesenchymal stem cell; iPSC,
induced pluripotent stem cell; OCT4, octamer-binding transcription factor 4; PDGFRJ, platelet-derived growth factor receptor
B; SOX2, SRY (sex-determining region Y)-box 2; TGF-f, transforming growth factor-.

Engraftment and differentiation
of transplanted iMSCs

After surgical removal of about 70% of the liver (partial
hepatectomy/PHX), ESC-iMSCs, iPSC-iMSCs, or fMSCs
were immediately transplanted into Gunn rats with homo-
zygous Ugtlal mutation through spleen injection without

immunosuppression. The rats were allowed to recover from
liver injury over 2 months, to investigate long-term effects
of transplanted human iMSCs. Afterward, engraftment of
transplanted ESC- and iPSC-iMSCs was seen in five out of
six animals (83%) by analysis of human ALB in Gunn rat
blood serum as shown by human-specific ELISA for ALB,
whereas ALB was not released by cultured iMSCs (Fig. 4B,
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FIG. 2. Characterization of fMSCs and iMSCs by flow cytometry. The MSC markers (A—-C) CD73, (D-F) CD90, and (G-
I) CD105 were detectable as cell surface proteins on fMSCs and iMSCs derived from ESCs and iPSCs, whereas the
expression of hematopoietic markers (J-L) CD14, CD20, CD34, and CD45 was low (dark blue). Light blue histograms
represent antibody isotype controls. Representative data of repeated analysis of each cell type are shown (fMSCs n=4;
ESC-iMSCs n=3; and iPSC-iMSCs n=4). The percentage of positive cells for particular cell surface markers is indicated as
a mean* SEM of different analysis. SEM, standard error of mean.
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FIG. 3. Functional characterization of fMSCs and iMSCs. To test the developmental potential of iMSCs by qualitative
assays, differentiation media for adipogenic (fMSC: n=7; ESC-iMSC: n=3; and iPSC-iMSC: n=3), chondrogenic (fMSC:
n=2; ESC-iIMSC: n=3; and iPSC-IMSC: n=2), and osteogenic (fMSC: n=5; ESC-IMSC: n=3; and iPSC-iIMSC: n=3)
development were applied for 21 days. (A1-D1) fMSCs and iMSCs (A2-D2, ESC-iMSCs; A3-D3, iPSC-iMSCs) showed
(A1-A3) fibroblast-like morphology and were able to differentiate into (B1-B3) adipocytes (Oil Red O-stained lipid
droplets), (C1-C3) chondrocytes (Alcian Blue 8GX marked glycosaminoglycans in cartilage), and (D1-D3) osteoblasts
(Alizarin Red stained calcium deposits). Scale bars indicate 50 um (B2, C1), 100 pm (B1, B3, C2), 200 um (A1-A3, D2,

D3), and 500 um (C3, D1).

C). Approximately 1%—-4% (0.03-0.13 g/dL) of total albu-
min (rat and human) was of human origin. The total albumin
concentration in the transplantation and control groups re-
mained unchanged at 3.2 g/dL. Transplanted iPSC-iMSCs
showed lower ALB concentrations in host rat serum (Fig. 4C)
and one animal of this group exhibited no signs of engraft-
ment (Supplementary Table S2). Engraftment of transplanted
fMSCs was only found in one of four rats and, therefore, not
included in detailed analysis (Supplementary Table S2).

To determine the effects of transplanted iMSCs on the
disease phenotype of Gunn rats, total bilirubin concentration
was measured and found to be reduced by ~31% (ESC-iMSCs)
and 22% (iPSC-iMSCs) in Gunn rats of the transplanted

groups compared to control (Fig. 4D), indicating partially
suppressed hyperbilirubinemia.

The presence of human ALB in the sera of Gunn rats after
iMSC transplantation was confirmed at the mRNA level by
qPCR employing human-specific primers (Fig. 5A). The
relative amount of human ALB mRNA in Gunn rat liver was
~2%-3% when mRNA samples of human liver tissues
were used as a reference and set to 100% (Fig. 5A). How-
ever, the abundance of human ALB-expressing cells was
found to be variable in distinct areas of each single liver and
varied between 0% and 18%. The expression of human
hepatocyte markers within rat liver tissue was further
detected by human-specific primer sets for UGTIAI,
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FIG. 4. Transplanted human iMSCs acquired hepatocyte functions in host Gunn rats. (A) Transcriptome analysis con-
firmed the lack of hepatocyte marker expression in pluripotent stem cells as well as fMSCs and iMSCs before transplan-
tation, but indicated an expression of connective tissue markers and o-SMA (Euclidean correlation analysis), which are
typically expressed by MSCs. The transcriptome analysis was performed once for a representative preparation of each cell
type. (B) Moreover, cultured fMSCs and iMSCs did not secrete ALB into the culture medium as determined by a human-
specific ALB ELISA. The normal level of ALB in human blood serum of healthy volunteers is indicated as a mean (3.6 g/
dL; n=3). (C) A differentiation of the transplanted human ESC-iMSCs and iPSC-iMSCs into hepatocytes was indicated by
the presence of human ALB within the serum of Gunn rats. (D) The total bilirubin concentration in blood significantly
decreased in Gunn rats after transplantation of human ESC-iMSCs, but reached no significance for iPSC-iMSCs (C, D:
control n=4; ESC-iIMSC: n=3; iPSC-iMSC: n=3; *P<0.05). The mean bilirubin level of normal wild-type rats (WT,
0.1 mg/dL) is indicated by a broken line [29]. ALB, albumin; o-SMA, a-smooth muscle actin; ELISA, enzyme-linked
immunosorbent assay.

HNF4a, BSEP, NTCP, MRP2, cytochrome P450 1A2 in addition to mature and immature hepatocytes, other

(CYP1A2), CYP2D6/7, and CYP3A4/5/7 (Fig. SB-I). Accord-
ingly, these hepatocyte-specific mRNAs reached comparable
amounts as observed for ALB mRNA. The mean value for
human AFP, a marker for immature hepatocytes, was
~2%-8% (Fig. 5J), and human hypoxanthine phosphor-
ibosyl transferase 1 (HPRTI) as a housekeeping gene for
human cells reached 16% (ESC-iMSCs) and 7% (iPSC-
iMSCs) in Gunn rat liver (Fig. 5K). This suggested that,

human cells were present in the Gunn rat livers. Indeed,
expression of the MSC marker CD105 was detectable, indi-
cating persisting human iMSCs (Fig. 5L). To find additional
evidence for the presence of human iMSCs, sera from
Gunn rats of the transplantation groups and control were
analyzed for the presence of human cytokines, employing
secretome arrays. Human RANTES (CC motif ligand 5)
and SERPIN Family E Member 1 (SERPINEI) could only
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FIG. 5. Transplanted human iMSCs successfully engrafted in Gunn rat liver and expressed hepatocyte markers. Gunn rat
liver tissue and serum were analyzed 2 months after iMSC transplantation. (A) The presence of human ALB transcripts
within Gunn rat liver was analyzed by qPCR. Additional hepatocyte-associated genes such as (B) UGTIAI, (C) HNF4a, (D)
BSEP, (E) NTCP, (F) MRP2, (G) CYPIA2, (H) CYP2D6/7, (I) CYP3A4/5/7, and (J) AFP were found by human-specific
primers for qPCR. The results were normalized to human liver samples, which were set to 100%. Thus, the bars represent
proportions of the expression values of human liver. (K) Human-specific primers for HPRTI were used to assess the total
abundance of human cells derived from iMSCs. (L) The MSC marker CD105 remained detectable by human-specific primers
in qPCR within the host Gunn rat livers. (M) Human RANTES and SERPINE1 were detected by protein arrays in the serum
of Gunn rats transplanted with human iMSCs. A representative blot of the control and one transplantation group is shown. The
three spot pairs in the corners represent protein array quality controls. Densitometric analysis of (N) RANTES and (O)
SERPINEI1 spots (highlighted by red boxes). The small bar of the control group represents the background pixel density (pixel
density in % to the control spots). (A-I, K-L: control n=4, ESC-iMSC, passage 10, n=3; iPSC-iMSC, passage 10, n=3,
groups without significant differences share similar letters; P <0.05). AFP, o-fetoprotein; BSEP, bile salt export pump;
HNF4a, hepatocyte nuclear factor 4o; MRP2, multidrug resistance protein 2; NTCP, Na/taurocholate-cotransporting poly-
peptide; qPCR, quantitative real-time polymerase chain reaction; UgtIA 1, uridine diphosphate glucuronosyltransferase-lal.
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be detected in the serum of the transplantation groups
(Fig. SM-0), indicating the presence of cytokine-secreting
human cells.

Histological analysis of Gunn rat liver

To identify iMSC-derived cells within Gunn rat liver
tissue, the human-specific antibody Stem121 directed against
a cytoplasmic protein was used for immunohistochemistry
analysis (Fig. 6). Stem121-positive cells were mainly located
within the rat liver tissue around the central vein zone 3 and
2, as observed after iMSC transplantation (Fig. 6B, C). These
cells were polygonal shaped with one or two cell nuclei,
which is typical for hepatocytes (Fig. 6C, D1-F1). Costain-
ing of Stem121 immunohistochemistry with fluorescence-
labeled antibodies directed against the hepatocyte markers
CK18 and HNF4a further indicated cells with hepatocyte
characteristics of human origin (Fig. 6D3-F3). To investi-
gate possible cell fusion events after iMSC transplantation,
human-specific Y chromosome probes were combined with
rat-specific X chromosome probes in FISH analysis, since
pluripotent cells from male donors were used for the gen-
eration of iMSCs. Besides cells bearing the Y chromosome,
cells with both human Y and rat X were found, indicating
fusion of human-derived cells with rat cells in Gunn rat
livers after transplantation (Supplementary Fig. S3).
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Seemingly, human iMSC-derived hepatocytes were pres-
ent in Gunn rats and, therefore, we examined and quantified
the bile acid composition in rat blood serum using UHPLC-
MS/MS, to determine any increase in glycine-conjugated
bile acids, typical in human serum. The sum of unconjugated
bile acids was increased in the iMSC groups compared to the
control group. However, the concentrations of taurine- and
glycine-conjugated bile acids were not significantly altered
between the groups (Supplementary Fig. S4). To search for
adverse effects as a consequence of iMSC transplantation,
their possible contribution to fibrosis was analyzed by im-
munofluorescence and qPCR. As shown by representative
immunofluorescent images of Collagen 1 and 4 (Supple-
mentary Fig. S5), no significant scar formation was observed
in liver sections of the transplanted groups compared to the
control group. In line with this, upregulation of Collagen 1
and o-SMA mRNA was not found in host Gunn rat livers
(not shown). However, the relative amount of Collagen 4
mRNA increased significantly by 85%t15% (P <0.05%)
after ESC-iMSC transplantation, but reached no significance
for iPSC-iMSCs. To identify adverse effects imparted by the
transplanted iMSCs, serum concentrations of LDH, ALT,
and AST were investigated, but these values were not sig-
nificantly different between the transplanted and control
groups (Supplementary Table S2), suggesting no immediate
obvious adverse effects by transplanted iMSCs.

FIG. 6. Histological analy-
sis of human iMSC-derived
hepatocytes within the Gunn
rat liver. Gunn rat liver tissues
were analyzed by immunohis-
tochemistry of the human cy-
toplasmic protein Stem121 by
DAB staining (brown) 2
months after iMSC transplan-
tation. Liver sections of control
Gunn rats 2 months after PHX
showed no specific Stem121
antibody binding, whereas
human liver tissue exhibited
intense Stem121 DAB stain-
ing, indicating its specificity
for human cells (A with insert;
n=4). Stem121 DAB staining
was also combined with im-
munofluorescence of the hep-
atocyte markers CKI18 or
HNF4a (yellow). Human
iMSC-derived ~ hepatocytes
with positive Stem121 staining
were found after transplanta-
tion of (B-E3) ESC-iMSCs
and (F1-F3) iPSC-iMSCs
(passage 10, n=3). The pres-
ence of Steml21 together
with CK18 or HNF4a con-
firms the presence of hepato-
cytes of human origin. Scale
bars indicate 50 um (C-F3)
and 200pum (A, B). DAB,
diaminobenzidine; PHX, par-
tial hepatectomy.
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Discussion gene transfer from human to rat cells, thereby overcoming

Human MSCs are widely used in clinical trials and re-
search studies. In a clinical scenario, however, MSCs are
often obtained from elderly patients and may have lost their
original properties due to changes within the stem cell ni-
ches [30]. Moreover, negative influences by prolonged
culture without appropriate stem cell niche in vitro could
lower their potential to proliferate and differentiate, thereby
limiting their therapeutic outcome. Generation of iPSC-
derived iMSCs from individual patients may overcome
some of these disadvantages and offer significant potential
and basis for personalized medicine.

Thus, to date, studies have shown that MSCs generated
from either iPSCs or ESCs acquire a rejuvenated phenotype
with high proliferative capacity capable of enhancing their
therapeutic potential [15-20], and even could outperform
primary MSCs [16,17]. We have demonstrated in this study
that, iMSCs are similar to fMSCs with respect to their gene
expression profile, morphology, cell surface markers, and
trilineage differentiation potential at least in vitro. Given their
pluripotent origin, it is important to show that iMSCs as de-
rivatives of ESCs and iPSCs are not pluripotent and, thus, do
not exhibit tumor formation potential. Expression of OCT4,
SOX2, and NANOG was not detected in the iMSCs used in
this study and no evidence of tumor formation was found. In
contrast, we observed the ability of iMSCs to home into the
injured liver and to acquire properties of hepatocytes as in-
dicated by coexpression of human Stem121 (an antibody
directed against a human-specific epitope) and hepatocyte
markers (CK18 and HNF4a), as well as the release of ALB
into the blood and expression of hepatocyte-associated genes
such as ALB, AFP, UGTIAI, BSEP, NTCP, MRP2, CYPIA2,
CYP2D6/7, CYP3A4/5/7, and HNF4o. To our knowledge, this
is the first study showing the contribution of human iMSCs to
liver regeneration. In contrast to this, native fMSCs showed
poor contribution to liver regeneration compared to iMSCs.
The fMSCs were more proliferative than their iMSC coun-
terparts, which could explain their low differentiation po-
tential since these two processes can influence developmental
fate decisions of stem cells. Future studies, including com-
parative analysis of fetal and adult MSCs as well as iMSCs,
will be necessary to investigate possible opposing effects of
cell proliferation and differentiation.

The Gunn rat is a well-established model for investigating
inherited liver diseases such as Crigler-Najjar syndrome 1,
characterized by elevated levels of serum bilirubin caused
by the Ugtlal mutation [6]. It was already shown that
transplantation of rat bone marrow MSCs [21] as well as
human iPSC-derived hepatocytes [22] support liver regen-
eration and improve the disease phenotype in Gunn rats. In
contrast to these studies, immunosuppression of host ani-
mals was omitted in our experiments and may explain the
variations in engraftment observed in our study. Never-
theless, we could observe the therapeutic potential of human
ESC- and iPSC-derived iMSCs for the treatment of liver
diseases. Although bilirubin levels in Gunn rat blood serum
were reduced in the transplanted groups in comparison to
the control, serum bilirubin could not reach the values seen
in wild-type rats. However, as previously described by
others [31,32], we found evidence for a fusion of cells from
human and rat origin. These fusion events may have led to a

the host Ugtlal deficiency. With regard to this, cell fusion is
apparently not negative per se. Indeed, cell fusion has been
discussed as an option for therapeutic use [33,34]. However,
we cannot exclude that human iMSCs differentiated into
hepatocytes without fusion as described by others [9].

Despite transplanted human iMSCs acquiring hepato-
cyte functions, no shift from taurine- to glycine-conjugated
bile acids was observed in the blood of Gunn rats, which
could have mirrored the appearance of cells with proper-
ties of human hepatocytes in the rat liver [35]. However,
an increased level of unconjugated bile acids was shown
in the blood of Gunn rats after iMSC transplantation. In-
terestingly, in the rat, the blood concentration of uncon-
jugated bile acids is substantially higher than the amount
of conjugated bile acids [36]. The reason for elevated
concentrations of unconjugated bile acids after iMSC
transplantation is unclear.

Evidence for liver injury by the transplanted iMSCs was
not observed, since the levels of AST, ALT, nor LDH were
found to be elevated in the blood. Although there are pub-
lications describing MSC-mediated fibrosis [12] and
fibrolysis-inhibiting human SERPINE1 was found in the
blood of Gunn rats, we could not find any evidence for liver
fibrosis in Gunn rats by histological examination and qPCR
analysis of Collagen 1 and a-SMA. However, increased
mRNA levels of Collagen 4, which is an essential element
of the basement membrane-like structure in the space of
Dissé of normal liver tissue, were observed in Gunn rats of
the transplantation groups. Transplanted iMSCs could have
released factors such as connective tissue growth factor that
stimulated collagen expression in host liver tissue. Im-
munofluorescence analysis of liver sections exhibited nei-
ther elevated deposition of Collagen 4 nor scar formation.
Thus, transplanted iMSCs contributed to liver regeneration
of Gunn rats without obvious adverse effects. Since MSCs
have been widely reported to release immunomodulatory
factors [36-38], no immunosuppression was used in this
study. Indeed, the transplanted human iMSCs survived
within the Gunn rats for at least 2 months. However, long-
term studies are necessary before use of iMSCs in clinical
practice to ensure tumor safety for patients. Nevertheless,
given their multipotentiality and immunomodulatory ca-
pacity, iMSCs seem to represent a valuable cell type for
future autologous or allogeneic transplantations [14]. Our
findings underpin the potential of iMSCs as an option for
treating liver diseases and inherited liver disorders.
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SUPPLEMENTARY FIG. S1. Cluster analysis of gene expression arrays and short tandem repeat analysis. (A) Cluster
analysis of microarray data (Fig. 1B, generated once for a representative preparation of each cell type) revealed high
similarity of ESC-iMSCs and iPSC-iMSCs to native fMSCs, and they clustered away from their pluripotent precursor cells
(ESCs and iPSCs). (B) STR analysis using specific primers for eight different STR loci resulted in distinct banding patterns.
Two groups were identified: (1) fMSCs, iPSCs, and fMSC-iMSCs; and (2) ESCs and ESC-iMSCs. STR analysis confirmed
same genetic background for fMSCs and fMSC-iMSCs as well as for ESCs and ESC-iMSCs. ESC, embryonic stem cell;
fMSC, fetal mesenchymal stem cell; iMSC, induced mesenchymal stem cells; STR, short tandem repeat.
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SUPPLEMENTARY FIG. S2. Assessment of cell proliferation by BrdU incorporation. BrdU was added to the culture
medium for 21 h and measured using ELISA. The highest proliferation rate was measured for native fMSCs at passage 8 in
comparison to fMSC-iMSCs and ESC-iMSCs at passage 10 (n=3, groups without significant differences share similar
letters; P <0.05). The iMSC preparations showed equal BrdU incorporation. BrdU, bromodeoxyuridine; ELISA, enzyme-
linked immunosorbent assay.
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SUPPLEMENTARY FIG. S3. FISH analysis of human- and rat-specific sex chromosomes. To investigate possible cell
fusion events between host rat hepatocytes and human iMSCs, FISH analysis was performed. Before this, (A) the specificity
of human Y chromosome probes (red) was tested on cultured fMSCs of a male donor. The positive staining of a single
chromosome in the cells suggests specificity of the Y chromosome probe. The cell nuclei are shown in blue by DAPI
staining. (B) The rat X chromosome probe failed to bind to human chromosomes (absence of green staining), when applied
to male fMSCs, confirming the specificity of the X probe for rat cells. (C) The human Y chromosome probe was also tested
on rat liver. The lack of any significant binding confirmed its specificity for human cells. (D) The rat X chromosome probe
successfully stained the nuclei of rat liver cells (green). A possible cell fusion was analyzed by combined application of
human-specific Y (red) and rat-specific X (green) chromosome probes. Hints for transplanted iMSCs (E) without and (F)
with cell fusion were found (arrows). iPSC-iMSCs and ESC-iMSCs were used at passage 10. Scale bars indicate 20 pm
(A-D) and 10 um (E, F).



182 Results - Publications

A Unconjugated bile acids B Taurine-conjugated bile acids
in Gunn rat blood in Gunn rat blood
250 9 ]
b e B a
£ 200 ab g 7] a
g E 6
=150 = L
" ® 9
b a T 4
© 100 ) 3
K 2
B 50 o 21
14
0 r T 0
control ESC-iMSC iPSC-iMSC control ESC-iMSC iPSC-iMSC
(o] Glycine-conjugated bile acids
in Gunn rat blood
70
60 o
= a
E 50
= 40 a
8
5 30
-]
2 20
2 10
0 T -
control ESC-iMSC iPSC-iMSC

SUPPLEMENTARY FIG. S4. Human iMSC transplantation caused no shift from taurine- to glycine-conjugated bile
acids typical for humanized bile acid serum profile. Unconjugated as well as taurine- and glycine-conjugated bile acids in
serum of Gunn rats were quantified by UHPLC-MS/MS 2 months after PHX in the control and transplantation group. (A)
The concentration of unconjugated bile acids was elevated in the blood of Gunn rats that received iPSC-iMSCs compared to
the control group, whereas the sums of the (B) taurine- and (C) glycine-conjugated bile acids remained similar. iPSC-iMSCs
and ESC-iMSCs were used at passage 10 (n=3 and 4; similar letters indicate groups without significant differences,
P <0.05). UHPLC-MS/MS, ultra-high performance liquid tandem mass spectrometry.
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SUPPLEMENTARY FIG. S5. Fibrosis-associated genes remained unchanged after human iMSC transplantation. Gunn
rat liver tissue sections were analyzed 2 months after iMSC transplantation, to evaluate their possible contribution to
fibrosis. (A1, B1, C1) Collagen 1 (red) and (A2, B2, C2) Collagen 4 (green) were analyzed by immunofluorescence to
detect excessive extracellular matrix deposition within Gunn rat liver. Neither the control nor transplantation groups
exhibited significantly elevated levels of Collagens 1 and 4 after 2 months of liver regeneration (control n=4; ESC-iPSC,
passage 10, n=3; iPSC-iMSC, passage 10, n=3). (A3, B3, C3) The immunofluorescence images of Collagen 1 and 4 were
merged with DAPI staining (blue). Scale bars indicate 200 pm.
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Abstract

Autologous bone marrow concentrate (BMC) as well as mesenchymal stem cells (MSCs)
have beneficial outcomes in healing bone defects. To address the shortcoming associated
with the use of primary MSCs, induced pluripotent stem cell (iPSCs) derived MSCs
(IMSCs) are seen as an alternative. The aim of this study was to investigate bone
regeneration potential of human iMSCs combined with calcium phosphate granules
(CPQ) in a critical-size defect at the proximal tibia of mini-pigs in the early phase of bone
healing compared to previously reported autograft treatment- a composite made of
autologous BMC and CPG, and CPG alone.

iMSCs were derived from iPSCs originating from human fetal foreskin fibroblasts (HFF).
They were able to differentiate into osteoblasts in vitro, express a plethora of bone
morphogenic proteins (BMPs) and secrete paracrine signaling-associated cytokines such
as PDGF-AA and Osteopontin. Radiologically and histomorphometrically, HFF-
iMSC+CPG transplantation resulted in a significantly better osseous consolidation than
CPG alone and showed no significantly different outcome compared to autologous
BMC+CPG after 6 weeks. The results of this translational study imply that iMSCs

represent a valuable future treatment option for load-bearing bone defects in human.
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Human iPSC-derived iMSCs improve bone regeneration in

mini-pigs

Pascal Jungbluth', Lucas-Sebastian Spitzhorn?, Jan Grassmann', Stephan Tanner', David Latz', Md Shaifur Rahman &7,

2

Martina Bohndorf?, Wasco Wruck? Martin Sager®, Vera Grotheer’, Patric Krépil®, Mohssen Hakimi®, Joachim Windolf',

Johannes Schneppendahl' and James Adjaye?

Autologous bone marrow concentrate (BMC) and mesenchymal stem cells (MSCs) have beneficial effects on the healing of bone
defects. To address the shortcomings associated with the use of primary MSCs, induced pluripotent stem cell (iPSC)-derived MSCs
(iMSCs) have been proposed as an alternative. The aim of this study was to investigate the bone regeneration potential of human
iMSCs combined with calcium phosphate granules (CPG) in critical-size defects in the proximal tibias of mini-pigs in the early phase
of bone healing compared to that of a previously reported autograft treatment and treatment with a composite made of either a
combination of autologous BMC and CPG or CPG alone. iMSCs were derived from iPSCs originating from human fetal foreskin

fibroblasts (HFFs). They were able to differentiate into osteoblasts in vitro, express a plethora of bone morphogenic proteins (BMPs)
and secrete paracrine signaling-associated cytokines such as PDGF-AA and osteopontin. Radiologically and histomorphometrically,
HFF-iMSC + CPG transplantation resulted in significantly better osseous consolidation than the transplantation of CPG alone and
produced no significantly different outcomes compared to the transplantation of autologous BMC + CPG after 6 weeks. The results
of this translational study imply that iMSCs represent a valuable future treatment option for load-bearing bone defects in humans.

Bone Research (2019)7:32

INTRODUCTION

The majority of bone fractures heal without complications.
However, cases involving bone nonunion and large skeletal bone
defects represent a challenge for orthopedic surgery. Despite its
significant drawbacks, including donor site morbidity, limited
availability, and poor bone quality, autologous bone grafting
remains the gold standard for treatment.” The use of autologous
bone marrow concentrate (BMC) or mesenchymal stem cells
(MSCs) have been described as alternative treatment options for
improving bone regeneration.?

BMC contains stem cells, growth factors, and immune cells and
have been shown to improve bone regeneration.” MSCs are
multipotent, which is manifested in their ability to differentiate
into adipocytes, chondrocytes and osteoblasts in vitro.”®

MSCs, as well as BMC, have been used in large animal studies
for bone regeneration in weight-bearing and nonweight-bearing
conditions.*® However, the availability of MSCs is restricted and
associated with complications such as donor site comorbidity
related to the invasive isolation from bone marrow or other tissues
such as fat.'® Furthermore, it has been demonstrated that their
differentiation and proliferation capacity decreases with donor
age and the duration of culture.''”"?

MSCs differentiated from embryonic or induced pluripotent
stem cells (ESCs, iPSCs), termed iMSCs, represent an alternative

; https://doi.org/10.1038/541413-019-0069-4

to primary MSCs. As the use of ESCs is associated with ethical
concerns, iPSC-derived iMSCs have been identified as a promis-
ing source of transplantable donor cells for regenerative
therapies. The advantage of the use of iMSCs is that they can
be generated from well-characterized and banked iPSCs with
known HLA types. Another advantage of iMSCs over their native
counterparts is that iMSCs have been characterized as rejuve-
nated MSCs.'* Although they are derived from pluripotent cells
(which are by definition tumorigenic), iMSCs themselves are free
from the risk of tumor formation since they do not express
oncogenic pluripotency-associated genes such as OCT4.'> More-
over, iMSCs outperformed native MSCs in the treatment of
multiple sclerosis in a rodent model.'® More importantly, iMSCs
have been successfully used in vivo to improve bone regenera-
tion by their direct differentiation into bone cells and their
recruitment of host cells in a radial defect model in mice.'® The
aim of this study was to evaluate the feasibility and impact of the
use of a composite made of human iMSCs and calcium
phosphate granules (CPG) for bone regeneration compared with
that of a previously investigated autograft treatment, a
composite made of autologous BMCs and CPG, and CPG alone
in a critical-size long bone defect in mini-pigs under weight-
bearing conditions in the early phase of bone healing. To the
best of our knowledge, this investigation is the first to evaluate
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Fig. 1 Characterization of HFF-derived iPSCs. a Protocol used for the generation of HFF-iPSCs and the confirmation of pluripotency marker
expression by immunofluorescence-based detection. b Karyotype of the HFF-iPSCs. ¢ Viral vector dilution PCR. d Evaluation of embryoid body
formation by using immunofluorescence-based staining. Cell nuclei are stained using Hoechst stain (blue)

the regenerative potential of human iMSCs in a large animal
model under the aforementioned conditions.

RESULTS

Reprogramming of HFFs into iPSCs

Human fetal foreskin fibroblasts (HFFs) were used to generate
iPSCs by employing Sendai viruses encoding the reprogramming
factors OCT3/4, SOX2, KLF4, and C-MYC. The HFF-iPSCs grew as
colonies and expressed the pluripotency-regulating transcription
factors OCT4, SOX2, NANOG, C-MYC, and KLF4 in addition to
LIN28, SSEA4, TRA-1-60, and TRA-1-81 (Fig. 1a). A normal human
male karyotype (46, XY) with no chromosomal aberrations was
observed (Fig. 1b), and the absence of viral DNA was confirmed by

SPRINGERNATURE

PCR (Fig. 1c). Embryoid body formation assays demonstrated the
capability of the HFF-iPSCs to differentiate into mesoderm (aSMA),
ectoderm (NESTIN) and endoderm (SOX17) (Fig. 1d).

Characterization of the HFF-iMSCs

The HFF-iPSCs were differentiated into HFF-iIMSCs using a 14-day
protocol that utilized the inhibition of the TGFB pathway by
SB431542."7 HFF-iIMSCs showed a typical fibroblast spindle-
shaped morphology and expressed the MSC markers PDGFR(
and Vimentin. Importantly, in contrast to the HFF-iPSCs, they were
devoid of OCT4 expression (Fig. 2a). Cell surface marker analysis
revealed that they exhibited a typical MSC immunophenotype by
expressing CD73, CD90, and CD105 versus the hematopoietic
markers CD14, CD20, CD34, and CD45 (Fig. 2b). The HFF-iMSCs

Bone Research (2019)7:32



Results - Publications

191

Human iMSCs improve bone regeneration in mini-pigs

P Jungbluth et al.

a Sendai viruses containing reprogramming oMEM Medium with
factors OCT3/4, SOX2, KLF4, C-MYC SB-431542 for 14 days

HFF-iPSC

HFF-MSC HFF-iMSC HFF-IMSC

b CD73 CD90 CD105 CD14/20/34/45
1000 1000 1000 1000
84.9% 81.2% 91.4% 21%
750 750 750 750
€ € £ |
3 500 H 500 3 50
8 8 3
250 250 250 L
0 0 0
10° 10° 10° 10 100 100 10° 10° 10" 10° 10 10*
(o d -
§
S 6
2
: |
g 5
2
3
°
5g !
28
5= 3
°
2
2 21
5
2o
04
200 im RUNX2 BGLAP ALPL
2
e —3 250
=8
8 200
25 150
29 '
g2 100
S
£ T
3 S R LLLLLRRTTTTT
S
8 R N
LTSS EN I
& #
« o

Growth factor activity (LIF, FGF19, CXCL1, IL6, BDNF, DKK1, PDGFA, HGF, GDF15, IL11)

Inflammatory response (CXCL1, IL17A, IL6, CCL2, CXCLS, CXCR4, THBS1, CXCL11, PTX3, SPP1, MIF)

Cell chemotaxis (CXCL1, VCAM1, CCL2, CXCLS, HGF, ENG)

Positive regulation of cell proliferation (LIF, FGF19, IL6, CXCLS, PDGFA, CST3, HGF, THBS1, IL11)

Immune response (LIF, CXCL1, IL17A, IL6, CCL2, CXCLS, THBS1, CXCL11)

Platelet degranulation (PDGFA, SERPINE1, HGF, THBS1, CFD) |
Positive regulation of angiogenesis (SERPINET, HGF, THBST, ENG) G-
Negative regulation of endothelial cell apoptotic process (ICAM1, SERPINET, IL11)
Heparin binding (CCL2, ANG, THBS1, CXCL11) |
Ghronological cell aging (SERPINEY, ENG) N
0 2 4 6 8 10 12
-log(Pvalue)

Fig. 2 Properties of HFF-iPSC-derived iMSCs. a HFF-iIMCS were analyzed with respect to their morphology and protein expression. The cell
nuclei were stained with Hoechst. b Flow cytometric analysis using MSC cell surface markers (dark blue: specific cell surface markers; light
blue: antibody isotype controls). ¢ Alizarin Red S staining after osteogenic differentiation for 3 weeks. d Quantitative real-time PCR results for
bone-related genes (in triplicate, normalized to the levels in untreated cells). e Cytokine membrane incubated with HFF-iMSC-conditioned
media (left) and the background-corrected top 31 detected cytokines representing each of the selected associated GO terms; P-value < 0.05

(right)
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Fig. 3 Microarray analysis of the HFF-iMSCs. a Cluster dendrogram of the HFF-iMSCs, fMSCs and pluripotent stem cells. b Heatmap depicting
differential gene expression in HFF-iMSCs, fMSCs and pluripotent stem cells (iPSCs and ESCs). ¢ Heatmap displaying the differential expression

of BMPs and their corresponding receptors

were able to differentiate into adipocytes and chondrocytes (Fig.
S1). More importantly, osteoblast differentiation in vitro was
confirmed by Alizarin Red S staining of the emerged calcium
deposits (Fig. 2c) and also by the upregulated expression of the
bone-related genes RUNX2, BGLAP, and ALPL (Fig. 2d). The
secretome of the HFF-iIMSCs was investigated using a cytokine
membrane assay able to detect 103 distinct cytokines. The top
31 secreted cytokines included serpin E1, angiogenin, PDGF-AA,
and osteopontin, which are known to play an important role in
skeletal regeneration processes. The associated GO terms “growth
factor activity”, “cell chemotaxis” and “positive regulation of
angiogenesis” imply the beneficial properties of these factors that
are secreted by HFF-iIMSCs (Fig. 2e).

SPRINGERNATURE

Transcriptome and STR analysis of HFF-iMSCs

The transcriptomes of the HFF-iMSCs were compared with the
transcriptomes of iPSCs, ESCs, and fMSCs by microarray analysis.
Cluster analysis revealed two groups: one that included the
pluripotent cells, including the HFF-iPSCs, B4-iPSCs, and H1-ESCs,
and the other that included the MSCs, HFF-iMSCs and primary
fetal MSCs (fMSCs) (Fig. 3a). The expression of the MSC marker
genes CD44, CD73, CD105, CD146, and PDGFRB was confirmed.
Notably, the expression of the key pluripotency-associated
transcription factors, OCT4, NANOG, and SOX2 was downregulated
in HFF-iMSCs compared to iPSCs and ESCs (Fig. 3b). Furthermore,
transcriptome analysis revealed the expression of several BMPs
and their corresponding receptors (Fig. 3c). Pearson correlation

Bone Research (2019)7:32
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Fig. 4 Histomorphometrical and radiological analysis of regenerated bone defects after 6 weeks. a Representative histological bone sections
from all experimental groups after a regeneration period of six weeks (left: overview image depicting the cortical (upper black box) and
central defect zones (lower black box); right: detailed image); yellow arrows: newly formed bone (royal blue); red arrows: former cortical bone
(purple); green arrows: nonresorbed remnants of the CPG. b Histomorphometrical evaluation of the cortical defect zone.
¢ Histomorphometrical evaluation of the central defect zone. The results for the CPG, BMC 4+ CPG and Autograft groups were previously

published by our group.* n = 8 for each group; values are presented with the standard deviation)

analysis of the transcriptome data showed a high correlation of
HFF-iMSCs with fMSCs (R? value 0.947) and a low correlation with
pluripotent stem cells (Fig. S2). Short-tandem-repeat (STR) analysis
of the parental HFFs, HFF-iPSCs, and HFF-iMSCs verified their
common genetic background (Fig. S3).

Multilevel analysis of bone defect regeneration

CPG loaded with HFF-iMSCs were transplanted into a critical-size
bone defect in the proximal tibia (see Fig. S5) in 8 mini-pigs. The
results of the multilevel analysis were compared to those of the
analysis of the three previously described standardized experi-
mental groups, CPG, BMC + CPG and Autograf't,4 which were used
as controls within the present study to reduce the unnecessary
sacrifice of mini-pigs.

Histological evaluation

Defect closure in all 4 experimental groups was confirmed by
radiographic analysis after 6 weeks of regeneration (Fig. 4a).
According to the histomorphometrical analysis of the cortical area,
new bone formation was significantly lower in the CPG group
compared to that in the CPG + HFF-iMSC (P < 0.04), CPG + BMC (P <
0.02), and Autograft groups (P<0.01). The area of new bone
formation was 23% + 6.2% in the CPG group and 31.2% + 3.1% in the
BMC + CPG group, and in the HFF-iMSCs + CPG group, the defect

Bone Research (2019)7:32

filling area was 30.1% + 1%. This, however, was significantly inferior
(vs. HFF-iMSCs + CPG P < 0.01, vs. BMC + CPG P < 0.02) compared to
the mean osseous consolidation of 39.4% +7.4% observed in the
Autograft group. No significant differences were observed between
the HFF-iIMSCs + CPG and BMC + CPG groups (P = 0.9).

Similar results were observed in the central defect area. A mean
osseous consolidation of 9.8% + 8.5% was observed when using
CPG alone. This was significantly lower than that in all other
groups (P <0.01). The area of new bone formation in the central
defect area of the HFF-iMSC + CPG group was 20.9% + 1.9%, and it
was 26.8% *4.7% in the BMC + CPG group and 37.4% + 8% in the
Autograft group. The values observed in the Autograft group were
significantly greater than those observed in all other groups (P <
0.01). No significant differences were observed between the HFF-
iMSCs + CPG and the BMC+ CPG group (P=0.27). Relevant
histological signs of inflammation caused by the grafting
materials/cells were not found in any of the specimens (Fig. 4a—c).

Multidetector computed tomography (MDCT) volumetry

The mean extent of bone defect consolidation was 46% + 10.1% in
the CPG + HFF-iMSCs group, 53.5% *19.1% in the BMC+ CPG
group, and 81.1% +5.1% in the Autograft group. The volume of
new bone formation within the defect was 26.1% +5.1% in the
CPG group, which was significantly inferior compared to that in all

SPRINGER NATURE
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Fig. 5 Radiological analysis of regenerated bone defects after 6 weeks. a Axial MDCT volumetry images of the tibial defect; only areas with a
density >500 HU are indicated (yellow area). The green circled area represents the defect zone. b MDCT volumetry evaluation of bone defect
consolidation. ¢ Axial CBCT volumetry images of the tibial defect; only areas with a density >2 350 HU are indicated (yellow area). The green
circled area represents the defect zone. d CBCT volumetry evaluation of bone defect consolidation. The results for the CPG, BMC + CPG and
Autograft groups were previously published by our group.” n = 8 for each group; values are presented with the standard deviation

other groups (P<0.01). Concerning the volume of new bone
formation, the HFF-iMSCs + CPG group was similar to the BMC +
CPG group (P=0.6), and the volume in both groups was
significantly lower compared to that of the Autograft group (P <
0.01) (Fig. 5a, b)

Cone-beam computed tomography (CBCT) volumetry

CBCT volumetry analysis of the mean osseous consolidation in the
HFF-iMSCs -+ CPG group, the BMC + CPG group, and the Autograft
group found a volume of new bone formation of 46.3% + 8.8%,
54.7% £ 12.8%, and 79.5% + 5%, respectively, in the defect area.
The volume of new bone formation was significantly greater in the
Autograft group compared to the HFF-iMSCs + CPG and BMC +
CPG groups (P<0.01). There were no significant differences
between the HFF-iMSCs + CPG and BMC + CPG groups (P = 0.23).
The reconstructed area in the CPG group was 25.8% +5.3% and
was significantly lower compared to that in all other groups (P <
0.01) (Fig. 5¢, d).

DISCUSSION

Within the limitations of this translational study, it could be
demonstrated that a composite containing human HFF-iMSCs and
CPG was potent in inducing bone regeneration in the early phase
of bone healing during the first six weeks. This in vivo model

SPRINGERNATURE

approximates the preclinical setting, as the species-specific (mini-
pig) bone regeneration capacity (1.2-1.5 mm per day) mimics that
found in humans under normal anatomical and physiological
conditions.'® In current clinical practice, the treatment of large
bone defects and bone nonunion in humans relies on bone
grafting.'® Bone marrow-derived MSC (BM-MSC) transplantation
has been proposed as a possible alternative.?°? However, the
scarcity of bone grafts, donor-associated disorders, the invasive-
ness of BM-MSC collection and immune rejection are possible
drawbacks. Recently, the craniofacial bone regeneration potential
of autologous MSCs was reported in small-animal models.’ For
long bone reconstruction in sheep and for human facial
remodeling, the utility of BM-MSCs has also been demonstrated
in combination with scaffolds and BMP7.2?* However, to date,
only a limited number of studies have implemented preclinical
animal models for weight-bearing long bone defect regeneration.

In this study, human iMSCs were used, as it has been reported
that the differentiation and proliferation potential of primary
MSCs in vitro diminish upon aging.? In contrast, iIMSCs generated
from iPSCs or ESCs, when compared to BM-MSCs, show a similar
phenotype but have a longer life span.>* Human iMSCs are
characterized by a superior molecular signature in terms of
rejuvenation compared to adult MSCs.'* Furthermore, iMSCs are
currently in use in a human phase 1 clinical trial of GvHD
[NCT02923375].
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In this investigation, HFFs were used for iPSC generation by
employing nonintegrating Sendai viruses; thus, the resulting HFF-
iPSC line was devoid of transgenes. The HFF-iPSCs were positive
for the Yamanaka factors*® and were chromosomally normal. The
HFF-iIMSCs that differentiated from the HFF-iPSCs expressed
typical MSC markers, such as CD105 and Vimentin, and were
devoid of the pluripotency-associated markers OCT4 and NANOG;
subsequently, they did not result in tumor formation, as also
observed in our earlier study.15 However, to ensure patient safety,
long-term studies need to be conducted to evaluate the
probability of tumor formation.

Upon osteogenic differentiation in vitro, the HFF-iIMSCs showed
a high rate of calcification and expressed high levels of the key
transcription factor RUNX2*® and other important bone-related
genes, including BGLAP and ALPL. Furthermore, they secreted
immune-modulatory and osteo-regenerative cytokines such as
PDGF-AA and osteopontin, thus avoiding the necessity for
additional supplementation in cell culture. It was previously
reported that BM-MSC supernatants induce the expression of
bone-related genes, such as BGLAP and ALPL?" and iPSC-MSCs
have been shown to inhibit caspase activity in T-cells by
producing TGF-B.28

To attain significance and clinical impact, we used 32 skeletally
mature mini-pigs that were split into four groups of eight. Of these
four groups, three groups were previously described by our
group® and were used as references in the present study: the
autologous spongiosa group was used as the gold standard
autograft control, the autologous BMC (bone marrow concentrate)
combined with CPG group served as the positive control and the
CPG alone group was used as the negative control. For the present
study, HFF-iMSCs loaded on calcium phosphate granules were
transplanted into a surgically induced bone defect in 8 mini-pigs.
In all cases, even though no immunosuppression was adminis-
tered to the pigs, obvious postoperative events, such as
inflammatory reactions were not observed histologically. By
applying histomorphometric, MDCT and CBCT analyses, we
observed the successful reconstruction of bone mass. To mimic
the surgical procedures used in humans, the implantation and
explantation were performed by an expert group of orthopedic
surgeons according to standard clinical protocols used for human
patients.

In the current study, a minimal number of cells (1 x 10% was
transplanted to simulate the conditions typical to clinical settings,
where the feasibility of long-term in vitro cell expansion is limited
due to the amount of restricted time available for the treatment of
the patient. Radiologically and histomorphometrically, the trans-
plantation of the HFF-iMSCs loaded on CPG led to significantly
better osseous consolidation in the central and cortical defect
zones compared to that obtained with the use of CPG alone.
Furthermore, in comparison with the composite of autologous
BMC + CPG, no significant differences could be found in the
cortical and central defect areas. These results are noteworthy
since BMCs contain platelets and growth factors in addition to
bone marrow MSCs,**° whereas the iMSCs were transplanted
without the addition of exogenous factors. Furthermore, auto-
logous BMC was used when the iMSCs were of human origin, and
no administration of immune suppression was necessary. As
expected, both radiologically and histomorphometrically, auto-
logous bone transplantation resulted in the highest rate of new
bone formation, which was significantly higher compared to that
observed in all other groups. In a rat model of critical-size cranial
defects, human iMSCs performed comparably to human MSCs
(bone marrow and umbilical cord) and showed 2.8-fold improved
regeneration compared to calcium phosphate cement alone after
12 weeks3® Another study demonstrated that human iMSCs
contributed to substantial bone formation and produced a
significantly better outcome than primary human BM-MSCs in a
mouse radial defect model.'® In addition to the use of iMSC in
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in vivo studies, a protocol has been described for generating bone
substitutes by the incubation of iMSC-loaded scaffolds in a
perfusion bioreactor system with the aim of using these in
personalized bone tissue engineering in the near future>' In
addition to the use of different scaffold materials, the supple-
mentation of BM-MSCs with growth factors such as BMP-7 has
been used to stimulate osteogenic reconstruction.*®

Moreover, the transplantation of primed or osteogenic-
differentiated MSCs into bone defect models has also been
reported.>*? In the current study, human iMSCs were transplanted
without the addition of growth factors and at their full multipotent
capacity to enable HFF-iIMSCs to function as immunosuppressors
and inducers of regeneration (paracrine effects) and to directly
contribute to bone formation. The successful outcome of the
transplantation of the composite of HFF-IMSCs and micro- and
macroporous calcium phosphate granules (CPG) may have been
due to the characteristics of the specific scaffold material used. An
in vitro compatibility test of HFF-iMSCs and CPG (see Fig. S4)
showed that HFF-iMSCs can be absorbed by CPG and remain
alive and functional within the scaffold material. The CPGs that
were utilized are composed of carbonated, calcium-deficient
apatite calcium phosphate. They mimic human bone material
more closely than HA or TCP cement.>® Another advantage of CPG
is the presence of both small and large pores, which enable the
three-dimensional ingrowth of newly formed bone mass into the
scaffold material.>* Furthermore, the use of granules leads to a
faster resorption rate in vivo when compared to the use of
compact blocks of identical material.>* The reported high wicking
capability of CPG* enabled the transplantation of iMSCs into
bone defects after absorption into the scaffold material. CPG was
used as a scaffold material because it has been shown to have
beneficial effects on bone reconstruction.®® Furthermore, CPG
have been used successfully as a scaffold material in combination
with other fluid osteoinductive substances, such as platelet-rich
plasma (PRP), BMC and a combination of both in the animal model
used by our group.

One limitation of our study is the use of CT to evaluate the
newly formed bone; this method cannot discriminate between
the bone substitute material CPG and newly formed bone mass
because both structures have comparable densities. However,
the radiological and histomorphometrical analyses used in this
study represent well-established evaluation methods that have
been used by our group in previous studies with this type of
animal model.*3”~3% Under these circumstances, a high correla-
tion between the results of the histomorphometrical analysis and
the two independent CT analyses confirmed the reliability of our
system for evaluating osseous consolidation noninvasively, as
previously shown.* Furthermore, this investigation did not make
an exact determination of the molecular mechanism(s) asso-
ciated with bone regeneration and did not evaluate whether
neo-bone formation was a direct effect of the implanted cells or
the effects of secreted factors, such as immune modulation and
pro-angiogenic signaling factors. Since the factors secreted from
MSCs and iMSCs have been described as significantly influencing
the therapeutic effect via interaction with immune cells,*>*'
immune modulation and paracrine signaling might have played
a pivotal role, as indicated by the analysis of the secretome of
the HFF-iMSCs that revealed the presence of serpin ET,
angiogenin, PDGF-AA and osteopontin; in addition, the tran-
scriptome analysis showed the expression of several BMPs
associated with bone regeneration.>*? Furthermore, it must be
taken into account that the BMP2/4 and NF-kb signaling
pathways play important roles in the paracrine pathways
involved in the bone regeneration process by regulating the
secretory profile of MSCs.**** Key components of these path-
ways, RAP1 and NUCKS1, were shown to be expressed by HFF-
iMSCs (see Fig. 3b). We postulate that there are potential
mechanisms whereby HFF-iMSCs might contribute to the
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regeneration of critical-size bone defects, including (i) their
niche-induced differentiation into human osteoblasts, (ii) their
paracrine signaling-induced regeneration via the activation and
recruitment of resident porcine stem cells, and (iii) a combination
of differentiation and paracrine signaling (Fig. 6). Ultimately,
iMSC tracing experiments will be required to investigate the
homing/chemotactic effects of iMSCs and the efficiency of their
expansion in vivo in subsequent studies.

The positive effects of the human HFF-iIMSC composite in the
early phase of bone healing could possibly lead to follow-up
experiments that would be conducted for longer than 6 weeks.
Additionally, the monitoring of defect healing, biomechanical
evaluation and an increase in the numbers of transplanted cells
could be of use in future studies.

Using the iPSC approach, it is possible to generate HLA-
matched iMSCs for treating distinct bone defects, thus reducing
the need for patient-derived BMCs as well as BM-MSCs. Human
HFF-iIMSC engrafting was shown in vivo to lead to the formation
of new bone six weeks posttransplantation, thus demonstrating
the usefulness of iIMSCs for the future treatment of large bone
defects. However, clinical applications will require significant
improvements to optimize applicability, ensure patient safety and
increase the in-depth understanding of the basic biomolecular
processes involved in regeneration and the long-term posttrans-
plantation effects.
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MATERIALS AND METHODS

Generation of HFF-iPSCs

Human fetal foreskin fibroblasts were reprogrammed at the
Biomedicum Stem Cell Center (Helsinki, Finland) using Sendai
virus vectors encoding the reprogramming factors OCT3/4, SOX2,
KLF4, and C-MYC. The reprogramming and culture of the iPSCs
were carried out under feeder-free conditions using Matrigel
(Becton Dickinson, Heidelberg, Germany) and E8 medium (Thermo
Fisher Scientific, Darmstadt, Germany) or StemMACS IPS BREW
medium (Miltenyi Biotec, Bergisch Gladbach, Germany). The
clearance of the Sendai virus was confirmed by PCR; we referred
to the HFF-derived iPSCs as HFF-iPSCs.

Embryoid body formation

The pluripotency of the iPSCs was confirmed by an embryoid
body assay demonstrating the ability of the iPSCs to sponta-
neously differentiate into cell types representative of the three
germ layers (ectoderm, mesoderm, and endoderm) as described
previously.*” Please refer to Table S1 for a list of the antibodies
used. Further details are provided in the Supplementary Methods.

Karyotyping of the HFF-iPSCs

The karyotype analysis was carried out by the Institute of Human
Genetics and Anthropology, Heinrich-Heine-University, Disseldorf,
Germany.
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Generation of HFF-iIMSCs

iMSCs were generated from HFF-iPSCs by using a modified version
of an already published protocol'” that utilized the TGFB pathway
inhibitor SB 431542 to facilitate epithelial to mesenchymal
transition. The iPSCs were cultured under feeder-free conditions
on Matrigel (Becton Dickinson, New Jersey, USA) using human
StemMACS iPS BREW XF medium (Miltenyi Biotec). When the cell
layer covered ~50% of the well, the medium was switched to a-
MEM (alpha-modified minimum essential medium; Sigma-Aldrich,
Taufkirchen, Germany) supplemented with 10% FBS, 1% Gluta-
MAX and 1% P-S™" without basic fibroblast growth factor. This
medium was supplemented with 10 umol-L™" SB 431542 (Miltenyi
Biotec). For 14 days, the cell culture medium was changed daily.
The cells were harvested using TrypLE Express and were reseeded
onto uncoated culture dishes in a-MEM without SB 431542 sup-
plementation. After several passaging steps, the cells were
characterized as iMSCs. The general cell culture reagents were
obtained from Gibco (Thermo Fisher Scientific, Darmstadt,
Germany).

Transcriptome analysis

The microarray analysis was performed by using the PrimeView
Human Gene Expression Array platform (Affymetrix, Thermo Fisher
Scientific). The data are accessible online via the National Center
of Biotechnology Information (NCBI) Gene Expression Omnibus.
Further processing of the nonnormalized bead summary data was
performed using R/Bioconductor software*® with the affy package
(http://bioconductor.org/packages/release/bioc/html/ affy.html).*”
After background correction, the values were converted to a
logarithmic scale (to base 2), and normalization was performed
using the robust multi-array average method. Ethically approved
fetal MSCs (kindly provided by Prof. Richard O.C. Oreffo, University
of Southampton-UK) were used as the reference cells.

Flow cytometry

The MSC Phenotyping Kit Human (# 130-095-198) from Miltenyi
Biotec was used to identify the cell surface profile of the HFF-
iMSCs according to the manufacturer’s instructions. The labeled
cells were analyzed using a FACSCanto from BD Biosciences
(Heidelberg, Germany). The histograms were generated using
Summit 4.3.02 software. The protocol used for cell preparation can
be found in the Supplementary Methods.

Demonstration of the multipotency of HFF-iMSCs

The differentiation of HFF-iMSCs into adipocytes, chondrocytes,
and osteoblasts was performed with the STEMPRO Adipogenesis,
Chondrogenesis and Osteogenesis Differentiation Kit (Thermo
Fisher Scientific). The differentiation was carried out for 3 weeks
with media changes every 2-3 days. After this period, the cells
were fixed with PFA and stained as described previously.*® The
staining procedures are described in the Supplementary
Methods.

Secretome analysis of the HFF-iMSC-conditioned media

The molecules secreted from the HFF-iMSCs were identified using
the Proteome Profiler Human Cytokine Array Panel A (R&D
Systems), which consists of a membrane with 103 different
spotted antibodies, according to the user manual. For the
detection of cytokines, 1.5 mL of conditioned medium from HFF-
iMSCs was incubated on the cytokine membrane. The membrane
was analyzed by detecting the emitted chemiluminescence. The
pixel density of each spot, representing the amount of bound
cytokine, was analyzed using ImageJ software. The value of the
negative control was subtracted from all other values. Then, every
value was divided by the mean of the values of the reference
spots and multiplied by 100 to determine the percentage value in
comparison to the reference spots.
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Immunofluorescence staining

The cells were stained as described previously.*® Please refer to
the Supplementary Methods for a detailed description. The list of
primary antibodies used can be found in the Supplementary
Material (Table S1).

Real-time reverse transcriptase-polymerase chain reaction (qRT-
PCR)

Real-time quantitative PCR was performed for each technical
triplicate using the Power SYBR Green Master Mix (Life
Technologies) with a VIIA7 instrument (Life Technologies). The
program used consisted of the denaturation of the samples at
95 °C for 2 min, followed by 40 cycles of amplification (30s of
denaturation at 95 °C, annealing at the primer-specific tempera-
ture (57 °C-63°C) for 30s, and extension at 72 °C for 30s). The
primers were purchased from MWG, and the specific sequences,
as well as the amplicon sizes, are provided in the Supplementary
Material (Table S2). For the analysis of the gRT-PCR data, the
housekeeping gene encoding ribosomal protein L37A was used
to normalize the values of the tested genes. The expression levels
were calculated using the AACT method and are shown as the
mean value with the standard error of mean. The procedures
used for RNA isolation and cDNA synthesis are described in the
Supplementary Methods.

Bone defect model and cell transplantation

All animals were handled in compliance with the guidelines for
the care and use of animals at our institution and in accordance
with the EU Directive 2010/63/EU for animal experiments.
Approval from the regional ethics committee for animal experi-
ments (LANUV NRW, Recklinghausen, Germany) was obtained
(Permit Number: 84-02.04.2015.A042). In this study, 8 female
Goettingen mini-pigs (aged 20-28 months, weight 24 kg-35 kg)
were used. Based on previous studies performed by our group
utilizing a similar animal model and an a priori power analysis, a
sample size of 8 was determined to have a power of 80%, and a P-
value of 0.05 denoted significance.*

The animals were randomly assigned to one of the study groups
(each group consisted of eight Goettingen mini-pigs). All defects
were filled entirely using a volume of 2.4 cm®. In the CPG group, the
defects were filled with calcium granules alone, and in the BMC +
CPG group, the defects were filled with autologous BMCs in
combination with CPG. In the autograft group, the defects were
filled with autologous bone harvested from the iliac crest. For this,
the iliac crest was exposed, and a Kirschner guide wire (K-wire) was
inserted. Using a cannulated reamer placed on the guide wire,
cancellous bone was harvested. The results from these 3 groups
have been reported by our group® and were used as controls in the
present study to avoid the loss of additional animals and for ethical
reasons. Preliminary experiments were carried out by our group in
which the same defect was created in the proximal tibia of four
mini-pigs without the addition of any filling material. Because of a
proximal tibia fracture that occurred within 3 days after operation,
all of these animals had to be sacrificed prematurely.”® Therefore,
the defect model used in the current study fulfills the criteria of a
critical-size defect model. To prevent the unnecessary sacrifice of
additional animals and for ethical reasons, the present study was
carried out without a no treatment control.

In accordance with the animal model developed by our
group,* a cylindrical defect of 11 mm diameter and 25 mm depth
was created in the right proximal tibia medially using a cannulated
reamer (Aesculap AG & Co. KG, Tuttlingen, Germany). In the CPG,
BMC + CPG and HFF-iMSCs + CPG groups spherical, micro- and
macroporous (micro: 2 um-10 ym; macro: 150 um-550 pm), car-
bonated, and apatite calcium phosphate granules 2 mm-4 mm in
size (Calcibon® Granules, Biomet Deutschland GmbH, Berlin,
Germany) were used.
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All surgical procedures were performed with single anesthesia
by the same experienced surgeon under strict aseptic conditions.
Further methodological details are described in the Supplemen-
tary Methods. Using a medial approach in the right proximal tibia,
the defect was created 10 mm distal to the joint line and 12 mm
anterior to the most posterior aspect of the tibia. In the BMC
group, bone marrow was harvested from the iliac crest, and
mononuclear cells were concentrated to generate bone marrow
concentrate (BMC) using a point-of-care device (MarrowStim® mini
concentration system, Biomet Biologics, Inc, Warsaw, Indiana,
USA) as described previously.* In the HFF-iMSCs + CPG group, the
CPG were soaked with a mixture of 1x 10° HFF-IMSCs (passage
numbers 5, 7, and 9) for five minutes prior to implantation. The
soft tissues were closed in layers.

Postoperatively, all animals were allowed to bear their full
weight. At 42 days after the procedure, the animals were sacrificed
using 3% sodium pentobarbital (Eutha 77, Essex Pharma GmbH,
Miinchen, Germany). The proximal tibia was harvested by a sharp
dissection tool and fixed in 10% neutral buffered formalin solution
for 14 days. Figure S5 shows a schematic of the bone defect.

Statistical analysis

The statistical analysis was performed using SPSS software
(version 21.0, SPSS Inc., Chicago, IL, USA). The mean values and
standard deviations were calculated. The outcome measures of
the radiological and histomorphometrical evaluations were
examined by one-way analysis of variance (ANOVA). Differences
between the independent variables were checked with post hoc
tests [Tukey's HSD (honestly significant difference) test]. Signifi-
cance was defined at a P-value < 0.05.

Multidetector computed tomography (MDCT)

Using a 64-detector row CT scanner (SOMATOM Sensation
Cardiac 64, Siemens Medical Solutions, Germany), radiographic
analysis was performed as described previously.>® In brief,
volumetric measurements were performed with respect to
density in Hounsfield units (HU) according to axial images. A
threshold value of 500 HU was defined for osseous consolidation,
and the defect volume was measured three times at different HU
ranges:

(i) Overall size of the defect: measured by including all pixels
with an density between —100 and +3 000 HU.

(i) Areas of consolidation: measurement of pixels with densities
between 500 and 3 000 HU.

(i) Nonconsolidated areas: measurement of all pixels with
densities between —100 and 500 HU.

Quantitative cone-beam CT (CBCT) volumetry

Using a CBCT scanner with a flat panel detector (PaX-Duo3D,
Vatech, Korea), images were obtained as described previously.>®
The bone defect volume and extent of new bone formation were
evaluated quantitatively using DICOM viewer (Osirix Imaging
Software, 64-Bit extended version, Pixmeo, Geneva, Switzerland).
With respect to the density values, the volumetric measurements
were performed after semiautomatic selection and by marking
pixels with predefined density values on the axial images. Based
on the mean density values of cortical and trabecular bone, a
threshold value of 2 350 was defined for bone consolidation, and
volumetric measurements of the defect were performed three
times with three different settings:

(i) Overall size of defect: measured by including all pixels in the
outlined defect

(i) Areas of consolidation: measurement of pixels with densities
>2 350

SPRINGERNATURE

(iii) Nonmineralized areas: measurement of all pixels with
densities <2 350.

The relative extent of bone regeneration and the absolute
volumes of bone consolidation were determined.

Histological preparation of the bone segments

For nondecalcified sectioning, all specimens were dehydrated
using an ascending series of graded alcohol and xylene prior to
infiltration and embedding in methylmethacrylate. Serial sections
were cut in the axial direction using a diamond wire saw (Exakt®,
Apparatebau, Norderstedt, Germany). Before staining, the tolui-
dine blue-stained sections were ground to a final thickness of
approximately 50 um.

Histomorphometrical analysis

Two experienced investigators who were blinded to the experi-
mental groups performed all histomorphometric analyses and
microscopic observations as described previously.* In brief, the
areas of new bone formation (um?) and the percentage of total
new bone formation were measured in the cortical and central
defect areas (see Fig. S5). After visual identification, the tissue type
was determined manually and assigned a color on three sections
from each specimen. Based on this, the areas of newly formed
bone, connective tissue, and CPG were calculated according to the
total bone defect area.
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Supplementary Material

Figure S1. HFF-iMSC differentiations. (A) Oil Red O Staining of evolved fat droplets upon adipogenic
differentiation. (B) Alcian Blue staining of proteoglycans within the chondrocyte clusters.

HFF-iMSC| fMSC |HFF-iPSC| B4 iPSC [ H1 ESC
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Figure S2. Pearson correlation values.
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Figure S3. Short-tandem-repeat Analysis. Short-tandem-repeat PCR of HFF, HFF-iPSCs and HFF-iMSCs
based on the primers D7S796, D10S1214 and D21S2055 confirms a common genetic background and
origin.

Percentage of alive/dead cells
afiter extraction out of CPG

Dead
Figure S4. In vitro compatibility test of HFF-iIMSC and CPG. (A) Loading of CPG with HFF-iMSC
suspension. (B) CPGs after absorption of HFF-iMSC suspension. (C) Incubation of loaded CPGs at 37°C
and 5% CO; for 24h in MSC medium. (D) Extraction of HFF-iMSCs out of CPG with TrypLE. (E) HFF-
iMSC reattachment and growth on plastic dish. (F) Plot of alive/dead cells after extraction out of CPG.
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CoDZ I

CeDZ

Figure S5. Schematic of a histological section with the critical-size bone defect in the proximal tibia.
Histomorphometrical quantification of new bone formation was carried out for two distinct regions- the
cortical defect zone (CoDZ) and the central defect zone (CeDZ). Adapted from Hakimi et al., 2014 (4).
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Table S1. List of antibodies

Primary Antibodies Providing Company Dilution
OCT-4A (C30A3) rabbit mAb number 2840 1:400
SSEA4 (MC813) mouse mAb number 4755 1:1000
E-cadherin (24E10) rabbit mAb number 3195 1:200
Vimentin (5G3F10) mouse mAb number 3390 1:200
TRA-1-60 mouse mAb number 4746 1:1000
TRA-1-81 mouse mAb number 4745 Cell Signaling Technology, USA 1:1000
Rabbit anti-NANOG Cat# 4903S 1:800
Rabbit anti-SOX2 Cat# 3579S 1:400
c-Myc (D84C12) Rabbit mAb #5605 1:400
KLF4 Antibody #4038 1:400
LIN28A (D84C11) XP® Rabbit mAb #3695 1:400
PDGF Receptor 3 (28E1) Rabbit mAb #3169 1:100
CD133 PA2049 Boster Bio, USA 1:500
C-Kit (H-300) rabbit polyclonal IgG Tebu Bio, Germany 1:200
rb PODXL, sc33138 Santa Cruz Biotechnology, USA 1:200
aSMA Cat# M0851, RRID:AB 2223500 Dako (Agilent), USA 1:1000
Nestin Cat# N5413, RRID:AB 1841032 Sigma-Aldrich, USA 1:1000
Mouse anti-Sox17 Cat# AF1924, RRID:AB_ 355060 R and D Systems, USA 1:250

Table S2. List of primers

Gene Primer Sequences

RUNX2 F1: CAGACCAGCAGCACTCCATA

R1: CAGCGTCAACACCATCATTC

BGLAP F1: AAGGTGCAGCCTTTGTGTCC

R1: GGCTCCCAGCCATTGATACA

ALPL F1: CTATCCTGGCTCCGTGCTC

R1: ACTGATGTTCCAATCCTGCG

D7S8796 F1: TTTTGGTATTGGCCATCCTA

R1: GAAAGGAACAGAGAGACAGGG

D10S1214 | F1: ATTGCCCCAAAACTTTTTTG

R1: TTGAAGACCAGTCTGGGAAG

D21S2055 | F1: AACAGAACCAATAGGCTATCTATC RI1: TACAGTAAATCACTTGGTAGGAGA

Supplementary Methods

Staining of differentiated HFF-iMSCs

For adipocyte staining, a 0.2 % Oil-Red-O working
solution was prepared by diluting the 0.5 % stock
solution with distilled water followed by filtration
using whatman paper. The medium was aspirated
completely and the cells washed with PBS followed
by 50 % ethanol. The cells were stained with 0.2 %
Oil-Red-O  Solution for 10 min at room
temperature. After two washing steps with 50 %
ethanol and distilled water, PBS was added to the
cells to microscopic  analysis. For
chondrocyte staining, the cells were washed with

enable

PBS and then stained with 1 % Alcian Blue solution
(prepared in 0.1 N HCIl) for 30 min at room
temperature on a rocking platform. Afterwards, the
cells were rinsed three times with 0.1 N HCI,
covered with distilled water and analysed by light
microscopy. For osteoblast staining, the cells were
rinsed with distilled water and stained with 2 %
Alizarin Red S solution (prepared in distilled water)
for 30 min at room temperature on a rocking
platform. Afterwards, the wells were washed three
times with distilled water and PBS was finally
added light
microscopy.

to allow their visualization by
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Embryoid body formation

Initially, the iPSCs were cultured on matrigel using
StemMACS TIPS BREW medium. After reaching
confluence they were detached using PBS (without
Calcium and Magnesium) and then cultured in T25
flasks as a suspension culture using high glucose
DMEM, containing 10% FBS, 1% P/S, 1%
GlutaMAX and 1% NEAA. The emerging
embryoid bodies were collected and settled on a
gelatin-coated well. After 3-4 days the embryoid
bodies were fixed using 4% PFA then stained with
antibodies specific to the three germ layers (see
Table S1).

Immunofluorescence staining

To block unspecific binding sites blocking buffer
was applied to the fixed (4% PFA) cells for 2h at
RT. If intracellular proteins were to be stained,
blocking buffer containing 10% normal goat serum
(NGS, Sigma), 0.5% Triton X-100 (Carl Roth
GmbH & Co. KG, Karlsruhe, Germany), 1% BSA
(Sigma), and 0.05% Tween 20 (Sigma), all
dissolved in PBS, was used. When extracellular
proteins were stained, Triton and Tween were
omitted. Primary antibodies were added to the cells
for 1h at RT followed by 3 washing steps.
Afterwards the corresponding secondary antibodies
(Thermo Fisher Scientific) and DAPI (Southern
Biotech) or Hoechst 33258 dye (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) were
applied to the cells and incubated for 1h at RT in
the dark. A fluorescence microscope (LSM700;
Zeiss, Oberkochen, Germany) was
imaging. Picture processing was done using the
ZenBlue 2012 Software Version 1.1.2.0. (Carl Zeiss
Microscopy GmbH, Jena, Germany).

used for

Cell preparation for flow cytometry

The cells were detached using TrypLE Express
(Gibco) for 7 min at 37°C. After centrifugation at
300 g for 5 min, 200,000 cells were distributed into
two 5 ml flow cytometry tubes in 2 ml phosphate
buffered saline (PBS).
centrifuged for 10 min at 300 g, the supernatants
were discarded, and the pellets were resuspended in
100 ul PBS. The phenotyping cocktail (0.5 ul) was
then applied to the first of the two tubes. The
cocktail contains antibodies directed against CD14-
PerCP, CD20-PerCP, CD34-PerCP, CD45-PerCP,
CD73-APC, CD90-FITC, and CD105-PE. In the
second tube, the Isotype Control Cocktail was
applied. After 10 min of incubation at 4°C in the

The cells were then

dark, the cells were washed with PBS and
centrifuged at 300 g for 10 min. Afterwards, the
pellets  were  resuspended in 100  pl
paraformaldehyde (PFA 4 %) for storage until flow
cytometric analysis.

RNA Isolation and cDNA Synthesis

RNA isolation was performed using the Direct-zol
RNA Miniprep Kit (Zymo Research, CA, USA)
according to manufacturer’s instruction.
Complementary DNA (cDNA) synthesis from
500ng mRNA was done applying the TaqMan
Reverse Transcription Kit (Applied Biosystems).
The reaction mixture (20ul per sample) included
7.70ul H20, 2ul reverse transcriptase buffer, 4.4ul
MgCl12 (25mM), 1pul Oligo (dT)/ Random hexamer
(50uM), 4ul dNTP mix (10mM), 0.4ul RNase
Inhibitor (20U/ul) and 0.5pl Reverse Transcriptase
(50U/ul).

In vitro compatibility test of HFF-iMSC and
CPG

First, 2.4cm® CPGs were loaded with 1100ul of a
suspension of 1x10° HFF-iMSC. After cell
suspension was completely absorbed by the CPGs
the cell-loaded granules were covered with 5 ml
oMEM medium and incubated at 37°C and 5% CO»
for 24h. Afterwards the CPGs were washed with
PBS and incubated in TrypLE for 15 min at 37°C
with repeatedly shaking. Alive/dead ratio of the
extracted cells was determined by trypan blue
staining and cells were reseeded onto a plastic
culture dish.

Animal preparation for cell transplantation

All mini-pigs fasted for a minimum of 12 h before
surgery and peri-operative antibiotic prophylaxis
was attained by daily administration of 3.3 ml
Lincomycin (Lincomycin 20%, WDT, Garbsen,
Germany) for three days starting immediately prior
to surgery. Animals were primed by an intra-
muscularly applied sedation with 0.5 mg/kg Atropin
(Atropinsulfat, B Braun, Melsungen, Germany), 5
mg/kg Azaperon (Stresnil®, Janssen-Cilag GmbH,
Neuss, Germany) and 10 mgkg Ketamin
(Ketavet®, Pharmacia GmbH, Karlsruhe,
Germany). Anesthesia was started with 0.5 g
Thiopental (Inresa Arzneimittel GmbH, Freiburg,
Germany) and maintained by inhalation of oxygen,
nitrous oxide, and isoflurane. Infusion of 5 %
Glucose’s  solution (Delta-Select, Pfullingen,
Germany), 10 ml Inzolen (Koehler Chemie GmbH,
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Alsbach-Héahnlein, Germany), and 5 ml Lidocain 2
% (Lidocain-HCl, B. Braun, Melsungen, Germany)
was administered at a rate during the procedure to
maintain hydration and cardiac protection. By an
intravenous injection of 0.4 mg/kg Piritramid
(Dipidolor®,  Janssen-Cilag ~ GmbH, Neuss,
Germany) and 4.5 mg/kg Carprofene (Rimadyl®,
Pfitzer Pharma GmbH, Karlsruhe, Germany) intra-
operative analgesia was ensured. For the treatment
of post-operative pain Piritramid and Carprofene
were applied subcutaneously for three days.

DNA-Fingerprinting analysis

DNA isolation was done using the QIAamp® DNA
Mini KIT following the manufacture’s instruction.
The analysis of the short-tandem-repeats (STR) was
by PCR using distinct primers (D7S796, D10S1214
and D21S2055). Primer sequences are provided in
supplementary table 2. The PCR reaction contained
5 ul 1x Go-Taq G2 Hot Start Green PCR buffer, 4
ul 4 mM MgCl2, 0.5 ul dNTP-Mix (10 mM each), 1
ul forward primer (0.3 uM), 1 pl reverse primer (0.3
uM), 0.125 ul (0.625 U) Hotstart Taq polymerase (5
U/ul), and 100 ng genomic DNA were mixed.
Water was added to adjust a final volume of 25 pl.
A thermal cycler (PEQLAB, Erlangen Germany)
was utilized for the PCR reaction. The 5 min initial
denaturation at 94°C were followed by 32 cycles
consisting of a denaturation step at 94°C for 15 s,
an annealing step at 60°C for 30 s, and an extension
step at 68°C for 60 s. Gel electrophoresis (2.5%
agarose gel) was used to detect the PCR
amplification products. The used primers are listed
in Table S2.



206 Results - Publications

2.12 Human mesenchymal factors induce rat hippocampal- and human neural stem

cell dependent oligodendrogenesis

Janusz J. Jadasz, Lena Tepe, Felix Beyer, Iria Samper Agrelo, Rainer Akkermann, Lucas-
Sebastian Spitzhorn, Maria Elena Silva, Richard O. C. Oreffo, Hans-Peter Hartung, Alessandro

Prigione, Francisco J. Rivera, James Adjaye and Patrick Kiiry

Abstract

The generation of new oligodendrocytes is essential for adult brain repair in diseases such
as multiple sclerosis. We previously identified the multifunctional p5S7kip2 protein as a
negative regulator of myelinating glial cell differentiation and as an intrinsic switch of
glial fate decision in adult neural stem cells (aNSCs). In oligodendroglial precursor cells
(OPCs), pS7kip2 protein nuclear exclusion was recently found to be rate limiting for
differentiation to proceed. Furthermore, stimulation with mesenchymal stem cell (MSC)-
derived factors enhanced oligodendrogenesis by yet unknown mechanisms. To elucidate
this instructive interaction, we investigated to what degree MSC secreted factors are
species dependent, whether hippocampal aNSCs respond equally well to such stimuli,
whether apart from oligodendroglial differentiation also tissue integration and axonal
wrapping can be promoted and whether the oligodendrogenic effect involved subcellular
translocation of p57kip2. We found that CC1 positive oligodendrocytes within the hilus
express nuclear p57kip2 protein and that MSC dependent stimulation of cultured
hippocampal aNSCs was not accompanied by nuclear p57kip2 exclusion as observed for
parenchymal OPCs after spontaneous differentiation. Stimulation with human MSC
factors was observed to equally promote rat stem cell oligodendrogenesis, axonal
wrapping and tissue integration. As forced nuclear shuttling of p57kip2 led to decreased
CNPase- but elevated GFAP expression levels, this indicates heterogenic oligodendroglial
mechanisms occurring between OPCs and aNSCs. We also show for the first time that
dominant pro-oligodendroglial factors derived from human fetal MSCs can instruct
human induced pluripotent stem cell-derived NSCs to differentiate into O4 positive

oligodendrocytes.
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Abstract

The generation of new oligodendrocytes is essential for adult brain repair in diseases such as multiple
sclerosis. We previously identified the multifunctional p57kip2 protein as a negative regulator of
myelinating glial cell differentiation and as an intrinsic switch of glial fate decision in adult neural stem
cells (aNSCs). In oligodendroglial precursor cells (OPCs), p57kip2 protein nuclear exclusion was recently
found to be rate limiting for differentiation to proceed. Furthermore, stimulation with mesenchymal stem
cell (MSC)-derived factors enhanced oligodendrogenesis by yet unknown mechanisms. To elucidate this
instructive interaction, we investigated to what degree MSC secreted factors are species dependent,
whether hippocampal aNSCs respond equally well to such stimuli, whether apart from oligodendroglial
differentiation also tissue integration and axonal wrapping can be promoted and whether the oligoden-
drogenic effect involved subcellular translocation of p57kip2. We found that CC1 positive
oligodendrocytes within the hilus express nuclear p57kip2 protein and that MSC dependent stimulation
of cultured hippocampal aNSCs was not accompanied by nuclear p57kip2 exclusion as observed for
parenchymal OPCs after spontaneous differentiation. Stimulation with human MSC factors was
observed to equally promote rat stem cell oligodendrogenesis, axonal wrapping and tissue integration. As
forced nuclear shuttling of p57kip2 led to decreased CNPase- but elevated GFAP expression levels, this
indicates heterogenic oligodendroglial mechanisms occurring between OPCs and aNSCs. We also show
for the first time that dominant pro-oligodendroglial factors derived from human fetal MSCs can instruct
human induced pluripotent stem cell-derived NSCs to differentiate into O4 positive oligodendrocytes.

KEYWORDS
heterogeneity, inhibitors, intracellular protein shuttling, multiple sclerosis, myelin repair, neurore-
generation, oligodendrocyte
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1 | INTRODUCTION

Upon demyelination in the adult central nervous system (CNS) as
observed in multiple sclerosis (MS), a certain degree of myelinating glial
cell replacement and of de novo generation of myelin sheaths can be
observed (Franklin, 2002). Resident oligodendroglial precursor cells
(OPCs) and adult neural stem cells (aNSCs) are the two major sources
for myelin repair (Akkermann, Jadasz, Azim, & Kiiry, 2016). The effi-
ciency of this endogenous regeneration process remains limited due to
the fact that these cells often fail in terminal maturation, most likely
due to the presence of multiple differentiation inhibitors (de Castro,
Bribian, & Ortega, 2013; Kremer, Aktas, Hartung, & Kury, 2011; Kuhl-
mann, Miron, Cui, Wegner, Antel, & Briick, 2008). Moreover, the oligo-
dendrogenic potential of aNSCs of both neurogenic niches differs as
mainly cells of the subventricular zone (SVZ) of the lateral ventricles
were found to differentiate into oligodendrocytes (OLs) in demyelin-
ation animal models (Nait-Oumesmar, Picard-Riera, Kerninon, & Baron-
Van Evercooren, 2008; Picard-Riera et al., 2002; Xing et al., 2014) and
in MS brain tissue (Nait-Oumesmar et al., 2007). While aNSCs possess
the capacity to differentiate into neurons, astrocytes and oligodendro-
cytes, evidence is missing that hippocampal stem cells generate
oligodendrocytes (OLs) or OPC-like cells in vivo, unless genetically
manipulated (Jadasz et al., 2012; Jessberger, Toni, Clemenson, Ray, &
Gage, 2008; Rolando et al., 2016). We previously discovered p57kip2
as a key negative regulator of oligodendroglial differentiation and act-
ing as determinant of glial fate decision in aNSCs (Jadasz et al., 2012;
Kremer et al., 2009). Furthermore, p57kip2 protein translocation from
nucleus to cytoplasm was recently observed to be a rate-limiting
step in parenchymal OPC maturation (Gottle et al., 2015), which raised
the question whether a similar shuttling process is also essential for
oligodendroglial fate specification in aNSCs.

Another efficient approach to promote oligodendrogenesis is by
administering trophic factor cocktails such as secreted by bone
marrow-derived mesenchymal stem cells (MSCs) (Kassis et al., 2008;
Uccelli, Moretta, & Pistoia, 2008). Both cell types, aNSCs as well as
OPCs, were shown to respond to MSC-derived factors when grown in
co-cultures or when supplied with conditioned media. For instance, the
incubation of aNSCs with rat mesenchymal stem cell conditioned
medium (MSC-CM) resulted in an increased percentage of oligodendro-
cyte cells (Rivera et al., 2006) and, furthermore, ameliorated and stabi-
lized OPC maturation (Jadasz et al., 2013). In vivo administration of
human adult MSC-CM to the demyelinated CNS improved its recovery
(Bai et al., 2012) and MSCs were found to modulate hippocampal stem
cells into oligodendrocytes (Bai et al, 2009; Munoz, Stoutenger,
Robinson, Spees, & Prockop, 2005; Rivera et al., 2006). However, a
number of questions regarding MSC-mediated specification of aNSCs
and their oligodendroglial progeny remain unaddressed. Currently the
identity of MSC-CM derived compounds as well as the underlying
mode of action are unknown, which is of additional interest considering
the observation that not all MSCs are able to potentiate oligodendroglial
processes (Lindsay, Johnstone, McGrath, Mallinson, & Barnett, 2016;
Lindsay et al., 2013). Moreover, it is important to note that the majority

of studies were performed with adult MSCs and it remains therefore to
be shown whether the oligodendrogenic potential is restricted to adult
cells or whether it strictly correlates with its bone (cell-) origin.

We present data which provides evidence that intrinsic oligoden-
droglial differentiation mechanisms of parenchymal precursor- and
neural stem cells differ but that extrinsic (MSC-derived) stimuli are not
restricted to specific stages or ages. Moreover, we show for the first
time that also fetal human MSC-derived factors are equally potent in
stimulating oligodendrogenesis and in preventing astrocyte formation
and that they can potently instruct human induced pluripotent stem
cell-derived NSCs. Our findings can thus contribute to the overall
understanding of instructive stem/stem cell interactions and to the

possible development of future myelin repair strategies.

2 | MATERIALS AND METHODS

2.1 | Adult rat mesenchymal stem cell culture

Preparation and culture of adult rat mesenchymal stem cells were per-
formed according to previous descriptions (Jadasz et al., 2013). Briefly,
one 12-week old female Wistar rat was anesthetized using isoflurane
(DeltaSelect, Langenfeld, Germany) and killed by decapitation. Femoral
and tibial bones were separated from the body, exposed and cleaned
from remaining tissue before femoral head and tibial plateau were cut
off and bone marrow was flushed out into Minimum Essential Medium
alpha Medium (a-MEM) (Gibco Cell Culture, Life Technologies,
Germany) using a cannula. Bone marrow clumps were dissociated by
repeated resuspension with the cannula and recovered by centrifuga-
tion at 800 g for 10 min. Cell pellets were resuspended in a-MEM con-
taining 10% fetal bovine serum (FBS; PAN Biotech GmbH, Germany)
and seeded at 1 X 10° cells/cm? in a humidified incubator at 37°C
with 5% CO,. After three days, adherent cells were further incubated
in fresh a-MEM-10%FBS until 90-100% confluency was reached. To
achieve a confluent monolayer after three days of incubation, 4 X 10°
cells per 100 mm culture dish were seeded for cells from 10 week old
rats. For experiments, a-MEM-10%FBS incubated for three to four
days on rMSC populations was used as rat mesenchymal stem cell
conditioned medium (MSC-CM) to stimulate adult neural stem cells

after sterile filtration (20 pm filter).

2.2 | Adult rat neural stem cell culture and
transfection

Preparation and culture methods of adult neural stem cells were
conducted as previously described (Jadasz et al., 2012). Briefly, brains
of five adult Wistar rats (12-week old) were used for preparation of
hippocampal stem cells. Isoflurane anesthetized animals were killed by
decapitation and after removal of the brains hippocampal areas were
prepared, mechanically digested and put in 4°C phosphate buffered
saline (PBS; PAA Laboratories, Pasching, Austria). After washing the
cell suspension in PBS, cells were enzymatically digested in PDD solu-
tion containing papain (0.01%, Worthington Biochemicals, Lakewood,

USA), 0.1% dispase Il (Boehringer, Ingelheim, Germany), DNase |
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(0.01%, Worthington Biochemicals) and 12.4 mM MgSQ,, dissolved in
HBSS (PAA Laboratories) for 30 min at 37°C with 10 min trituration
steps in between. After additional washing steps in neurobasal (NB)
medium (Gibco BRL, Karlsruhe, Germany) supplemented with B27
(Gibco), 2 mM L-glutamine (Gibco), 100 U/ml penicillin/0.1 mg/| strep-
tomycin (PAN Biotech, Aidenbach, Germany) and centrifugation at
200 g for 5 min, cells were resuspended in NB medium supplemented
with 2 ug/ml heparin (Sigma-Aldrich, Taufkirchen, Germany), 20 ng/ml
FGF-2 (R&D Systems, Wiesbaden-Nordenstadt, Germany) and 20
ng/ml EGF (R&D Systems). This protocol allows the cells, seeded at 7
x 10* cells/ml density, to form neuroshperes in uncoated T75 culture
flasks at 37°C in a humidified incubator with 5% CO,. Every two days
medium was changed and adult neural stem cells were passaged once
a week using accutase (PAA Laboratories) for separation (10 min at
37°C). For experiments, cells were dispersed by an accutase step
and plated on poly-L-ornithine/laminin (100 pg/ml and 5 upg/ml,
Sigma-Aldrich) coated and acid-pretreated 13 mm glass cover slips
(5-8 x 10* cells/coverslip), or on ethanol activated Mimetix aligned
12-well plate fibre scaffold inserts (2 X 10° cells/insert; Electrospining
company, Harwell Oxford, UK) for 24 hr in proliferation medium con-
taining FGF2, EGF and heparin before changing to control medium
(e-MEM), rat mesenchymal stem cell conditioned medium (rMSC-CM)
or to human fetal MSC-CM from two different cell lines (H36, H37) all
of which containing 10% FBS.

For transplantation studies onto cerebral slice cultures, adult
neural stem cells were transfected with pmaxGFP plasmid (LONZA) for
visualization. To do so, accutase-dispersed NSCs from neurosphere
cultures of passages three to nine were subjected to nucleofection of
using a Lonza nucleofection device and the adult rat NSC nucleofector
kit (Lonza, Basel, Switzerland). In detail, 2.5 X 10° cells were
transfected using program A-033 (high-efficiency) resuspended in
100 pl nucleofection solution and 3.4 pg plasmid.

To modulate the expression of the p57kip2 gene in adult neural stem
cells nucleofections were performed with overexpression constructs
pIRES (empty vector control), pIRES-p57kip2 (wild type p57kip2) and
pIRES-NLS (p57kip2 with mutated NLS sequence) as published previously
(Gottle et al., 2015). For visualization expression vectors were cotrans-
fected with pmaxGFP (Lonza; a green fluorescent protein expression
vector) at a ratio of 13.6:1.

2.3 | iPSC-derived NSC preparation

Human NSCs were derived from induced pluripotent stem cell (iPSC)
lines that were previously generated from healthy neonatal foreskin
fibroblasts (BJ line from ATCC) using episomal plasmids containing the
reprogramming factors OCT4, KLF4, SOX2, c-MYc, NANOG, LIN28,
and SVLT (Lorenz et al., 2017). NSCs were induced following a small
molecule-mediated protocol (Li et al., 2011). Briefly, iPSCs were split
and plated onto feeder-free Matrigel-coated plates in DMEM/F12
medium. The next day, the cells were cultured in 1:1 Neurobasal:
DMEM/F12 medium with 1x N2, 1x B27, 10 ng/ml hLIF (Thermo
Fisher), 4 uM CHIR99021 (Cayman Chemical), 3 uM SB431542 (Sell-
eckChem), 0.05% BSA, pen/strep, MycoZap, and L-glutamine. In

addition, 0.1 uM Compound E (Calbiochem) was included for the first
week of differentiation. NSCs were maintained on matrigel-coated
plates and split by scraping with a cell spatula at 80-100% confluence
at ratios of 1:2 to 1:5. All cultures were kept in a humidified atmos-
phere of 5% CO2 at 37°C under atmospheric oxygen condition and

were regularly monitored against mycoplasma contamination.

2.4 | Human fetal bone marrow-derived mesenchymal
stem cell culture

Human fetal (hf) femur-derived MSC cells (H36, H37) were obtained at
55 days postconception following informed, written patient consent.
Approval was obtained by the Southampton and South West Hampshire
Local Research Ethics Committee (LREC 296100). Their derivation and
characterization has been described previously (Mirmalek-Sani et al.,
2006). Human fetal MSCs were cultured in MEM medium with
«-modifications (Minimum Essential Medium Eagle—Alpha Modified
«-MEM); Sigma-Aldrich Chemie GmbH, Steinheim, Germany). 500 ml of
a-MEM were supplemented with 10% FBS (FBS Gibco® by life technolo-
gies, California, USA), 1% GlutaMAX® (Glutamax ©, ThermoFisher Scien-
tific, Darmstadt, Germany) and 1% penicillin/streptomycin (ThermoFisher
Scientific, Darmstadt, Germany). This mixture was then vacuum filtered
with a 0.2 um sieve. Medium was replenished every three days and kept
as conditioned medium for further experiments. Cells were harvested at
90% confluency. For cell detachment, TrypLE Select 1x (TrypLE or Tryp-
sin Gibco®, ThermoFisher Scientific, Darmstadt, Germany) was added
(8 ml for T175) and the dish was placed into the incubator (36°C, 5%
CO,) for 7 minutes. To stop the enzymatic reaction fresh «-MEM
medium was added (20 ml in T175). The cell suspension was then placed
into a 50 ml falcon tube and centrifuged (550 g, 7 min, room tempera-
ture). The supernatant was discarded and the resulting cell pellet was
solved in 10 ml «-MEM for cell counting.

2.5 | Immunohistochemistry

After rats were deeply anesthetized and transcardially perfused using
4% paraformaldehyde (PFA), brains were extracted, postfixed in 4%
PFA for 24 hr and cryoprotected in 30% sucrose. Subsequently, brains
were quick-frozen in —35°C to —50°C cold methylbutan. Brain slices
(14 um) were cut and stained according to standard protocols: rabbit
anti-p57kip2 (1:250, SIGMA), mouse anti-GFAP (1:500, Millipore),
mouse anti-adenomatous polyposis coli for olidoendrocytes (APC,
CC1; 1:500, GeneTex), anti-mouse and anti-rabbit antibodies
conjugated with either Alexa Fluor594 or Alexa Fluor488 (1:500, Ther-
moFisher Scientific, Darmstadt, Germany). The nuclei were stained
with 4;6-diamidino-2-phenylindole (DAPI, 1:100, Roche). Brain slices
were mounted under fluoromount-G® (SouthernBiotech) and analyzed
using a confocal CLSM microscope (Zeiss, Jena, Germany).

2.6 | Immunocytochemistry

To evaluate marker expression, immuncytochemical analysis was
performed as previously described (Jadasz et al., 2012, 2013). Briefly, the
cells were fixed for 10 min using 4% PFA and unspecific binding of
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antibody was prevented by incubation for 45 min in 1% normal goat
serum (NGS; in PBS, 0.1% Triton). Subsequently, cells were subjected to
primary antibody solution (0.1% NGS, 0.03% Triton or 10% NGS for O4
staining) and following dilutions were used overnight at 4°C: rabbit anti-
p57kip2 (1:250, Sigma-Aldrich), mouse anti-myelin basic protein (MBP;
1:500, Sternberger Monoclonals, Lutherville, MD), mouse anti-2',3'-
cyclic-nucleotide  3'-phosphodiesterase (CNPase; 1:500, Sternberger
Monoclonals), mouse anti-GFAP (1:1000, Millipore), rabbit anti-GFAP
(1:1000, Dako, Hamburg, Germany), rabbit anti-Olig2 (1:1000, Millipore,
1:250 for staining of human cells), mouse anti-O4 (1:40, Millipore) and
anti-mouse and anti-rabbit antibodies conjugated with either Alexa
Fluor594 or Alexa Fluor488 (1:500, ThermoFisher Scientific, Darmstadt,
Germany). Secondary antibodies were applied for 2 hr at room tempera-
ture following washing steps with PBS. The nuclei were stained with
DAPI (1:100, Roche). Cells were mounted under Citifluor (Citifluor,
Leicester, UK) and analyzed using an Axioplan2 or a confocal CLSM
microscope (Zeiss, Jena, Germany). The statistical analyses of the positive
cells normalized to DAPI using two-tailed unpaired t-test were made with
Image J, Excel and GraphPad Prism 5.0c software.

2.7 | RNA preparation, cDNA synthesis and
quantitative RT-PCR

RNA preparation, cDNA synthesis and quantitative RT-PCR were per-
formed as recently described (Jadasz et al., 2013). Briefly, reverse tran-
scription was done using the high capacity cDNA Reverse
Transcription Kit ThermoFisher Scientific, Darmstadt, Germany) after
total RNA was purified from cultured stem cells via the RNeasy proce-
dure (Qiagen, Hilden, Germany). For quantitative RT-PCR, SYBRGreen
universal master mix (ThermoFisher Scientific, Darmstadt, Germany)
was mixed with cDNA and gene expression levels were determined on
a 7900HT sequence detection system (Applied Biosystems). Using Pri-
merExpress 2.0 software (Applied Biosystems), we generated, tested
and determined primer sequences for specific amplicon generation:
AQP4 forward: CAT GGC CAG CAG TGA GGT TT, AQP4 reverse: CAT
CGC CAA GTC CGT CTT CT, CGT forward: CCG GCC ACC CTG TCA
AT, CGT reverse: TCC GTC GTG GCG AAG AA, CNPase forward: GCC
GTT GTG GTA CTT CTC CA, CNPase reverse: GCC CGA AAA AGC
CAC ACA TT, GAPDH forward: GAA CGG GAA GCT CAC TGG C,
GAPDH reverse: GCA TGT CAG ATC CAC AAC GG, GFAP forward:
CTG GTG TGG AGT GCC TTC GT, GFAP reverse: CAC CAA CCA GCT
TCC GAG AG, GST-pi forward: TTG CAT CGA AGG TCC TCC AC,
GST-pi reverse: CAC CTG GGT CGC TCT TTA GG, Id2 forward: AGA
ACC AAA CGT CCA GGA CG, Id2 reverse: TGC TGA TGT CCG TGT
TCA GG, Id4 forward: CAG CTG CAG GTC CAG GAT GT, Id4 reverse:
AAA GTG GAG ATC CTG CAG CAC, MBP forward: CAA TGG ACC
CGA CAG GAA AC, MBP reverse: TGG CAT CTC CAG CGT GTT C,
NG2 forward: GTA CGC CAT CAG AGA GGT CG; NG2 reverse: ATC
TGG GAG GGG GCT ATT GT, Olig2 forward: CCC CGT CTG GGC
TTA GAA G, Olig2 reverse: CTC CTA CCC CGC CCA AAA.

We used GAPDH as reference gene, which proved to be the most
accurate and stable normalization gene among a number of others such
hydroxymethyl-bilane  synthase,

as B-actin, B-2-microglobulin,

hypocanthine phosphoribosyl-transferase I, ribosomal protein LI3a, suc-
cinate dehydrogenase complex subunit A, TATA box binding protein,
ubiquitin C, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase
activation protein zeta polypeptide as referenced in (Vandesompele
et al., 2002). Relative gene expression levels were determined according
to the AACt method (ThermoFisher Scientific, Darmstadt, Germany).
Each sample was measured in quadruplicate; data are shown as mean
values = SEM.

2.8 | Slice culture preparation

For slice cultures Wistar rats of both sexes, aged between 7 and 10
days were used. Animals were anaesthetized with isoflurane before
decapitation. Upon removal, the whole brain was transferred into a petri
dish filled with ice cold HEPES buffered Ringer solution (135 mM NacCl,
5.4 mM KCl, 1 mM MgCI2 x6H20, 1.8 mM CaCIx2H20, 5 mM HEPES,
pH: 7.2). For the generation of cerebellar slices, the cortex was fixed
with forceps while a parasagittal cut was made with a scalpel, chopping
off one lateral edge of the cerebellum. Afterwards, the cerebellum was
separated from the rest of the brain and carefully dried on a Whatman
paper. The cutting edge of the sagittal cut was then fixed to the mag-
netic platform of the HM 650V microtome (ThermoFisher Scientific,
Darmstadt, Germany) with a drop of superglue (UHU, Mannheim, Ger-
many). The magnetic platform was then transferred into the basin of the
microtome filled with Ringer solution so that the cerebellum was cov-
ered with liquid. The cooling element, previously stored at —20 oC was
introduced to keep the buffer temperature down. A razor blade was
placed into the cutting segment and the brain was positioned with the
dorsal part pointing toward the razor blade. Finally, 350 um thick sagittal
sections were made (cutting frequency: 50 Hz, cutting amplitude: 1 mm,
cutting speed: 0.9 mm/s). The slices were collected in a petri dish filled
with ice cold Ringer solution and plated onto the membrane of Millicell
cell culture inserts (hydrophilic PTFE, pore size: 0.4 pm, diameter
30 mm; Merck Millipore, Darmstadt, Germany) in 6-well plates before
one washing step with sterile Ringer solution and one washing step with
slice medium were performed. Nutrition of slices was provided by 1 ml
of slice medium [50% basal medium eagle (BME), 25% HBSS +/+, 25%
heat inactivated horse serum; containing 1% penicillin/streptomycin
(ThermoFisher Scientific), and 5 mg/ml D-Glucose monohydrate (Merck,
Darmstadt, Germany)] underneath the membrane. All fluid on top of the
slice was carefully removed to enable gas exchange. Medium was
changed completely the next day and then every 3-4 days. Tissue slices

were kept in culture for a maximum time of 20 days.

2.9 | Transplantation of adult neural stem cells on
slice cultures

Before transplantation onto slices, NSCs were transfected with pmaxGFP
to mark cells as described above. After transfection, a small pipette was
used to transfer the cells into 10 ml of prewarmed NB all medium thereby
omitting dead cell debris. After one centrifugation step, cells were resus-
pended in slice medium. Onto each tissue slice, prepared and transferred

to membranes the day before, 2 x 10° cells in 5 pl slice medium were
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transplanted. At the same time, the medium was changed from slice
medium to 50% slice medium/50% «-MEM as control condition or 50%
slice medium/50% H37 MSC-CM. Slices with transplanted aNSCs and
treated with control or MSC conditioned media were kept in culture for 4
days before fixation. Slices were once washed with PBS and fixed with
4% PFA for 15 minutes. To cover the whole slice with liquid, 1 ml was
added underneath the membrane and 1 ml was added on top of the slice
and the membrane. The slices were washed with PBS three times to
remove remaining PFA. Each slice was then carefully cut out of the mem-
brane with a scalpel and transferred to a wet chamber. To make the slice
permeable for antibodies, they were incubated over night at 4°C in per-
meabilization solution (0.5% Triton x-100 in PBS). Unspecific binding was
then prevented by incubation in blocking solution (10% NGS, 1% BSA,
0.2% Triton x-100 in PBS) over night at 4°C. Primary antibodies were
diluted in antibody solution (1% NGS, 1% BSA, 0.1% Triton x-100 in PBS)
and added to the slices over night at 4°C at following concentrations:
mouse anti-MBP (1:500), rabbit anti-GFAP (1:1000). Secondary antibod-
ies were diluted in the same antibody solution and added after the excess
primary antibody had been washed off: goat anti-mouse Alexa 488
(1:500), goat anti-rabbit Alexa 488 (1:500), goat anti-rabbit Alexa 594
(1:500), goat anti-mouse Alexa 594 (1:500), goat anti-rabbit Alexa 647
(1:500). Secondary antibodies were also incubated over night at 4°C and
protected from light to avoid bleaching of the fluorescent dyes. After
washing with PBS for three times, the slices were transferred to a micro-
scope slide facing upwards. Slices were mounted with coverslips under
Citifluor, secured by small drops of nail varnish and analyzed using the
confocal laser scanning microscope 510 (CLSM 510, Zeiss, Jena, Ger-
many). Z-stack pictures with a 20X magnification were collected and for
analysis of transplanted cells, Z-stacks were fused to a maximum intensity
Z-stack with Image J. For live cell imaging, transplanted aNSCs were pho-
tographed every ten minutes starting at time point 2 hr post-transfec-
tion/transplantation lasting up to 96 hr.

2.10 | Statistical analysis

Statistical analysis and graphs were performed using Excel and Graph-
Pad Prism 5.0c software. To determine statistical significance, Students
t-test was applied for groups of two, one-way ANOVA with Bonferroni
post-test for multiple comparisons was applied comparing three or
more groups and two-way ANOVA with Bonferroni post-test for
groups of three or four with different conditions/variables. Statistical
significance thresholds were sat as follows: *p<.05; **p<.01;

*kok . n

p<.001. All data are shown as mean values = SEM and “n” repre-

sents the number of independent experiments performed.

3 | RESULTS

3.1 | Heterogeneous subcellular localization of
the p57kip2 protein in the hippocampal neurogenic
niche of the adult brain

We examined p57kip2 protein localization in cells of adult neurogenic

niche regions and applied immunohistofluorescent staining on sagittal
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brain sections of wild type rats. We placed emphasis on analyzing
and comparing cells from corresponding areas of both neurogenic
zones as others have shown that niche architecture and differentiat-
ing cells are both heterogeneous (Doetsch et al., 2002). Therefore,
we investigated cells within the hilus of the inner tapering area of
the subgranular zone (SGZ) and scored CC1 positive or GFAP posi-
tive cells according to the nature of their p57kip2 signals. Inspection
of the hilus of the SGZ area revealed that the majority of CC1
positive oligodendrocytes expressed this protein and that predomi-
nantly nuclear p57kip2 localization could be observed (Figure 1a-c).
Conversely, fewer astrocytes (as revealed by the GFAP signals
outside the granular zone, as opposed to neural stem cells within
the zone) expressed this factor and these cells almost equally
displayed nuclear in combination with cytoplasmic p57kip2 signals
(Figure 1d-f). Furthermore, we analyzed cells within the inferior
horn as subregion of the SVZ scoring CC1 positive cells according
to the nature of their p57kip2 signals. Inspection of the SVZ
revealed predominantly cytoplasmic p57kip2 localization in CC1
positive oligodendrocytes (Figure 1g-i). These observations suggest
that oligodendroglial derivatives of the two stem cell niches
differently depend on the endogenous p57kip2 translocation and
that cells of the SGZ follow an opposite localization mechanism as
compared with myelinating cells derived from parenchymal OPCs
(Gottle et al., 2015; Kremer et al., 2009), which is why we focused in
all of our following experiments on the analysis of hippocampal adult

neural stem cells.

3.2 | Nuclear localization of the p57kip2 protein
during adult neural stem cell dependent
oligodendrogenesis

To correlate the subcellular localization of p57kip2 with the oligoden-
droglial differentiation of hippocampal aNSCs, we exposed cultured
stem cells to strong oligodendroglial stimuli provided by adult rat bone
marrow mesenchymal stem cell conditioned media (MSC-CM; Rivera
et al,, 2006; Steffenhagen et al., 2012). Using the differentiating aNSCs,
we studied whether this stimulation affects p57kip2 protein shuttling
from nucleus to cytoplasm as it occurs in differentiating parenchymal
OPCs (Gottle et al., 2015). Three and seven days after MSC-CM treat-
ment cells were fixed and immunocytochemical stainings confirmed
the generation of oligodendrocytes as the majority of cells expressed
2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase) as well as myelin
basic protein (MBP; Figure 2a-b”). By applying the anti-p57kip2 anti-
body (Figure 2c-e), we could discriminate between three distinct pat-
terns of p57kip2 localization: (1) exclusively nuclear localization (Figure
2c-c’,F; red bars), (2) ubiquitous localization in which the intensity of
p57kip2 staining was similar for nuclear and cytoplasmic signals (Figure
2d-d',f; grey bars), and (3) exclusively extranuclear localization (Figure
2e-€',f; white bars). We observed that nuclear p57kip2 localization was
more prominent in MBP positive cells as compared with negative cells.
Over time, i.e., with continued MSC-CM stimulation, the degree of cells
with nuclear signals decreased and the majority of OLs featured
ubiquitous protein localization (Figure 2f). Almost none of the cells at
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FIGURE 1 Localization of p57kip2 protein in the dentate gyrus of the rat adult brain. (a,b) Immunohistochemical staining in the dentate
gyrus of the hippocampal formation and in the subventricular zone of the lateral ventricle revealed that p57kip2 and the oligodendroglial
marker anti-adenomatous polyposis coli (CC1) are co-expressed. (c) We quantified oligodendroglial cells in the vicinity of the hippocampal
stem cell niche lying in the tapering triangle of the inner dentate gyrus and found the p57kip2 protein was mainly localized in nuclei

(60% of CC1/p57kip2 positive cells; indicated by arrows) rather than cytoplasm (22%; indicated by arrowheads). (d-f) Fewer GFAP positive
cells expressed this factor and both subcellular localizations were equally detected. (g-i) In contrast, antibody stainings revealed that the
localization of p57kip2 within cells lying in the inferior horn of the SVZ is mainly found in the cytoplasm indicated by arrowheads and that
the co-expressing with CC1 was higher than compared with nuclear CC1/p57kip2 positive cells. Data are shown as mean values = SEM
derived from n =5 rat brains. Scale bars: 50 um [Color figure can be viewed at wileyonlinelibrary.com]

day three as well as day seven displayed exclusive cytoplasmic p57kip2
signals, which is in strong contrast to the clear re-patterning that was
observed during parenchymal OPC differentiation and myelination
(Gottle et al., 2015).

For functional assessment, we transfected aNSCs prior to MSC-CM
stimulation with an expression vector that carries a p57kip2 variant with
a mutated nuclear localization signal (NLS), confining it to the cytoplasm.

Overexpression of this mutant protein was shown to induce a dominant
negative effect and to substantially promote parenchymal OPC differen-
tiation, whereas the wild type protein (with sustained nuclear localiza-
tion) blocked oligodendroglial maturation (Gottle et al., 2015). aNSCs
were transfected with either empty control vector (pIRES), the full-
length wild type p57kip2 overexpression construct (pIRES-p57kip2), or
with the NLS mutant expression construct (pIRES-NLS) along with a
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FIGURE 2 p57kip2 protein localization under oligodendroglial differentiation promoting conditions. (a-b”") Adult neural stem cells were
treated with adult rat bone marrow-derived mesenchymal stem cell conditioned medium (MSC-CM) to direct and promote oligodendrocyte
differentiation as revealed by increased degrees of CNPase and MBP expressing cells. (c-e’) Representative anti-p57kip2 stainings of
cultured aNSCs revealed three different p57kip2 localization patterns: predominantly nuclear localization (c-c’), ubiquitous localization in the
nucleus as well as in the cytoplasm (d-d’) and extranuclear localization (e-€’). (f) p57kip2 immunofluorescent stainings in MBP negative and
MBP positive cells revealed that in the oligodendroglial lineage more cells displayed nuclear p57kip2 protein signals (as compared with

MBP negative cells) and that during further maturation a shift toward ubiquitous protein localization was observed. Almost none of the cells
displayed exclusive cytoplasmic signals. (g-g'") Anti-p57kip2 immunofluorescent staining three days after transfection of aNSCs (visualized
by means of maxGFP expression) showed that control transfected cells (pIRES) expressed low p57kip2 signals (g) pIRES-p57kip2 transfected
aNSCs displayed strong nuclear signals (g') and that pIRES-NLS transfected NSCs displayed strong signals exclusively in the cytoplasm (g").
Anti-CNPase and anti-GFAP stainings (h,i) showed that three days after p57kip2 overexpression and modulation of nuclear entry, the
degree of CNPase positive cells significantly decreased in all treatments and that, concomitantly, the GFAP positivity increased. Asterisks
indicate GFP positive cells devoid of CNPase or GFAP, arrows point to CNPase or GFAP expressing cells. Data are mean values = SEM
derived from n = 3-6 independent experiments. Statistical analysis: one-way ANOVA analysis of variance with Bonferronis multiple
comparison post-test, two-way ANOVA analysis of variance with Bonferroni post-test and students t-test (*p <.05; **p <.01; ***p <.001).
Scale bars: 50 pm [Color figure can be viewed at wileyonlinelibrary.com]

GFP expression vector to detect transfected cells. Immunofluorescent
staining confirmed increasing nuclear signal intensities in cells with wild
type protein overexpression (Figure 2g-g’) but also revealed that the
NLS mutant protein was localized mainly in the cytoplasm (Figure 2g"),
indicating that the mutation abolished NLS functionality. Under MSC-
CM dependent differentiation the degree of CNPase vs. GFAP express-
ing cells was determined as a function of the molecular modulation. In
contrast to reactions of parenchymal OPCs (Gottle et al., 2015), intro-
duction of the NLS mutant led to significant decrease of CNPase

positivity as much as upon overexpression of the wild type p57kip2 pro-
tein (Figure 2h,i). We next asked whether directed protein localization
can affect the astrocyte-oligodendrocyte determination axis of aNSCs
and evaluated the degree of GFAP positive astrocytes. GFAP positive
cells similarly increased following expression of the p57kip2 protein with
NLS mutation or the wild type p57kip2 protein (Figure 2h,i), the latter of
which is in line with our previous observations (Jadasz et al., 2012).
Together, overexpression of p57kip2 proteins severely interfered with
the MSC induced oligodendroglial induction.
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3.3 | Human fetal mesenchymal stem cell secreted
factors facilitate the oligodendroglial differentiation
of adult neural stem cells

Reproduced observations on rat MSC activities promoting the genera-
tion of oligodendroglial cell derivatives from NSCs, prompted us to
assess the oligodendroglial potential of supernatants derived from
human MSC cultures. In xenoreactive approaches, human MSC-CM
from different origins were reported to be limited in their repair
capacity (Lindsay et al., 2013). Therefore, in light of the recently discov-
ered embryonic origin of adult neural stem cells (Furutachi et al., 2015),
we wondered whether human fetal MSCs were also able to direct and
stimulate oligodendrocyte differentiation and to modulate intracellular
distribution of the p57kip2 protein.

To answer this question, we included two different human fetal
mesenchymal stem cell populations, termed H36 and H37 in our
experiments. Human fetal MSCs were obtained from femurs at gesta-
tion ages of 8-9 weeks and cultured for 21 days before clonal multipo-
tent populations were produced with the potential to differentiate into
adipocytes, osteocytes and chondrocytes (Mirmalek-Sani et al., 2006).
Stimulation of aNSCs with either H36 or H37 conditioned media
resulted in increased levels of NG2 transcripts after one day of incuba-
tion and decreased thereafter (Figure 3a). Gene expression levels of
ceramide galactosyltransferase (CGT), Olig2, CNPase and MBP were
also increased and eventually maintained at later stages (Figure 3a).
Concomitantly, we also detected robust inductions of the cellular
fractions expressing oligodendroglial specific proteins such as Olig2,
CNPase and MBP (Figure 3b-d). Along the oligodendroglial lineage (i.e.,
in MBP positive cells), H36 and H37 MSC-CM similarly promoted an
initial nuclear presence of p57kip2 protein, which upon longer applica-
tion was altered to a more ubiquitous distribution pattern (Figure 3e)
almost identical to what was observed for rat MSC-CM (Figure 2f),
indicating that the identified mesenchymal instructive capacity is con-
served across species. Conversely, transcript levels for early astrocytic
genes such as Id2 and Id4 were timely and efficiently downregulated
by both human MSC-CM and late astrocytic transcripts encoding
AQP4 and GFAP experienced robust and significant downregulations
mainly at later time points (Figure 3f). Of note, GFAP protein expres-
sion, being a hallmark of both adult neural stem cells as well as astro-
cytes, was initially increased in response to rat and human MSC-CMs
and then downregulated along with the induction of late oligodendroglial
markers (Figure 3g).

3.4 | Nuclear p57kip2 protein localization upon
stimulation with human fetal MSC-CM

Our findings showed that the subcellular localization of the p57kip2
protein is affected over time in presence of human MSC-derived fac-
tors characterized by a transition to ubiquitous nuclear and cytoplasmic
signals (Figure 3e). We next challenged adult hippocampal neural stem
cells with p57kip2 overexpression constructs and H36 or H37
MSC-CM stimuli. Similar to the reactions of transfected cells observed
in the presence of rat MSC-CM, overexpression of both p57kip2

protein variants, wild type as well as the NLS mutant, led to decreased
numbers of CNPase positive oligodendrocytes (Figure 4a,b) and to an
increase of GFAP positivity (Figure 4c,d), thus interfering with MSC
directed oligodendrogenesis and boosting expression of astrocytic
markers.

3.5 | Myelination and tissue integration of
hippocampal adult neural stem cells

To evaluate the myelination potential of fate-directed hippocampal
stem cell progeny by mesenchymal stem cell secreted stimuli, we incu-
bated aNSCs with rat and human MSC-CM on 2um thick myelination
competent nanofibers [Aligned Mimetix microfibers; (Bechler, Byrne, &
Ffrench-Constant, 2015)]. Supernatants of rat and human origin were
equally potent in enhancing the generation of MBP positive internode-
like structures (Figure 5c-h,il), which were only occasionally observed
upon treatment with control medium (a-MEM; Figure 5a-b,il). In the
control condition most of the cells significantly upregulated GFAP in
contrast to aNSCs subjected to mesenchymal secreted factors, in
which MBP was significantly upregulated (Figure 5i). Concomitantly,
aNSCs cultured for seven days demonstrated a significant increase in
sheath length after exposure to human fetal conditioned medium (Fig-
ure 5jk,l). To reveal whether these observations hold true in a more
physiological model, we transplanted hippocampal aNSCs onto organo-
typic slice cultures. Cerebelli from seven to ten day old rats were cut
into 350 pm thick slices and incubated on cell culture inserts which
allowed observation and discrimination of white and grey matter struc-
tures (Figure 6b,c). Slices were incubated without aNSCs for 24 hr,
then GFP expressing cells were added (for identification and visualiza-
tion of transplanted cells) followed by stimulation with either a mix of
50% a-MEM/50% slice culture medium (as control condition) or with
50% human fetal H37 MSC-CM/50% slice culture medium. Four days
after treatment, slice cultures were fixed and stained for GFAP and
MBP to detect astrocytes and oligodendrocytes, respectively. We
observed that hippocampal aNSCs integrated into slices and readily ini-
tiated differentiation into myelin forming MBP positive oligodendro-
cytes in the presence of human MSC conditioned medium (H37)
whereas integration, cellular process outgrowth and MBP formation
were almost not detectable under control conditions (Figure 6a). Fur-
thermore, we detected that transplanted hippocampal aNSCs devel-
oped parallel MBP positive processes when exposed to human MSC-
CM indicating the differentiation into myelinating mature oligodendro-
cytes (Figure 6d-d”’). We then asked how fast aNSCs diversify their
morphology toward mature OLs and observed that the initiation of par-
allel process morphologies started between 18 and 28 hr after expo-
sure to human fetal H37 medium (Figure 6e,[f). We reproducibly
observed aNSCs with such a mature morphology on each cerebellar
slice upon H37 treatment across all eight experiments and furthermore
noticed that mature OLs did not vanish after 4 days of treatment (Fig-
ure 6g). In contrast, under control conditions we did not observe such
a cellular phenotype within this time frame and found only one cell
with parallel processes after 4 days of incubation across all experi-
ments. These data therefore suggest that secreted factors of human
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tions. (g) Representative anti-GFAP immunofluorescent staining revealed an initial increase in expressing cells which decreased later on.
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FIGURE 4 p57kip2 protein overexpression interferes with human MSC-derived oligodendrogenesis. Anti-CNPase (a,b) and anti-GFAP (c,d)
immunofluorescent staining showed that three days after p57kip2 wild type or NLS mutant overexpression oligodendrogenesis (CNPase
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GFAP expressing cells. Data are mean + SEM derived from n = 3 independent experiments. Statistical analysis: two-way ANOVA analysis of
variance with Bonferroni post-test (**p <.01; ***p <.001). Scale bars: 100 um [Color figure can be viewed at wileyonlinelibrary.com]

fetal MSC origin support integration of hippocampal aNSCs into neuro-

nal networks and promote hippocampal stem cells to initiate

oligodendrogenesis.

3.6 | Human iPSC-derived NSCs express Olig2 after
stimulation with human fetal mesenchymal stem cell
factors

In contrast to rat neural stem cells, human NSC differentiation into oli-
godendrocytes appears to be impaired and delayed (Jadasz et al., 2016)
indicating that research efforts should be dedicated to the derivation
of improved new protocols for iPSC-derived oligodendrocyte genera-
tion. To study possible MSC dependent pro-oligodendroglial effects in
a purely human system, i.e., responses of human neural stem cells fol-
lowing supply of human fetal mesenchymal stem cell secreted factors,
we stimulated human iPSC-derived NSCs with H37 MSC-CM. After six
days, human neural stem cells were fixed and stained using an anti-
Olig2 antibody to see whether these cells adopt an oligodendroglial
fate. Importantly, H37 MSC-CM was able to significantly elevate the
degree of cells with nuclear Olig2 expression in comparison to human
NSCs subjected to control medium (Figure 7a-c”). Concomitantly, we
observed a significant downregulation of GFAP after seven days (Fig-
ure 7d-f"). To investigate whether human fetal secreted factors further
promote differentiation along the oligodendroglial lineage, we stained

for the early oligodendrocyte marker O4 and found significantly

elevated degrees of O4 expressing cells upon H37 treatment after 14
days in culture (Figure 7g-k').
4 | DISCUSSION
An appropriate description of the oligodendrogenic progeny of adult
neural stem cells is essential to understand events leading to functional
recovery in the injured or diseased CNS. Although respective determi-
nation and differentiation mechanisms are still unclear, there is increas-
ing evidence that stem cell-derived OLs significantly contribute to
myelin repair but also differ in their ability to remyelinate axons. As
aNSC-derived OLs revealed different activation kinetics and thicker
myelin sheaths in response to demyelination as compared with
parenchymal-derived cells (Xing et al., 2014), this suggests that a cer-
tain degree of heterogeneity among repair mediating cells may exist.
Conversely, aNSCs from the SGZ are primarily involved in the mainte-
nance of neurogenesis (Goncalves, Schafer, & Gage, 2016; Spalding
et al.,, 2013) and are therefore less likely to differentiate into OLs com-
pared with SVZ-derived stem cells (Levison & Goldman, 1993), further
contributing to this heterogeneous picture. It is therefore of interest to
identify the molecular basis of these differences and to describe their
responses to intrinsic and extrinsic regulators previously shown to con-
trol stem cell dependent oligodendrogenesis.

We here demonstrate that the p57kip2 protein localization of CC1

positive cells within the subgranular stem cell niche differs from
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expressed GFAP. Arrows mark MBP expressing- and asterisks mark cells GFAP expressing cells. (i) Immunocytochemical staining revealed
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after seven days concomitant with (j) an increase of the number of myelin sheaths as well as (j,k) the significant extension of the myelin
sheath lengths (median) under human fetal conditioning (H36, H37) of aNSCs. (l) Representative photographs show the difference in myelin
sheath length highlighted by redrawn white lines corresponding to myelin sheaths. In total, 3157 sheaths (a-MEM: 468, MSC-CM: 795,
H36: 810, H37: 1084) were measured and data are shown as mean + SEM (i) and as median (k) derived from n=3 independent experiments.
Statistical analysis: one-way ANOVA analysis of variance with Bonferronis multiple comparison post-test (*p <.05; **p <.01; ***p <.01).
Scale bars: 200 um (g), 100 um (h,l) [Color figure can be viewed at wileyonlinelibrary.com]

parenchymal OLs (Gottle et al., 2015) as well as from cells in SVZ sub-
regions. Moreover, in contrast to cultured OPCs stem cell dependent
oligodendrogenesis cannot be enforced by expression of a mutant ver-
sion of the p57kip2 protein that is restricted to the cytoplasm. We also
found that a nonphysiological overexpression of wild type p57kip2
proteins (directed to the nucleus) blocks MSC dependent oligodendro-
genesis and promotes the accumulation of astrocytic markers, which is
in contrast to p57kip2 nuclear localization during parenchymal oligo-
dendrogenesis. Furthermore, this suggests that a complete nuclear
exclusion of the p57kip2 protein is not necessary for stem cells to gen-
erate a myelinating glial cell type, but that this process underlies a
more complex space- and likely also time-dependent redistribution of
p57kip2. These are likely cell autonomous differences and probably
not related to the niche environment as SGZ cells maintain this feature
ex vivo. Shuttling of CDK2, Hes5 and LIMK-1, which we found to bind

p57kip2, appear therefore to be OPC specific (Gottle et al., 2015) while
stem cell oligodendrogenesis relies on a different mechanism. A release
of the inhibitory interaction between p57kip2 and Ascl1, which was
found to drive differentiation of OLs (Gottle et al., 2015), might also be
valid in the stem cell context as overexpression of this transcription
factor was previously shown to instruct oligodendrogenic differentia-
tion in SGZ-derived aNSCs (Braun et al., 2015; Jessberger et al., 2008).
It remains to be shown whether the p57kip2 inferred blockade of
Ascl1’s transactivation properties—given that this very mechanism is
also valid in the stem cell context—can be released by means other
than nuclear export, or whether the observed redistribution from
nucleus to nucleus plus cytoplasm still results in a net release of Ascl1,
sufficient to allow for oligodendrogenesis to proceed. Moreover,
using stem cell specific protein/protein interaction assays, it will be of
interest to identify the nature of aNSC specific binding proteins.
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FIGURE 6 Transplantation of hippocampal aNSCs on cerebellar slices. Transplantation of GFP-transfected aNSCs on freshly prepared P7
cerebellar slices showed that after oligodendroglial stimulation with human MSC-CM (H37) such cells integrated into the network and
started to express MBP after 4 days (a). Brains were cut parasagittal into 350 um thick slices using a vibrating microtome and cultured on a
Biopore membrane (Millicell; b,c). (d-d’) Representative pictures of transplanted GFP marked cells upon human fetal H37 MSC-CM stimula-
tion revealing the development of parallel MBP positive processes marked by arrows and, therefore, indicating a mature oligodendrocyte
positive for MBP. (e) Live cell imaging of representative aNSCs under control (a-MEM) and stimulating (H37) conditions during the time
window of 22 hr to 43 hr post-transplantation and medium change. After 28 hr morphological changes become apparent and the represen-
tative cell under H37 conditions starts to develop oligodendrocyte-characteristic parallel processes, which was not observed under control
conditions (a-MEM). (f) Photographs showing individual aNSCs of further independent experiments developing a parallel processes-bearing
morphology after transplantation onto slices and concomitant medium change to H37 at early time-points. (g) Representative pictures of
H37 treated aNSCs on cerebellar slices after four days in culture. Cells are shown from eight independent experiments, four of which were
conducted using live cell imaging. Scale bars: 100 um (a,d,e-g), 1 mm (c) [Color figure can be viewed at wileyonlinelibrary.com]

Alternatively, Ascll might as well be blocked in aNSCs as it is a key reg-
ulator of hippocampal neurogenesis in CC1 positive cells that are still
able to differentiate into neurons (Imura, Wang, Noda, Sofroniew, &
Fushiki, 2010). This could explain the observed and unexpected nuclear
p57kip2 localization in CC1 positive cells in vivo and in MBP positive
cells in vitro.

Besides the Ascll enforced oligodendrogenic program, we and
others showed that hippocampal stem cells can efficiently be driven
into oligodendroglial cells in the presence of MSC-derived trophic fac-
tors (Bai et al., 2009; Munoz et al., 2005; Rivera et al., 2006; Steffenha-
gen et al.,, 2012). This is strong evidence that SGZ-derived aNSCs are

capable of generating myelinating glia and that this process can be
induced via exogenous stimulation. In a MSC stimulated environment,
not only expression of oligodendroglial vs. astrocyte markers is tightly
controlled, but also tissue integration as well as the myelin (wrapping)
process are prominently enhanced. Whether the observed elongation
of myelin sheath length is a consequence of rejuvenation by fetal fac-
tors or due to humanization by human factors remains to be addressed
in future experiments. Studies have reported myelin sheath lengths of
OL lineage cells and these were much shorter than those we measured
after incubation with H36/37 (Bechler et al., 2015; Hamilton et al.,

2017). This may have implications regarding the regeneration of lost
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At later time points, the oligodendrocyte marker O4 (marked by arrows) became evident and was elevated upon H37 treatment after 14
days of incubation. Data are shown as mean + SEM and derived from n = 3 independent experiments. Students t-test (*p <.05; **p <.01).
Scale bars: 50 pm (c”, 7, j), 10 um (i’, k') [Color figure can be viewed at wileyonlinelibrary.com]

myelin, e.g., in MS patients, as it might impact conduction velocity and/ corroborated by the observed fast induction of oligodendrogenesis in
or axonal support (Ford et al., 2015). human iPSC-derived neural stem cells which we report here for the
Since fetal human and rodent MSC-derived factors revealed to be first time. As compared with other iPSC dependent oligodendrogenesis

equally potent in promoting SGZ aNSC dependent oligodendrogenesis, protocols that take 60 or 130 days for O4 generation (Douvaras et al.,
this demonstrates a strong conservation across species. This was 2014; Wang et al., 2013) mesenchymal factors induced a rather fast
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differentiation process taking 14 days for O4 expression, which is even
more remarkable in light of the fact that the high serum content of the
mesenchymal stem cell medium, used for conditioning, dominantly
induces astrocyte features.

As MSC-CM was also shown to exert a positive effect on iPSC-
derived hepatoblast maturation (Takagi et al., 2016), it can be specu-
lated that pluripotent stem cells, once directed toward multipotency,
may become sensitive to MSC factors. This observation is of particular
interest in light of the development of future autologous stem cell
therapies in that reprogramming fibroblasts from a single patient into
both MSCs and NSCs could be used to generate OLs for exogenous
supply.

Finally, also in the presence of dominant MSC-derived factors, the
intracellular distribution of the p57kip2 protein was not changed as
much as previously seen in maturing OPCs, with on-going nuclear pres-
ence and additional cytoplasmic signals to emerge. However, the fact
that nuclear p57kip2 signals are more prominent in MBP positive cells
at early time points leads to the assumption that it is mandatory for ini-
tiation phases of oligodendrogenesis as it changed to ubiquitous distri-
bution after seven days. Nuclear accumulation of endogenous p57kip2
protein might exert such a function, which however, can be blocked
upon nonphysiologic overexpression of wild type p57kip2 protein.
Moreover, the observation that the NLS mutant p57kip2 protein can-
not dominantly instruct oligodendrogenic processes as clearly shown in
parenchymal OPCs (Gottle et al., 2015) further indicates different func-
tional or dose/subcellular localization specific roles among the two cell
types. Hence, it is likely that in NSCs, oligodendrogenesis is regulated
differently (Akkermann et al., 2016) or that mesenchymal secreted fac-
tors act by a different oligodendrogenic pathway. Of note, when paren-
chymal OPCs were treated with MSC-CM H37, cells previously shown
to rapidly export the p57kip2 protein during spontaneous and chemo-
kine driven differentiation (Gottle et al., 2015), only weak or incom-
plete protein translocation or a generally reduced nuclear p57kip2
signal were observed (data not shown), indicating that mesenchymal
cues employ different molecular mechanisms. Such mechanistic differ-
ences need to be addressed in upcoming investigations.

Such analyses will certainly also help identifying the secreted MSC
factor cocktail acting on cell fate determination as well as on the pro-
motion of oligodendroglial maturation along the different cellular
stages. In addition, it must be assumed that anti-astrocytic components
are also present and act in parallel. Contained factors are likely to influ-
ence glial transcription either in the sense of myelin gene induction or
repression of oligodendroglial related inhibitory components (Kremer
et al., 2011) or of pro-astrocytic regulators such as the non-DNA bind-
ing transcriptional regulators Id2 and Id4 (Jadasz et al., 2013; Rivera
et al., 2006). Of note, recent studies have addressed the role of some
specific factors that might be secreted by MSCs such as insulin-like
growth factor-1 (IGF-1), sonic hedgehog (SHH), transforming growth
factor beta 1 (TGFRB-1), vascular endothelial growth factor (VEGF), cili-
ary neurotrophic factor (CNTF) and hepatocyte growth factor (HGF)
(Jadasz et al., 2013; Rivera et al., 2006, 2008), which are also secreted
by human MSCs (Chen, Tredget, Wu, & Wu, 2008; Lin et al., 2008;

Razavi, Razavi, Zarkesh Esfahani, Kazemi, & Mostafavi, 2013). How-
ever, none of them revealed to contribute to MSC-mediated oligoden-
drogenesis of adult neural stem cells (Rivera et al., 2006, 2008).
Previously reported differential IL-6 expression levels between human
embryonic- and adult bone marrow stem cells (Wang et al., 2014) could
also account for such differences and therefore be part of the active
cocktail. Since experiments using single factors only revealed to be
negative in terms of favoring oligodendrogenesis, cocktails of different
factors should be considered for future aNSC dependent oligodendro-
genesis assays. In this regard one has to appreciate that NSCs are not
homogeneously distributed within the brain which could be the spatio-
temporal basis for synergistic or subsequent trophic actions. In this
way SHH and VEGF might be important for the initial migration step to
colonize damaged areas before HGF, for example, may act as a OL
developing factor (de Castro & Bribian, 2005).

Finally, MSCs can also produce microRNAs (Chen et al., 2010),
which are packed and delivered via exosomes to target cells (Tomasoni
et al., 2013). Taking this signaling into account, one recent study com-
pared microRNA levels of human olfactory mucosa- and bone-marrow-
derived mesenchymal stromal cells and revealed that miR-146-5p cor-
relates with CXCL12 secretion and with its role in facilitating myelina-
tion (Lindsay et al., 2016), as this chemokine was previously shown to
be responsible for OPC maturation (Gottle et al., 2010). Further studies
will show to what extent miR-146-5p/CXCL12 are part of the pro-
oligodendroglial secretome.

Our findings unraveled a certain degree of heterogeneity among
myelin repair mediating cells when it comes to intrinsic regulators and
mechanisms but at the same time showed a remarkable stability of
potent exogenous stimuli acting across species. Based on their immu-
nomodulatory actions, systemic application of mesenchymal stem cells
is currently under investigation in clinical trials (Jadasz et al., 2016; Oh
et al, 2015). However, for a prospective biomedical translation, it
would be desirable that active pro-oligodendrogenic and anti-astrocytic
components are identified first and then applied specifically—a strategy

to which our here described findings might contribute.
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Fabrication of biocompatible porous scaffolds based on
hydroxyapatite/collagen/chitosan composite for restoration of defected maxillofacial

mandible bone

Md Shaifur Rahman, Md Masud Rana, Lucas-Sebastian Spitzhorn, Naznin Akhtar, Md Zahid
Hasan, Naiyyum Choudhury, Tanja Fehm, Jan T. Czernuszka, James Adjaye and Sikder M.

Asaduzzaman

Abstract

Fabrication of scaffolds from biomaterials for restoration of defected mandible bone has
attained increased attention due to limited accessibility of natural bone for grafting.
Hydroxyapatite (Ha), collagen type 1 (Coll) and chitosan (Cs) are widely used
biomaterials which could be fabricated as a scaffold to overcome the paucity of bone
substitutes. Here, rabbit Coll, shrimp Cs and bovine Ha were extracted and characterized
with respect to physicochemical properties. Following the biocompatibility, degradability
and cytotoxicity tests for Ha, Coll and Cs a hydroxyapatite/collagen/chitosan
(Ha:Coll1-Cs) scaffold was fabricated using thermally induced phase separation
technique. This scaffold was cross-linked with (1) either glutaraldehyde (GTA), (2) de-
hydrothermal treatment (DTH), (3) irradiation (IR) and (4) 2-hydroxyethyl methacrylate
(HEMA), resulting in four independent types (Ha-Coll-Cs-GTA, Ha-Coll-Cs-IR,
Ha-Col1-Cs-DTH and Ha:-Coll-Cs-HEMA). The developed composite scaffolds were
porous with 3D interconnected fiber microstructure. However, Ha-Coll-Cs-IR and
Ha-Col1-Cs-GTA showed better hydrophilicity and biodegradability. All four scaffolds
showed desirable blood biocompatibility without cytotoxicity for brine shrimp. In vitro
studies in the presence of human amniotic fluid-derived mesenchymal stem cells revealed
that Ha-Col1-Cs-IR and Ha-Coll-Cs-DHT scaffolds were non-cytotoxic and compatible
for cell attachment, growth and mineralization. Further, grafting of Ha-Coll-Cs-IR and
Ha-Coll-Cs-DHT was performed in a surgically created non-load-bearing rabbit
maxillofacial mandible defect model. Histological and radiological observations indicated

the restoration of defected bone. Ha-Coll-Cs-IR and Ha-Coll-Cs-DHT could be used as
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an alternative treatment in bone defects and may contribute to further development of

scaffolds for bone tissue engineering.

Publication Status: published in Progress in Biomaterials. 2019 May 29.
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performed the in vitro brine shrimp cytotoxicity and RBC haemolysis assay. MMR, MSR,
MZH and LSS wrote the manuscript. NC, SMA, JTC and JA edited the manuscript. NC,
SMA and JA supervised the work. All the authors read and approved the final manuscript.
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Characterization of burn wound healing gel prepared from human amniotic membrane

and Aloe vera extract

Md Shaifur Rahman, Rashedul Islam, Md Masud Rana, Lucas-Sebastian Spitzhorn, Mohammad
Shahedur Rahman, James Adjaye and Sikder M. Asaduzzaman

Abstract

Background

Skin burn wound is a notable medical burden worldwide. Rapid and effective treatment of
burnt skin is vital to fasten wound closure and healing properly. Amniotic graft and Aloe
vera are widely used as wound managing biomaterials. Sophisticated processing, high
cost, availability, and the requirement of medics for transplantation limit the application
of amnion grafts. We aim to prepare a novel gel from amnion combined with the Aloe

vera extract for burn wound healing which overcome the limitations of graft.

Methods

Two percent human amniotic membrane (AM), Aloe vera (AV) and AM+AV gels were
prepared. In vitro cytotoxicity, biocompatibility, cell attachment, proliferation, wound
healing scratch assays were performed in presence of the distinct gels. After skin irritation
study, second-degree burns were induced on dorsal region of Wistar rats; and gels were
applied to observe the healing potential in vivo. Besides, macroscopical measurement of
wound contraction and re-epithelialization; gel treated skin was histologically
investigated by Hematoxylin and eosin (H&E) staining. Finally, quantitative assessment

of angiogenesis, inflammation, and epithelialization was done.

Results

The gels were tested to be non-cytotoxic to nauplii and compatible with human blood and
skin cells. Media containing 500 pg/mL AM+AV gel were observed to promote HaCaT
and HFF1 cells attachment and proliferation. In vitro scratch assay demonstrated that
AM+AV significantly accelerated wound closure through migration of HaCaT cells. No
erythema and edema were observed in skin irritation experiments confirming the

applicability of the gels. AV and AM+AV groups showed significantly accelerated
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wound closure through re-epithelialization and wound contraction with P <0.01.
Macroscopically, AM and AM+AV treated wound recovery rates were 87 and 90%
respectively with P <0.05. Histology analysis revealed significant epitheliazation and
angiogenesis in AM+AV treated rats compared to control (P <0.05). AM+AV treated
wounds had thicker regenerated epidermis, increased number of blood vessels, and

greater number of proliferating keratinocytes within the epidermis.

Conclusion
We demonstrated that a gel consisting of a combination of amnion and Aloe vera extract
has high efficacy as a burn wound healing product. Amniotic membrane combined with

the carrier Aloe vera in gel format is easy to produce and to apply.

Publication Status: published in BMC Complementary and Alternative Medicine. 2019
19:115

Impact Factor: 2.109

Approximated total share of contribution: 5%

Contribution on experimental design, realization and publication:

MSRI1 and MSR2 conceived the idea. MSR1, RI, and MSR2 designed the experiment.
MSRI1, MMR, LSS and RI performed the experimental work and analysis the data. MSR1
and RI wrote the initial draft and SMA, MSR2, LSS, JA edited the manuscript. SMA and
MSR?2 supervised the work from start to end. JA supervised the in vitro study. All authors

read and approved the final manuscript.

Link to the publication:
https://bmccomplementalternmed.biomedcentral.com/articles/10.1186/s12906-019-2525-
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Discussion

Caesarean Section as Alternative Process to Obtain AF-MSCs

Although different cell types of epithelial or mesenchymal linage were reported to be
present in amniotic fluid (AF) [Hoehn et al., 1974; Hoehn and Salk, 1982], in this study
we have focused on the Vimentin expressing mesenchymal-like AF cells (AF-MSCs)
since epithelial cells have been described to be senescent and to have lower
differentiation and proliferation potential [Wolfrum et al., 2010]. In contrast to our
approach, most of the AF-related works obtain the AF during amniocentesis which is
flawed with a potential danger for the foetus and the mother and which is limited in
availability [Hamid et al., 2017]. Within the present work, caesarean sections were
described as a mode of AF derivation which reveals a good alternative and furthermore
give a better chance to study cells from healthy diploid individuals. The AF-MSCs were
able to differentiate into bone and cartilage cells making them potential candidates for
regenerative therapies [Spitzhorn et al., 2017; Rahman et al., 2018]. Although the AF-
MSC:s cell surface marker pattern was not completely in agreement with standards raised
by the ISCT [Dominici and Le Blanc, 2006], we still consider them as MSCs as it has
been reported that MSCs from different tissues may vary in their immunophenotype [Tsai
et al., 2007]. In contrast to studies describing AFCs from different trimesters to express
pluripotency factors such as OCT4 [Prusa et al., 2003; Hamid et al., 2017; Tsai et al.,
2004], we could only observe the expression of pluripotency associated marker such as
SSEA4 and C-Kit. This fact makes these cells attractive for reprogramming events
[Spitzhorn et al., 2017; Rahman et al., 2018]. Various studies have reported that AF-
MSCs express OCT4, but this finding is discussed very critically since self-renewal
experiments are missing [Babaie et al., 2007]. Paracrine signalling via chemokines and
their corresponding receptors is key for attracting immune cells to the site of injury or
inflammation [Miyasaka and Tanaka, 2004]. In accordance with previously published
results, we could show that AF-MSCs secrete pro-angiogenic factors as well as pro- and
anti-inflammatory factors as well as tissue repair supportive factors [Spitzhorn et al.,

2017; Mirabella et al, 2013; Zagoura et al., 2012].

On transcriptome level AF-MSCs were shown to be not pluripotent but close to fMSCs
and to be involved in biological processes such as skeletal development. The AF-MSC-

specific gene set which was identified could be a pool of genes leading to potential AF
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markers such as Pregnancy-specific beta-1-glycoprotein 5 (PSGS) discriminating them

from other MSCs [Spitzhorn et al., 2017].

All these features and the fact that AF-MSCs are at a very early developmental stage
make these cells very valuable. But the derivation of these cells by invasive procedures is
a risk for the foetus and the mother. In this study, it was shown that AF can also be
obtained during Caesarean section without any additional risk for the mother and the
baby. The provided data suggests that indeed full-term AF-MSCs also are of tremendous
clinical potential and comparable to AF cells obtained by amniocentesis or cord blood-

derived cells [Spitzhorn et al., 2017].

Amniotic Fluid as Source for Kidney-derived Stem Cells

The management of kidney-associated diseases is a big challenge for today’s doctors.
Functioning kidneys filter toxins from the blood and metabolise drugs [Perazella, 2009]
and are thereby important for the general health. Millions of people all over the world are
affected by acute or chronic kidney failure which is caused by acute kidney injury or a
chronic diseased kidney. These conditions can result from ischemia, sepsis, trauma,
toxins or hypothermia. Due to impaired kidney functions whole organ transplantations or
dialysis are done for millions of patients worldwide [Kellum and Hoste, 2008; Hoste and
Schurgers, 2008]. These treatment options are facing high costs and the restricted
availability of donor organs [Saidi and Kenari, 2014]. Increasing rates of acute kidney
injury (AKI) represent a major health and economic burden [Koyner et al., 2014]. AKI, of
which a quarter results from drug side effects, can cause chronic kidney disease (CKD)
[Mehta et al., 2015; Chawla et al., 2014] which itself increases the risk of developing
renal cell carcinoma [Izzedine and Perazella, 2015]. CKD is often a secondary disease
triggered by other pathological conditions such as diabetes, high blood pressure,
infections or inflammations [Chhabra and Brayman, 2009; https://www.kidney.org]. First
symptoms include anaemia, decreased bone strength, impaired nerve function and
insufficient supply of nutrients. In a later stage of the disease, kidney transplantation or
dialysis are the only treatment options so far but are only available for 10% of the
effected patients [https://www.kidney.org]. Kidney donor organ shortage and the massive
influence of the daily life by undergoing dialysis lead to hopes in stem cell-based

therapies to improve the patients’ health. Drug-induced nephrotoxicity is an important
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risk factor to develop pathological kidney conditions and is one reason that novel drugs
are not approved [Sanchez-Romero et al., 2016]. This emphasizes the need for better in
vitro testing systems to identify potential risks as early as possible in the drug-

developmental pipeline.

Due to pathological kidney conditions, millions of patients worldwide are in need for
dialysis or kidney transplantation [Kellum and Hoste, 2008, Hoste and Schurgers, 2008].
This is conflicted by low number of good quality available donor organs and high costs
[Saidi and Kenari, 2014]. Within the last years the researches interest in kidney relates
studies has increased. Cell transplantations are considered as potential alternatives. Renal
cells were shown to be derived from ESCs and iPSCs [Xia et al., 2013; Taguchi et al.,
2014; Lam et al.,, 2014; Schutgens et al., 2016; Little, 2016]. But there are also
approaches which do not include pluripotent stem cell-derived cells such as amniotic

fluid- and urine-derived stem cells.

Although the characteristics and features from AF-MSCs are well described, the origin of
these cells needs to be identified to solve the controversial opinions [Loukogeorgakis et
al., 2017]. In this work, we wanted to address the question from which organ the AF-
MSCs are originating from since heterogenous reports on their cell identity exist [Da
Sacco et al., 2017]. Morphological the AF-MSCs were similar to cells obtained from
kidney biopsy and urine derived cells [Rahman et al., 2018]. Cell types from the amniotic
fluid were reported to originate mostly from the foetal urine [Sutherland and Bain, 1972;
Underwood et al., 2005]. In recent years, urine cells were described to have their origin in
the kidney [Arcolino et al, 2015; Zhang et al., 2014; Da Sacco et al., 2017; Bohndorf et
al., 2017; Spitzhorn et al., 2018]. We could proof that the AF-MSCs really are kidney
cells [Rahman et al., 2018] as already assumed in 1970s [Sutherland and Bain, 1972]. We
identified renal marker expression such as SIX2, CITED1, LIM homeobox 1 (LHX1) and
paired-box-protein 8 (PAXS8) in the analysed cells which was described before for kidney
progenitor cells and neonatal urine-derived cells [Arcolino et al., 2016, Metsuyanim et al.,
2009; Rosenblum, 2008; Tong et al., 2009; Schedl, 2007]. On functionality level we
could show that AF-MSCs were able to endocytose albumin comparable to commercial
bought kidney cells. Upon WNT signalling activation using a GSK3 inhibitor we
observed a morphological change, a change of protein location as well as of marker

expression, hinting towards a more differentiated cell stage [Rahman et al., 2018].
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Since the embryonal kidney development takes place during the second and third
trimester [Little and McMahon; 2012] we analysed a potential synergistic relation
between gestation time at which AFCs were obtained and renal marker expression. This
hypothesis was confirmed in silico by comparison of previously published data sets from
first and second trimesters [Moschidou et al., 2013; Spitzhorn et al., 2017] with our cells
from the third trimester. Additionally, we checked expression of several kidney markers
on PCR level. Both analyses confirmed that the presence of human mesenchymal stem
cells of renal origin in amniotic fluid increases with gestational time [Rahman et al.,
2018]. In further studies the specification of the cells should be further investigated to
dissect the exact kidney cell type these cells represent considering that the kidney is a

complex organ with over 23 different cells types.

Although the renal regeneration capacity of MSCs has been reported [Casiraghi et al.,
2016; Hamza et al., 2017; Veceri¢-Haler et al., 2017] the use of MSCs (especially from
elderly donors) is wrought with limiting factors such as ageing-associated potential loss,
decreased proliferation, telomere shorting and finally decreased differentiation capacity
[Guillot et al., 2007]. Due to this and the increasing prevalence of kidney-associated
diseases other cell sources for renal repair are in need. Although big efforts have been
made for the usage of iPSCs and their derivatives to be used in clinical applications, long-
term safety studies and further research will be required until routinely applications in
patients are possible. To overcome this gap other cell types without tumorigenic potential
are needed to be used in renal repair treatments. This work contributes a milestone for
studying nephrogenesis, for usage in in vitro models of kidney diseases, for screening of
drugs and toxins, for the use in renal organoid formation and possible clinical

applications.

Urine as a Source of Kidney Stem Cells with Industrial Potential for Personalized

Research

Biopsies to derive kidney cells are wrought with several risks and high costs. Therefore,
other sources of renal cells are under investigation. One possible way is to derive kidney
cells from iPSCs or ESCs [Xia et al., 2013; Taguchi et al., 2014; Little, 2016]. Also, non-
kidney stem cells such as MSCs could be of value for future therapies since cell

transplantation of MSCs has been beneficial in a model of impaired kidney function
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[Hamza et al., 2017]. It was reported that AF is composed of foetal urine [Underwood et
al., 2005] and AF-derived stem cells have been used to generate podocytes [Xinaris et al.,
2016]. Based on these facts and on our results that amniotic fluid contains MSCs of renal
origin [Rahman et al., 2018], urine was investigated in this work as a potential source for

kidney-derived cells.

As an alternative to the established stem cells sources such as bone marrow or amniotic
fluid, urine was qualified to be a source for renal stem cells. The beauty of this source is
that it can be accessed non-invasively thereby omitting any risk or pain for the patient.
For the researcher it is advantageous since no clinician has to be involved in the
derivation of the material and the sample acquisition could be done in new ways; for
example, postal delivery. All these facts make the urine approach very cost-effective. Of
high significance was the finding that the urine-derived stem cells originate from the
kidney. This makes them valuable for future kidney related research or potential
candidates for cell replacement therapy thereby overcoming the donor organ shortage.
They are valuable for in vitro drug screening and disease modelling approaches

[Spitzhorn et al., 2018; Nguyen et al., 2019].

In this work, it was described that these urine-derived stem cells are exhibiting MSC
features and kidney features. They were able to differentiate into bone, cartilage and fat
cells in vitro by parallel expression of kidney markers SIX2 and Nephrin, which represent
key-regulators of nephrogenesis. Furthermore, they directly could be converted into the
functional filtration cells of the kidney, the podocytes. Alongside with this, urine-derived
stem cells could be reprogrammed into iPSCs which further on were able to differentiate
into iMSCs, neurons, hepatocytes and endothelial cells [Spitzhorn et al., 2018; Nguyen et
al., 2019]

Urine-derived stem cells have several key advantages compared to other stem cells such
as MSCs: (1) they can be derived from human in all age groups (from infants until elderly
people), both genders and nearly every health condition (ii) sample collection is non-
invasive and can be done very cost-effective (iii) no need for enzymes for the isolation of
homogenous cell population (iv) they can be obtained autologous for personalized
therapies or research [Zhang et al., 2014]. Also, for diagnostic screening urine-derived
stem cells are off high interest when urine samples are collected at various time points

during disease progression. They are perfectly suitable for treatment of patients suffering
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from kidney-associated disease since they are able to differentiate into functional kidney

cells [Arcolino et al., 2015].

The beauty of urine as source for stem cells lies in the possibility to easily derive patient-
specific cells. These autologous cells or also HLA-matched cells are suitable for
transplantations without the risk of immune rejection. Furthermore, using in vitro
propagation it is possible to generate critical numbers of these cells in GMP quality which
is needed for in patient use. The fact that the procedure is non-invasive allows it to obtain

cells from without the risk of co-morbidity.

The possibility of generating iPSCs from urine-derived stem cells is of high significance
for further research studies using iPSC-derived cell types. Especially the analysis of the
expressed Cytochromes P450 (CYP) variant, which is an enzyme complex within the
liver, and the HLA profile are of high interest for future application and therefore were
performed in the present work [Bohndorf et al., 2017]. The CYP variant is crucial for
drug metabolization within the liver. Thus, the individual can be identified as poor,
intermediate, high or ultra-high metabolizer of distinct drugs [Dagostino et al., 2018]. In
addition to that, the HLA type was determined which is very important for future clinical
use of the iPSC-derived cell products to enable allogenic cell transplantations which

decrease the risk of immune rejection within the recipient.

In conclusion, this work qualified urine as a source for stem cells which represent a
considerable alternative to established stem cells sources such as bone marrow. It has
serval advantages over the invasive procedures and is ideal for kidney related studying.
Combined with HLA typing and analysis of CYP variants and metabolization activity of
drugs this can be used to develop protocols for personalised drug screening [Spitzhorn et

al., 2018].

All these findings and our ongoing research prompted us to set up a business model for
developing and selling urine-derived kidney (stem) cell products for nephrotoxicity
studies, drug screenings and other fields of (personalized) research. With our concept of
“UriCell” we have won the audience award at the Heinrich Heine University Idea
Competition 2016, the second prize and the audience award at the NUK Business Plan
Competition 2017. In 2018 we have won the “Rheinischer Innovationspreis 2018 and
raised over 266.000€ of European Regional Development Fund support from the

economic development scheme “START-UP-Hochschulausgriindungen” to enable the
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transition from the research level to the industrial level and to prepare the founding of the

UriCell GmbH [https://www.uricell.de/].

The Future of iPSCs in Clinical Applications

The top priority for new therapeutic applications in humans is the safety of the therapy or
the cellular product. iPSC research has made great steps towards the broad clinical use.
But international standards are yet to be set. Standardized iPSC lines would improve
consistent and comparable outcome of therapies. HLA-specific generation of iPSCs
would be of great use as well [Travernier et al., 2013; Bohndorf et al., 2017]. Since the
derivation of iPSCs from the various cell types is possible, it enables broad personalized
research with the aim of individualized results. Combined with already established
methods which enable gene editing such as CRSIPR/Cas9 and TALENSs, iPSCs from a
patient with a distinct genetic disease can be generated, the gene defect could be corrected
in vitro and the cells carrying the functional gene could be transplanted to the patient

[Smith, 2015].

A critical point is that so far iPSC-derived organ-specific cells are lacking full maturity.
This issue must be overcome to enable higher in vitro prediction reliability and a better
outcome after transplantations. Alongside with the maturity comes the improved
functionality of the cells which allows better results in drug screening and toxicology

studies [Davidson, 2015].

The number of medical innovations within the last year is quite limited. Only 5% of the
drug candidates receive the approval for the market and before so research and
development have tremendous costs excelling billions of dollars [Giri and Bader, 2015].
Therefore, industry is in search for reducing the costs. This could be achieved by
focussing on common disease or to reduce the number of animal studies although they
often represent the best choice since primary human cells are hard to obtain. iPSC-based
research may represent a great alternative for medical application and could circumvent

the ethical issues connected with the use of ESCs.

But so far very limited in-patient applications of iPSC-derived cells exit. 2014 a Japanese
woman was treated for AMD using autologous iPSC-derived retinal cell sheet which

survived for at least one year in the patient and which did not cause obvious side effects
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[Mandai et al., 2017]. One big hurdle for the medical application of iPSCs is the lack of
international standards for safety. It is expected for other iPSC-based treatments such as
Parkinson’s disease to commerce by 2020 [Karagiannis et al., 2017]. iPSCs could serve as
perfect cells to study patient-specific drug responses in vitro since iPSCs were successful
replacing mouse models in a clinical study to evaluate drugs against amyotrophic lateral
sclerosis [McNeish et al., 2015]. Furthermore, iPSCs have been used to identify new
biomarkers for example in Kawasaki’s disease an inflammatory disease affecting the
arterial endothelial cells [Ikeda et al., 2016]. Probably, iPSCs will not completely replace
animal models rather they will be a valuable addition [Karagiannis et al., 2017].
Nevertheless, many countries have established new policies to extend the academical and
industrial cooperation for the translation of iPSC research from bench to bedside. In 2017,
for example the Japan Agency for Medical Research and Development (AMED) was
initiated. One of its mayor goals is to build up stocks of iPSCs. The Center for iPS Cell
Research and Application (CiRA) at Kyoto University, which is under the lead of Shinya
Yamanaka, is contributing to this program by generating iPSCs of clinical-grade as well
as disease-specific iPSCs [https://www.cira.kyoto-u.ac.jp/e/; Karagiannis et al., 2017].
These cells are then given to cooperation partners for developing new therapeutic
approaches and novel drugs. Another way of iPSC use is not only drug testing but also
repurposing of already established drugs for application in other diseases. This was
successfully done in 2014. This approach could save up two thirds of time and costs

[Nosengo, 2016].

Multicellular Organoids as Better in vitro Instruments for Disease Modelling

As mentioned above the two-dimensional cell culture is lacking maturity of the iPSC-
derived cells. Within the last years several protocols for organoid formation of different
organs have been developed including brain [Lancaster and Knoblich, 2014], liver
[Takebe et al., 2014] and eye [Eiraku et al., 2011]. So far, most of these organoids do not
have the level of complexity as the original organ which affects in vitro function [Taguchi
and Nishinakamura, 2017]. In this work, it could be shown that liver organoids are good
tools to model liver-associated diseases such as NAFLD [Spitzhorn et al., 2016]. Renal
organoids were shown to have renal structures such as renal tubule [Taguchi et al., 2014]

and nephrons [Takasato et al., 2014] but still were not able to fully mimic organ function.
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Nevertheless, they are seen as a model to be used for studying kidney development in
vitro [Takebe et al., 2015]. Transplanted kidney organs integrated into the rat body and

connected to the host’s vasculature as well as urine system [Song et al., 2013].

One big challenge of the generation of organoids is the sufficient supply of nutrients and
oxygen for the whole cell complex which can be ensured by vascularization [van den
Berg et al., 2018]. In many of these protocols MSCs are used since, by expression of
myosin II proteins, MSCs are relevant for self-condensation for organoid formation where
the contractions are triggered by the actomyosin-cytoskeletal axis [Takebe et al., 2015].
Since tree-dimensional in vitro models are on the rise we also showed data indicating the
possibility to generate kidney organoids from the urine-derived cells in combination with
endothelial cells and MSCs both generated from urine stem cell-derived iPSCs. Thus, we
were able to generate a multi-cellular organoid from the same genetic background. This
technique could contribute to improving disease modelling, drug screening and
nephrotoxicity tests since it may provide a higher level of maturity and a such can be

closer to mimic the in-human situation [Nguyen et al., 2019].

Ethical issues as well as restricted reliability of translation from research studies from one
species to the other (human) are emphasizing the need for good in vitro models as
alternative for in vivo studies. Three-dimensional cell culture models can increase the

relevance of in vitro assays but need further improvements [Nguyen and Pentoney, 2017].

iMSCs as Rejuvenated MSCs with Clinical Application Potential

Many clinical trials and research studies use MSCs. In a realistic clinical scenario MSCs
would be often obtained from elderly patients and thus may have decreased regenerative
potential [O'Hagan-Wong et al., 2016]. Apart from the negative effects of ageing on the
cells, in vitro culture also can influence the cells’ potency which would restrict their
therapeutic effect. The generation of MSCs from iPSCs of a patient could be an
alternative to the usage of primary MSCs. Indeed, MSCs generated from iPSCs or ESCs
were reported to be rejuvenated cells which are more proliferative coming along with
increased potential in clinical applications [Frobel et al., 2014; Wang et al., 2014;
Hawkins et al., 2018; Lian et al., 2010; Gruenloh et al., 2011; Kimbrel et al., 2014; Chen
et al., 2012; Liu et al., 2012; Diederichs and Tuan, 2014; Sheyn et al., 2016] which was
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underlined by outperforming primary MSCs in a setting of hind limb ischemia [Wang et
al., 2014; Hawkins et al., 2018]. Due to their broad differentiation capacity and modes of
actions they have been used in various settings such as multiple sclerosis, limb ischemia,
arthritis, cartilage defects, bone defects, wound healing and hypoxic-ischemia in the brain
[Sheyn et al., 2016; Wang et al., 2014; Lian et al., 2010; Gonzalo-Gil et al., 2016;
Nejadnik et al., 2015; Kuhn et al., 2014; Zhang et al., 2015; Hawkins et al., 2018].

Although several reports exist, the detailed analysis of features in iMSCs compared to
primary MSCs on transcriptome, secretome and functional level has to be addressed. In
this work fetal MSCs (fMSCs), adult MSCs (aMSCs) and fMSC-iMSCs, aMSCs-iMCS
as well as ESC-iMSCs were compared. We addressed the question of possible
rejuvenation events which occur when iMSCs are derived from native MSCs from elderly
patients. First of all, we could show that fMSCs represent MSCs in a younger state than
aMSCs by transcriptome analysis and their closer relationship to ESCs. The generated
iMSCs from either ESCs or fMSC-derived iPSCs met the MSC criteria with regard to cell
surface marker expression, morphology and differentiation capacity. On transcriptome
level, these iMSCs irrespective of their origin were similar to primary MSCs and distinct
from pluripotent cells. The fact, that these iMSCs are not expressing pluripotency genes,
is of high relevance to ensure transplantation safety by avoiding the risk of tumour
formation. On transcriptional level the iMSCs were detailed compared to fMSCs and
aMSCs revealing interesting differences. Using gene sets involved in DNA damage repair
and ageing it was observed that the iMSCs clustered together with the foetal MSCs and
away from the aMSCs implying rejuvenation since DNA damage is a known to be
involved in ageing processes and accumulates over time [Spitzhorn et al., 2019; Freitas et

al., 2011].

To further investigate this rejuvenation event, genes were identified which are shared
between iMSCs and pluripotent cells but not the native MSCs. This gene set (e.g. INHBE,
DNMT3B, POUSFIPI, CDKNIC, GCNT2) we described as the rejuvenation signature.
The counterpart of this was the ageing signature which was only present in the native
MSC:s but not in the iMSCs and pluripotent cells. The reliability of these signatures was
shown by applying it to additional previously published data sets of adult MSCs [Leuning
et al., 2017; Park et al., 2016] and on mRNA level using additional MSC and iMSC
samples. By downstream computational analyses it was shown that the genes from the

rejuvenation signature are associated with embryonic tissue and development underlining
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acquired feature of early development. The gain of the rejuvenation signature by parallel
loss of the ageing signature could explain the beneficial properties of iMSCs compared to
native MSCs [Spitzhorn et al., 2019]. Upon generation of iPSCs, DNA damage is
reverted, and the epigenetics also change [Drews et al., 2012] which could explain the

fMSC-like expression of genes involved in DNA damage repair in the iMSCs.

As not only the cells itself but also their secreted factors are considered valuable for
future applications, we could show that the secretome of the iMSCs irrespective of their
source is similar to that of their parental cells thereby extending the transcriptome
analysis by a functional component [Spitzhorn et al., 2019]. The plethora of secreted
factors is in accordance with previous published secretomes of bone marrow derived
MSCs [Hwang et al., 2009; Potian et al., 2003; Aggarwal and Pittenger, 2005] and
includes pro- as well as anti-inflammatory cytokines and pro-angiogenic factors such as

angiogenin.

We could proof that iMSCs have typical MSCs features. Moreover, we could identify that
iMSCs have special gene signature setting them apart from native MSCs and insinuate a
potential rejuvenated state. In combination with the broad range of secreted factors, it can
be stated that the iMSC-concept has a high relevance for the clinical environment
especially taken into account that we are living in a rising ageing society. Identification of
the crucial factors within the secretome could be an important step towards clinical use.
Since the secretome of the MSCs is rich in beneficial factors one could assume that
transplantations of cells could be substituted by transplantation of the factors only
[Spitzhorn et al., 2019]. The increasing number of MSC-based clinical trials in phase I or
IT [https://www.clinicaltrials.gov/] underlines the therapeutic significance of MSCs for
regenerative medicine and even for iMSCs there are two clinical trials for Graft versus
host disease as well as meniscus injury, showing that the iMSC concept already has found
its way into the clinic. The bottleneck so far in the use native MSCs is the availably of
matching cells [Sheyn et al., 2016]. The beauty of the iMSC-concept is that clinicians are
independent from expansion of native cells by generating iMSCs on demand from the

pool of unlimited expansible iPSCs.
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iMSCs as Promising Cells for Treatment of Liver Diseases

The prevalence for liver injuries and liver diseases is increasing. One particular example
for an inherited liver disease is the Crigler-Najjar syndrome. First reported in 1952, this
disease is manifesting in elevated bilirubin levels and resulting in kernicterus and
jaundice in new-borns [Crigler and Najjar, 1952]. The standard therapeutic choice is
phototherapy to break down bilirubin and to avoid the chance for neurotoxicity [Ruud
Hansen, 2010] which is significantly decreasing the life quality of the patients and itself
can cause DNA damage [Ramy et al., 2016]. This is why alternative treatment options are
under consideration. The alternatives such as liver transplantation, liver focused gene
therapy [van Dijk et al., 2015] or transplantation of hepatocytes [Jorns et al., 2016] are
restricted by availability of matching organs/cells and necessary immune-suppression. To
elaborate new therapeutic strategies the Gunn rat is the animal model of choice. These
animals bear a mutation in the uridine diphosphate glucuronosyltransferase-1al (Ugtlal)
gene which is crucial for the glucuronidation and thus the excretion of bilirubin by the
liver. Since this gene is not functional in these rats, they exhibit hyperbilirubinemia and as
such represent an animal model for Crigler-Najjar syndrome 1 [Gunn, 1944]. In previous
studies in the Gunn rat, bone marrow MSCs as well as HLCs from human iPSCs had a

beneficial effect on the hyperbilirubinemia [Muraca et al., 2007; Chen et al., 2015].

In this work, iMSCs from fMSC-derived iPSCs as well as ESCs were generated and
showed their similarity to native MSCs on gene expression, morphology, cell surface
marker expression as well as on differentiation level. Transcriptome analysis further
revealed that these cells are not pluripotent which is crucial for transplantation
applications. After partial hepatectomy in Gunn rats, the human iMSCs were transplanted
to analyse the contribution to liver regeneration as well as their effect on the inherited
enzyme defect within this rat strain [Spitzhorn et al., 2018]. The mode of MSCs
application into test objects or patients varies. Many studies have shown beneficial
outcomes after intravenous infusion in animal models [Akiyama et al., 2002] and in
humans [Kog et al., 2002]. But lethal embolies have been identified as potential risks,
since MSCs express high levels of cell adhesion molecules and thus are prone to form cell
aggregates which can be found within the lungs [Horwirtz et al., 1999; Gao et al., 2001].
In the present scenario of intra-spleenic transplantation we tried to minimize the risks of
possible pulmonary embolisms by carefully filtration of the MSCs using a fine mesh to

isolate only single cells.
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By employing human specific antibodies and primers we could show that the transplanted
human iMSCs home into the site of injury within rat liver and differentiate into human
hepatocytes. The level of maturity and functionality was addressed by analysis of mature
hepatocyte marker such as bile salt export pump (BSEP) and sodium-taurocholate
cotransporting polypeptide (NTCP) and the detection of human albumin within the rat
serum. More importantly these iMSCs derived hepatocytes expressed UGT1A which led
to reduced levels of bilirubin in the animals upon iMSC transplantation. Since humans
have higher glycine-conjugated bile acids concentration [Garcia-Cafaveras et al., 2012]
than rats a shift in the bile salt profile was expected. But only elevated levels of
unconjugated bile acids were observed. Also, liver-associated blood markers AST, ALT
and LDH were not elevated after iMSC transplantation. Although some studies have
reported adverse effects of MSCs transplantation by contributing to fibrosis [Kramann et
al, 2015; Walker et al., 2011] we did not observe side effects during the experimental
time frame (2 months) [Spitzhorn et al., 2018].

The animal model in this work was also used in other studies in which beneficial effects
of rat MSCs [Muraca et al., 2007] as well as human HLCs [Chen et al., 2015] to liver
regeneration and improvement of the disease phenotype were shown. These studies used
immunosuppressive reagents alongside with the cell transplantation which was omitted in
this work to investigate the immune-modulatory potential of the iMSCs. After 2 months,
human MSC marker were still present as indicated on mRNA level as well as human
cytokines were detected in the rat serum indicating that a subpopulation of transplanted
IMSCs did not contribute directly to liver regeneration but could be participating as
paracrine effector cells protection the human cells from the hosts immune system or
promoting the human cells to differentiated into liver cells [Spitzhorn et al., 2018]. The
human cells survived in the rat body for the experimental time period of two month which
can be explained by the well-described MSC feature to release immunomodulatory
factors [Aggerwal and Pittenger, 2005; Kaplan et al., 2010; Trounson and McDonald,
2015].

In contrast to iMSCs, fMSCs showed much lower beneficial effect on liver regeneration
which could be explained by their preference to proliferate than to differentiate, further
studies including MSCs of different age groups as well as iMSCs should be done to
analyse the influence of proliferate capacity on the cell fate decisions. Furthermore, the

way of action for the transplanted MSCs is not fully clear since evidences for fused and
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not-fused cells of human and rat origin. Cell fusion events have been described before
[Vassilopoulos et al., 2003; Wang et al., 2003] as well as the absence of cell fusion after
MSC transplantation [Sato et al., 2005].

However, human iMSCs were able to contribute to liver regeneration in a rat model
without noticed side effects. Since a limited time frame of 2 months was analysed a next
step towards clinical studies would be long-term studies to ensure that no tumour
formation occurs. Nevertheless, their differentiation potential as well as their
immunomodulatory properties make iIMSCs a promising cell type for transplantations and

treatment of (inherited) liver diseases [Spitzhorn et al., 2018].

iMSC Transplantation as a Feasible Way to Regenerate Bone

In this work, it was shown that iMSCs from human foetal foreskin (HFF) derived iPSCs
in combination with calcium phosphate granules (CPG) contributed to bone regeneration

in critical size defect within mini pigs during the early phase of bone healing [Jungbluth

etal., 2019].

In today’s clinical practice bone grafting is the standard way of therapy for large bone
defects [Li et al., 2015] but the availability of suitable grafts is limited. Alternative Use of
stem cells such as bone marrow-derived MSCs has been described [Quarto et al., 2001;
Warnke et al., 2004] which are associated with risk during the collection. Both ways are
further flawed with possible immune rejections. In this study iMSCs were used, as iMSCs
represent an alternative to primary MSCs which are losing their therapeutic potential
upon in vitro ageing [Yang et al., 2018]. On the contrary, iMSCs from pluripotent stem
cells have typical MSCs features alongside with a pro-longed life span [Lian et al., 2010].

Most studies on bone regeneration are employing small animal models. So far, human
1IMSCs were successfully used in a critical size cranial defect in rats [Wang et al., 2014]
and in a mice radial defect model [Sheyn et al., 2016] where they performed as good or
even better than their native counterparts. For studies of bone regeneration in larger
animals such as sheep or even human, primary bone marrow MSCs have been shown to
be effective with or without the use of scaffolds or supplementation with growth factors
[Warnke et al., 2004; Reichert et al., 2012]. But studies in human-size animal models for

weight bearing bone reconstruction are very rare. For this reason, we have chosen the
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Gottingen mini-pig as an in vivo model for this work. The significance of this work is
underlined by the fact that mini pigs represent a human-scale preclinical animal model
due to their bone regeneration capacity of 1.2-1.5 mm/per day which is comparable to the
human values [Schlegel et al., 2006]. If animal experiments are conducted their
significance should be ensured. The reliability and way of significance of this study was
ensured by the fact that groups of 8 pigs were used after a priori power analysis for a

power of 80 % with a p value of 0.05 [Hakimi et al., 2010].

As a first step for generating iMSCs, iPSCs have to be generated. In this study these
1PSCs were generated from human foreskin fibroblasts (a routinely obtained clinical side
product) using non-integrating Sendai viruses containing the Yamanaka factors thereby
omitting integration events in the cells. The HFF-iPSCs expressed the pluripotency
factors and showed no chromosomal aberrations. The iMSCs generated from the HFF-
1PSCs expressed the typical MSC cell surface markers and were able to differentiate into
bone cells in vitro as sown by alizarin red staining and expression of RUNX2 [Jungbluth
et al., 2019] which represents a key player in bone differentiation [Komori, 2003].
Importantly, for transplantation safety these cells were negative for pluripotency-

associated factors.

These HHF-iIMSCs were shown to release factors beneficial for bone regeneration and
angiogenesis events such as PDGF-AA and osteopontin. Thereby it was not necessary to
supplement these factors. In a previous study, it has been reported that MSCs from the
bone marrow contribute to expression of bone related genes via paracrine effects [Zhou et
al., 2018]. Furthermore, the ability of HFF-iMSCs to secrete immunomodulatory factors
is of high interest since no experimental induced immunosuppression was administered to
the pig. This might indicate that human iMSCs escaped the rejection of the host’s

immune system.

In this work only 1x10° human cells were transplanted into the bone defects thereby
mimicking possible shortage of cells in a clinical scenario. Future studies could aim for
the usage of higher cell number to identify an optimal ratio of defect size and transplanted

cell number.

The effect of the transplanted human iMSCs was analysed on histomorphometrical level
as well as on radiological level. It could be shown that human iMSCs in combination with

CPG significantly improved bone regeneration. The level of bone restoration was
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comparable to the outcome of autologous bone marrow concentrate (BMC) but could not
reach the level of regeneration as autologous bone tissue [Jungbluth et al., 2019]. The fact
that iMSCs perform as good as autologous BMC is remarkable for two reasons. First, the
BMC used originated from the same pig and autologous cell transplantations are expected
to be better than allogenic once. Second, BMC contains not only bone marrow MSCs but
also platelets and various growth factors [Jungbluth et al., 2014; Hakimi et al., 2014].
Another valuable point is that cross-species transplantation was done using human cells

within the pig without external suppression of the host immune system.

Especially for reconstruction bone in vitro, tissue engineering approaches are on the rise.
iMSCs have been successfully used to generate bone substitutes by loading on scaffolds
and subsequent incubation in a perfusion bioreactor system [De Peppo et al., 2014].
Scaffolds as artificial bone matrices are highly important for bone reconstruction but only
perform sufficiently when used in combination with stem cells. Calcium phosphate
scaffolds resemble the mineral phase of bone tissue and create a beneficial
microenvironment within the site of injury [Barrére et al., 2006]. It was shown that
iMSCs are able to attach to calcium scaffolds and differentiate into mineralized bone cells
[TheinHan et al, 2013; Chen et al, 2012; Jeon et al, 2016]. Using these advances in tissue

engineering and the iMSCs concept personalized bone substitutes are possible.

However, further experiments have to be done to identify the way in which the human
IMSCs contributed to bone regeneration. Although they were shown to be able to
differentiate into bone cells in vitro the analysis of the pig bones after 6 weeks of
regeneration time does not allow to tell whether the human cells contribute directly by
differentiation or indirectly by paracrine signalling and thereby recruiting host cells. A
combination of both processes may be also possible alongside with fusion events. The CT
analyses can only identify bone tissue but not its origin. The high correlation of the
histomorphometrical and the radiological analysis proof the reliability of these evaluation
methods as previously described [Hakimi et al., 2014]. One way of accessing the way of
action cell tracking experiments should be considered to specifically detect the human

cells within the defect zone.

With these additional experiments one also could try to address the molecular
mechanisms underlying the bone regeneration events. BMPs which are involved in bone

regeneration processes [Reichert et al., 2012; Schmidt-Bleek et al., 2016] were found to



244 Discussion

be present on transcriptome level. In the future the presence of BMPs could be analysed

on different levels such as mRNA or protein.

To my knowledge, this work is the first to evaluate the therapeutic potential of human
iIMSCs in a pre-clinical animal model of bone regeneration. Long-term studies will be
needed to analyse their potential in later stages of bone regeneration as well contribute to

ensure their transplantation safety by not observation of tumours [Jungbluth et al., 2019].

MSC:s for Treatment of Neurodegenerative Diseases

Although it is known that MSCs can contribute to oligodendrogenesis of aNSCs by
release of paracrine factors, the specific cytokines and molecular mechanisms involved
are no clear yet [Lindsay et al., 2013, 2016]. Another aspect which was addressed by this
work is whether MSCs from foetal tissue can promote oligodendrogenesis as reported for

adult MSCs.

In this work it was shown that conditioned medium from human fMSCs prevents
astrocytic differentiation, promotes oligodendrogenesis of aNSCs in rats and facilitate

differentiation of iPSCs-derived NSCs into oligodendrocytes [Jadasz et al., 2018].

The contribution of adult neural stem cells to oligodendrogenesis is crucial for advances
in analysis and treatment of neurodegenerative diseases. Recent data suggest that
oligodendrocytes which originate from stem cells of the subventricular zone are involved
in myelin repair [Xing et al., 2014]. It was previously reported that oligodendrogenesis of
stem cells from the hippocampus can be induced by secreted factors of MSCs [Bai et al.,
2009; Munoz et al., 2005; Rivera et al., 2006; Steffenhagen et al., 2012] underlining the
fact that neuronal stem cells from the subgranular zone are able to generate myelinating
glia. The trophic factors released by MSCs are influencing the myelin wrapping process
as well as the expression of oligodendrial markers. This could be explained by response
to human factors directly or an indirect rejuvenation process taking part in the cells upon
stimulation with fMSCs conditioned medium. They way of action can be either pro-
oligodendric or anti-astrocytic [Kremer et al., 2011, Jadasz et al., 2013; Rivera et al.,
2006]. Although some studies were done dealing with distinct factors secreted by MSCs
such as HGF or VEGF [Jadasz et al., 2013; Rivera et al., 2006, 2008] which were also
found in conditioned medium of human MSCs [Chen et al., 2008; Lin et al., 2008; Razavi
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et al., 2013] none of these factors were proven to be involved in the MSC-dependent
oligodendrogenesis of adult neural stem cells [Rivera et al., 2006, 2008]. It is very
probable that a cocktail of factors causes the oligodendrogenesis [Jadasz et al., 2018]. In
addition to chemokines, MSCs also release microRNAs [Chen et al., 2010] which can
influence cells from the environment [Tomasoni et al, 2013]. For example, miR-146-5p
was shown to be involved in myelination via CXCL12 secretion [Lindsay et al., 2016]
which is important for development of oligodendrocytes from their progenitors [Gottle et

al., 2010].

Since rat as well as human MSCs were able to enhance oligodendrogenesis in this study,
it can be assumed that this event has an underlying conserved mechanism. Furthermore,
the ability of MSC conditioned medium on differentiation of iPSCs into oligodendrocytes
was shown and represents a faster alternative when compared to previously reported
protocols [Douvaras et al., 2014; Wang et al., 2013]. Using the iPSCs approach it will be
possible to generate neural stem cells as well as MSCs from the same genetic background

which can be used for additional applications [Jadasz et al., 2018].

The data presented in this work emphasize the broad potential of MSCs to contribute to
regenerative processes in the brain. For selective use in therapeutic approach further
studies are necessary to identify the factor combination in the MSC secretome which is
responsible for oligodendrogenesis. By identification of the distinct factors which are
driving the neuronal repair it would be possible to invent new therapeutic strategies.
These for example could go away from transplantations of cells but rather go into the
direction of transplanting/injection only these distinct factors. This could be done with

patient specific cells which are maintained under GMP conditions.

Further Research

Due to the fact that amniotic fluid- and urine-derived stem cells have shown great
differentiation and paracrine potential in vitro, these cell types should be tested in the
established in vivo models to elucidate their potential for regeneration of liver and bone.
Especially their use in bone regeneration seems promising as both cell types were able to

differentiate into bone in vitro. In addition to the application in these two models, the
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cells should be applied in in vivo models of kidney-associated diseases since they are of

renal origin.

This renal origin should be further investigated to dissect the exact renal cell types present
in amniotic fluid and urine. In line with this, their molecular and cellular identities should
be defined more precisely. This also would allow developing robust protocols to
differentiate these kidney progenitor cells in differentiated kidney cells such as renal
proximal tubular cells or podocytes which exhibit the important functions associated with

the kidney.

Furthermore, follow up studies for the iMSCs experiments could be done in which a
longer time period is covered to address the long-term effects of these cells and to further
evaluate their transplantation safety. Future studies should have the aim to identify the
underlying biomolecular mechanisms of the iMSCs in regeneration processes and should
clarify if their mode of action is direct and/or via paracrine signalling. For the latter it
could be of high value to quantitatively asses the factors secreted by the iMSCs.
Additionally, it is planned to compare iMSCs derived from iPSCs from different sources
(MSCs, AF-MSCs, uMSCs, HFF, epicardial cells, etc.) to reveal similarities and
potentially differences manifested through their initial cell source. Upcoming in vivo
studies should include tracing of the transplanted cells. This can be done by labelling of
the cell with fluorochromes such as GFP or super magnetic iron oxides which can be
stained or read using magnetic resonance which can even be done in vivo [Frank et al.,
2002] and would allow to identify their exact location. To minimize the risk for the
patient future research should also focus on their role as paracrine effector cells going
towards transplantations of secreted factors only. For MSCs this was done in the last

years by analysing their secreted extracellular vesicles [Giebel et al., 2017].

Since the hepatic differentiation potential of human iMSCs was shown, they have been
used in preliminary experiments for the development of artificial livers. Therefore, rat
livers were decellularized and loaded with human iMSCs. It was shown that these cells
differentiated into hepatocytes, probably driven by the micro-architecture provided by the
rat liver matrix. This approach could contribute to the generation of mature ex vivo livers

for basic research or even transplantation experiments.
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Since conditioned medium of human fMSCs has a positive effect on oligodendrogenesis
in rats, the potency of human iMSCs conditioned medium is under investigation in

preliminary experiments using the established rodent models.

In addition to the in vivo application of the different stem cell types it should targeted to
optimize in vitro usage of the cells. Therefore, the different cell types should be
considered for generating multi-cellular organoids consisting of iMSCs and endothelial
cells and organ-specific cells to develop cell culture tools for increasing the prediction
reliability. When maturity and functionality are given, these in vitro generated organoids
could be the bases for further transplantation experiments. Further advance engineering
approaches such as bio-printing or organ-on-a-chip technology which have to be shown
for kidney related work [Homan et al., 2016; Wilmer et al., 2016] should be considered in
future experiments as well as distinct cell culture topographies which have been shown to

influence differentiation processes of MSCs [Abagnale et al., 2015].
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Conclusion

In the present work, amniotic fluid derived from caesarean sections was identified as a
source of stem cells. These cells were shown to be similar to bone marrow MSCs on
cellular as well as on transcriptional level. In addition to that, they expressed pluripotency
associated factors. They were further shown to be paracrine effector cells by releasing
various trophic factors. Thus, caesarean sections represent a great alternative to
amniocentesis which is without risk for the foetus and the mother and provides
researchers with potent cells to be used in clinical applications. In additional experiments
we could show that these AF-MSCs originate from the foetal kidney as shown by
expression of kidney-associated genes and function. These results add important insights
into the ongoing controversial discussion about the origin of cells harboured in amniotic
fluid. These findings underpin the potency of AF-MSCs for kidney-related research,
disease modelling and for generating iPSCs. Additionally, it was shown that urine also
contains MSCs which express renal markers. These urine-derived stem cells could be
successfully reprogramed into iPSCs. iPSCs represent a highly powerful tool in
toxicology studies and were shown to be useful in (liver) disease modelling. It is possible
to use iPSCs for the generation of MSCs (iMSCs) which irrespective of their origin
(fMSCs, aMSCs, or pluripotent cells) show typical MSCs features. These iMSCs are
rejuvenated MSCs as shown by the identified rejuvenation signature. Especially
meaningful for future experimental use of the iMSCs, they were shown to be paracrine
active in a similar way than fMSCs. These findings additionally underline the magnitude
of the iMSC concept for usage in regeneration and therapeutically applications in an ever-
increasing ageing society. In an animal of inherited liver disease and liver injury human
iIMSCs differentiated into functional liver cells and contributed to liver regeneration and
the partially rescue of the disease phenotype. Furthermore, mini-pig experiments have
provided evidence for the potential of iMSCs to be used in the treatment of bone defects.
Combined with the iPSCs approach it is feasible to produce HLA-matched iMSCs which
can be used in the patients without the risk of rejection and as such are an alternative to
BMC or bone marrow concentrate. However, long-term studies and detailed analysis of
the mode of action of these stem cells and their derivatives are necessary for possible
future applications in humans. Taken all these results together, application of stem cells in

the clinical scenario can be considered as a key-driver in transforming healthcare.
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Appendix — Talks, Poster Presentations and Prizes

Conference Talks:

2" International Annual Conference of the German Stem Cell Network, Heidelberg, 2014
Mesenchymal stem cells derived from iPS cells from aged individuals acquire fetal
characteristics

3" International Annual Conference of the German Stem Cell Network, Frankfurt, 2015
Regenerative potential of human pluripotent stem cell-derived MSCs in a Gunn rat liver
injury model

Stem Cell Network NRW Meeting, Herne, 2016
Human pluripotent stem cell derived MSCs regenerate injured Gunn rat liver and trans-
differentiate into functional hepatocytes and reduce bilirubin levels

German Association of the Study of the Liver Meeting, Essen, 2017
Generation of a 3D model to better mimic NAFLD in vitro

SFB 974 Retreat, Trier, 2017
Human pluripotent stem cell-derived MSCs regenerate injured Gunn rat liver

DeLiver Smyposium Diisseldorf, 2017
Transplanted human pluripotent stem cell-derived mesenchymal stem cells differentiate
into hepatocytes and improve hyperbilirubinemia in Gunn rats

Next-Gen Regenerative Medicine & Tissue Engineering Conference, Frankfurt, 2018
Amniotic fluid and urine as Sources of renal stem cells

13" BMFZ Retreat, Diisseldorf, 2019
iMSCs — a promising cell population for translational medicine

Kick-Off Meeting StemCell Network NRW, Diisseldorf, 2019
MSCs for translational research and regenerative medicine

23" Surgical Research Days of the German Society of Surgery, Aachen, 2019
Human fetal foreskin fibroblast derived iMSCs support regeneration of a critical size
bone defect in mini-pigs

German Congress for Orthopaedics and traumatology, Berlin, 2019
Human iPSC-derived iMSCs improve bone regeneration in mini-pigs
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Conference Poster:

2" International Annual Conference of the German Stem Cell Network, Heidelberg, 2014
Mesenchymal stem cells derived from iPS cells from aged individuals acquire fetal
characteristics.

8™ International Meeting of the Stem Cell Network NRW, Bonn, 2015
Acquisition of fetal features in mesenchymal stem cells derived from iPS cells from aged
individuals.

International Society for Stem Cell Research Annual Meeting, Stockholm, 2015
Acquisition of fetal features in mesenchymal stem cells derived from iPS cells from aged
individuals.

3" International Annual Conference of the German Stem Cell Network, Frankfurt, 2015
(i) Characterization and banking of human third trimester amniotic fluid-derived
mesenchymal stem cells obtained from cesarean sections.

(ii) Regenerative potential of human pluripotent stem cell-derived MSCs in a Gunn rat
liver injury model.

German Association of the Study of the Liver Meeting, Diisseldorf, 2016
Regenerative potential of human pluripotent stem cell-derived MSCs in a Gunn rat liver
injury model.

CECAD 2" Cologne Ageing Conference, Cologne, 2016
Rejuvenation of mesenchymal stem cells derived from iPS cells originating from aged
individuals.

24" International Bile Acid Meeting: Bile Acids in Health and Disease, Diisseldorf, 2016
Generation of liver buds by self-condensation of human iPSC-derived MSCs, HLCs and
endothelial cells.

German Stem Cell Network Meeting, Hannover, 2016

(i) Dissecting the complexity of cell types present in urine, identifies renal progenitor
cells with regenerative potential.

(ii) Generation of liver buds by self-condensation of human iPSC-derived MSCs, HLCs
and endothelial cells.

German Association of the Study of the Liver Meeting, Essen, 2017
Generation of a 3D model to better mimic NAFLD in vitro.

DeLiver Symposium Diisseldorf, 2017
Transplanted human pluripotent stem cell-derived mesenchymal stem cells differentiate
into hepatocytes and improve hyperbilirubinemia in Gunn rats.
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9™ International Meeting Stem Cell Network NRW, Miinster, 2017

(i) Human ESC and iPSC-derived MSCs regenerate injured Gunn rat liver: a
comparative study.

(ii) Dissecting the complexity of cell types present in urine, identifies renal progenitor
cells with regenerative potential.

(iii) Human iPSC-derived iMSCs improve regeneration in a Goettingen mini-pig bone
defect model.

(iv) Dissecting the Complexity in Amniotic Fluid-Derived Cells Obtained from Cesarean
Sections.

(v) Generation of a 3D model to better mimic NAFLD in vitro.

Stem Cell Community Day, Diisseldorf, 2018
Human fetal foreskin iPSC-derived iMSCs support regeneration in a Goettingen mini-pig
bone defect model.

6" Annual German Stem Cell Network Meeting, Heidelberg, 2018

Human fetal foreskin iPSC-derived iMSCs support regeneration in a Goettingen mini-pig
bone defect model.

7™ Annual German Stem Cell Network Meeting, Berlin, 2019
UriCell: Human urine as an innovative source of kidney progenitor cells amenable for
drug testing and toxicity studies

Prizes:

Poster Award: 9" International Meeting Stem Cell Network NRW, Miinster, 2017
Human ESC and iPSC-derived MSCs regenerate injured Gunn rat liver: a comparative
study.

3" Place Poster Award: Stem Cell Community Day, Diisseldorf, 2018
Human fetal foreskin iPSC-derived iMSCs support regeneration in a Goettingen mini-pig
bone defect model.

Hans-Jiirgen-Bretschneider-Prize, 23 Surgical Research Days of the German Society of
Surgery, Aachen, 2019

Human fetal foreskin fibroblast-derived iMSCs support regeneration of a critical size
bone defect in mini-pigs.

Research Award of the AO Germany, German Congress for Orthopaedics and
Traumatology, Berlin, 2019
Human iPSC-derived iMSCs improve bone regeneration in mini-pigs.
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