Employing patient-derived
iPSC-technology and hepatocyte-like cells to

investigate liver diseases

Inauguraldissertation

Zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultit

der Heinrich-Heine-Universitiat Diisseldorf

vorgelegt von

Christiane Lorch

aus Koln

Diisseldorf, August 2025



Aus dem Institut fiir Stammzellforschung und Regenerative Medizin

der Heinrich-Heine-Universitiat Diisseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultét der
Heinrich-Heine-Universitat Disseldorf

Berichterstatterinnen:

1. PD Dr. rer. nat. Nina Graffmann
2. Prof. Dr. Henrike Heise

Tag der miindlichen Priifung: 23.10.2025

i



Die vorliegende Arbeit ist eine kumulative Dissertation
gemil § 6 (3) der Promotionsordnung der
Mathematisch-Naturwissenschaftlichen Fakultit
der Heinrich-Heine-Universitdt Diisseldorf vom 15.08.2018
zur Verleihung des Grades “Doctor rerum naturalium”

111



Acknowledgements

Fiir mich war die Zeit des PhDs eine spannende, pragende und herausfordernde Zeit, voll von
neuen FErkenntnissen. Gerade in herausfordernden Phasen war es flir mich als junge
Wissenschaftlerin sehr wichtig, gut betreut zu sein: Rat einholen zu konnen, aus Fehlern lernen
zu diirfen und gelegentlich auch motiviert zu werden. Ich hatte das groB3e Gliick, von gleich
zwei Mentor*innen betreut worden zu sein, denen die Forderung von jungen

Wissenschaftler*innen sehr wichtig ist.

Zundchst mochte ich mich bei meiner Betreuerin und  Erstgutachterin
PD Dr. rer. nat. Nina Graffmann bedanken. Fiir dein Training der Labortechniken und
experimenteller Planung, Schreibarbeiten und beim Publizieren. Dein Feedback, das immer
schnell, detailliert und konstruktiv war, war immer sehr wertvoll. Deine wertschitzende
Kommunikation und deine Unterstiitzung in Bezug auf meine wissenschaftliche Lautbahn
waren nicht nur eine Bereicherung fiir die Zeit des PhDs, sondern werden mich auch weiterhin

begleiten. Vielen lieben Dank dafiir!

I would also like to express my gratitude to my supervisor and mentor Prof. Dr. James Adjaye.
Thank you for your open-door policy, and taking the time, for your encouragement and your
dedicated support. Especially when the project didn’t go smoothly, you always had constructive
advice. Throughout, you thoughtfully and kindly supported my studies and career path.
Thank you very much for that!

Ich mochte mich auBBerdem bei meiner Zweitgutachterin Prof. Dr. Henrike Heise bedanken fiir
die Begutachtung dieser Dissertation. Weiterhin mdchte ich mich bei Dr. Stephanie Simon fiir
ihre Ratschldge und die Moglichkeit, Einsicht in die industrielle Forschung zu erlangen,

bedanken.

Ich danke allen aktuellen und ehemaligen Institutsmitgliedern, die eine tolle Arbeitsatmosphére
geschaffen haben. Danke fiir die kurzen Dienstwege, die schonen Mittagspausen und die gute
Zusammenarbeit. Es war mir immer eine Freude, an das Institut zu kommen. Besonders
bedanken mochte ich mich bei denen, die das Labor zusammenhalten und ihre jahrelange

Erfahrung mit uns geteilt haben: Martina Bohndorf und Silke Wehrmeyer. Vielen Dank fiir

v



euren wichtigen Beitrag, eure aufmunternden Worte, eure Motivation und eure allgegenwartige

Hilfe im gesamten Institut!

Biologie ist ein kompliziertes Fach und ich bin sehr dankbar, dass manche von den tollen
Kolleg*innen zu Freund*innen geworden sind. In zehrenden wie auch in entspannteren Zeiten
haben wir zusammen auf Ergebnisse gehofft und uns gegenseitig angefeuert. Vielen lieben
Dank Lisa, Abida, Vanessa und Alessia fiir all den Spal, eure Aufmunterungen und euer

Verstindnis — ich weil} es zu schatzen!

Ich bin dankbar fiir mein ultimatives Unterstiitzerteam, meine Eltern Ulli und Uwe Lorch,
meine Schwester Stefanie und meinen Partner Dominik Klang. Thr habt die schwierigen Zeiten
sehr nah miterlebt und mich immer wieder aufgemuntert und motiviert. Ich bin auflerdem
dankbar fiir meine Freund*innen, die nichts mit Biologie zu tun haben. Ihr habt mich immer
daran erinnert, das Labor auch mal im Labor bleiben zu lassen. Trotz all eurer Anfeuerungen
ist mir in den letzten 4,5 Jahren einmal mehr bewusst geworden, was wirklich zdhlt.

Thr habt mein Herz!



Abstract

Liver diseases contribute extensively to the global health burden. Multifactorial and monogenic
liver diseases such as metabolism dysfunction-associated fatty liver disease (MAFLD) and
alphai-antitrypsin deficiency (AATD) can cause liver fibrosis, cirrhosis and hepatocellular
carcinoma. Despite extensive pre-clinical research, progress in understanding liver diseases and
drug development remains limited by the inability of conventional models to adequately
recapitulate physiologically relevant hepatocytes. Hence, the underlying pathomechanisms and
additional driving factors causing the distinct onset and variable symptoms of MAFLD or
AATD remain uncertain. iPSC-derived hepatocyte-like cells (HLCs) can be reproduced
indefinitely while providing the genetic background of interest. In the first study, urine-derived
somatic cells from adult and pediatric AATD patients carrying the most severe genotype were
successfully reprogrammed into iPSCs, providing a platform to help close the knowledge gap
regarding AATD onset in children. To overcome the well-known limitation of restricted
maturation and functionality of HLCs, several aspects of an established protocol were re-
evaluated and optimized in the second study. A key finding of this study was that forskolin
induced the expression of farnesoid X receptor, an essential regulator of hepatic functions
in vivo. Forskolin significantly enhanced hepatic gene and protein expression as well as the
inducibility and activity of the cytochrome P450 3A4, a clinically relevant metabolizer of
xenobiotics. The establishment of this optimized, time- and cost-efficient differentiation
protocol contributes to the scientific understanding of hepatic differentiation and provides
relevant platforms for liver disease modeling and toxicological assessment of liver safety. In
the third study, MAFLD was modeled in functional HLCs, derived from diseased and healthy
individuals, by induction of intrahepatic lipid accumulation (steatosis) for seven days. Steatotic
HLCs successfully recapitulated relevant hits on the progressive axis from steatosis to
steatohepatitis. Dysregulation of genes involved in AMP activated protein kinase (AMPK)- and
peroxisome proliferator-activated receptor (PPAR)-signaling as well as insulin resistance and
glutathione metabolism indicated metabolic alterations and cell stress. Furthermore,
inflammatory signaling was detected by elevated expression of genes involved in NFkB-, TNF-
, and cytokine-cytokine signaling pathways. Key findings included the elevated secretion of
dipeptidyl peptidase 4 (DPP4) and corresponding activity upon steatosis. DPP4 is a
ubiquitously expressed protease, involved in a plethora of inflammatory and metabolic
pathways and is associated with MAFLD, however its concrete role in steatotic hepatocytes

remains elusive. Inhibition of DPP4 resulted in the downregulation of inflammatory pathways
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such as inflammatory bowel disease and type 1 diabetes mellitus. Simultaneously, expression
of genes involved in metabolism associated pathways were upregulated. The presented study is
the first in this format and confirms pre- and clinical data, proposing a modulating role of DPP4
at the interface between metabolism and inflammation. The novel perspective based on a
relevant human in vitro hepatic steatosis model reveals potential pathomechanisms of the

hepatocyte-specific contribution mediated by hepatic DPP4 activity in the context of MAFLD.
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Zusammenfassung

Die globale Gesundheitsbelastung durch Lebererkrankungen steigt durch die drastisch
steigende Privalenz der multifaktoriell-bedingten metabolischen Dysfunktion-assoziierten
Fettleber (MAFLD) stark an. Jedoch nicht nur MAFLD, sondern ebenfalls monogene
Erkrankungen wie die Alphai-Antitrypsin-Defizienz konnen Leberfibrosen, lebensbedrohliche
Leberzirrthosen und hepatozelluldre Karzinome auslosen. Trotz umfangreicher préklinischer
invitro und in vivo Studien, sind die zugrundeliegenden Pathomechanismen beider
Erkrankungen nicht vollstindig bekannt und die hochst unterschiedlichen Symptome und
Verlaufe erschweren die Entwicklung von Medikamenten.

Lebermodelle basierend auf Nagern, Primirzellen oder immortalisierten Zelllinien kénnen
natiirliche Hepatozyten nur begrenzt widerspiegeln und limitieren dadurch die Translation von
Ergebnissen aus dem Labor in klinische Studien. Patientenbasierte induzierte pluripotente
Stammzellen (iPSCs) und differenzierte Hepatozyten-dhnliche Zellen (HLCs) bieten hier zwei
Vorteile: Sie sind unbegrenzt reproduzierbar, wihrend sie einen gesunden oder
patientenspezifischen genetischen Hintergrund aufweisen.

In der ersten Studie wurden somatische Zellen von adulten und padiatrischen AATD-Patienten
aus Urin gewonnen und erfolgreich zu iPSCs reprogrammiert. Besonders iPSCs von
padiatrischen Patienten bieten eine wichtige Plattform, um den aktuell eingeschriankten
Kenntnisstand iiber Ausbruch und Verlauf der AATD-Erkrankung bei Kindern zu erweitern.
Eine Limitation der Nutzung von iPSCs fiir die Modellierung von Lebererkrankungen ist jedoch
die begrenzte Reife von differenzierten HLCs. In der zweiten Studie wurde ein etabliertes
Differenzierungsprotokoll evaluiert und optimiert, um die Reife der HLCs zu erhdhen. Eine
zentrale Erkenntnis dieser Analyse war, dass Forskolin, ein Aktivator von zyklischem AMP
(cAMP), die Expression des Farnesoid-X-Rezeptors (FXR) induzierte. Dieser Kernrezeptor
wird natiirlicherweise von Gallensédure aktiviert und ist essenziell fiir hepatische Funktionen.
Hepatische Gen- und Proteinexpression sowie die Induzierbarkeit und Aktivitit von
Cytochrom P450 3A4 wurden signifikant erhoht. Dieses optimierte, zeit- und kosteneffiziente
Differenzierungsprotokoll trdgt somit nicht nur zum aktuellen Wissensstand der HLC-
Differenzierung bei, sondern bietet dariiber hinaus eine Plattform fiir hepatozytenspezifische
Studien. In der dritten Studie wurde der hepatozytenspezifische Beitrag zum Verlauf von
MAFLD untersucht. Funktionale HLCs von vier Individuen wurden mithilfe des optimierten
Protokolls generiert und intrahepatische Fetteinlagerung (Steatose) induziert. Die globale

Transkriptionsanalyse zeigte, dass steatoseinduzierte HLCs erfolgreich relevante Schritte des
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Erkrankungsverlaufs reproduzierten. Die Dysregulierung von Genen, die in AMPK- und
PPAR-Signalwegen involviert sind, sowie die Hochregulierung von Genen, die an Insulin
Resistenz  und Glutathion-Stoffwechsel beteiligt sind, deuteten auf metabolische
Veranderungen und Zellstress hin. Weiterhin waren Gene, die an NFkB-, TNF- sowie Zytokin-
Zytokin-Signalwegen beteiligt sind, hochreguliert, welche einen Fortschritt der Erkrankung zu
Steatohepatitis andeuteten. Eine weitere zentrale Erkenntnis war die Steatose-induzierte
Sekretion und Aktivitdt von hepatischer Dipeptidyl Peptidase 4 (DPP4). DPP4 ist ein ubiquitér
vorkommender Regulator von Stoffwechsel und Entziindungsreaktionen und bekannterweise
im Blutplasma von MAFLD-Patienten erhoht. Der konkrete Ursprung und Mechanismus von
DPP4 ist jedoch bislang unbekannt. Inhibierung von DPP4-Aktivitét fiihrte zu einer Reduktion
der Expression von Genen involviert in entziindungsassoziierte Signalwege, wie zum Beispiel
die chronisch-entziindliche Darmerkrankung und Typ-1 Diabetes mellitus. Hingegen waren
stoffwechselassoziierte Signalwege wie Lipidbiosynthese und Purinstoffwechsel hochreguliert.
Die vorgelegte Studie ist die erste in diesem Format und bestétigt die Assoziationen von DPP4
und MAFLD aus anderen prd- und klinischen Studien in einem relevanten humanen
Steatosis hepatis Modell. Diese neue Perspektive beleuchtet die steatoseinduzierte,
hepatozytenspezifische DPP4-Aktivitidt und suggeriert eine modulatorische Rolle im Kontext
des Verlaufs von MAFLD.
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1. Introduction

1.1. Stem cells

Stem cells are defined as undifferentiated cells, capable to either self-renew or differentiate into
a specific cell type (Till & McCulloch, 1961). One of the first observations of cells that possess
these abilities were made in transplantable ovarian tumors in mice by Jackson and Brues in
1941 (Jackson & Brues, 1941). They observed a variety of well-differentiated tissues next to
rapidly dividing embryonal cells which seemed to either mature to specialized cells or retain
the ability to grow indefinitely (Jackson & Brues, 1941). Early studies have already mentioned
the term pluripotent, as a spontaneous and wide-range differentiation potential seen in ovarian
cancers in mice (Stevens & Little, 1954). Yet, the concept of categorizing the differentiation
potential of distinct stem cell populations was recognized during studies of hematopoietic stem
cells (Metcalf, 1974; Till & McCulloch, 1961).

During mammalian embryonic development, totipotent cells include the diploid zygote, and
cells resulting from zygote cleavage (Zakrzewski et al., 2019). The morula is a 16plus cell state,
consisting of totipotent cells, enveloped in extracellular matrix (Zakrzewski et al., 2019). Upon
further cell division, on day 5 - 6 of human embryonic development, the blastocyst derives. It
consists of trophectodermal cells, representing the outer cell mass and pluripotent embryonic
stem cells (ESCs), representing the inner cell mass (Figure 1). Trophectodermal cells derive the
extraembryonic tissue, while ESCs undergo gastrulation. Upon gastrulation the three germ
layers ectoderm, mesoderm and endoderm are established, generating all cell types of the
embryo (Thomson et al., 1998). Isolation and cultivation of mouse ESCs from the inner
blastocyst were performed by Evans and Kaufman in 1981 for the first time (Evans & Kaufman,
1981). They proved that pluripotent stem cells could be cultured in vitro while keeping the
potency to differentiate and self-renew (Evans & Kaufman, 1981; Martin & Evans, 1975). Less
than 20 years later, the first isolation of human ESCs by Thomson et al. in 1998 marked a
milestone for developmental research and launched the field of regenerative medicine

(Thomson et al., 1998).

In comparison to ESCs, adult stem cells (ASCs) reside in the postnatal human body in

specialized stem cell niches, to regenerate tissues over the entire lifespan (Figure 1)
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(Chowdhury & Ghosh, 2021). The first observation of adult stem cells was made by James A.
Till and Ernest A. McCulloch in 1961 in the bone marrow of mice (Till & McCulloch, 1961).
They discovered hematopoietic stem cells (HSCs) and defined the term of ‘multipotency’ as
the potential to produce cell progeny of different lineages (Till & McCulloch, 1961). An
example of such a stem cell niche is the bone marrow which represents a finely orchestrated
3D microenvironment for the HSCs (Chowdhury & Ghosh, 2021). Mesenchymal stem/stromal
cells (MSCs) are another example for multipotent stem cells, however they reside in several
tissues, giving rise to different cell lineages such as adipocytes, osteocytes and chondrocytes,
among others (Tonk et al., 2020). The physical, chemical and biochemical cues such as
mechanical forces from the extracellular matrix (ECM), oxygen concentration and pH, as well
as signals from the surrounding cells control stem cell self-renewal, differentiation and
migration (Chowdhury & Ghosh, 2021; Huang et al., 2024). HSCs can differentiate into
lymphoid and myeloid cell lineage progenitors (LPCs and MPCs), regenerating the entire blood
system (Yusoff et al., 2025). LPCs and MPCs are oligopotent stem cells and give rise to
different cell types of each cell lineage, while unipotent stem cells such as epidermal stem cells
are only capable of regenerating the same cell type (Chowdhury & Ghosh, 2021; Zakrzewski

et al., 2019). A brief schematic of the differentiation potencies is provided in Figure 1.

zygote blastocyst ESCs/iPSCs somatic cells ASCs

totipotent pluripotent  0CT3/4, SOX2, KLF4, multipotent
P c-MYC, NANOG, LIN28

( varecs ) - stem cell niche e HSCs

- /_/ l \reprogramming ! LPCs @ MPCs

ectoderm mesoderm endoderm P o/xgopotenf
- . | ® O é

) | | unipotent
e - ‘ EWEE

Figure 1 Schematic of stem cells and differentiation capacities.'

The zygote displays a totipotent cell, developing into the blastocyst which contains the outer cell mass
building extraembryonic tissue and the inner cell mass consisting of pluripotent embryonic stem cells
(ESCs). ESCs are capable to differentiate to all cells of the three germ layers ectoderm, mesoderm and
endoderm, building the human embryo. Somatic human cells of different sources can be reprogrammed,

exemplarily urine derived remnal progenitor cells are shown (UdRPCs). By episomal-based

! Created in BioRender. (2025) https:// BioRender.com/40phe6f
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overexpression of the Yamanaka and Thomson factors OCT3/4, SOX2, KLF4, c-MYC, NANOG and
LIN2S they are reprogrammed to induced pluripotent stem cells (iPSCs). Adult stem cells (ASCs) remain
in stem cell niches of the adult human body. Exemplarily, multipotent hematopoietic stem cells (HSCs)
are shown, capable to differentiate to distinct cell lineages displayed in lymphoid progenitor cells
(LPCs) and myeloid progenitor cells (MPCs). LPCs and MPCs can self-renew and differentiate to
distinct cell types of the respective cell lineage. Cells of each lineage are unipotent, capable to restore

one specific cell type.

1.2. Induced pluripotent stem cells (iPSCs)

Human ESCs, isolated from donated embryos, provide insightful knowledge for the study of
developmental processes and disease mechanisms. However, especially in Germany, the use of
human embryos opened up ethical debates as the embryo’s life needs to be terminated for ESC
isolation (Tuffs, 2001; Vazin & Freed, 2010). The potential of reprogramming terminally
differentiated cells to an unspecialized stage was first published by Gurdon et al. in 1958. They
observed that a somatic nucleus, transferred into an enucleated frog oocyte could develop into
a normal tadpole (Gurdon et al., 1958). The results implied firstly, that somatic frog nuclei
possess the complete genetic information to develop a normal tadpole (Gurdon et al., 1958).
Secondly, the environmental factors of an oocyte are able to reprogram these to an embryonic-
like state (Gurdon et al., 1958). In 2006, Yamanaka and his colleagues narrowed down five
reprogramming factors, namely octamer binding transcription factor 3/4 (OCT3/4), SRY-box
transcription factor 2 (SOX2), kriippel-like factor 4 (KLF4), nanog homeobox (NANOG) and
myc proto-oncogene protein (c-MYC) which reprogrammed murine somatic cells into
‘induced’ pluripotent stem cells (iPSCs) (Takahashi & Yamanaka, 2006). In 2007, Yamanaka
and Thomson independently proved that it is possible to also reprogram human somatic cells to
iPSCs by combination of OCT3/4, SOX2, KLF4, NANOG and either ¢c-MYC or lin-28
homologous (LIN28) (Takahashi et al., 2007; Yu et al., 2007). Gurdon and Yamanaka enabled
the study of early developmental processes without ethical concerns and their seminal
discoveries were rewarded with the Nobel prize in 2012 (Karagiannis et al., 2019; Nobel

Assembly at Karolinska Insitutet, 2012).

The generation of iPSCs from somatic cells was established by retroviral overexpression of the
pluripotency factors (Takahashi et al., 2007; Yu et al., 2007). However, the integration of the
DNA results in genetically modified cells and might induce tumorigenic mutations, which
restrict their clinical application. Furthermore, such tumorigenic mutations can further restrict

the functionality of reprogrammed cells. There are several approaches to overcome these
7



limitations by reprogramming footprint free. Overexpression of the transcription factors
through mRNA, Sendai virus or episomal-based are non-integrating methods (Schlaeger et al.,
2015). Episomal-based reprogramming is highly reliable and specifically efficient when
combined with small molecules (Yu et al., 2011). The possibility to reprogram any somatic cell
into an iPSC has enabled unprecedented opportunities for developmental studies and disease
modeling. Since the first attempts, various reprogramming protocols and commercial iPS cell
lines were established. Despite differences in the reprogramming efficiencies and durations,
which are method- and vector-dependent, today iPSCs are a relatively easy-to-use platform to
study almost any cell type of the human body (Schlaeger et al., 2015). Nevertheless, several
factors can affect the reprogramming efficiency and differentiation success. The source cell
type, its exposure to environmental hazards, the method of reprogramming, and incomplete
erasure of the source cells’ epigenetic memory can interfere with reprogramming and

differentiation (Yu & Thomson, 2014).

In order to maintain the pluripotent state of reprogrammed cells, the transforming growth
factor B (TGFP) pathway, downstream of fibroblast growth factor 2 (FGF2) signaling, plays an
essential role. If the TGFf/activin/nodal signaling branch is activated, suppressor of mothers
against decapentaplegic (SMAD) 2/3/4 translocate to the nucleus and promote the expression
of OCT3/4, which positively regulates downstream expression of stem cell regulators like
NANOG and SOX2 (Babaie et al., 2007; Greber et al., 2007). On the other hand, the bone
morphogenic protein (BMP) induced branch of the TGFf3 pathway has to be suppressed, since
SMAD1/5/8 induce differentiation of iPSCs (Greber et al., 2007). The fundamental studies on
the mechanisms underlying pluripotency are the basis for the efficient reprogramming and

cultivation of iPSCs.

The possibility to recreate the genetic background of healthy and diseased individuals in iPSCs
is particularly advantageous. Immortalized or tumor-derived cell lines, such as HepG2, Huh-7
or HepB3 cells have acquired mutations and karyotypic abnormalities and can only limitedly
mimic physiological functions (Kasai et al., 2018; Simon et al., 1982). The unlimited
proliferation of iPSCs is furthermore advantageous in comparison to primary cell cultures,
which tend to show senescence, loss of function and dedifferentiation upon cultivation in vitro
(Godoy et al., 2016; Kim, 1973; Striedter, 2022). However, iPSC culture basics such as media,
coating matrices and their differentiation are costly, compared to tumor-derived cell line

culture, and can pose difficulties. Additionally, because of the individual genetic background
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of' each iPS cell line it is important to include several iPS cell lines to enhance the reproducibility

and significance of produced data (Volpato & Webber, 2020).

1.2.1. Urine-derived cells as a source for iPSCs

Urine provides a non-invasive, mostly age- and disease- independent and easily accessible
source of cells. Humans shed approximately 6x10* living and dead cells per day within the
urine, consisting of different cell types (Lang et al., 2013). A fraction of this mixture of cells is
rice-grain shaped and able to grow on a plastic surface. Because these cells exhibit renal
progenitor properties like sine oculis homeobox homolog 2 (SIX2) and Wilms tumor protein 1
(WT1) expression, additionally to stem cell marker expression such as stage specific embryonic
antigen 4 (SSEA4), T cell receptor alpha locus (TRA) -1-60 and TRA-1-81, they are designated
urine-derived renal progenitor cells (UdRPCs) (Rahman et al., 2020). Besides their feasible
acquisition, UdRPCs show higher reprogramming efficiencies for non-integrative
reprogramming methods, compared to terminally differentiated fibroblasts. This might be due
to their progenitor cell or mesenchymal stem/stromal cell (MSC) identity, which is discussed
within the field (Benda et al., 2013; Y. Z. Huang et al., 2022; Rahman et al., 2020). By episomal
expression of the Yamanaka and Thomson transcription factors OCT3/4, NANOG, KLF4, c-
MYC and LIN28 in UdRPCs with or without inhibition of TGFf, mitogen-activated protein
kinase kinase (MEK) and glycogen synthase kinase 38 (GSK3p), iPSCs can be generated
integration-free within weeks (Bohndorf et al., 2017; Yu et al., 2011). Their accessibility,
relatively low exposure to environmental hazards, and their reprogramming efficiency make
them an efficient resource to receive patient-derived iPSCs for differentiation to organ-specific
cells. By registering a patient-derived reprogrammed hPSC line, this enables other scientists to
use the cell line for their respective studies (hPSCreg — The Human Pluripotent Stem Cell
Registry, 2025).

1.2.2. Application of iPSCs

Since the discovery of the reprogramming factors almost two decades ago, research in the field
has provided an extensive portfolio of protocols for reprogramming somatic cells into iPSCs.
It seems that all cells of the human body, independent of their differentiation status, can be
reprogrammed to iPSCs (Cerneckis et al., 2024; Karagiannis et al., 2019). Multipotent
hematopoietic stem cells, UIRPCs as well as terminally differentiated T-cells have been

reprogrammed successfully (Bohndorf et al., 2017; Loh et al., 2009; Seki et al., 2010). A far-



reaching implementation of the iPSC technology is gene editing to study disease mechanisms.
An example is the clustered regularly interspaced short palindromic repeats associated protein 9
(CRISPR/Cas9) system. The technology is based on the Cas9 enzyme, which is directed to a
specific DNA sequence by a guide RNA and introduces a double-strand break (DSB). The
endogenous DNA DSB repair mechanism will introduce random sequence deletions or
insertions to knock out the gene (Xue & Greene, 2021). A repair template harboring the desired
gene mutation ensures the implementation of the genetic variant of interest (Xue & Greene,
2021). Gene editing approaches for iPSCs promote the generation of isogenic cell lines
harboring the corrected or disease-relevant mutation within the individual genetic background.
Upon differentiation, the cell type specific effect of the genetic variant can be studied to
understand its contribution to the disease development (Reinhardt et al., 2013; Schwank et al.,
2013). The individual genetic background is essential for the study of disease mechanisms,

especially considering complex phenotypes caused by the interplay of different genetic variants.

This is specifically interesting for the study of human diseases which are not easily reproduced
in other models. For example, rodent models have been used extensively to study liver fibrosis,
however due to metabolic differences, inbred mice do not naturally develop liver fibrosis upon
a high-fat/glucose diet (Febbraio et al., 2019; Vacca et al., 2024). This also accounts for genetic
variants, which do not naturally occur in rodents, as the monogenic disease alpha;-antitrypsin
deficiency (AATD). The human genetic variant within the SERPINAI locus, has to be
artificially introduced (Carlson et al., 1989; Sifers et al., 1987). This artificial induction of the
disease phenotype potentially accounts for the poor transferability of results from animal-
studies to humans (Marshall et al., 2023). With human iPSCs based on patients of respective
diseases, the cell type specific pathomechanisms and additional driving factors deriving from

the genetic background can be analyzed.

Beyond disease modeling, iPSC-derived cells, for example cardiomyocytes, can be applied in
toxicological studies to limit animal studies and enhance the relevance of generated data in
comparison to data established from immortalized cell lines (C. Y. Huang et al., 2022). Thereby
iPSCs can contribute to the 3R-principle, published by Russel and Burch in 1960 (Karagiannis
et al., 2019; O'Connor, 2013; W. M. S. Russell, 1960). The 3R-Principle stands for
Replacement and Reduction of animal experiments and the Refinement of animal handling to

reduce animal suffering to an absolute minimum, displaying the basis for animal experiment
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policies (Burch 1959). iPSCs also offer the possibility to test drug toxicity in a population-
based, or personal manner (C. Y. Huang et al., 2022; Paik et al., 2020).

Besides in vitro applications of iPSCs, several clinical studies are ongoing, focusing on the use
of autologous iPSC-derived cell products to treat diseases (Kobold et al., 2020). There are
several successful case reports, such as the transplantation of iPSC-derived retinal epithelial
sheets, cardiomyocytes or dopaminergic neurons to treat macular degeneration,
cardiomyopathy or Parkinson’s disease, respectively (Araki et al., 2019; Miyagawa et al., 2022;
Schweitzer et al., 2020). In 2024, the first treatment of type-1-diabetes mellitus (T1DM) showed
promising results and clinical trials are ongoing to decipher autologous iPSC-treatment for
several diseases (Kirkeby et al., 2025; Wang et al., 2024). However, providing autologous cell
therapy is extremely time- and cost-intensive.

More efficient might be the use of allogenic iPSCs or derived cell products, albeit the hosts
immune response to foreign donor cells can cause rejection. Human leukocyte antigen (HLA)-
homozygous iPSC-banks are a future direction, to provide recipients with HLA-matching donor
cells, when a transplantation is needed (Escriba et al., 2024). However, the extensive
geographical distribution of HLA frequencies makes cross-border iPSC banks difficult and
requires national iPSC banks to cover the respective populations (Arrieta-Bolafios et al., 2023;
Kuebler et al., 2023; Yoshida et al., 2023). In summary, the application of iPSCs and iPSC-

derived cell products offers great potential for the treatment of diseases in the future.

Albeit the steady progression of iPSC application, there are still challenges in the field, such as
the differentiation efficiency. Not only for clinical approaches, but also for disease modeling
and drug testing, the differentiated cells need to show all features of the desired cell type.
Although differentiation protocols are established for a plethora of organ-specific cell types,
1PSC-derived tissue-specific cells lack maturity and resemble rather a fetal state (Cerneckis et
al., 2024; Karagiannis et al., 2019). Different approaches have been developed to enhance
maturation, but these are inherently more complex and costly, which limits their applicability.
This indicates the necessity for further research, to provide useful and relevant iPSC-derived
models. Because of genetic background of iPSCs, their use harbors the risk of bias caused by
donor-to-donor variability. Thus, it is indispensable to include iPSCs from several donors to
obtain relevant and reproducible data. Global human pluripotent stem cell (hPSC) registries
facilitate the exchange of genetically integer and pluripotent cell lines between scientists

(Seltmann et al., 2015).
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1.3. The liver

The liver is a highly functional and complex gatekeeper of the human body, processing blood
from the gastrointestinal (GI-) tract, pancreas and spleen, providing macronutrient homeostasis,
production of bile and hormones, as well as xenobiotic metabolism (Trefts et al., 2017). In order
to perform these energy demanding tasks, the liver is capable of anabolic and catabolic
macronutrient metabolism. Glucose is degraded for glycolysis, stored as glycogen, or
assembled upon fasting via the gluconeogenic pathway (Han et al., 2016). Fatty acids are built
upon excess glucose and oxidized upon fasting to produce energy. Furthermore, fatty acids are
assembled to triacylglycerol (TG) and stored or exported to adipose tissue (Chiang, 2014).
Finally, the liver builds the majority of plasma proteins and processes amino acids for
gluconeogenesis, or energy production, deamination and waste disposal of nitrogen via the urea

metabolism (Charlton, 1996; Paulusma et al., 2022).

1.3.1. Microstructure of the liver

Additionally to macronutrient metabolism, hepatocytes produce bile and hormones and perform
xenobiotic clearance, to ensure blood homeostasis. To perform these numerous functions, they
are supported by four other cell types and organized in functional units called liver lobules. In
Figure 2, a schematic of the liver lobule organization is given. At the outer rim of each liver
lobule, blood and bile vessels build portal triads, additionally to the central vein, localized in
the center. Oxygen- and nutrient-rich blood enters the liver lobule and travels from the portal
triad through the sinusoids towards the central vein. Specialized endothelial cells with big
fenestrae and no subendothelial matrix line the sinusoids and are called liver sinusoidal
endothelial cells (LSECs) (Kanel, 2009; Wisse, 1970). LSECs ensure complete submergence
of the hepatic basolateral membranes in blood plasma to allow blood processing before draining
through the central vein back into circulation (Trefts et al., 2017). On the apical side,
hepatocytes produce bile, which is drained through the bile canaliculi towards the bile duct in
the opposite direction (Kanel, 2009). The bile ducts are lined with heterogenous epithelial
cholangiocytes which perform secretory and absorptive functions to modify the produced bile
for further transport (Tabibian et al., 2013). Kupffer cells are sinusoidal resident macrophages
adherent to the LSECs, clearing pathogens, antigens, dead or dying cells and other waste
products by mononuclear phagocytotic mechanisms (Nguyen-Lefebvre & Horuzsko, 2015).
Furthermore, they are tolerogenic, keeping immune homeostasis (Nguyen-Lefebvre &

Horuzsko, 2015). Hepatic stellate cells (SCs) are found in the space of Disse between the
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LSECs and the hepatocytes. During physiological conditions, SCs remain inactive, storing
retinoids and possibly functioning as liver-specific pericytes. Furthermore, SCs are known for
their fibrogenic potential upon activation, however also their regenerative potential has been

discussed (Friedman, 2008; Kordes et al., 2013; Kordes et al., 2014).

1.3.2. Hepatic zonation

The diverse hepatic functions are organized throughout each liver lobule. Wnt- and Hedgehog
(Hh)-signaling are key regulators of hepatic zonation, dominating distinct lobular regions and
suppressing each other (Benhamouche et al., 2006; Kolbe et al., 2019). Hh-signaling regulates,
among others, protein and cholesterol synthesis, and fatty acid metabolism (Dutta et al., 2023).
In comparison; Wnt dependent [B-catenin mediates xenobiotic metabolism, bile and fatty acid
synthesis (Goel et al., 2022). Finely orchestrated gradients of oxygen, nutrients, and hormones
are additional important determinants of hepatic functions (Chiang, 2014).

Higher levels of oxygen and Hh-signaling determine the periportal zone (zone I) around the
portal triad. The mid-lobular zone (zone II) displays an unspecialized transit zone between
zone I and zone 11, the pericentral zone. In the pericentral zone, located around the central vein,
higher levels of Wnt-signaling are found (Benhamouche et al., 2006; Kolbe et al., 2019). Figure
2 provides an overview of the main functions segregated throughout the zones of the liver
lobule. Energy-demanding tasks such as B-oxidation of fatty acids (FAs), gluconeogenesis,
cholesterol and urea synthesis are mainly performed by periportal hepatocytes (Martini et al.,
2023; Trefts et al., 2017). In comparison, pericentral hepatocytes use the synthesized cholesterol
for bile production, perform xenobiotic metabolism, synthesize triglycerides from FAs or
recycle waste products to keep the acid/base equilibrium (Martini et al., 2023; Panday et al.,
2022; Trefts et al., 2017). Hepatocytes of zone II seem to display an intermediate phenotype,
as they are capable to take over functions of zone I or III if needed (Martini et al., 2023).
Besides spatial compartmentalization also temporal and circadian stimuli influence the hepatic
functional activities (Reinke & Asher, 2016). As indicated, the tightly orchestrated
spatiotemporal regulation of the diverse hepatic functions is complex, and pathologies inflicting
with homeostasis of lobule zonation result in serious consequences for liver function (Martini
et al., 2023). Dysregulation of Hh-signaling, for example, can induce hepatic steatosis, and
aberrant activation of Hh and Wnt-signaling are associated with hepatocellular carcinoma

(HCC) (Dutta et al., 2023; Zhao et al., 2024).
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Figure 2 Schematic of the liver lobule.”

Indicated are the different cell types, the flow of blood and bile and the zone-specific functions. Arterial
blood from the lung and venous blood from the gastrointestinal tract flow through sinusoids towards
the central vein to re-enter the circulation. Liver sinusoidal endothelial cells (LSECs) with big fenestrae
line the sinusoids and provide submergence of hepatocytes in blood plasma on the basal side. Liver
resident LSECs associated macrophages (Kupffer cells) clear pathogens, antigens, dead or dying cells.
In the space of Disse, between LSECs and hepatocytes, stellate cells (SCs) reside. On the apical side,
hepatocytes build the bile canaliculi, which drain produced bile into bile ducts, lined by cholangiocytes

2 Created in BioRender. (2025) https://BioRender.com/0x5pnd9
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for transport to the gall bladder. The concentration gradients Hedgehog (Hh) and Wnt/f-catenin
signaling, oxygen and nutrients determine the zonation of hepatocytes, promoting [f-oxidation,
gluconeogenesis, cholesterol and urea synthesis in the periportal zone I. In the pericentral zone 11,
xenobiotic metabolism, lipogenesis and bile production take place. The intermediate zone Il connects

zone I and zone I1I.

1.3.3. Embryonic development of the liver

During gastrulation, definitive endoderm is induced by a complex array of extracellular signals,
released in a spatiotemporal manner, including high levels of activin A and Wnt/p-catenin
signaling (Sumi et al., 2008; Trefts et al., 2017). From the definitive primitive gut tube, liver
budding is initiated by FGF signaling from the cardiac mesoderm and BMP signaling from
septum transversum, respectively (Lemaigre, 2007; Sumi et al., 2008; Trefts et al., 2017).
Hepatoblast invasion and liver bud expansion is regulated by external signals including FGF,
BMP, hepatocyte growth factor (HGF), tumor necrosis factor (TNF) and Wnt; secreted from
neighboring mesenchymal and endothelial cells (Lammert et al., 2003; Lemaigre, 2007). The
complex orchestration of external signals stimulates the expression of endogenous signals
regulating apoptosis, proliferation and cell adhesion of the bipotent hepatoblasts (Tachmatzidi
etal., 2021).

The exact mechanism of the cell fate decision towards hepatocyte or cholangiocyte remains
elusive, however spatiotemporal gradients of multiple classical signaling cascades such as Wnt,
TGFp, yes-associated protein (YAP) / hippo- and notch-signaling seem to be essential (Sahoo
2022, boulter 2013, Zong 2009 and Yimlamai 2014). Indeed, during fetal development,
hepatocytes and cholangiocytes share expression of transcription factors like hepatocyte
nuclear factor (HNF) 3a/B and HNF6 (Limaye et al., 2008). However, in normal adult liver,
HNF4a, HNF6 and hepatocyte specific antigen (Hep-Parl) are expressed exclusively in
hepatocytes, while HNF1B, HNF3a/p and cytokeratin (CK) 19 are only expressed in
cholangiocytes (Limaye et al., 2008). Furthermore, recent findings indicate, that increased gene
levels of CCAAT enhancer binding protein oo (CEBP ) and inhibited gene expression of SRY
box transcription factor 9 (SOX9) and TGFp receptor 2 (TGFpR2) are deterministic for
hepatocyte fate along the TGF signaling axis (Sahoo et al., 2022). After cell fate decision,
hepatocytes mature their functions dependent on their organization within the liver lobule (as

described in detail in sections 1.3.1 and 1.3.2).
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1.3.4. Invitro differentiation of iPSCs to hepatocyte-like cells

Various protocols have been established to differentiate ESCs or iPSCs towards hepatocyte-
like cells (HLCs) in vitro (Jozefczuk et al., 2011). The initial protocols, developed beginning in
2008, form the foundation; and the majority of current protocols are based on their findings
(Agarwal et al., 2008; Cai et al., 2007; Hay et al., 2008b; Touboul et al., 2010). While in vivo
the complex interplay of signaling cascades is orchestrated by finely tuned gradients of signals,
in vitro three to four main differentiation steps are induced. A brief overview on one of the main
differentiation approaches by chemical induction is given in Figure 3A. Definitive endoderm
(DE) differentiation can be initiated by the induction of Wnt- and activin/nodal-signaling. This
is achieved either by direct or indirect induction of the canonical Wnt pathway. Wnt3A is a
direct inducer of the pathway, while CHIR99021 (CHIR) prevents GSK3-dependent
degradation of -catenin and thereby induces Wnt indirectly (Hay et al., 2008a; MacDonald et
al., 2009). Supplementation of a plain basal medium such as Roswell Park Memorial Institute
Medium (RPMI) with CHIR or Wnt3A and activin A, a member of the TGFf3 superfamily, for
the first three days induces DE cells (Graffmann et al., 2022; Hay et al., 2008b; Kubo et al.,
2004). Hepatic endoderm formation can be induced by supplementing low concentrations of
dimethyl sulfoxid (DMSO) to a nutrient depleted medium such as Dulbecco’s modified eagle
medium (DMEM) knockout medium for five days and results in bipotent hepatic endodermal
cells. HLC induction can be performed in Leibovitz 15 (L15) basal medium, supplemented with
HGF, oncostatin M (OSM), dexamethasone (DEX) and insulin (Ins) for approximately 15 days.
The resulting HLCs show, among others, gene and protein expression of albumin (ALB),
HNF4a and alpha;-antitrypsin (AAT), as well as urea secretion, glycogen storage and activity

of cytochrome P450 3A4 (CYP3A4) (Graffmann et al., 2016; Matz et al., 2017).

Although the resulting HLCs show key hepatic marker expression and functionality, the gene
expression levels are significantly lower compared to primary human hepatocytes (PHHs) and
resemble rather a fetal hepatic phenotype (Baxter et al., 2015; Graffmann et al., 2022; Yuan et
al., 2023). This is noticed by high levels of alphafetoprotein (AFP) expression, a fetal version
of ALB. Next to differentiation by chemical induction as described above, it is also possible to
overexpress genes regulating the hepatic development (Figure 3B) (Inamura et al., 2011; Tomaz
et al., 2022). The overexpression of relevant transcription factors—called ‘forward
programming’—seems to generate mature HLCs efficiently and enables transdifferentiation of

somatic cells (Tomaz et al., 2022). Nevertheless, generating genetically modified cell lines is
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time- and cost-intensive, and challenges the use for therapeutic approaches, due to the

integrated DNA and potential off-target effects of, harboring the risk for tumorigenicity.

Besides 2D cell culture, various approaches are used to induce HLC maturation by 3D cell
culture in spheroids, organoids or on tissue engineered scaffolds (Figure 3C-D). Spheroids are
often referred to as single cell type aggregates while organoids typically consist of several cell
types with structural organization. In order to form spheroids or organoids, iPSCs or progenitor
cells are seeded in an environment preventing cellular attachment, resulting in spherical cell
aggregates. As organoids consist of several cell types, this can be achieved by initially seeding
the respective cell types together. Nevertheless, also only seeding iPSCs initially before start of
differentiation will result in cells of different developmental stages within one organoid (Pranty
et al., 2023; Szepanowski et al., 2024). While cell-cell interaction mimics natural development
better, organoids are often referred to as less directed, implying less control of the cells’
development, compared to single-cell type spheroids (Moro et al., 2024). Another approach is
to seed iPSCs or progenitor cells into synthetic or natural scaffolds e.g. electrospun
polycaprolactone or decellularized extracellular matrix or tissue (Cameron et al., 2015; Heydari
et al., 2020; Lu et al., 2013; Weber et al., 2023). Considering multi-cell-type cultures, the cell-
cell interaction of other liver cell types has been shown to advance maturation in multicellular
liver organoids, assembloids or organ on a chip approaches (Andersen et al., 2020; Huh et al.,
2011; Lekkala et al., 2025; Mills & Hudson, 2020; Takebe et al., 2014; Yuan et al., 2023).
Furthermore, the 3D environment provides mechanical forces which mimic the physiological
environment better and enable prolonged cultivation, enhancing the maturation (Rashidi et al.,

2018).

Although these methods provide more complex models which recapitulate the physiological
state of the cells more precisely, a major limitation is the handling. Not only seeding these cells
can be complicated but harvesting the cells from the aggregates for flow cytometric analyses or
immunocytochemistry poses challenges. Furthermore, necrotic cores are often recognized in
spheroids and organoids challenging the isolation of sufficient quantity of high-quality RNA

and protein.

Human HLCs are physiologically relevant tools needed for basic (disease modeling) and
translational (drug development) liver research in line with the 3R-principle (section 1.2.2).

Therefore simple, reproducible, cost- and time-efficient differentiation protocols are needed,
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yielding HLCs which express hepatic genes and proteins and show relevant functionality. In
order to meet these criteria, it is necessary to constantly re-evaluate and optimize established
methods and techniques. Optimized HLC protocols can then further be adapted to provide tools

for the study of liver diseases and development of drugs.
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Figure 3 Brief schematic of different approaches for HLC differentiation.’

(A) Exemplary schematic of a three-step HLC differentiation protocol (Graffmann et al., 2016, Matz et
al., 2017). Chemical induction of definitive endoderm (DE) by treatment with CHIR99021 and activin

3 Created in BioRender. (2025) https:// BioRender.com/8cgruel
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A in the first three days. Hepatic endoderm (HE) is introduced by DMSO treatment for four days and
hepatocyte-like cells (HLCs) are differentiated by addition of hepatocyte growth factor (HGF),
dexamethasone (DEX), oncostatin M (OSM) and insulin (Ins) for 15 days. As indicated, the resulting
HLCs are rather immature/fetal. (B) Forward programming is established by transfection of effective
and inducible hepatic transcription factors. Upon induction for several days in HLC medium, iPSCs
will differentiate to mature HLCs. (C) Spheroid or organoid cell culture can either be induced in the
iPSC-state (upper part) or in the hepatic endoderm state (lower part). Cells are re-seeded from 2D to
3D environment and other cell types such as endothelial and stellate cells (ECs and SCs) as well as
macrophages can be included to result in liver organoids. (D) For tissue engineering approaches, iPSCs
are either seeded directly on scaffolds, (example: electrospun scaffold), hydrogels or embedded in
matrices (example: matrigel droplet) (upper part) or first differentiated to HE cells and then re-seeded
from 2D to 3D (lower part). Pure HLC culture or incorporation of other cell types result either in ‘"HLC

tissues’ or ‘liver tissues’.

1.4. Health burden of liver diseases

Liver diseases are a tremendous global health burden, which has caused 2 million deaths
in 2023, representing the 11" leading cause of death (Devarbhavi et al., 2023). There are several
etiologies causing liver diseases such as infections, auto-immune diseases, inherited genetic
disorders, other co-morbidities as well as the lifestyle. The prevalences of these etiologies vary
from region to region. An example is hepatitis B virus (HBV) infection, which is still the leading
cause for liver mortality in China, India and Nigeria. In Asia, 75% of all liver cancers are caused
by HBV and hepatitis C virus (HCV) infections (Devarbhavi et al., 2023). On the other hand,
genetical disorders such as alpha;-antitrypsin deficiency (AATD) and auto-immune diseases of
the liver are more prominent in the USA, Europe and other high-income countries (de Serres &
Blanco, 2014; Devarbhavi et al., 2023). Reasons are the geographic distribution of genetic
variants, however, potentially also result from better recognition and awareness.

The ‘modern’ lifestyle with inadequate movement and a high-caloric, highly processed diet,
has caused the pandemic of obesity and is responsible for the drastic increase of fatty liver
diseases. Indeed, in the past 30 years the prevalence of non-alcoholic fatty liver disease
(NAFLD) has drastically increased and is estimated to affect one-third of the global population
(Riazi et al., 2022; Teng et al., 2023). Together with increasing alcohol and drug consumption
globally, these factors will likely even enhance the health burden of liver diseases in the future
(Devarbhavi et al., 2023).

Independently of the underlying etiologies for liver diseases, they cause liver damage and can

lead to cirrhosis. Since to date there is no treatment for liver cirrhosis, the only option for
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decompensated cirrhosis is liver transplantation along with life-long medication and lifestyle
adjustment (Singh & Watt, 2012). The socio-economic status, education, donor availability but
also cultural and religious differences influence the number of liver transplantation and their
outcome (Devarbhavi et al., 2023). Conclusively, global lifestyle changes, together with higher
rates of alcohol and drug use indicate a probable increase of liver disease associated mortality
globally. Due to the aforementioned lacking therapeutics and differences in liver

transplantations, this will likely especially affect countries of lower socio-economic status.

1.4.1. Alpha;-antitrypsin deficiency (AATD)

AATD is an inherited genetic disorder resulting from distinct mutations within the SERPINA 1
gene locus (Strnad et al., 2020). Alpha;-antitrypsin (AAT) is a serine protease inhibitor and is
expressed in several cell types, however predominantly in hepatocytes (de Serres & Blanco,
2014). AAT is an acute phase protein, and its expression increases during inflammation,
infection or injury (de Serres & Blanco, 2014). Distinct mutations, such as the so called ‘Z
mutation’, can lead to misfolding of AAT, resulting in the retention of the protein within the
hepatocytes and correspondingly lower levels in the circulation. As it regulates anti-
inflammatory responses and inhibits neutrophil elastases, lacking AAT can cause damage of
the lung parenchyma and emphysema (de Serres & Blanco, 2014; Stoller JK et al., 2006,
updated 2023). Furthermore, misfolded AAT is retained in the hepatic endoplasmic reticulum
(ER), which causes hepatic stress and can promote chronic liver disease.

Nevertheless, the symptoms of AATD vary as over 100 distinct mutations cause different levels
of AAT misfolding, retention and different levels of AAT in the circulation. The most severe
phenotype is caused by the aforementioned homogenous Z allele of the proteinase inhibitor
(P1), designated Pi*ZZ genotype (Katzer et al., 2021; Ruiz et al., 2023). The homogenous
missense mutation of G>A at position rs28929474 results in the substitution of glutamate to
lysine at position 342 (Stoller JK et al., 2006, updated 2023). This substitution leads to the
formation of insoluble AAT polymers, called ‘ZAAT’ and causes a drastic decrease of wildtype
(wt) AAT serum levels. Furthermore, circulating ZAAT itself has proinflammatory properties,

enhancing an inflammatory environment (Strnad et al., 2020).

Interestingly, the onset of symptoms varies drastically between AATD patients carrying the
Pi*ZZ genotype (Ruiz et al., 2023). The disease typically manifests either in infants (<4 years)
or in middle-aged adults (>50 years). 10% of Pi*ZZ infants exhibit a severe liver phenotype,
resulting in cirrhosis and the requirement for liver transplantation, life-long medication and the
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adjustment of the lifestyle (Ruiz et al., 2023). Due to limitedly available studies focusing on
AATD in children, the underlying mechanisms, additional driving factors and predictors of the
disease are yet to be determined (Lemke et al., 2024). Another factor is that there are only
limited in vitro studies focusing on AATD in children, with no or very limited iPSCs derived
from pediatric AATD patients under 16 (Kaserman et al., 2020).

In middle-aged adults, the lung phenotype is more prevalent, typically showing a gradual
deterioration over the years resulting in lung emphysema or chronic obstructive pulmonary
disease (COPD). Additionally, adults can also develop a liver phenotype but usually more
gradually, often remaining undiagnosed. Therapeutic options are currently only available for
the lung phenotype by supplementation of human wt AAT. The only option to treat the liver
phenotype is to slow down fibrosis and prevent cirrhosis development (Ruiz et al., 2023). Low
awareness and limited genotypic screenings, together with varying symptoms typically result
in late diagnosis of the AATD genotype and indicates a probably high number of unreported
cases. The distinct symptoms and onset of the disease indicate additional driving factors to be

involved in the disease progression, however the underlying mechanisms remain elusive.

1.4.2. Hepatic steatosis

Hepatic steatosis describes the storage of fatty acids (FAs) packed as triacylglycerol (TAG) or
cholesterol esters organized in lipid droplets in hepatocytes, representing >5% of the liver mass
(Idilman et al., 2016). Enhanced levels of lipids and insulin in the blood (hyperinsulinemia and
hyperlipidemia), can induce hepatic steatosis by disbalancing lipid accumulation and lipid
disposal (Angulo, 2007; Deng et al., 2022). Additionally, upon excess glucose, it is converted
to FAs during de novo lipogenesis, which can contribute to hepatic steatosis (Adeva-Andany et
al., 2016; Sanders et al., 2018). In a multistep reaction, fatty acyls are converted to TAGs or
cholesterol esters and assembled in lipid droplets which bud from the ER and are coated with
associated proteins, such a perilipins (PLIN), and diacylglycerol-O-acyltransferases (DGAT)
(Chiang, 2014; Dempsey et al., 2023; Rui, 2014). Lipid droplets are dynamic organelles, storing
neutral FAs, protecting cells from acute lipotoxicity and serving as substrate for very low
density lipoprotein (VLDL) packaging, for lipid export (Dempsey et al., 2023). Upon chronic
steatosis and increasing metabolic stress, FAs can convert over saturated fatty acids (SFAs) into
lipotoxic ceramides or palmitates. Furthermore, due to the hampered lipid metabolism,
metabolic intermediates such as diacylglycerol (DAG) or cholesterol accumulate (Deng et al.,
2022). Cholesterol crystals activate the hepatic inflammasome via the NOD like receptor
protein 3 (NLRP3), increase interleukin (IL) -1b and hepatic caspase expression, and
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subsequently recruit Kupffer cells (Deng et al., 2022). DAG on the other hand was shown to
promote insulin resistance by activating protein kinase C (PKC) and downstream inhibition of
the insulin receptor 2 (IRS2) (Kumashiro et al., 2011).

Hepatic steatosis induction due to hyperinsulinemia and hyperlipidemia underline the strong
association between fatty liver diseases, obesity and insulin resistance. Hence, the epidemic of
obesity caused by Western diet and sedentary lifestyle has led to a drastic increase in metabolic
fatty liver disease (FLD) worldwide (Asrani et al., 2019; Clemente-Sudrez et al., 2023; Jiang et
al., 2023; Teng et al., 2023). Particularly FLD and insulin resistance form a vicious circle as

they accelerate each other (Angulo, 2007; Barrera et al., 2024).

1.4.3. Metabolism dysfunction-associated fatty liver disease (MAFLD)

The estimated prevalence of metabolism-derived FLD was 32% in all adults and 75% in obese
individuals in 2023 (Teng et al., 2023). Chronic inflammation upon lipotoxicity can result in
fibrosis, which represents aberrant ECM accumulation and a pro-inflammatory environment
and hepatocytes undergoing apoptosis (Bataller & Brenner, 2005). Fibrosis can progress to life-
threatening liver cirrhosis and HCC. In 2019, 2.4% of global deaths were caused by liver
cirrhosis (Asrani et al., 2019; Huang et al., 2023). Considering its serious consequences,
metabolism-associated FLD is predicted to be the leading cause of liver transplantation in 2030

displaying a tremendous global health burden (Jiang et al., 2023).

MAFLD is a relatively new diagnosis, established in 2020 to replace non-alcoholic fatty liver
disease (NAFLD). The term NAFLD was established to discriminate the disease from other
etiologies, such as alcohol consumption, drug abuse, or infections (Lonardo et al., 2020). The
term NAFLD, however, was shown to be quite nebulous to medical staff outside the
gastroenterological field and contributed to limited monitoring, low visibility and unnoticed

progression of the disease (Bergqvist et al., 2013).

In order to better monitor the patients, several symptoms are included in the diagnosis of
MAFLD: hepatic steatosis plus either overweight, type 2 diabetes mellitus (T2DM) or 2 out of
7 cardiometabolic risk factors (CMRFs) (Eslam et al., 2020). CMRFs include obesity, raised
blood pressure, elevated plasma triglycerides, pre-diabetes, insulin resistance and high plasma
c-reactive protein (Gofton et al., 2023). These criteria reflect the huge contribution of metabolic
risk factors for the disease and indicate the complexity of symptoms and disease progression
(Eslam et al., 2020; Gofton et al., 2023). However, there are also other causes such as single
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nucleotide polymorphisms (SNPs) and genetic variants which promote the development or
progression of MAFLD. An example is a mutation changing cytosine to guanine at the locus
rs738409 encoding patatin like domain 3, 1-acylglycerol-3-phosphate O-acyltransferase
(PNPLA3), which is involved in the degradation of unsaturated fatty acids (Johnson et al., 2024;
Romeo et al., 2008). This SNP and the respective substitution from isoleucine to methionine
(I148M) drive the development of fatty liver (Romeo et al., 2008; Tilson et al., 2021). Upon
progression of MAFLD, an inflammatory state of the disease develops, called metabolic
dysfunction-associated steatohepatitis (MASH). MASH can progress to fibrosis, cirrhosis and
HCC. Patients show highly variable disease onset, progression and symptoms, which has
caused underestimation of the prevalence and severity in the past, and challenges the

understanding of the disease mechanisms.

To advance the understanding of the complex pathology, Day and James established a two-hit
model (Day & James, 1998). The ‘first hit’ described hepatic steatosis triggered by T2DM,
insulin resistance or elevated FA flux from adipose tissue or a high fat diet. The ‘second hit’
was represented by the production of reactive oxygen species (ROS) and lipotoxicity resulting
in hepatic injury and ER stress (Fang et al., 2022; Masarone et al., 2018). It was assumed, that
the power of the second hit was highly dependent on predispositions and co-pathologies and
explained progression differences between patients.

Recent theories imply rather a several hit model. Such multiple events may happen
simultaneously, causing either mild steatosis or rapid progression towards steatohepatitis (Tilg

& Moschen, 2010).

AMP activated protein kinase (AMPK) is an essential energy sensor, which is activated upon
high ratios of AMP/ATP, promoting fatty acid degradation for ATP production and inhibiting
lipogenesis. Upon activation by liver kinase B1 (LKB1), AMPK phosphorylates PPAR
coactivator 1-alpha (PCG-1a), CPT1 and hormone-sensitive lipase (HSL) to enhance fatty acid
-oxidation and lipolysis. On the other hand, 3-hydroxy-3-methylglutaryl-CoA reductase
(HSL) and acetyl-CoA carboxylase 1 (ACC) are inhibited to prevent lipogenesis and cholesterol
synthesis (Fang et al., 2022). Additionally, AMPK regulates mammalian target of rapamycin
(mTOR) to promote autophagy (Vergara Nieto A et al., 2025). In steatosis patients, AMPK is
typically downregulated, indicating inadequate compensatory effects and imbalanced metabolic
homeostasis (Fang et al., 2022). Inflammatory signaling via TNFa, nuclear factor light chain

enhancer (NFkB) and cytokine signaling, results in the recruitment of immune cells and the
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progression to steatohepatitis (Catrysse & van Loo, 2017; Fang et al., 2022; Heida et al., 2021;
Vachliotis & Polyzos, 2023). Furthermore, a recent study dissected different stages of HCC,
and found pathways involved in gluconeogenesis differentially regulated, strengthening the
importance of metabolic remodeling for end-stage liver diseases (Yu et al., 2024). The findings
indicate that although earlier hits likely represent metabolic changes there is not an exact

sequence of events.

Progressive MAFLD is an independent risk factor for other diseases. The aforementioned
association with insulin resistance provides a proinflammatory, profibrogenic and procoagulant
systemic environment (Pipitone et al., 2023) This environment increases the risk for T2DM,
cardiovascular disease (CVD), chronic kidney disease (CKD), and cancer (Pipitone et al.,
2023). Considering the epidemic of obesity and related diseases, MAFLD is a leading
contributor to the global health burden of liver diseases underlining the importance for the

development of treatments and prevention measures.

Due to the above-mentioned renaming from NAFLD and non-alcoholic steatohepatitis (NASH)
to MAFLD/MASH in 2020 both terms are used in the present dissertation, according to the

terminology employed in the referenced literature.

1.4.4. The role of dipeptidyl peptidase 4 (DPP4) in MAFLD

DPP4 (or CD26) is a ubiquitously expressed transmembrane serine protease. It consists of
relatively small intracellular and transmembrane domains, and a large extracellular domain with
catalytical activity (Misumi et al., 1992). Upon shedding, the catalytic activity remains and
soluble DPP4 circulates in the blood (Misumi et al., 1992). The type 2 serine protease has
cleaving potential on a variety of proteins such as incretins, chemokines, cytokines and
extracellular matrix proteins (Deacon, 2019).

Glucose-dependent insulinotropic protein 1 (GIP1) and glucagon-like protein 1 (GLP-1) are
small proteins with incretin function, facilitating glucose dependent release of insulin from the
pancreatic B-cells (Baggio & Drucker, 2007). Beyond insulin release, both incretins have shared
and distinct functions on several organs such as the Gl-tract, the pancreas, brain, heart, bones
and also adipose tissue (Seino et al., 2010).

Upon carbohydrate containing meals, GIP-1 and GLP-1 are secreted from the K cells of the

upper small intestine and L cells of the lower intestine and colon, respectively (Baggio &
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Drucker, 2007; Seino et al., 2010). Circulating GIP-1 and GLP-1 reach the pancreas and bind
to their respective receptors GIPR and GLP-1R, on B-cells activating adenylate cyclase which
leads to enhanced intracellular cyclic AMP (cAMP) (Baggio & Drucker, 2007; Seino et al.,
2010). Elevated cAMP activates protein kinase A (PKA) and exchange protein activated by
cAMP2 (EPAC2). Activation of PKA regulates Ca’>-dependent mitochondrial membrane
depolarization and EPAC2 facilitates the fusion of insulin-containing granules with the cell
membrane and corresponding release of insulin (Seino et al., 2010).

The incretin function of GLP-1 and GIP-1 is, among others, regulated by DPP4, which rapidly
cleaves off dipeptides on the amino terminus and inactivates them. Indeed, 85-90% of secreted
functional GIP-1 and GLP-1 are cleaved by the ubiquitously expressed DPP4 before entering
circulation (Seino et al., 2010). Additionally to the mentioned indirect effects of DPP4 on
incretin regulation, it was also found to directly reduce insulin sensitivity in HepG2 and primary
mouse hepatocytes (Baumeier et al., 2017b). Correspondingly, DPP4 secretion from adipocytes
correlates with the metabolic syndrome (Lamers et al., 2011). Besides regulating insulin
sensitivity, DPP4 can induce T-cell activation and proliferation by binding adenosine
deaminase or caeveolin-1, among others (Klemann et al., 2016). Soluble DPP4 was shown to
induce inflammation and stress signaling in smooth muscle cells by phosphorylation of NFkB-
pathway members and enhanced the secretion of interleukins (IL) (Wronkowitz et al., 2014).
Accordingly, inhibition of DPP4 activity reduced inflammation by suppressing the secretion of
IL-1B, IL-6 and IL-8 as well as NFkB- and TNFa-pathway (Wang et al., 2021; Wicinski et al.,
2020; Wronkowitz et al., 2014).

Due to its various functions and complex entanglements in metabolism and immune regulation,
DPP4 is suggested a moonlighting protein, with context-dependent functions (Barchetta et al.,
2022). A brief overview on some of the associations of DPP4 is given in Figure 4. Epigenetic
regulation probably plays a role in the modulation of DPP4 expression (Baumeier et al., 2016;
Saussenthaler et al., 2019). In obese patients, DPP4 expression was increased upon hepatic
steatosis, while DPP4 DNA methylation was decreased (Hyun & Jung, 2020). In line with these
findings, glucose-induced DPP4 expression was promoted by de-methylation events in mice

(Baumeier et al., 2016).
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Hepatic steatosis and glucose can induce demethylation of the DPP4 promoter and enhance DPP4
expression. In NAFLD, metabolic syndrome and T2DM patients elevated DPP4 concentrations were
found in blood plasma which links DPP4 to obesity (Barchetta et al., 2021; Lamers et al., 2011). A
prominent function of DPP4 is the degradation of incretins such as GLP-1 and GIP-1 and thereby
indirectly regulating postprandial insulin release and glycemia (Ahrén et al., 2007). DPP4 was found
to impair insulin sensitivity in primary hepatocytes and HepG2 cells (Baumeier et al., 2017b). DPP4
promotes T-cell activity and proliferation (Klemann et al., 2016) and was found to modulate NFkB,
resulting in enhanced interleukin secretion (Wronkowitz et al., 2014). Furthermore, DPP4 cleaves

extracellular matrix (ECM) proteins, potentially linking it to fibrosis (Deacon, 2019).

Considering the aforementioned relations of DPP4, it not surprising that DPP4 activity is
enhanced in plasma of NAFLD patients (Baumeier et al., 2017b; Dawood et al., 2018; Niu et
al., 2019). Indeed, DPP4 is associated with NAFLD/NASH severity independently of obesity
or other metabolic diseases and was proposed a new potential target in NAFLD pathogenesis

(Barchetta et al., 2021; Dawood et al., 2018). Recent findings indicate a mediating role between

4 Created in BioRender. (2025) https:// BioRender.com/5ipfz3y
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metabolism and inflammation (Gorrell et al., 2001; Trzaskalski et al., 2020). Although a
potential role of DPP4 for MAFLD modulation is suggested, its ubiquitous expression poses
difficulties to decipher the concrete source and mechanism. Considering that DPP4 regulates
hepatic insulin sensitivity, further studies are required, employing relevant, human based

hepatocyte models to decipher hepatic DPP4 mechanisms in the context of MAFLD.

1.4.5. Vildagliptin

Vildagliptin belongs to the drug class of gliptins, potent DPP4 inhibitors, preventing the
degradation of GIP-1 and GLP-1, hence prolonging the incretin answer which results in
improved blood glucose clearance (Ahrén et al., 2004; Baggio & Drucker, 2007; Deacon, 2019).
Additionally, vildagliptin significantly reduced the mean fasting liver triglycerides and plasma
glucose in a time-dependent manner, without changing the body mass index (BMI) and
peripheral insulin sensitivity (Macauley et al., 2015). Another study found indeed reduction of
the body weight and BMI together with improvements of the general lipid profile,
aminotransferase levels and fatty liver grading (Hussain et al., 2016).

Genetic ablation of DPP4 also improved insulin sensitivity and liver functions in rats (Mitani
et al., 2002). Vildagliptin seems to further inhibit inflammatory signaling by interfering with
the TNF4o, NFkB and the TGFf pathway and to promote insulin sensitivity in several species
(Hendawy et al., 2022; Khalil et al., 2020; Wicinski et al., 2020). The findings indicate a role
of DPP4 activity beyond glycemic control in vivo and in vitro, however further studies are
needed to dissect the exact mechanism of vildagliptin in the context of MAFLD. Since fatty
acid dysregulation, insulin resistance and progression to inflammation are hallmarks of
MAFLD progression, vildagliptin might be an interesting therapeutic candidate. Nevertheless,
to date investigations on the direct effect of vildagliptin on steatotic human hepatocytes are

lacking.

1.5. Drug development for fatty liver disease

Considering the multifactorial and multisystemic character of MAFLD, there is an urgent need
for therapeutic measurements. Indeed, liver fibrosis is a determinant for liver-related mortality
(Ekstedt et al., 2015). Currently, lifestyle interventions, physical activity and dietary
adaptations are measurements, proven to reverse all features of MASH (Friedman et al., 2018;
Lara-Romero & Romero-Gomez, 2024). However, the strong associations with diseases such

as obesity, T2DM, metabolic syndrome, and correlated hormonal dysregulation frequently
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interfere with the outcome of these measures, underlining the need for additional

pharmacotherapy (Lara-Romero & Romero-Goémez, 2024; Tincopa et al., 2024).

1.5.1. Challenges of drug development

Although there are various potential candidates for the treatment of fatty liver disease, to date
only resmetirom, an agonist of thyroid hormone receptor 3 (THRp), has been conditionally
approved for the treatment of non-cirrhotic NASH by the food and drug administration (FDA)
(Harrison et al., 2024). Several aspects challenge the development of efficient MAFLD
therapeutics:

The aim of pharmacotherapy is to confer significant and defined clinical benefits for the patients
(Anania et al., 2021). For chronic liver diseases, an endpoint for full approval of a therapeutic
would be a significant reduction of cirrhosis and its complications (Anania et al., 2021).
However, the typically gradual and slow progression of MAFLD and the low incidence of these
outcomes challenges the fulfilment of the recommended endpoints. Therefore, surrogate
endpoints are defined, which should be met in the course of a 12-18 months clinical trial.
Nevertheless, for histological improvements and fibrosis resolution, this period might also be
too short and two years might need to be considered to meet such endpoints for accelerated
conditional approval (Anania et al., 2021; U.S. Food and Drug Administration, 2018). This
would be in line with the European guidelines for interim studies (Loomba et al., 2022).
However, to date, there are no non-invasive biomarkers which reliably and consistently work
as surrogate efficacy endpoints for accelerated approval (Anania et al., 2021). The gold standard
for surrogate efficacy endpoints is histologic improvement validated in liver biopsies. Potential
misclassification due to differences in the sample quality, however, can influence the
interpretation by pathologists and implies the need for at least two independent analyses
(Anania et al., 2021; Davison et al., 2020). The recruitment of study participants can pose
additional challenges as the prospect of undergoing liver biopsy might be deterrent and many
screened patients fail to show definitive features qualifying them for enrolment (Ampuero &
Romero-Gomez, 2020). Furthermore, placebo effects have been observed, possibly caused by
lifestyle interventions upon study enrolment (Ampuero & Romero-Gomez, 2020; Anania et al.,

2021).

Despite the mentioned challenges for MAFLD drug development, accelerated conditional

approval was conferred for resmetirom by the FDA, and is currently under revision at the

European medicines agency (EMA) (European Medicines Agency (EMA), 2024; Harrison et
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al., 2024). The agonistic mode of action of resmetirom on the liver-selective nuclear THRf3
increases the gene expression of carnitine palmitoyltransferase 1 (CPTAI), resulting in
increased fatty acid (-oxidation. The use of resmetirom together with dietary and lifestyle
interventions resulted in NASH resolution and fibrosis improvement, which defined the
surrogate endpoints (Harrison et al., 2024). Furthermore, the treatment significantly lowered
low-density lipoprotein cholesterol (LDL-C) levels. The approval of resmetirom is an important
step in the development of therapeutics for MAFLD (Xue & Wei, 2024). Nevertheless, long-
term effects, treatment response in multimorbid patients and drug-drug interactions remain to
be detected in the post-market phase to gain definitive approval (Anania et al., 2021; Xue &
Wei, 2024).

In 2024, various therapeutic agents or compounds were under clinical investigation for their
potential to modulate different stages of the disease progression. The approaches target a variety
of components of metabolic, inflammatory, or fibrotic pathways in the liver (Tincopa et al.,
2024). Metabolic targets are typically involved in the regulation of insulin sensitivity and fatty
acid metabolism within the liver but also on the gut-liver-axis (Ciardullo et al., 2024). Anti-
inflammatories target immune cell trafficking to prevent infiltration and antifibrotics interfere
with collagen deposition of stellate cells (Tincopa et al., 2024). Although numerous agents are
tested in pre-clinical and phase-1 and -2 clinical trials, only few of them progress to phase-3.
At the moment, regulators of fatty acid metabolism (PPAR agonists) and the incretin pathway
(GLP-1-agonists) are promising phase-3 candidates (Tincopa et al., 2024). As described, there
are several aspects challenging the outcome of a clinical trial. One of the underlying reasons
for the limited translatability of pre-clinical studies might also arise from limited in vitro liver

disease models, not capable to sufficiently recapitulate the physiological state.

1.6. Modeling MAFLD with iPSC-derived steatotic HLCs

Numerous healthy, patient-derived or genetically edited iPSC-based models have been
developed for NAFLD or MAFLD modeling (Graffmann et al., 2021; Gurevich et al., 2020;
Jozefczuk et al., 2012; Park et al., 2023; Park et al., 2021; Reinhardt et al., 2013; Varghese et
al., 2022). To induce the phenotype of NAFLD or MAFLD in iPSC-derived HLCs, different
agents are being used. A common method is the combination of the most abundant fatty acids
(FAs) in the human body, the saturated palmitic acid (PA) and the unsaturated oleic acid (OA)
in a ratio of 1:2 (Hodson et al., 2008; Ramos et al., 2022). In addition, also combinations with

linoleic acid, and other inducers such as lactate, pyruvate or glucose are applied (Collin de
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I'Hortet et al., 2019; Gurevich et al., 2020; Sinton et al., 2021). HLCs store FAs as triglycerides
within 24 h of exposure, however, the response seems to depend on the inducing agent. PA is
suggested to be more damaging for hepatocytes and induces a progressive MAFLD phenotype
in shorter time, while OA 1s more steatogenic and less apoptotic (Ricchi et al., 2009). Besides
distinct agents used to induce the phenotype, the time of induction also varies between one and
several days. Confirmation of MAFLD is typically performed by detection of the incorporated
triglycerides within the hepatocytes and lipid metabolism associated gene and protein
expression like perilipin-2 (PLIN2) (Scorletti et al., 2024; Wruck et al., 2015). Moreover,
research groups have shown elevated gene expression of inflammation or fibrosis associated
genes (TGFB, alpha-actin-2 (ACTA), TNFA) (Ramos et al., 2022).

Currently, there is no standardized method to verify the phenotype, which is also due to the
distinct treatment agents and times. Distinct phenotypes are observed depending on the time of
fatty acid exposure. After 24-48 h of exposure, expression of genes involved in lipid
metabolism might be upregulated. However, upon several days of exposure, the fatty acid
metabolism might be overloaded, and expression of respective genes may be downregulated.
Furthermore, the genetic background influences the metabolic response, resulting in
heterogeneity when focusing on specific pathways (Graffmann et al., 2021; Wruck et al., 2015).
On the other hand, the heterogeneity of models probably best reflects the MAFLD/NAFLD
patient stratification observed in the clinical setting (Gatzios et al., 2022). The individual
background, the origin of the cells and distinct inducers allow tailoring models to the specific
requirements, by including the population diversity, dietary habits, previous disorders and gut
dysbiosis among others (Gatzios et al., 2022). The use of distinct time points and inducers,
allows to investigate different stages of the disease. Beyond that, biomarkers, which have been
validated in different settings, may be more valuable compared to those developed during only
one standardized treatment.

The plethora of treatments provides distinct perspectives on the pathomechanisms of the
disease. Global approaches such as omics analyses allow the comparison of metabolic
responses with other in vitro models as well as with clinical data (Ramos et al., 2022).
Conclusively, iPSC-derived hepatocyte-like cells offer a great potential to develop disease
models for MAFLD. Simple and time- and cost-efficient models, representing later stages of

steatosis, will help to understand the hepatocyte-specific contribution to MAFLD.
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2. Aims and objectives

Considering the globally alarming numbers of liver diseases, there is an urgent need for relevant
hepatocyte models to unravel pathomechanisms and develop therapeutics. Liver models relying
on primary cells, animals or immortalized cell lines are limited due to their availability or
insufficient recapitulation of the human physiology, representing a bottleneck for the translation
of basic discoveries. The iPSC-technology offers great potential for liver models, due to the
patient-derived genetic background and indefinite proliferation. The genetic background is
important for the study of both monogenic, inherited diseases such as AATD as well as
multifactorial diseases such as MAFLD.

The overall aim of this study was to establish and employ a relevant hepatic steatosis model
and use patient-derived iPSCs as platforms for future liver disease studies. Both approaches
aimed to strengthen the understanding of underlying pathomechanisms of liver diseases.

To address the overarching aim, the first objective (i) was the generation of AATD patient-
derived iPSCs from adult and pediatric individuals with a severe liver phenotype, carrying the
Pi*ZZ genotype. Comprehensively characterized iPSCs carrying a respective genotype, will
provide a platform for future analyses of potential factors modulating the onset of AATD.

A well-known challenge in the field of liver modeling is the limited maturation of iPSC-derived
differentiated HLCs. Although protocols have been developed to overcome this, these are
typically complicated, time- and cost-intensive. Thus, the second objective (i1) was to optimize
an established HLC-differentiation protocol to significantly enhance HLC functionality and
hepatic gene and protein expression in a time- and cost-efficient manner. The third
objective (ii1) was to study the hepatocyte-specific contribution of MAFLD, by inducing
hepatic steatosis and recapitulating the complicated expressional changes, representing clinical
features of MAFLD. Furthermore, the fourth objective (iv) was to analyze pathomechanisms of
hepatic steatosis and test a potential drug to unravel molecular mechanisms of the disease.
Conclusively, this thesis aimed to provide and apply state-of-the-art iPSC technology in the
field of hepatocyte differentiation and enhance the understanding of hepatic steatosis

pathomechanisms in the context of MAFLD.
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3. Structure of this thesis

In this thesis, four publications are presented, addressing the application of iPSC-technology

for the study of AATD and MAFLD:

Christiane Loerch, Rabea Hokamp, Wasco Wruck, David Katzer, Alexander Weigert,

Alexander Machui, Nina Graffmann, Rainer Ganschow, James Adjaye ‘Generation of
an induced pluripotent stem cell line HHUUKDIi013-A (ISRM-AATD-iPSC-3)
from a pediatric patient of Alpha-I Antitrypsin Deficiency (AATD)’ Under revision
at Stem Cell Research, 87: 103762.

Audrey Ncube, Lisa Bewersdorf, Lucas-Sebastian Spitzhorn, Christiane Loerch,

Martina Bohndorf, Nina Graffmann, Lea May, Samira Amzou, Malin Fromme, Wasco
Wruck, Pavel Strnad, James Adjaye. 2023. ‘Generation of two Alpha-I antitrypsin
deficiency patient-derived induced pluripotent stem cell lines ISRM-AATD-iPSC-
1 (HHUUKDIi011-A) and ISRM-AATD-iPSC-2 (HHUUKDIi012-A)’, Stem Cell
Research, 71: 103171.

Christiane Loerch, Leon-Phillip Szepanowski, Julian Reiss, James Adjaye, Nina

Graffmann. 2024. ‘Forskolin induces FXR expression and enhances maturation of

iPSC-derived hepatocyte-like cells’, Frontiers in Cell and Developmental Biology, 12.

Christiane Loerch, Wasco Wruck, Reiss Julian, James Adjaye, Nina Graffmann. 2024.

‘Inhibiting DPP4 activity protects hiPSC-derived steatotic HLCs by supporting
fatty acid and purine metabolism and dampening inflammation’. Under revision at

Disease Modeling and Mechanisms.

The introduction gave an overview on stem cells, current applications of the iPSC-technology,

liver development and HLC-differentiation. Furthermore, MAFLD was highlighted as well as

current limitations considering drug development and liver disease modeling. In the following

results section, a deeper understanding is presented by original research articles focusing on the

establishment of patient-derived iPS cell lines and the optimization of the differentiation from

iPSCs towards HLCs. Finally, a model of hepatic steatosis was established and employed to

analyze potential hepatic pathomechanisms modulating the disease progression in the context

of MAFLD. In the discussion, the different parts are comprehensively discussed, integrating
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the generated findings with current literature. The conclusion focusses on the overall insights,

with regards to the aims and objectives of this thesis.
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Figure 5: Synopsis of the presented publications and key findings.’

Urine was collected from adult and pediatric alpha-antitrypsin (AATD) patients and isolated somatic

cells were reprogrammed to iPSCs, providing prospective platforms for the study of AATD. iPSC

differentiation to hepatocyte-like cells (HLCs) was re-evaluated and optimized. Forskolin was found to

enhance HLC maturation by induction of farnesoid-X-receptor (FXR) gene and protein expression. HLC

gene and protein expression, as well as cytochrome P450 344 (CYP3A4) functionality (inducibility and

activity) was enhanced. In order to analyze the hepatocyte-specific contribution to fatty liver disease,

Jat accumulation (steatosis) was induced in HLCs derived from four individuals. Global transcriptomic

analyses revealed alterations in metabolic pathways as well as elevated inflammatory signaling.

5 Created in BioRender. (2025) https://BioRender.com/7eyer6x
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Dipeptidyl peptidase 4 (DPP4) secretion and activity was enhanced upon steatosis induction. Inhibition

of DPP4 activity induced modulation of metabolism- and inflammatory-associated pathways.
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4. Scientific publications

4.1. Generation of an induced pluripotent stem cell line
HHUUKDI013-A (ISRM-AATD-iPSC-3) from a pediatric
patient of Alpha-I Antitrypsin Deficiency (AATD)

Christiane Loerch, Rabea Hokamp, Wasco Wruck, David Katzer, Alexander Weigert,

Alexander Machui, Nina Graffmann, Rainer Ganschow, James Adjaye

Stem Cell Research, Volume 87, Article number 103762
Abstract:
Renal progenitor cells were isolated from urine from a male, pediatric AATD-patient, harboring
the homologous Pi*ZZ genotype. SIX2-positive urine derived renal progenitor cells (UdRPCs)
were reprogrammed to iPSCs by integration-free nucleofection of episomal-based plasmids
expressing OCT4, KLF4, C-MYC, SOX2, NANOG and LIN28. ISRM-AATD-iPSC-3 show
pluripotent gene and protein expression, are capable of forming embryoid bodies and carry the
parental Pi*ZZ genotype. Global transcriptome analyses revealed a correlation co-efficient of

0.9091 between the human embryonic stem cell line H9 and ISRM-AATD-iPSC-3.

Author contributions (50-60%) of C.L. included:
- Acquisition of the samples together with N.G. and A.M.
- Cultivation of isolated cells before reprogramming together with N.G.
- Training of R.H. in the methodology
- Conceptualization of experiments together with N.G. and J.A.
- Analysis of data together with R.H. and N.G
- Curation of the data
- Writing the original draft
- Reviewing and editing the manuscript together with N.G., J.A. and D.K.

Status: Published online in June 2025 as open access article under the CC BY license.

DOI: 10.1016/j.scr.2025.103762

Parts of the published and herein discussed data are part of the Master Thesis of Rabea Hokamp.
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Generation of an induced pluripotent stem cell line HHUUKDi013-A

Chock for
Upcates

(ISRM-AATD-iPSC-3) from a pediatric patient of Alpha-I Antitrypsin
Deficiency (AATD)

Christiane Loerch ™' @, Rabea Hokamp ™', Wasco Wruck ?, David Katzer “, Alexander Weigert ,

Alexander Machui“, Nina Graffmann”, Rainer Ganschow °, James Adjaye
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 Institute for Stem Cell Research and Regenerative Medicine, Medical Faculty and University Hospital Diisseldorf, Heinrich Heine University, Diisseldorf, Germaiy
Y University College London, EGA Institute for Women s Health, Zayed Center for Research into Rare Diseases in Children (ZGR), London, United Kingdom
* Department of Pediatrics, University Medical Center, Bonn, Germany

ABSTRACT

Renal progenitor cells were isolated from urine from a male, pediatric AATD-patient, harboring the homologous Pi*ZZ genotype. SIX2-positive urine derived renal
progenitor cells (UdRPCs) were reprogrammed to iPSCs by integration-free nucleofection of episomal-based plasmids expressing OCT4, KLF4, c-MYC, SOX2, NANOG
and LIN28. ISRM-AATD-iPSC-3 show pluripotent gene and protein expression, are capable of forming embryoid bodies and carry the parental Pi*ZZ genotype. Global
transcriptome analyses revealed a correlation coefficient 0.9091 between the human embryonic stem cell line H9 and ISRM-AATD-iPSC-3.

Resource Table:

Unique stem cell lines
identifier

HHUUKDIO13-A

Alternative name(s) of stem
cell lines
Institution

Contact information of
distributor

Type of cell lines

Origin

Additional origin info
required

Cell Source
Clonality
Method of reprogramming

Genetic Modification Yes
Type of Genetic Modification Hereditary
Evidence of the PCR

reprogramming transgene

loss
Cell culture system N/A

(continued on next colummn)

* Corresponding author.

E-mail address: James.adjaye@med.uni-duesseldorf.de (J. Adjaye).

ISRM-AATD-iIPSC-3

Institute for Stem Cell Research and Regenerative
Medicine, Medical Faculty, Heinrich-Heine
University Diisseldorf

Prof. Dr. James Adjaye
James.adjaye@med.uni-duesseldorf. de

iPSCs

Human

Age: 11 years

Sex: Male

Ethnicity: Unknown

Urine derived renal progenitor cells (UdRPCs)
Clonal

Episomal expression of OCT4, c-MYC, KLF4, 50X2,
NANOG, LIN28

! These authors contributed equally.

https://doi.org/10.1016/).8

25.103762

(continued)

Unigue stem cell lines HHUUKDi013-A

identifier

Associated disease Alpha-1 Antitrypsin deficiency

Gene/locus

Date archived/stock date
Cell line repository/bank
Ethical approval

SERPINA1rs28929474

06.06.2024

https://hpscreg. eu/cell-line/HHUUKDi
Ethical committee of the medical faculty of

Heinrich Heine University Diisseldorf, Germany
Approval number; 2021-1627_1

1. Resource Utility

Alpha-1 Antitrypsin Deficiency (AATD) is caused by a mutation in
the SERPINA1rs28929474 locus resulting in misfolded AAT-polymers.
AATD liver disease mainly manifests biphasic during early childhood
or later adulthood, however the underlying mechanisms remain unclear.
Therefore, AATD-iPSCs from pediatric patients may serve as a tool for
studying the etiology at the molecular and cellular levels. A summary of
the characterization can be found in Table 1.

Received 27 May 2025; Received in revised form 26 June 2025; Accepted 27 June 2025

Available online 28 June 2025

1873-5061/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2. Resource details

Alpha-1 Antitrypsin Deficiency (AATD) is a hereditary disease
caused by a missense mutation of G > A in the SERPINA1rs28929474
locus resulting in Glu342Lys switch (called PI*Z genotype) and mis-
folding of the AAT protein, causing retention in the hepatocytes (Greene
et al., 2016). The disease manifests typically by pulmonary symptoms in
adults and or liver cirrhosis in pediatric (<4 years) or adult (>50 years)
patients (Strnad et al., 2020; Katzer et al., 2021). Inclusions of AAT-
polymers within the hepatocytes are the histological hallmark of the
Pi*ZZ liver phenotype, and can lead to chronic inflammation and liver
fibrosis (Strnad et al., 2013). Furthermore retention of AAT-polymers
results in a reduction of serum AAT and decreased inhibitory effect on
proteases, which can cause a pulmonary phenotype due to degradation
of lung parenchyma (Strnad et al., 2020). Although there is a relatively
high prevalence of AATD within Europe the undiagnosed proportion of
patients remains high and further research is necessary to elucidate the
underlying molecular mechanisms (Horvath et al., 2019), In addition to
our previously published AATD-iPSCs from adults (Neube et al., 2023),
we have now generated an AATD-iPSC line from a pediatric patient
(male, 11 years) with compensated liver cirrhosis, carrying the homo-
zygous Pi*ZZ genotype. The cells were nucleofected and episomal-based
reprogramming was induced by the ectopic expression of OCT4, KLF4,
S0X2, c-MYC, NANOG and LIN28 as described in our previous publi-
cation (Bohndorf et al., 2017). Reprogrammed cells showed the typical
iPSC morphology with a high nucleus/cytoplasm ratio in comparison to
the rice-grain shaped UdRPCs (Fig. 1A). Vector dilution of AATD-iPSC-3
(p12) was confirmed (Iig. 1B). Chromosomal analysis from 20 meta-
phase spreads revealed a normal karyotype (46, XY) (Fig. 1C). The
expression of OCT4, SOX2, NANOG, SSEA4, TRA-60 and TRA1-81 was
confirmed by immunoeytochemistry (Fiz. 1D). Reprogramming resulted
in 96.8% OCT4+ and 95.9% SSEA4-+ cells (p13) (Fig. 1E). Global
transcriptome analysis revealed a correlation coefficient of 0.91 be-
tween the hESC line H9 and AATD-iPSC-3 (Fig. 1F). Sanger Sequencing
confirmed the mis-sense mutation within the locus SERPI-
NA1rs28929474 of G to A (Fig. 1G) Immunocytochemistry of sponta-
neous differentiation to the three germ layers by the embryoid body (EB)
assay is shown in Fig. 1H. SRY-box transcription factor-17 (SOX17) and
forkhead box A2 (FOXA2) were stained to identify endoderm, alpha
smooth muscle actin (aSMA) and Brachyury for mesoderm. Paired box 6
(PAX6) and beta-3-tubulin (pIII-Tubulin) were stained to identify ecto-
derm (Fig. 1H). Table 2 displays the used reagents.

Stem Cell Research 87 (2025) 103762

3. Materials and methods
3.1. Cell culture

SIX2-positive UdRPCs were isolated from urine samples and
expanded as previously described (Bohndorf et al., 2017; Rahman et al.,
2020). iPSCs were cultivated on Matrigel (Corning) coated wells, using
StemMACs iPS Brew (Miltenyi), At 80-90% confluency, iPSCs were
detached by incubation with PBS w/o Mg?" and Ca®" and colony-split in
a ratio of 1:6.

3.2. Derivation of iPSCs

AATD-UdRPCs were nucleofected with 3 pg of the plasmids
pEP4EO2SCK2ZMEN2L and pEP4EO2SET2K, respectively, as described
in our previous publication (Bohndorf et al., 2017; Yu et al., 2011). To
activate WNT-signalling 3 pM CHIR99021 was added. TGFf-, MEK-,
and Rock-signaling were inhibited with 0.5 pmA83-01, 0.5
uM PD0325901, 10 uM Y-27632, respectively. After clones attained
typical pluripotency-associated morphology they were picked and
further cultivated as iPSCs.

3.3. PCR

Vector dilution and endogenous OCT4 expression was confirmed by
PCR using the GoTaq DNA Polymerase kit (Promega). Genomic DNA was
isolated from iPSCs using the Tissue DNA Purification Kit (EurX). Su-
pernatants were collected from dense cultures to confirm the absence of
mycoplasma contamination. To confirm genetic relationship of AATD-
iPSC-3 to the parental AATD-UdRPCs, DNA fingerprinting analysis,
short tandem repeats (STR) of 9 distinct loci were amplified by PCR and
compared with the parental line.

3.4. Embryoid body (EB) formation

EB formation was performed by seeding single cell iPSCs intoa6 cm
petri-dish, coated with anti-adherence-solution (Stem cell technologies)
in StemMACS w 10 uM ROCK inhibitor for 24 h. Aggregates were
cultivated shaking, in StemMACS w/0 ROCK inhibitor for 6 days to form
EBs. EBs were plated onto Matrigel coated plates, in DMEM containing
10% FBS, 1% Glutamax and 1% NEEA (all Gibco), for 4 days until
immunocytochemistry.

Table 1
Characterization and validation.
Classification Test Result Data
Morphology Microphotography Bright field ~ Normal Fig. 1 panel A
Phenotype Immunocytochemistry Expression of pluripotency associated markers: OCT4, SOX2, NANOG, SSEA-4 TRA-1-60, TRA-  Fig | panel D
1-81,
Flow Cytometry Assess of 96.8% OCT4 positive cells: Fig. 1 panel E
Assess of 95.9% SSEA4 positive cells
Genotype Karyotype (G-banding) and 46XY Fig. 1 panel G,
resolution 200-400 Bd Supplementary
Identity Microsatellite PCR (mPCR) OR  STR analysis by PCR of 6 loci, matched. mentary fil

Mutation analysis

Microbiology and
virology

Differentiation
potential

Donor screening

Genotype additional
info

STR analysis

Sanger sequencing
Southern Blot OR WGS
Mycoplasma

Embryoid body formation

HIV 1 + 2 Hepatitis B, Hepatitis
C

Blood group genotyping

HLA tissue typing

missense mutation at SERPINA1rs28929474locus, of G to A Fig. 1 panel G

Not performed N/A

Mycoplasma testing by PCR: Negative Supplementary
Fig, 1

Expression of germ layer specific proteins. Mesoderm: alpha smooth muscle actin (aSMA), Fig. 1 panel H

Brachyury; Ectoderm: pII-tubulin, Paired box 6 (PAX6)

Endoderm: SRY-box transcription factor 17, Forkhead Box A2 (FOXAZ)

Not performed N/A

Not performed N/A

Not performed N/A
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39



C. Loerch et al. Stem Cell Research 87 (2025) 103762
Table 2
Reagents details.
Antibodies used for i ytoch ry/flow-cytometry
Antibody Dilution Company Cat # RRID
Flow Cytometry Rabbit anti-OCT4 1:50 Cell Signaling Technologies #2840S AB 2167691
Flow Cytometry Mouse anti-SSEA4 1:50 Cell Signaling Technology AB_1264259
Pluripotency Marker Rabbit anti-OCT4 1:400 Cell Signaling Technologies #28408 AB_2167691
Pluripotency Marker Rabbit anti-SOX2 1:400 Cell Signaling Technologies #35795 AB_2195767
Pluripotency Marker Rabbit anti-NANOG 1:200 Cell Signaling Technologies #49035 AB_10559205
Pluripotency Marker Mouse anti-SSEA4 1:1000 Cell Signaling Technology AB 1264259
Pluripotency Marker Mouse anti-Tra-1-60 1:1000 Cell Signaling Technologies #47465 AB_2119059
Pluripotency Marker Mouse anti-Tra-1-81 1:1000 Cell Signaling Technologies #47458 AB_2119060
Differentiation Marker anti-aSMA 1:1000 Dako; # MO851 AB 2223500
Differentiation Marker Mouse anti- SOX17 1:50 R and D Systems AB_355060
Cat# AF1924
Differentiation Marker anti-BII Tubulin 1:250 Cell Signaling Technologies #44665 AB_1904176
Differentiation Marker anti-PAX6 1:200 Synaptic Systems AB 887758
# 153 011
Secondary Antibody anti-mouse- Alexa555 1:500 Thermo Fisher Scientific Cat# A10521 AB_2534030
Secondary Antibady anti-rabbit- Alexa488 1:500 Thermo Fisher Scientific Cat# A27034 AB 2536097
Secondary Antibody anti-rabbit- Alexa647 1:500 Thermo Fisher Scientific Cat# A-31573 AB_2536183
Nuclear Co- Staining Hoechst33258 1:5000 Thermo Fisher Scientific Cat# H3569 AB 2651133
Primers
Target Size of band Forward/Reverse primer (5'-37)
Endogenous OCT4 OCT4 113 bp AGTTTGTGCCAGGGTTTTTG ACTTCACCTTCCCTCCAACC
Episomal Plasmids (exo) 0CT4 657 bp AGTGAGAGGCAACCTGGAGA
AGGAACTGCTTCCTTCACGA
Mycoplasma PCR mycoplasma-specific 165 rRNA gene 265- GGGAGCAAACAGGATTAGATACCCT
278 bp TGCACCATCTGTCACTCTGTTAACCTC
PiZ genotyping by Sanger Sequencing SERPINAL N/A AGCGCTTCCTGGGAGGTGT
STR-PCR D168539 N/A GGGGGTCTAAGAGCTTGTAAAAAG
GTTTGTGTGTGCATCTGTAAGCATGTATC
D138317 N/A ACAGAAGTCTGGGATGTGGAGGA
GGCAGCCCAAAAAGACAGA
D7S820 N/A ATGTTGGTCAGGCTGACTATG
GATTCCACATTTATCCTCATTGAC
THO1 N/A ATTCAAAGGGTATCTGGGCTCTGG
GTGGGCTGAAAAGCTCCCGATTAT
vWA N/A CTAGTGGATGATAAGAATAATCAGTAT GTG
GGACAGATGATAAATACATAGGATGGATGG
Amel N/A ACCTCATCCTGGGCACCCTGGTT
AGGCTTGAGGCCAACCATCAG
CSFIPO N/A AACCTGAGTCTGCCAAGGACTAGC
TTCCACACACCACTGGCCATCTTC
TPOX N/A ACTGGCACAGAACAGGCACTTAGG
GGAGGAACTGGGAACCACACAGGTTA
D5S818 N/A GGTGATTTTCCTCTTTGGTATCC

AGCCACAGTTTACAACATTTGTATCT

3.5. Immunofiuorescence

Cells were fixed with 4% PFA for 10 min at RT, and permeabilized for
10 min with 0.5% Triton-x-100 (Sigma). For extracellular staining the
permeabilization step was skipped. Cells were blocked for 1 h at RT with
3% BSA and incubated with respective primary antibodies overnight at
4 °C. Fluorophore-coupled antibodies against the host IgG were incu-
bated for 1 h at RT in the dark and DNA was counterstained with 4
pM Hoechst33342. Fluorescence microscopy was performed using the
LSM700 (Zeiss) microscope and ZEN2012 (blue edition) software,
version 6.1.7601,

3.6. Flow cytometry

Cells were detached to single cells, centrifuged and fixed in 4% PFA
for 10 min at RT. After 3x wash with PBS-/-, cells were permeabilized
for 10 min with 0.5 % Triton-x-100. For extracellular staining this step
was skipped. Cells were blocked in 0.5% BSA and 2 mM EDTA for 1 h at
RT and primary antibodies were incubated overnight, at 4°C
Fluorophore-coupled antibodies against the host IgG were incubated for
1 hat RT in the dark. Cells were washed and resuspended in blocking
buffer. Fluorescence was measured using the CytoFLEX § Flow Cytom-
eter (Beckman Coulter) and analyzed with the CytExpert software
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version 2.6.0.105 (Beckman Coulter).

3.7. Karyotype analysis

Karyotype analysis was performed and evaluated at the Institute of
Human Genetics and Anthropology, Heinrich-Heine-University,
Diisseldorf.

3.8. Sanger sequencing and global transcriptome analysis

Sanger sequencing and 3‘RNA-Seq were performed at the core fa-
cility BMFZ-GTL of Heinrich-Heine-University Diisseldorf.
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4.2. Generation of two Alpha-I antitrypsin deficiency
patient-derived induced pluripotent stem cell lines ISRM-
AATD-iPSC-1 (HHUUKDIi011-A) and ISRM-AATD-iPSC-2
(HHUUKDI012-A)

Audrey Ncube, Lisa Bewersdorf, Lucas-Sebastian Spitzhorn, Christiane Loerch, Martina
Bohndorf, Nina Graffmann, Lea May, Samira Amzou, Malin Fromme, Wasco Wruck, Pavel

Strnad, James Adjaye
Stem Cell Research, Volume 71, Article number 103171

Abstract:

SIX2-positive urine derived renal progenitor cells were isolated from a male and female alphal-
antitrypsin deficiency (AATD) patients both harboring the homozygous PiZZ genotype. The
cells were reprogrammed to generate two integration-free induced pluripotent stem cell (iPSC)
lines by transfecting episomal-based plasmids expressing OCT4, SOX2, NANOG, ¢c-MYC,
KLF4 and LIN28. Pluripotency was confirmed by immunocytochemistry for associated
markers and embryoid body-based differentiation into the three germ layers. The iPSC lines
carried the parental PiZZ genotype. Comparative transcriptome analyses with human
embryonic stem cell line H9 revealed a Pearson correlation of 0.945 for ISRM-AATD-iPSC-1
and 0.939 for ISRM-AATD-1PSC-2 respectively.

Author contributions (20%) of C.L. included:
- Curation and visualization of the data
- Writing the original draft together with A.N., N.G. and J.A.
- Reviewing and editing of the manuscript together with A.N., N.G. and J.A.

Status: Published online in July 2023 under open access article under the CC BY-NC-ND
license. DOI: 10.1016/j.s¢r.2023.103171
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ABSTRACT

SIX2-positive urine derived renal progenitor cells were isolated from a male and female alphal-antitrypsin deficiency (AATD) patients both harboring the homo-
zygous PiZZ genotype. The cells were reprogrammed to generate two integration-free induced pluripotent stem cell (iPSC) lines by transfecting episomal-based
plasmids expressing OCT4, SOX2, NANOG, ¢-MYC, KLF4 and LIN28. Pluripotency was confirmed by immunocytochemistry for associated markers and embryoid
body-based differentiation into the three germ layers. The iPSC lines carried the parental PiZZ genotype. Comparative transcriptome analyses with human embryonic
stem cell line H9 revealed a Pearson correlation of 0.945 for ISRM-AATD-iPSC-1 and 0.939 for ISRM-AATD-iPSC-2 respectively.

Resource Table: (contintigd)
Unique stem cell lines 1. HHUUKDi011-A Gene/locus SERPINA1rs28929474
identifier 2. HHUUKDIi012-A Date archived/stock date 27.01.2022
Alternative name(s) of stem 1. ISRM-AATD-iPSC-1, AATD-iPSC-1 Cell line repository/bank 1. https://hpscreg.eu/cell-line/HHUUKDiO11-A
cell lines 2. ISRM-AATD-iPSC-2, AATD-iPSC-2 2. https://hpscreg.eu/cell-line/HHUUKDi012-A
Institution Institute for Stem Cell Research and Regenerative Ethical approval Ethical approval was provided by the ethical
Medicine committee of the medical faculty at Heinrich-Heine
Contact information of James Adjaye, James.Adjaye@med.uni- university Diisseldorf, Approval number:
distributor duesseldorf.de 2021-1627
Type of cell lines iPSC
Origin Human
Additional origin info Age: 1.:57, 2.: 63; Sex: 1.: Male 2.: Female; Ethnicity
required if known: white
Cell source Urine derived renal progenitor cells (UdRPCs)
Clonality Clonal
Method of reprogramming Episomal expression of OCT4, SOX2, NANOG,
LINGS, c-MYC KLE4 1. Resource utility
Genetic modification Yes
Type of genetic modification Hereditary } B ) ) o
Evidence of the PCR Alphal-antitrypsin (AAT) is a major protease inhibitor produced
reprogramming transgene primarily in the liver and secreted into the bloodstream. AAT deficiency
loss is caused by mutations in the SERPINA1 gene and the characteristic PiZ
Cell culture system N/A s : n 5 2 o
5 2 N . variant results in hepatic AAT accumulation. Therefore, these iPSC lines
Associated disease Alpha-1 Antitrypsin deficiency

represent cellular tools for studying the pathomechanisms of AATD.

continued on next column; s 2 e : .
4 “ ; l'able 1 displays the results of the characterization and validation.
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Table 1
Characterization and validation.
Classification Test Result Data
Morphology Photography Bright Normal Fig. 1 panel A
field
Phenotype Immunocytochemistry Expression of Fig. 1 panel C
pluripotency
associated
markers: OCT4,
SOX2, NANOG,
TRA-1-60, TRA-
1-81, SSEA-4
Flow Cytometry 1. Assess Fig. 1 panel D
91.41% OCT4
positive cells
2. Assess 79.85%
OCT4 positive
cells
Genotype Karyotype (G-banding) 1. ISRM-AATD- Fig. 1 panel H,
and resolution iPSC-1, 46XY Supplementary
2. ISRM-AATD- Fig. 2
iPSC-2, 46XX
Resolution
450-500
Identity Microsatellite PCR Not performed N/A
(mPCR) OR
STR analysis 21 STR System Supplementary
file 2
Mutation RFLP PiZZ genotype Fig. 1 panel F
analysis Southern Blot OR WGS  Not performed N/A
Microbiology Mycoplasma Mycoplasma Supplementary
and virology testing by RT- Fig. 1
PCR
Negative
Differentiation Embryoid body Expression of Fig. 1 panel E
potential formation germ layer
specific proteins:
Mesoderm -
smooth muscle
actin (SMA),
Ectoderm - pIIl-
tubulin
Endoderm -
SOX17.
Donaor HIV 1 + 2 Hepatitis B, Not performed N/A
screening Hepatitis C
Genotype Blood group Not performed N/A
additional genotyping
info HLA tissue typing Not performed N/A

2. Resource details

Alphal-antitrypsin deficiency (AATD) is an autosomal recessive
disorder with a frequency of approximately 1:3000 in Caucasians
(Strnad et al,, 2020). The disorder is caused by a mutation in the SER-
PINA1 gene and is an inherited metabolic disease of the liver. In-
dividuals with this deficiency are predisposed to developing liver (due to
gain of function proteotoxicity) and lung (loss of function phenotype)
disease. Whereas the wild-type M—allele is the most common, the ho-
mozygous PiZ mutation known as the PiZZ genotype is rare, but the
predominant cause of severe AATD conferring a strong risk for devel-
opment of end-stage liver disease, (Segeritz et al,, 2018; Tafaleng et al,,
2015).

We generated two iPSC lines, one male (ISRM-AATD-iPSC-1) and one
female (ISRM-AATD-iPSC-2), from AATD patients both carrying the
homozygous PiZ mutation. Urine derived renal progenitor cells
(UdRPCs) were first isolated from both patients and used to generate the
described iPSC lines. The cells were reprogrammed by nucleofection of
the episomal plasmids pEP4EO2SCK2MEN2L and pEP4EO2SET2K (7F1)
expressing OCT4, SOX2, NANOG, LIN28, ¢-MYC and KLF-4, using the T-
13PC3 (ATCC) program and epithelial cells nucleofection kit. The
resulting iPSC lines have the typical iPSC morphology (Fig. 1A) and
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vector dilution was confirmed by the absence of exogenous (vector
expressed) OCT4 and the presence of endogenous OCT4 (Fig. 1B). Plu-
ripotency was confirmed by immunocytochemistry for the pluripotency-
regulating transcription factors OCT4, NANOG, SOX2 and cell surface
markers SSEA-4, TRA-1-60 and TRA-1-81 (Fig. 1C and not shown) and
flow cytometry-based detection of OCT4 expression (Fig. 1D). Pluripo-
tency was further demonstrated in vitro by embryoid body (EB)-based
differentiation into cell types representative of the three germ layers -
endoderm (S0X17), ectoderm (III-Tubulin) and mesoderm (SMA -
smooth muscle actin) (Fig. 1E). The mutation was confirmed by a RFLP
(Restriction Fragment Length Polymorphism) assay (Fig. 1F). Compar-
ative transcriptome and cluster analysis with the human embryonic stem
cell line H9 revealed a Pearson correlation of 0.945 for [ISRM-AATD-
iPSC-1 (p8) and 0.939 for ISRM-AATD-iPSC-2 (p5) respectively
(Fig. 1G). Chromosomal content analysis counting 20 metaphase
spreads revealed normal karyotypes for both lines: ISRM-AATD-iPSC-1
(p9) — 46, XY and ISRM-AATD-iPSC-2 (p7) — 46, XX (Fig. 1H & Sup-
plementary Fig. 2). DNA fingerprinting confirmed the identity of ISRM-
AATD-PSC-1 (p8) and ISRM-AATD-iPSC-2 (p5) with the respective
parental UdRPCs (Supplementary file 2). A PCR-based Mycoplasma
contamination test was negative (Supplementary Fig. 1).

3. Materials and methods
3.1. Cell culture

UdRPCs were isolated from urine samples and expanded as previ-
ously described (Bohndorf et al., 2017; Rahman et al., 2020).

3.2. Derivation of iPSCs

SIX2-positive AATD-1 and AATD-2 UdRPCs were reprogrammed into
iPSCs (Bohndorf et al., 2017; Yu et al., 2011) using the T-13PC3 (ATCC)
program (Amaxa nucleofector II, Amaxa Inc.,) and epithelial cells
nucleofection kit (LONZA): 3 ug pEP4EO2SCK2MEN2L and pEP4EQ2-
SET2K (7F1) were introduced and 0.5 pm A83-01, 0.5 pM PD0325901,
10 UM Y-27632, and 3 pM CHIR99021 were added to inhibit TGFB-,
MEK-, and Rock-signaling and activate WNT-signaling pathway,
respectively. Cells were cultured with mTeSR™1 medium on Matrigel®
at 37 °C and 5% CO3 with daily medium changes. Well-defined iPSC
colonies were picked and detached using PBS without Mg2+ and Ca®*
and distributed at a 1:3 - 1:10 ratio into new Matrigel coated plates.

3.3. PCR

Vector dilution were confirmed by PCR using the GoTaq DNA Po-
lymerase kit (Promega). Genomic DNA was extracted using the DNeasy
Blood and Tissue kit (QIAGEN). Supernatants from dense cultures were
collected and PCR run to confirm the absence of mycoplasma
contamination.

3.4. DNA fingerprint analysis

STR analysis was performed and evaluated at the Institute of
Forensic Medicine, University Hospital Diisseldorf.

3.5. Embryoid body (EB) formation

Sub-confluent iPSCs were scrapped off, transferred into a T25 flask
and cultured for one week in high glucose DMEM, containing 1% NEAA
to form EBs. Afterwards, EBs were settled for 3 — 4 days on a gelatin-
coated 12-well plate,

3.6, Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 15 min at room
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Fig. 1. Characterization of iPSC lines ISRM-AATD-iPSC-1 and ISRM-AATD-iPSC-2.
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temperature (RT). Cells were blocked with 5% BSA in 0.5% Triton- Fluorescence images were captured by a LSM700 microscope (Carl
X100/PBS and incubated with respective primary antibodies (Table 2) Zeiss).

overnight at 4 °C. Cells were incubated for 2 h with Alexa488 or

Alexa555-conjugated secondary antibodies and nuclear Hoechst at RT.
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Table 2
Reagents details.
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Antibodies used for immunocytochemistry/flow-cytometry

Antibody Dilution Company Cat # RRID
Flow Cytometry Anti-OCT3/4- APC 1:100 Miltenyi Biotec AB_2653082
Cat# 130-109- 764
Pluripotency Marker Rabbit anti-OCT4 1:400 Cell Signaling Technologies #2840S AB_2167691
Pluripotency Marker Rabbit anti-SOX2 1:400 Cell Signaling Technologies #3579S AB_2195767
Pluripotency Marker Rabbit anti-NANOG 1:400 Cell Signaling Technologies #4903S AB_10559205
Pluripotency Marker Mouse anti-Tra-1-60 1:1000 Cell Signaling Technologies #47465 AB_2119059
Pluripotency Marker Mouse anti-Tra-1-81 1:1000 Cell Signaling Technologies #47455 AB_2119060
Differentiation Marker anti-aSMA 1:1000 Dako # M0851 AB_2223500
Differentiation Marker Mouse anti- SOX17 1:50 R and D Systems AB_355060
Cat# AF1924
Differentiation Marker anti-BIII Tubulin 1:1000 Abcam AB 869991
Cat# ab52623
Secondary Antibody anti-mouse- Alexa555 1:2000 Thermo Fisher Scientific Cat# A10521  AB_2534030
Secondary Antibody anti-rabbit- Alexa488 1:2000 Thermo Fisher Scientific Cat# A27034  AB_2536097
Nuclear Co- Staining Hoechst 1:5000 Thermo Fisher Scientific Cat# H3569 AB 2651133
Primers
Target Size of band Forward/Reverse primer (5-3)
Endogenous OCT4 OCT4 113 bp GTGGAGGAAGCTGACAACAA/ ATTCTCCAGGTTGCCTCTCA
Episomal Plasmids (exo) ocCT4 657 bp GTGGAGGAAGCTGACAACAA/ ATTCTCCAGGTTGCCTCTCA
Mycoplasma ITW Reagents #A3744  mycoplasma-specific 16S rRNA gene 270 bp Negative samples show a 270 bp band only
357 bp Positive ones have two bands 270 bp & 357 bp

PiZ genotyping SERPINA1

M: 250 bp Z: 300 bp

GTGCATAAGGCTGTGCTGACCATCGTC/
GCAGGGACCAGCTCAACCCTTCTTTAATG

3.7. Flow-cytometry

Flow-cytometry analysis was carried out using an APC-coupled OCT4
antibody and isotype control (Miltenyi). After fixation for 20 min at RT
in fixation buffer and permeabilization in 1x intracellular staining perm
wash buffer (Biolegend), cells were stained for 30 min at 4 °C and
washed. Fluorescence was measured using the CyAn ADP Flow Cytom-
eter (Dako). Analysis was performed with the Kaluza software (Beckman
Coulter).

3.8. Karyotype analysis

Karyotype analysis was performed and evaluated at the Institute of
Human Genetics and Anthropology, Heinrich-Heine-University,
Diisseldorf.

3.9. Mutation analysis by Restriction Fragment Length Polymerphism

The donor underwent a routine AATD diagnostics at the German
reference center in the Marburg university hospital. This one consists of
(i) measuring AAT serum levels; (ii) isoelectric focusing for protein
phenotyping (Bals et al., 2007); (iii) multiplex PCR-based genotyping for
the 14 most frequent AATD variants that relies hybridization with allel-
specific probes (Veith et al., 2019). Mutations were confirmed at the
Department of Internal Medicine III, University Hospital RWTH Aachen.
Isolated genomic DNA from parental UdRPCs and iPSCs was used for
RFLP (Restriction Fragment Length Polymorphism) assay to distinguish
between M and Z alleles. PCR with my-Budget 5x PCR-Mastermix and
respective primers (Table 2) was followed by Taql enzymatic digestion
at 65 °C for 1 h. Gel electrophoresis differentiated between M—allele
(250 bp) and Z-allele (300 bp). Previously sequenced human DNA
samples served as controls.

3.10. Microarray-based transcriptome analysis

Global transcriptome analysis was carried out on the Human-
Clariom-S Affymetrix microarray platform. 1 pg total RNA was hybrid-
ized by the Biologisch-medizinisches Forschungszentrum, Heinrich-
Heine University, Diisseldorf. The dendrogram was calculated using
the package affy of the R/Bioconductor software.
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4.3. Forskolin induces FXR expression and enhances
maturation of iPSC-derived hepatocyte-like cells
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Abstract:

The generation of iPSC-derived hepatocyte-like cells (HLCs) is a powerful tool for studying
liver diseases, their therapy as well as drug development. iPSC-derived disease models benefit
from their diverse origin of patients, enabling the study of disease-associated mutations and,
when considering more than one iPSC line to reflect a more diverse genetic background
compared to immortalized cell lines. Unfortunately, the use of iPSC-derived HLCs is limited
due to their lack of maturity and a rather fetal phenotype. Commercial kits and complicated 3D-
protocols are cost- and time-intensive and hardly useable for smaller working groups. In this
study, we optimized our previously published protocol by fine- tuning the initial cell number,
exchanging antibiotics and basal medium composition and introducing the small molecule
forskolin during the HLC maturation step. We thereby contribute to the liver research field by
providing a simple, cost- and time-effective 2D differentiation protocol. We generate functional
HLCs with significantly increased HLC hallmark gene (ALB, HNF4a, and CYP3A4) and
protein (ALB) expression, as well as significantly elevated inducible CYP3A4 activity.
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Forskolin induces FXR expression
and enhances maturation of
iIPSC-derived

hepatocyte-like cells
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‘Institute for Stem Cell Research and Reg
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erative Medicine. Medical Faculty and University Hospital

The generation of iPSC-derived hepatocyte-like cells (HLCs) is a powerful tool for
studying liver diseases, their therapy as well as drug development. iPSC-derived
disease models benefit from their diverse origin of patients, enabling the study of
disease-associated mutations and, when considering more than one iPSC line to
reflect a more diverse genetic background compared to immortalized cell lines.
Unfortunately, the use of iPSC-derived HLCs is limited due to their lack of
maturity and a rather fetal phenotype. Commercial kits and complicated 3D-
protocols are cost- and time-intensive and hardly useable for smaller working
groups. In this study, we optimized our previously published protocol by fine-
tuning the initial cell number, exchanging antibiotics and basal medium
compoaosition and introducing the small molecule forskolin during the HLC
maturation step. We thereby contribute to the liver research field by providing
a simple, cost- and time-effective 2D differentiation protocol. We generate
functional HLCs with significantly increased HLC hallmark gene (ALB, HNF4a
and CYP3A4) and protein (ALB) expression, as well as significantly elevated
inducible CYP3A4 activity.

KEYWORDS

induced pluripotent stem cells (iPSCs), hepatocyte-like cells (HLCs), Forskolin,
cytochrome P450 activity, in vitro Differentiation

1 Introduction

Precise liver (-disease) models are indispensable considering society’s burden of
emerging liver diseases (Asrani et al, 2019). However, to date, none of the available
models is able to recapitulate human liver physiology accurately. Rodents show differences
in the basal metabolic rate and cytochrome P450 activity compared to humans, implying an
insufficient translation of rodent models to humans (Demetrius, 2004; 2005; Martignoni
etal, 2006). Besides available tumor-derived cell lines such as HepaRG and HepG2, primary
human hepatocytes (PHHSs) are currently the gold standard for hepatocyte research.
However, apart from their relatively high costs and ethical limitations, cultivation of the
cells results in dedifferentiation within 24 h, thus attenuating their utility for disease
modeling or analyses involving longer incubation (Godoy et al, 2016). In addition,
donor-to-donor variation in their CYP genotype limits the reproducibility of results
obtained with these cells.
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GRAPHICAL ABSTRACT

Human induced pluripotent stem cells (iP5Cs) and their
differentiation potential to various cell types represent the future
source for disease models. Patient-derived iPSC lines allow the
consideration of specific genetic background. On the other hand,
including several iPSC lines into a study, represents human genetic
diversity more accurately and thus provides higher quality data
compared to tumor-derived cell lines. Working with more than one
iPSC line enables researchers to detect disease-associated factors,
which span the genetic variance between patients.

Protocols differentiating iPSCs into hepatocyte-like cells (HLCs)
were first established in 2007-2008 (Cai et al., 2007; Agarwal et al,
2008; Hay et al., 2008a; Hay el al., 2008b), and scientists have so far
established various HLC differentiation protocols adapted to their
needs. The 2D differentiation process takes about 3 weeks and
provides a feasible tool to generate i) a HLC model for studying
basic liver functions as well as ii) models to study the hepatocytes’
specific contribution to inherited and acquired diseases and iii) to
test drugs. However, so far, the 2D HLC differentiation mostly
results in rather immature HLCs resembling fetal hepatocytes
(Baxter et al., 2015; Graffmann et al., 2022). As HLCs are mainly
used for the study of diseases and drug development, HLC
publications rather focus on a specific disease phenotype rather
than the differentiation outcome itself. However, improving the
differentiation protocols to consistently generate more mature iPSC-
derived HLCs is indispensable for liver research.

In this study, we present our simple, cost- and time-efficient 2D
differentiation protocol, optimizing our previously published
protocols (Jozefczuk et al, 2011; Graffmann et al, 2016; Matz
et al, 2017; Graffmann et al, 2021). By i) fine-tuning the cell
number, ii) replacing penicillin/streptomycin with doxycycline,
iii) using DMEM/F12 instead of L15 as a medium basis in the
last step, as well as iv) adding the small molecule forskolin during the
HLC maturation stage, we considerably increased stability of the
process as well as maturation of the derived cells. This improved
method provides a feasible protocol generating iPSC-derived HLCs
within 18-20 days, showing a significant increase of HLC-hallmark
gene and protein expression, enhanced functionality and improved
uniformity of cell morphology. Since the generated HLCs show
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CYP3A4 expression/ activity
ALB, AFP, CYP3A4, FXR

inducible activity of the adult enzyme CYP3A4, our model provides
an interesting tool for drug development or disease modelling,

2 Methods

2.1 Ethical approval and human iPSC-
Cultivation

The use of the human iPSC lines was approved by the Ethical
Committee of the medical faculty of Heinrich Heine University,
Diisseldorf, Germany, approval number: 5,704 and 5,013. Cell lines
2, 3 were kindly provided by Andrea Rossi, IUF-Leibnitz Institute
fitr umweltmedizinische Forschung GmbH.

Urine-derived human iPSCs from a 51-year old healthy African
male (Bohndorf et al., 2017), were cultivated on Matrigel (Corning)
coated cell culture dishes with mTesR Plus (Stemcell Technologies)
and penicillin/streptomycin (P/S) (Gibco). They were sub-cultivated
in clusters by incubating with PBS w/o Ca™, Mg™* for 3-5 min at RT
before mechanical detachment with a cell spatula and centrifugation
at 40 g for 3 min. Before differentiation, the cells were sub-cultivated
as single cells by incubating them with StemPro Accutase Cell
Dissociation Reagent (Life Technologies) for 4 min at 37°C and
subsequent centrifugation at 110 g for 4 min.

To show improvement of a protocol you need more than a single
line-this is a major weakness!

2.2 HLC-differentiation

Human iPSCs were differentiated according to two distinct
protocols, in the following referred to as protocol 1 (original)
and protocol 2 (optimized), respectively. Protocol 1 is based on
the protocol by Matz and Graffmann (Graffmann et al.,, 2016; Matz
et al, 2017; 2021) with minor changes:
Approximately 0.521 x 107 iPSCs/em”® were seeded onto Matrigel
(Corning) coated plates. The medium was changed to Definitive
Endoderm (DE) medium containing 96% RPMI supplemented with

Graffmann et al,
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2% B27 (w/o retinoic acid) 1% GlutaMAX (Glx) and P/S (all Gibco)
and refreshed daily for the following 3 days. On the first day, 100 ng/
ml Activin A (Peprotech) and 2.5 uM CHIR99021 (Stemgent) were
added, For the next 2 days, the DE medium was supplemented only
with 100 ng/mL Activin A. The medium was changed for hepatic
endoderm (HE) induction to 77.5% DMEM/F12 supplemented with
20% Knockout Serum Replacement (KOSR), 0.5% Glx, 0.01% 2-
Mercaptoethanol and 1% P/S (all Gibco). The medium was changed
daily and 1% DMSO (Sigma-Aldrich) was freshly added for each
medium change. After 4 days of HE medium, HLC medium was fed
for 12-15 days, with medium changes every other day, consisting of
82% Leibovitz's L-15 medium (Life Technologies), 8% FBS, 8%
Tryptose Phosphate Broth (TPB), 1% Glx, 1% P/S (all Gibco). 1 pM
insulin (Sigma-Aldrich), 10 ng/mL hepatocyte growth factor (HGF)
(Pepratech), 25 ng/mL dexamethasone (Dex) (Sigma-Aldrich), and
20 ng/mL recombinant human Oncostatin M (rhOSM209a.a)
(Immunotools) were freshly added to the medium.

In order to optimize the protocol, we adapted the original to
generate protocol 2 as follows. We seeded 1.04 x 10° iPSCs/cm*® onto
Matrigel coated dishes. DE- and HE-induction were carried out as
previously mentioned, but instead of P/S, 2 pM doxycycline was
used. For the HLC medium we used DMEM/F12 as basal medium
instead of Leibovitz's L-15 (L-15) and 2 pM doxycycline instead of
P/8. Insulin and growth factors remained, however, 20 yM forskolin
(Tocris) was added freshly to the medium for every feeding.

2.3 Immunocytochemistry

Immunocytochemistry was performed on 4% PFA fixed cells after
10 min permeabilization with 0.5% Triton-X-100 (Sigma-Aldrich) in
PBS. The cells were blocked with 3% BSA/PBS and subsequently
incubated with primary antibodies against AFP, Albumin (both Sigma-
Aldrich), HNF4a (Abcam) and E-CAD (Cell Signaling Technologies)
overnight at 4 °C. Afterwards the cells were washed 3x with 0.5%
Triton-X-100/PBS and incubated with fluorescence labeled secondary
antibody against respective host species IgG (Life technologies) for 2 h
at RT. DNA was stained with Hoechst 33258. Photomicrographs were
taken with a LSM 700 microscope (Zeiss) and processed with ZEN
software (Zeiss). Antibodies with their corresponding catalogue
numbers and dilutions in Supplementary Table S1.

2.4 Western blot

Cells were lysed for 20min on ice in RIPA-buffer containing
protease- and phosphatase inhibitor (Sigma-Aldrich). Remaining
cellular debris was centrifuged at 20,000 xg for 20 min at 4°C, and
the supernatant was stored at ~80 °C. Pierce BCA Protein Assay (Life
Technologies) was performed to determine protein concentration as
described by the manufacturer. 20 pg of protein was resolved on a
NuPAGE™ 4%-12%, Bis-Tris protein gel (Life Technologies). Proteins
were wet-blotted onto a 045pm nitrocellulose membrane (GE
healthcare, Solingen, Germany) and blocked in 5% Milk (ROTH) in
TBS-T buffer, Afterwards primary antibodies against AFP and Albumin
and Beta-actin {Cell Signaling Technologies) as housekeeping protein
were incubated for 2 h at RT. After 3x washing with TBS-T, Horseradish
peroxidase (HRP)-coupled secondary antibodies against respective host
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1gG (Cell Signaling Technologies) were incubated for 1 h at RT and non-
bound antibody was washed off 3x with TBS-T. HRP
chemiluminescence was detected using the 1x Pierce ECL Western
blotting Substrate (Life Technologies) on a Fusion FX instrument
(Peqlab). Corresponding band sizes were detected using the
pre-stained  protein  ladder (Life  Technologies).
Quantification was performed using Fusion Capt Advance software
(PegLab) and rolling ball background correction (Image Studio light 5.2).

PageRuler

2.5 Real-time quantitative PCR

RNA was isolated from HLCs, using the direct-zol RNA
isolation kit (Zymo Research), following the manufacturer's
instructions. 500 ng of RNA were reversely transcribed to cDNA
using the TagMan reverse transcription kit (Life technologies). RT
qPCR was performed in technical triplicates, using the Power Sybr
Green Mastermix (Life technologies) and the VIIA7 machine (Life
technologies). Primers were ordered from Eurofins. The mRNA
expression was calculated as the log2-fold change relative to the
housekeeping gene RPLO. Experiments were carried out in biological
triplicates and two-tailed unpaired Student’s t-test was performed to
calculate significances (please find primer sequences in the
Supplementary Table S1). A 1% agarose gel (1x TBS buffer) was
stained with GeldRed Nucleid Acid Gel Stain (Hoezel} and qPCR
products were resolved at 100 V for 45 min,

2.6 Urea production

Urea Assay (QuantiChrom) was performed following the
In brief,
supernatant was collected from 3 independent differentiations
and stored at -20°C. Urea standard was prepared in a 1:
10 dilution, and 50 pL of samples were incubated with 200 pL of
the reaction solution for 50 min at RT in the dark. Afterwards,
emission was measured at a wavelength of 430 nm using the
Epoch2 microplate reader (BioTek) and the concentration was
calculated from the standard
Student’s t-test was performed to calculate significance.

manufacturer's instructions for low urea-samples.

curve. Two-tailed unpaired

2.7 Cytochrome P450 activity

CYP3Ad-activity was measured using the P450-Glo™ kit
(Promega), following the manufacturer’s instructions. In brief,
cells were incubated with 1:1000 luciferin-IPA in Williams® E
medium (Sigma-Aldrich) for 1h at 37°C. An equal volume of
detection reagent was added and incubated for 20 min at RT in
the dark, before measuring the luminescence using a luminometer
(Lumat LB 9507, Berthold Technologies). Two-tailed unpaired
Student’s t-test was performed to calculate significance.

2.8 Glycogen-storage

Glycogen storage was analysed using periodic acid-schiff (PAS)-
reaction (Sigma-Aldrich) on PFA-fixated cells. The cells were
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FIGURE 1

Generation of iPSC-derived hepatocyte-like cells [HLCs). (A) Time line for differentiation of iPSCs over 21 days, indicating Definitive Endoderm
induction by CHIR99021 on di, and Activin A treatment on d1-d3. Hepatic Endoderm was induced by adding DMSO on d4-d8&. Maturation of HLCs was
induced by insulin, hepatocyte growth factor (HGF), dexamethascne (Dex), oncostatin M {(OSM) and forskolin (Forsko) treatment on d8-d21. (B)
Comparison of protocol 1 and 2, changes in the media composition are marked in red. (C) Morphology of HLCs on day 20/21 generated with
protocol 1 or 2.

incubated with periodic acid solution for 5 min at RT before washing  solution, Gill No 3 was incubated for 90 s to counterstain the nuclei.
3x with dH,O. Afterwards the cells were incubated with Schiff's  Glycogen storage was documented using brightfield microscopy with
reagent for 15 min at RT and washed 3x with tap water. Hematoxylin ~ the IX50 Olympus Microscope (Olympus).
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FIGURE 2 (Continued)
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metabolization of luciferin-1PA as relative light units (R.L.U) normalized to total protein in HLCs generated by protocol 1 or 2 with and without
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2. (K) Glycogen storage shown via Periodic Acid—Schiff (PAS) reaction on fixated HLCs generated with protocol 1 or 2 respectively

2.9 Indocyanine green (ICG) uptake

To test for ICG uptake and release capacity, HLCs were washed
Ix with HBSS (Sigma-Aldrich) and incubated for 20 min at 37°C
with 0.5 mg/mL ICG (Sigma) in HLC basal medium. Cells were
washed 1x with HBSS and ICG uptake was documented via
brightfield microscopy using the IX50 Olympus Microscope
(Olympus). To release ICG, HLCs were incubated with HLC
basal medium for 5-6h at 37°C. After washing 1x with HBSS,
ICG-release was documented with brightfield microscopy.

3 Results
3.1 Morphology and protein expression

iPSCs from a healthy 51-year-old African male were
differentiated to hepatocyte-like cells (HLCs) using protocol 1
(original) or protocol 2 (optimized), resulting in cells showing
different morphology and HLC properties (Figures 1A-C).
Pratocol 1 generated relatively large HLCs, while protocol 2
resulted in smaller, tightly packed HLCs showing more
prominent borders (Figure 1C). Immunofluorescence staining
shows the expression of the epithelial marker protein E-cadherin
(E-CAD), and the hepatocyte markers hepatocyte nuclear factor
4alpha (HNF4a), and albumin (ALB) of resulting HLCs (Figure 2A).
We detected all three markers in HLCs generated with both
protocols, however a tendency towards a higher number of
HNF4a-positive HLCs was visible in cells generated with
protocol 2. ALB was expressed in HLCs generated with both
media, and no significant difference could be detected in the
immunofluorescence, However, Western blot analysis (Figure 2C)
of HLCs and corresponding quantification (Figure 21)) detected
significantly more AFP and ALB in HLCs generated with protocol 2
compared to protocol 1. Furthermore, we detected farnesoid X
receptor  (FXR) solely under optimized 1ICC
confirmed its location to the nucleus of HLCs while in protocol
1 only unspecific background staining was detected (Figure 2B). FXR
is a nuclear hormone receptor, involved in liver metabolism (Repa
and Mangelsdorf, 2000; Sinal et al., 2000). Expression of FXR in
iPSC-derived HLCs was recently found in vitro to be associated with
increased maturity as observed in PHHs (Nell et al, 2022).

conditions,

3.2 Gene expression and functionality

To confirm successtul differentiation of iPSCs into HLCs, we

measured relative  mRNA  expression of selected markers
(Figure 2F). We observed a drastic decrease in OCT4 levels

compared to undifferentiated iPSCs (Figure 2E), indicating the
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loss of pluripotency in HLCs. Differentiation with protocol 2
resulted in a significant increase of gene expression of HLC
markers AFP, ALB, and CYP3A4 compared to protocol 1
(Figure 2F). Interestingly, we could show for ALB and AFP that
this increase is directly linked to forskolin treatment, as HLCs
differentiated according to protocol 2 but without forskolin, had
a much lower expression of both factors (Supplementary Figure
51A). While AFP is considered an immature, fetal marker and ALB
is also an early marker for HLCs, CYP3A4 is considered a late
marker for adult hepatocytes, indicating mature HLCs (Martinez-
Jiménez et al, 2007; Ang et al,, 2018). We detected FXR expression
only under optimized conditions (Figures 2F.G).

With regards to functionality, we could measure a significant
increase of CYP3A4 activity in cells derived with protocol 2
compared to protocol 1 (Figure 21). Importantly, CYP3A4 was
inducible upon rifampicin treatment in protocol 2 cells, confirming
their higher level of maturity. Again, this effect was linked to the
forskolin treatment, as CYP3A4 as well as CYP2D6 activity was
drastically reduced when culturing cells according to protocol 2 but
without forskelin (Supplementary Figure S1B). We further
investigated the effects of the optimized protocol with regards to
urea secretion (Figure 21), uptake and release of indocyanine green
dye (ICG) (Figure 2]), and glycogen storage (Figure 2K), All HLCs
secreted urea into the medium indicating key features of functional
hepatocytes, however, we could not detect a significant increase with
the optimized medium. ICG uptake was visible for both conditions,
however only HLCs generated by the optimized medium were able
to release ICG after 6 h of incubation. HLCs generated from both
protocols stored glycogen. Furthermore, we noticed less cell death at
the DE stage as well as through the transition from DE to HE stage.
This might have also contributed to the enhanced maturation and
homogeneity, which we observed at the HLC stage. However, as we
did not test cell viability, our observation are based on a subjective
impression,

4 Discussion

4.1 Fine-tuning of cell number and use of
doxycycline improves HLC
differentiation outcome

Differentiation of iPSCs to various cell types is only possible to a
limited level since in vitro conditions cannot yet meet the delicately
orchestrated balance of chemical and mechanical stimuli which are
provided during the development in wivo (Ang et al, 2018).
Differentiation of cells towards DE primes them for further HLC
differentiation. In order to induce Activin/Nodal signaling, we use
high concentrations of Activin A to activate the SMAD2/3 branch of
the TGFp pathway, which is essential for successtul DE induction
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(Brown et al., 2011; Lee et al., 2011), Furthermore, WNT-signaling is
needed to express SRY-box transcription factor 17 (SOX17) which
upregulates several genes of the DE lineage. We use CHIR99021 to
inhibit Glycogensynthase-Kinase 3 (GSK-3) and prevent B-catenin
degradation, leading to the induction of SOX17 expression (Lngert
et al, 2013),

Especially during the first day of CHIR99021-and Activin A
treatment, a lot of cell death has been observed, probably due to
the drastic change in medium and Activin A and CHIR concentration
(Peaslee et al., 2021). Nonetheless, after the first wave of cell death,
massive cell proliferation takes place, demanding fine-tuning of the
initial cell number. When the cell density is too low at the end of DE-
stage, HE cells transit to an endothelial derived epithelial cell type,
which is incapable of differentiating to HLCs (Graffmann et al., 2018).
Therefore, we recommend testing the initial cell number for each cell
line, as the DE outcome is indispensable for successful further
differentiation. Peaslee et al. found that doxycycline can help to
prevent apoptosis during the first Activin A incubation (Peaslee
et al, 2021). Even though there was no direct effect on HLC-
marker expression, they saw a general improvement in their HLC-
culture with a more defined monolayer and better viability. This is
consistent with our observation of lower cell death during DE-stage
and enhanced HLC marker gene expression and functionality, when
using doxycycline throughout the whole differentiation. However, we
could not observe any direct effect on the DE-stage development.

During the HE-stage, numerous groups use 1% DMSO in a
relatively plain basal medium to initiate hepatic endoderm
development, though the direct mechanism of DMSQ-induced
differentiation is not yet completely resolved (Graffmann et al,
2022). In the past, we occasionally encountered a lot of cell death
during the transition from DE to HE stage, leading to insufficient cell
confluence and interference with the differentiation process. Although
we did not analyze the direct impact of doxycycline on cell viability,
we observed a lot less cell death during the transition from DE to HE.
After 4 days of HE medium, we observed cobblestone shaped, tightly
packed, polygonal HE-cells, expressing HNF4a and AFP.

4.2 Replacing L-15 medium with DMEM/
F12 improves the maturation step

Many early hepatocyte differentiation protocols, including our
protocol 1, used L-15 medium as a base for the maturation medium. It
was introduced by Hay and others in 2008 (Hay et al,, 2008a; Hay
et al,, 2008b) who based their maturation medium on a primary rat
hepatocyte medium (Mitchell et al, 1984). L-15 medium is a
phosphate and amino acid-buffered formulation, optimized for
CO,-free culture conditions, In contrast, the media used in
preceding steps of HLC differentiation (RPMI1640, DMEM), are
sodium bicarbonate-buffered formulations, requiring 5%-10% CO,
for physiological pH of the culture medium. Cultivating cells in the L-
15 based maturation medium in the same incubator utilized for the
first steps of hepatocyte differentiation, results in a strong reduction of
pH in the culture medium by exceeding the buffer capacity. This
impairs cell survival, maturation, and function. Today, L-15 medium
has been replaced by many groups with other media such as
HepatoZYME from Gibeo (Cameron et al, 2015) or hepatocyte
basal medium from Lonza (Hannan et al, 2013). In our hands,

Frontiers in Cell and Developmental Biology

55

10.3389/fcell.2024.1383928

DMEM/F12 (Sauer et al, 2016) turned out to be a reliable and
cost-effective basal medium for successful HLC maturation.

4.3 Forskolin possibly induces HLC
maturation via FXR and PXR pathway

The maturation phase of the differentiation is based on HLC
promoting growth factors and the hormone insulin. Hepatocyte
growth factor (HGF) is one of the essentials on the way towards
HLC-differentiation since it is a morphogen and governs the
development and regeneration of liver tissue via tyrosine kinase
activity on its receptor C-MET (Bottaro et al,, 1991; Graffmann et al.,
2022). Oncostatin M, a cytokine which belongs to the interleukin six
family and secreted by hematopoietic cells during embryonic liver
development in vivo, is controversially discussed in the field. While
some research groups found that it helps in the maturation of HLCs,
it was also observed that it dedifferentiates HLCs, and is associated
with cancers of several organs (Kamiya et al., 2001; Danoy et al,
2020; Graffmann etal., 2022). In our hands, the addition of OSM did
not seem crucial for HLC development in the 2D culture, however, it
mitigated the formation of cysts and prevented cell death in 3D (own
unpublished data).

Using 1 pM of insulin for the HLC maturation has worked well
for us. However, the concentrations vary throughout published
protocols, and the exact function of insulin during hepatic
differentiation is yet to be fully characterized. In fact, working
groups have shown that manipulating energy metabolism of
hepatic cells via insulin signaling might affect the differentiation
outcome (Rodrigues et al., 2022).

Forskolin is a diterpene, found in the root of Coleus forskohlii
(Dubey et al., 1981). The compound has been used in traditional
medicine to treat hypertension, obesity, and respiratory diseases and
its relevance for modern medicine is emerging (Lindner et al,, 1978;
Baumann et al., 1990; Jagtap et al., 2011; Sapio et al., 2017). On the
biochemical level, it is known to upregulate adenylate cyclase which
synthesizes cAMP from ATP (Seamon et al,, 1981). cAMP promotes
hepatocyte specific gene expression (Ogawa et al, 2013) and
increases polarization of HepaRG cells via activation of farnesoid
X receptor (FXR) and pregnane X receptor (PXR) (Mayati et al.,
2018). This is in accordance with our detection of FXR-expression
solely in the forskolin-containing protocol 2. Moreaver, using
protocol 2 without forskolin resulted in reduced levels of ALB and
AFP  expression as well as levels of CYP3A4 and
CYP2D6 activity (Supplementary Figure S1A,B), demonstrating the
important, yet elusive role of forskolin during HLC development.

FXR is a nuclear hormone receptor whose natural ligands are liver
metabolites such as bile acids. While under physiological conditions it
is involved in the clearance of bile acids and liver metabolism, its
in vitro induction by using potent ligands leads to upregulation of

lower

HLC specific genes (Ali et al., 2015; Godoy et al., 2016; Stofan and
Guo, 2020). Recently, Nell et al. demonstrated that FXR expression is
essential for fostering hepatocyte fate while simultaneously inhibiting
intestinal fate during HLC differentiation (Nell et al., 2022).

PXR is another nuclear hormone receptor, which is an
environmental sensor of xenobiotics as well as endogenous
ligands such as bile acids. Similar to FXR, it builds a heterodimer
to activate transcription factor activity. As it is a chemical sensor for
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the liver environment it plays a pivotal role in diseases affecting the
bile acid (BA) metabolism such as cholestatic disease, where it
downregulates the BA synthesis and upregulates its export (Sayal
et al, 2021). Furthermore, recent studies also found an association
with metabolic, inflammatory and lipid metabolism disorders, thus
indicating a role for the metabolism of hepatocytes (Lehmann et al |
1998; Moreau et al., 2008; Godoy et al., 2016; Haldkola et al., 2016).

With FXR and PXR functioning as nuclear receptors with
transcriptional activity on the metabolism of hepatocytes, it is
plausible that activation of FXR and PXR via forskolin mediated
cAMP-signaling promotes liver specification during differentiation
in vitro (Godoy et al., 2016; Nell et al,, 2022).

In conclusion, our data show a drastic increase in liver specific
gene and protein expression such as AFP, HNF4a, ALB, CYP3A4 as
well as the induction of FXR expression. Notably, protein and gene
expression of AFP and ALB were highly increased in protocol 2
compared to protocol 1. However, as both are early markers of HLC
development, they can only be considered as part of the HLC
confirmation. Next to other functionality tests such as urea
secretion, glycogen storage and ICG uptake and release, we could
detect improved CYPP3A4 activity as well as rifampicin inducibility.
Together with the increased levels of AFP and ALB, we could show a
drastic optimization of our previous protocel. Furthermore, we could
observe less cell death during the early steps of differentiation and
enhanced viability and homogeneity of the monolayer at the HLC
stage with the optimized differentiation protocol 2, However, more
research is needed to further improve the efficiency of HLC
differentiation. In particular, the fact that cells from both protocols
still expressed residual OCT4, albeit with no significant differences
between the protocols and on low levels, requires our attention, at least
when aiming to generate HLCs for transplantation. Further analyses
are necessary, to determine if this expression can be tracked down to
single cells that could be removed by FACS sorting or if OCT4 is still
present in the majority of HLCs, which would require further
optimization of the protocol. Nevertheless, especially the high and
inducible level of CYP3A4 activity in cells derived with protocal 2
indicates an improvement in functionality, which is essential for using
these cells for drug development and toxicological test.

Besides the addition of small molecules, the composition of the
basal medium might also need further consideration. Replacing fetal
bovine serum (FBS) with knock-out serum might be an aspect to
consider, to move the protocol towards a xenofree setting which is
essential for potential HLC transplantation and to reduce variability
resulting  from  lot-to-lot
heterogenous matrix can be replaced with standardized and
xenofree laminins as has been shown before (Cameron et al,
2015). Furthermore, using relatively high levels of insulin should
be avoided as it manipulates the energy metabolism and might
interfere with the differentiation efficiency (Hakkola et al,, 2016).
Differentiation in 3D enhances HLC culture stability compared to
2D which enables researchers to improve maturity and as well as to
perform long-term experiments (Rashidi et al, 2018). This
development suggests improvement for HLC differentiation in
the future. To enhance reproducible maturity throughout the
scientific community, it is indispensable to constantly update on
the latest differentiation protocol. We therefore provide our current
differentiation protocol, which robustly improved HLC hallmark
gene expression and functionality.

variation.  Similarly, Matrigel, a
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5 Summary and outlook

The use of human iPSC-derived HLCs provides an urgently
needed tool for future in vitro studies of liver diseases and therapy
development. However, the established differentiation protocols are
limited, because the resulting HLCs lack maturity (Graffmann et al,,
2022). Companies offer differentiation kits which provide high levels
of reproducibility and maturity, but are relatively expensive and thus
not affordable for smaller laboratories. This underlines the need for
protocols enhancing the maturation of HLCs available at reasonable
costs. In this study, we introduce our optimized, simple and cost-
efficient differentiation protocol, enhancing reproducibility and
maturity of HLCs by adapting the initial cell number, addition of
doxycycline to prevent cell death and the use of forskolin, an indirect
cAMP agonist, in a DMEM/F12 based maturation medium.
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h hour

ALB Albumin

AFP Alpha-Fetoprotein

DE Definitive endoderm

Dex Dexamethasone

ECAD E Cadherin

FXR Farnesoid X receptor

Fig Figure

Forsko Forskolin

GSK-3 Glycogen synthase kinase 3

HBSS Hanks buffered salt solution

HE Hepatic endoderm

HGF Hepatocyte growth factor

HLCs Hepatocyte-like cells

HNF4a Hepatocyte nuclear factor 4alpha

IgG Immunoglobulin G

ICG Indocyanine Green

iPSCs induced pluripotent stem cells

kDa kilo Dalton

min minutes

OCT4 octamer-binding transcription factor 4
OSM Oncostatin M

PEA Paraformaldehyde

Pis Penicillin/Streptomycin

PAS reaction periodic acid-schiff reaction
PBS —/— Phosphate buffered saline without calcium and magnesium
PXR pregnane X receptor

prot protocol

RLU Relative light units

RPLO Ribosomal Protein Lateral Stalk Subunit PO
SOX SRY-related HMG-hox genes

TBS-T Tris-buffered saline with Tween2(
TPB Tryptose phosphate broth

WNT Wingless-related integration site
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transcriptome changes as well as specific gene and protein expression of steatosis-associated
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Abstract

Background: Metabolic dysfunction-associated steatotic liver disease (MAFLD) has a
high prevalence and high co-morbidity for other diseases. Due to the complexity of this
multifactorial disease, therapy options are still rather limited. We employed an in vitro
pluripotent stem cell-based model to decipher potential disease-associated molecular
pathways and to study the mode of action of prospective drugs. Dipeptidyl peptidase
4 (DPP4) or Cluster of differentiation 26 (CD26) is involved in inflammation, infections,

immune disorders, type 2 diabetes, kidney disease and cancer.
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Methods: We induced the steatosis phenotype in human induced pluripotent stem cell
(iPSC) derived hepatocyte-like cells (HLCs) by oleic acid (OA)-feeding and confirmed
regulation of clinically relevant pathways by NGS-based global transcriptomic analyses.
Analysis of the secretome of steatotic HLCs revealed DPP4 as a potential key mediator
of the disease. To further elucidate its role in the development of MAFLD, we inhibited
DPP4 activity with Vildagliptin (VILDA) and analyzed the global transcriptome changes
as well as specific gene and protein expression of steatosis-associated genes with and

without DPP4 inhibition.

Results: MAFLD-associated pathways such as PPAR- and TNF signaling were
differentially regulated in hiPSC-derived steatotic HLCs. We found increased hepatic
DPP4 activity and secretion upon OA. Gene expression of fatty acid and purine
metabolism and inflammation-associated pathways were regulated upon DPP4
inhibition.

Conclusions: Our HLC-model confirmed association of DPP4 with metabolism and
inflammation which foster the development of MAFLD. Inhibiting DPP4 with VILDA

partially relieved the steatotic phenotype on a global transcriptomic level.

Impact and implications:

Given the difficulties of identifying suitable anti-MAFLD drugs, novel model systems
are urgently needed. Our in vitro HLC-model reproduced DPP4-dependent aspects of
the disease and responded positively to Vildagliptin treatment. Further elucidation of

the role of DPP4 in the etiology of MAFLD and other diseases is warranted.
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Background

Steatotic liver diseases are an increasing health burden for industrialized countries all
over the globe(1-4). Early, reversible stages involve steatosis and steatohepatitis,
resulting in fibrosis, while nascent cirrhosis and hepatocellular carcinoma are non-
reversible and life-threatening. Primary causes for steatosis are elevated fatty acid flux
from adipose tissue, a high-fat diet, or elevated blood glucose levels. Thus, obesity
and Type 2 diabetes mellitus (T2DM) are direct diagnostic criteria for Metabolic
dysfunction-associated fatty/steatotic liver disease (MAFLD/MASLD)(2) . MAFLD is a
complex, multisystem disease, with serious implications on the whole body, including
cardiovascular disease and chronic kidney diseases(5, 6). Moreover, its multifactorial
character and tissue heterogeneity is not only found in the clinic but is also shown in
the molecular response to steatosis(7-9). These factors complicate research and to

date resmetirom is the only FDA approved drug for treating MASLD(6, 10, 11).

Dipeptidyl peptidase 4 (DPP4) is a serine protease with catalytic activity for various
substrates(12). The most prominent ones are the incretins- Glucagon like peptide 1
(GLP-1) and Glucose-dependent insulinotropic polypeptide (GIP1). However, DPP4
not only interferes with incretin signaling, but also cleaves chemotactic peptides with
implications for the inflammatory response(12, 13). It is therefore considered a
hepatokine, upregulated in metabolic liver disease and a driver of inflammation(13).
Furthermore, DPP4 is known to be involved in various etiologies, such as immune
disorders, fibrosis and cancer(14). Gliptins -potent DPP4 inhibitors- are used for the
treatment of T2DM, prolonging the postprandial incretin answer(13, 15-17). Vildagliptin
(VILDA) shows additional protective effects on hepatocytes by reducing hepatic

triglyceride load as well as aminotransferase levels(18). Since the inflammatory
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response was reduced, it might interfere with the traits towards steatohepatitis, thus

indicating a beneficial effect on the progression of the disease(19, 20).

In this study, we differentiated human patient-derived induced pluripotent stem cells
(iPSCs) to hepatocyte-like cells (HLCs) by using our previously published, efficient 2D
differentiation protocol(21). We induced the steatosis phenotype and provide insights
into the hepatocyte-specific contribution to the disease and the potential role of DPP4

for the interplay between metabolism and inflammation.
Methods

Human induced pluripotent stem cell (iPSC) culture and hepatocyte-like cell

(HLC) differentiation:

The use of iPSC lines for this study was approved by the ethics committee of the
medical faculty of Heinrich-Heine University under the numbers 5013 and 5704. iPSCs
were cultivated on Matrigel (Corning) coated 6-well plates with daily changes of
StemMACs medium (Miltenyi). Once iPSCs attained 90% confluency, they were
colony-split by addition of PBS w/o magnesium or calcium (PBS-/-) (Gibco) and
incubated for approximately 3 min at room temperature (RT). Colonies were detached
from the surface with a cell scraper and centrifuged at 40 xg for 3 min. The pellet was

carefully resuspended and clumps of colonies were seeded in a ratio of 1:6.

iPSCs were differentiated according to our previously published protocol(21). In brief,
1.04 x10° iPSCs/ cm? were seeded onto Matrigel-coated dishes. Definitive endoderm
(DE) was induced by 1-3 days of 2.5 yM CHIR99021 (Stemgent) and 3-5 days of
100 ng/ml Activin A (Peprotech) in RPMI medium. Hepatic endoderm (HE) medium
was fed for 4 days, and 1% DMSO was added with medium changes every day. HLC

medium was fed for 12-15 days, with medium changes every other day. 1 uM insulin
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(Sigma-Aldrich), 10 ng/mL hepatocyte growth factor (HGF) (Peprotech),
25 ng/ml dexamethasone (Dex) (Sigma-Aldrich), and 20 ng/mL recombinant human

Oncostatin M (rhOSM209a.a) (Immunotools) were freshly added to the medium.

Table 1: iPSC lines used in this study.

iPSC line  Sex Age (years) Disease Source Ref.
Cntrl 1 male 50 healthy urine derived renal  (22)

progenitor cells

Cntrl 2 female 19 healthy dermal fibroblasts  (23)
Stea 1 male 61 high grade steatosis dermal fibroblasts  (24)
Stea 2 female 58 high grade steatosis dermal fibroblasts (25)

Immunocytochemistry:

Cells were washed with PBS-/-, fixed with 4% PFA for 10 min at RT, and washed 3x
with PBS-/-. For intracellular staining, the cells were permeabilized with 0.5% Triton-X-
100 (Sigma-Aldrich) in PBS-/- for 10 min at RT, and blocked with 3% BSA in PBS-/- for
1h at RT. After incubation with primary antibodies (Supplementary material) at
respective dilutions (table S2) overnight at 4°C, unbound antibodies were washed off
3x with PBS-/-. Secondary antibodies against the respective host IgG were incubated
for 1 h at RT and washed 3x with PBS-/-. (Confocal) microscopy was performed, using

a LSM 700 microscope (Zeiss) and images were processed with ZEN software (Zeiss).

Quantitative reverse transcription PCR (qQRT-PCR) :
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RNA was isolated using the Direct-zol RNA isolation kit (Zymo Research), following
the manufacturer’s instructions. 500 ng of RNA was reverse transcribed to cDNA using
the TagMan reverse transcription kit (Life technologies). gRT-PCR was performed
using the VIIA7 machine and the power SYBR green master mix (all Life technologies).
Expression of mRNA was presented as log2-fold-change in comparison to the
housekeeping gene and the control condition (primer sequences are found in the

supplementary material table S1).

Western Blot:

Cells were lysed in RIPA buffer containing protease and phosphatase inhibitors (all
Sigma-Aldrich). 15 - 30 pg proteins were separated on NUPAGE 4 to 12% Bis-Tris
protein gels (Life Technologies) and wet-blotted onto 0.45 um nitrocellulose
membranes (Amersham). After blocking with 5% non-fat milk (ROTH) in TBS-T buffer,
the membranes were incubated with the respective primary antibodies (Supplementary
material, table S2) overnight at 4 °C. After 3x washing with TBS-T buffer, fluorescence
labeled secondary antibodies (Licor) against the host IgG were incubated for 1 h at RT
at a 1:10000 dilution. Unbound antibodies were washed off with TBS-T buffer and the
fluorescence signal was detected at 680 nm and 800 nm by using the ChemiDoc MP
Imaging system (Bio-Rad). Quantification was performed using the Image Lab 6.0.1

software with lane background subtraction using disk size 1.

Cytochrome P450 activity measurement:

P450-Glo™ CYP3A4 and CYP2D6 assays (Promega) were used to measure

Cytochrome P450 activity. Cells were incubated with 3 uM Luciferin-IPA or 10 uM

6
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Luciferin-ME EGE, respectively, in William's E Medium (Gibco) for 1 h at 37 °C. After
incubation with the detection reagent, luminescence was measured in technical

triplicates with a luminometer (Lumat LB 9507, Berthold Technologies).

Steatosis induction by OA-feeding and Vildagliptin (VILDA) treatment:

Oleic acid (Calbiochem) was bound to 14% (w/v) fatty acid free BSA (ROTH) in
0.1 MTRIS pH8.0 for 1 h at 37 °C, and stored at 4 °C. After testing different
concentrations and time periods of OA treatment, we selected 400 uM OA for 7 days
to induce steatosis. From day 15-17 of HLC differentiation on, the cells were fed with
complete HLC medium, supplemented with 400 pM OA or the respective volume of
TRIS-BSA as mock-treatment. The medium was changed every other day for 7 days.
A final concentration of 30uM VILDA (Sigma-Aldrich) dissolved in DMSO was fed to
the cells after 48 h OA-/mock-induction for 5 days with medium changes every other

day.

Next generation sequencing and analysis of deep sequencing data:

3'RNA-Seq was performed on a NextSeq2000 sequencing system (llumina) at the
core facility Biomedizinisches Forschungszentrum Genomics and Transcriptomics
laboratory (BMFZ-GTL) of Heinrich-Heine University Duesseldorf. The HISAT2
(version 2.1.0) software(26) was employed to align the fastq files received from the
BMFZ-GTL core facility against the GRCh38 genome. For detailed description of the

integration of the data please refer to the supplementary material, methods section.
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GO and pathway analysis:

Subsets of genes expressed exclusively in one condition in the Venn diagram analysis
and up- and down-regulated genes according to the criteria for differentially expressed
genes (limma test, p-value <0.05 and fold change >1.5) (were subjected to over-
representation analysis of gene ontologies (GOs) and KEGG (Kyoto Encyclopedia of
Genes and Genomes) pathways(27). The hypergeometric test built-in in the R base
package was used for over-representation analysis of KEGG pathways, which had
been downloaded from the KEGG database in February 2023. The GOstats R
package(28) was employed to determine over-represented GO terms. The most
significant GO terms and KEGG pathways were displayed in dotplots via the R

package ggplot2(29).

Enzyme-linked Immunosorbent assay (ELISA):

Secreted DPP4 was detected from supernatants 48 h after feeding using the human
DPP4/CD26 DuoSet ELISA (R&D Systems) as described by the manufacturer. Optical
density was measured using the EPOCH2 spectrophotometer (BioTek) at 450 nm with
wavelength correction at 540 nm. 4-PL curve fitting was performed to calculate

concentrations.

Enzyme activity assay:

DPP4 activity was measured in OA-/ VILDA-treated HLCs, using the Dipeptidyl
peptidase IV (DPP4) Activity Assay Kit (Fluorometric) (Abcam), following the
manufacturer's  instructions. Fluorescence signal was measured on a

Spectrophotometer (Tecan) at EXEm = 360/460 nm.
8
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Cytokine array:

Supernatants of three biological replicates were harvested 24 h after medium change
and Proteome Profiler Human XL Cytokine array (R&D Systems) analysis was
performed following the manufacturer’s protocol and signals were detected, using the
Fusion FX instrument (PeglLab). Analysis and quantification was performed using the
FlJl/imaged software(30) and the Microarray Profile plugin by Bob Dougherty and
Wayne Rasband (https://www.optinav.info/MicroArray_Profile.htm, accessed on 21
December 2022). For details of the image analysis and follow-up normalization in the
R/Bioconductor environment(31) we refer to the description in our previous
publication(32). Cytokines were considered differentially expressed satisfying the
criteria: detection p-value < 0.05 in at least one condition, fold change > 1.2 and limma-
p-value < 0.05. The function heatmap.2 from the gplots package(33) and the R-builtin

function barplot were applied for heatmap and bar plots.

Statistics:

Student's unpaired two-tailed t-test or ordinary one- or two-way ANOVA followed by
Tukey's, Dunnet’s, or Sidak’s multiple comparison test were conducted to calculate

significances using GraphPad Prism 8.0.2 software.

Results
iPSCs-derived hepatocyte-like cell (HLC) differentiation from four individuals

Induced pluripotent stem cells (iPSCs) derived from four individuals, two healthy

controls (Cntrl 1, Cntrl 2)(22, 23) and two steatosis patients (Stea 1, Stea 2)(24,
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25)(Table 1), were differentiated into HLCs following our recently published
protocol(21). Representative immunocytochemistry of Cntrl 2 shows the expression of
Octamer binding transcription factor 4 (OCT4) in iPSCs, SRY-box transcription
factor 17 (SOX17) in definitive endoderm (DE), and Alpha-fetoprotein (AFP) in hepatic
endoderm (HE) (Fig. 1A). HLCs were stained for the epithelial marker E-Cadherin (E-
CAD), Hepatocyte nuclear factor 4 alpha (HNF4a) and Albumin (ALB) (Fig.1A).
Representative pictures of the other cell lines are provided in the supplementary
material section (Fig. S1 and S2A-C). HLCs showed significant increase of gene
expression of the HLC-markers ALB and Cytochrome P450 family members CYP3A4
and CYP2D6 in comparison to the iPSC-stage (Fig. 1B). Representative gene
expression of OCT4 and SOX17 in DE, as well as AFP in HE stage is provided in Fig.
S2D. Protein expression of AFP and ALB is shown in comparison to the housekeeping
protein beta-Actin (bActin) in HLCs derived from Cntrl 1 and Cntrl 2 (Fig. 1C). HLCs’
functionality was confirmed by measuring CYP3A4 and CYP2D6 activity for the four

cell lines (Fig. 1D).

10
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Fig. 1 Characterization of HLCs. (A) Representative immunocytochemistry of cell line
Cntrl 2 during differentiation showing respective markers OCT4 in iPSCs, SOX17 in
definitive endoderm (DE), and AFP in hepatic endoderm (HE). For hepatocyte-like cells
(HLCs), the epithelial marker E-CAD, HNF4a and ALB are shown. Scale bars = 100 ym.
(B) Gene expression of ALB and Cytochrome P450 family members CYP3A4 and
CYP2D6 in HLCs (n=3) derived from four cell lines in comparison to iPSC-stage (n=2),
shown in means of two or three biological replicates +SE respectively, normalized to
the housekeeping gene RPLPO. Two-tailed unpaired students’ T-test was performed
to calculate significances (*p < 0.05, **p < 0.01, ***p < 0.001). (C) Cropped WB of AFP,
ALB and bActin in HLCs derived from Cntrl 1 and Cntrl 2 (n=3). Uncropped full-length
blots can be found in the supplementary Fig. S9. (D) Representative cytochrome P450
activity of HLCs is for CYP3A4 and CYP2D6 in relative light units (R.L.U.) per 1000
cells in technical triplicates (n=3).
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Oleic acid (OA) induces steatosis phenotype in HLCs

To induce the steatosis phenotype in iPSC-derived HLCs, we treated HLCs of all four
cell lines on day 15-17 of differentiation with 400 uM oleic acid (OA) for 7 days. After
OA induction, we detected the formation of Perilipin-2 (PLIN2) coated lipid droplets by
immunocytochemistry in all cell lines (Fig. 2A/B and Fig. S3). Interestingly, from a
visual impression, it seemed that Cntrl 1 showed less lipid droplets than Cntrl 2,
indicating a cell line specific difference in the build-up of lipid droplets. In accordance
with previous findings, we did not detect a disease specific difference in the lipid load
w or wo OA, but rather a cell line specific effect(7). Previous findings indicated distinct
gene expression profiles in response to OA-treatment related to the steatosis
background of HLCs. To put these observations in perspective, we analyzed the global

transcriptomic changes upon OA induction.

RNA-seq was performed and revealed gene expression clustering according to the
treatment and based on the genetic background of each cell line (Fig. 2C). However,
two samples of HLCs derived from cell line Stea 2, clustered ambiguously, (Fig. 2C,
red asterisks). To prevent biases due to the genetic background of this cell line, we
excluded Stea 2 in subsequent analysis. We identified 15,705 genes expressed in
common in both conditions in cell lines Cntrl 1, Cntrl 2 and Stea 1, while 437 genes
were exclusively expressed under OA in comparison to 393 genes solely expressed
genes under mock treatment. Combining the exclusively expressed genes and genes
expressed in common, we found 1,147 genes significantly upregulated and 884 genes
significantly downregulated (Fig. 2D) after OA treatment. KEGG-associated pathway
analysis revealed, among others, genes of the glutathione pathway and metabolic
pathways significantly downregulated upon OA-treatment throughout Cntrl 1, Cntrl 2

and Stea 1 cell lines (Fig. 2E). Confirming results from a previous study(7), we found

12

73



bioRxiv preprint doi: https://doi.org/10.1101/2024.11.06.622222; this version posted July 22, 2025. The copyright holder for this preprint
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

genes associated with KEGG pathways of Peroxisome proliferator activated-receptor
(PPAR)-, Adenosine monophosphate-activated protein kinase (AMPK)-signaling and
fatty acid metabolism significantly upregulated (Fig. 2F). Furthermore, we detected
genes belonging to inflammation-related pathways significantly upregulated upon OA,
such as Tumor necrosis factor (TNF) signaling and NF-kappa-B pathway. Interestingly,
also genes of the inflammatory bowel disease and insulin resistance pathways were
upregulated upon OA (Fig. 2F). This KEGG-associated pathway analysis confirmed
the induction of the steatosis phenotype by OA supplementation in the three cell lines
Cntrl 1, Cntrl 2 and Stea 1. We performed Pearson’s correlation heatmap analysis of
genes associated with relevant KEGG-pathways (Fig. 3A). Notably, this revealed a
change of clustering according to the treatment and independent of the genotype,
indicating the relevance of these genes for the phenotype. Taken together, global
transcriptomic analyses of Cntrl1, Cntrl2, and Stea1 cell lines confirmed successful
steatosis induction but did not reveal an altered susceptibility of the patient derived

cells.
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Fig. 2 Confirmation of steatosis phenotype in HLCs. (A/B) Representative
immunofluorescence and BODIPY 493/503 staining of HLCs derived from Cntrl 1 and
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Cntrl 2 treated with 400 uM OA and respective control (mock) for 7 days, PLINZ is
shown in red, fatty acids are stained in green. Scale bars = 20 um. (C) Hierarchical
cluster dendrogram of global transcriptomic changes upon QA treatment of HLCs
derived from cell lines Cntrl 1, Cntrl 2, Stea 1, Stea 2 in three biological replicates (n=3).
Ambiguous clustering of gene expression in Stea 2 is marked by red asterisks
(correlation in supplementary material table 1). (D) Venn diagram of gene expression
from OA treated HLCs derived from cell lines Cntrl 1, Cntrl 2, Stea 1 indicating
437 solely expressed genes upon OA, and 393 solely expressed genes upon mock
treatment and 15,705 genes expressed in common. Among exclusively and commonly
expressed genes 1,147 and 834 genes were significantly up- and down-regulated,
respectively. (E/F) Dot plots of KEGG-associated pathway analysis of significantly

down (E)- and up (F)-regulated genes (gene lists in supplementary table S3).

To confirm the global gene expression changes, we performed gRT-PCR for genes
associated with relevant pathways (Fig. 3B). We found significant increases of PPAR-
pathway associated genes, PLIN2 and fatty acid binding protein-1 (FABP1) upon OA-
treatment in at least 2 out of our 3 cell lines. Regarding insulin signaling associated
genes, phosphoenolpyruvate carboxykinase-1 (PCK1) was significantly upregulated in
Cntrl 2, and a non-significant trend towards upregulation was detectable in Cntrl 1 and
Stea 1. Carnitine palmitoyltransferase-1A (CPT1A) was significantly upregulated in
Cntrl 1 and 2. Interestingly, in contrast to the RNA-seq results, insulin-like growth factor
binding protein-1 (/IGFBP1) showed a tendency to upregulation upon OA, however not
significantly. Considering genes associated with inflammation, a significant
upregulation of CC-chemokine ligand 4 (CCL4) and interleukin 1beta (/L 1B) expression
was detected in Cntrl 1 and Stea 1, while in Cntrl 2 the increase was not significant.
We found a significant reduction in the expression of vascular cell adhesion molecule-
1 (VCAMT) in Cntrl 2 and Stea 1. Furthermore, we found members of the renin-

angiotensin-system (RAS) differentially regulated in our model. For example,
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Angiotensin converting enzyme 2 (ACE2) tended to be upregulated in the RNA-seq
data, a non-significant trend that could be confirmed by qRT-PCR. In addition, we
detected a reduction of alanyl aminopeptidase (ANPEP), which is also involved in the
glutathione metabolism (reactive oxygen species (ROS)-regulation), in all three cell
lines, albeit only significantly in Stea 1. The tendency of up- and down-regulation of the
gRT-PCR data in Fig. 3B confirms the direction of regulation in the RNAseq data.
Together, these findings strengthen the validity of our model, because MAFLD-
associated pathways were differentially regulated upon OA. They further underline the
importance of the investigated genes as their differential expression was independent

of the genetic background.
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Fig. 3 OA-treatment induces differential gene expression. (A) Pearson’s

correlation heatmap analysis of the gene expression of members of OA-dysregulated
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pathways like fatty acid metabolism (PLINZ2, FABP1), metabolic pathways/ glutathione
metabolism (ANPEP, GSTAS5) and insulin resistance (PCK1, CPT1A, IGFBP1,
SERPINAY, PDX1). (B) gqRT-PCR analysis of the mRNA expression of PLIN2, FABP1,
PCK1, CPT1A, IGFBP1, CCL4, IL1B, VCAM1 ACE2, and ANPERP relative to mock-
treated HLCs from cell lines Cntrl 1, Cntrl 2 and Stea 1 normalized to mock-treated
HLCs derived from each cell line as means of two or three bioclogical replicates + SE
(n=2 or n=3), normalized to the housekeeping gene RPLPO. Two-tailed unpaired
Student’s T-test was performed to calculate significances (*p < 0.05, **p < 0.01, ***p
<0.001).

Dipeptidyl peptidase 4 (DPP4) is secreted upon OA treatment

We analyzed the supernatant of OA-treated HLCs for released signaling proteins.
Among others, we found a significant increase of DPP4, also known as Cluster of
Differentiation 26 (CD26), upon OA-induction (Supp Fig. S4B/C). We confirmed this
tendency of increase upon OA-treatment in Cntrl 1, Cntrl 2, and Stea 1 by ELISA (Fig.
4A) (0.95+0.11 ng/mL, 0.22+0.04 ng/mL, 2.51+0.27 ng/mL DPP4 under mock
conditions and 3.94+0.38 ng/mL, 1.45%0.35 ng/mL, 5.53+0.02 ng/mL, under OA

respectively).
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Fig. 4 DPP4 is secreted upon OA-treatment. (A) Secretion of Dipeptidyl peptidase
(DPP4) upon OA-treatment measured by ELISA-detection, showing secreted DPP4 as
the mean of two biological replicates (n=2 +SD). (B) Gene expression of DPP4 upon
OA treatment relative to mock treatment in all cell lines, shown are means of three
biological replicates, normalized to the housekeeping gene RPLPO (n=3 +SE). Two-
tailed unpaired Student’s T-test was performed to calculate significances (ns p> 0.05)
between OA and mock treatment for each cell line. (C) Representative
immunocytochemistry of DPP4 under mock and OA conditions in cell lines Cntrl 1 and

Cntrl 2. Scale bars represent 100 um and 50 pm in the zoom-in.

Interestingly, there was a greater increase of DPP4 secretion upon OA in cell lines
derived from healthy individuals, compared to patient derived HLCs. DPP4 levels

increased approximately 4.5- to 5-fold in Cntrl 1 and 2 while Stea 1 showed a DPP4
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increase of 2-fold respectively. This indicates that the control cell lines are able to
increase DPP4 secretion more strongly in response to OA. To gain insights into the
mechanisms underlying upregulation of DPP4 upon OA-treatment, we analyzed the
gene expression in the three cell lines, however we could not detect a significant
change upon OA-induction (Fig. 4B). To elucidate the role of DPP4 in steatosis, we
focused for further analyses on the Cntrl cell lines, because of the stronger induction
of DPP4 secretion upon OA. Similar to the gene expression of DPP4, we did not detect

a prominent change in the protein localization or amount upon OA (Fig. 4C).

Vildagliptin reduces DPP4 activity

Vildagliptin (VILDA) was tested in a phase-4 study (ID NCT01356381) to elucidate its
potential use for treating steatosis patients(34). However, whether VILDA improves the
hepatic phenotype directly or by incretin regulation, is yet to be elucidated. To shed
light on its direct effects on hepatocytes, we induced the steatosis phenotype in our
HLCs by a pre-treatment with OA for 48 h followed by incubation with 30 pM VILDA for
a total of 5 days simultaneously with OA. We did not detect significant difference in
DPP4 expression on both the RNA and protein level upon the treatments in comparison
to mock w/o VILDA (Fig. 5A-C), while we detected an expectedly strong increase for

PLINZ2 after OA induction in Cntrl 1 and 2 HLCs (Fig. 5B/C).

Considering the secretion of DPP4, we confirmed the previously detected increase of
DPP4 upon OA w and w/o VILDA for both cell lines in comparison to the mock
treatment. However, no significant difference upon VILDA treatment was detectable
(Fig. 5D). Nevertheless, we detected a significant increase of DPP4 activity for both
cell lines upon OA treatment which was significantly reduced when HLCs were treated

with OA and VILDA together (Fig. 5 E). VILDA is capable of reducing DPP4 activity to
19

80



bioRxiv preprint doi: https://doi.org/10.1101/2024.11.06.622222; this version posted July 22, 2025. The copyright holder for this preprint
{which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

the level detected under mock conditions, with no significant difference between
OA w VILDA and mock w/o VILDA. These findings confirm that VILDA mainly acts on

DPP4 activity, and neither on its gene or protein expression, nor on its secretion.
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Fig. 5 Effects of VILDA on OA-induced HLCs. (A) Gene expression of DPP4 in
Cntrl 1 HLCs upon OA-treatment with (w) and without (w/0) 30 pM Vildagliptin (VILDA)
for 5 days, in comparison to mock w/o VILDA, shown are means of three biological
replicates, normalized to the housekeeping gene RPLPO (n=3 +SE). Ordinary one-way
ANOVA followed by Tukey’s multiple comparisons was performed to calculate
significances (ns p> 0.05). (B) Representative cropped WB of DPP4 and PLIN2 upon
OA-treatment w and w/o VILDA. Uncropped full-length blots can be found in the
supplementary Fig. S9. (C) Protein expression relative to bActin in comparison to mock
w/o VILDA. Shown are means of three biological replicates (n=3 + SD). Ordinary two-
way ANOVA, followed by Tukey’s multiple comparison test was performed to calculate
significances (*p < 0.05, **p < 0.01). Uncropped full-length blots can be found in the
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supplementary Fig. S9. (D) DPP4 secretion upon OA-treatment w and w/o VILDA.
Shown are means of three biological replicates (n=3 £SD). Ordinary two-way ANOVA,
followed by Dunnet's multiple comparison test was performed to calculate
significances (**p < 0.01, ***p < 0.001, ****p < 0.001). (E) DPP4 activity in HLCs upon
OA-treatment w and w/o VILDA was analyzed by measuring the proteolytic activity
over time. Ordinary one-way ANOVA and Tukey's multiple comparison test was

performed to calculate significances (*p < 0.05, ****p < 0.001).

Inhibition of DPP4 activity might reduce inflammatory progression leading to the

disease phenotype

To test whether VILDA further affects other genes involved in the steatosis phenotype,
we analyzed the global gene expression upon OA w and w/o VILDA in cell line Cntrl 1.
To gain first insights on potential effects of DPP4 inhibition, we selected Cntrl1 for in
depth analysis by NGS which will give directions for the necessary follow up studies
with other cell lines. First level dendrogram analysis revealed clustering according to
mock- and OA-treatment, however not according to the VILDA treatment, indicating a
stronger impact of OA on the gene expression in comparison to VILDA (Fig. S5A). To
confirm the previously detected gene expression pattern in response to OA, we
performed KEGG-associated pathway analysis of the gene expression upon
OA w/o VILDA in comparison to mock w/o VILDA (Fig. S5B/C). Indeed, we found
similar pathways to be differentially regulated upon OA w/o VILDA in comparison to
the previous data, indicating that the solvent reagent had no impact on the OA-

response (Fig. S5B/C).

In addition to the 14,118 genes expressed in common in all four conditions, we found
exclusively expressed gene sets for every condition as indicated by Venn analysis (Fig.
6A). We found 91 and 339 exclusively expressed genes upon OA w VILDA and
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mock w VILDA, respectively. 62 and 115 genes were exclusively expressed upon
OA w/o VILDA and mock w/o VILDA treatment, respectively. KEGG- and Gene
Ontologies (GO)- associated pathway analyses for the exclusively expressed genes
upon the different conditions did not reveal characteristic profiles (Table S2), except
for an exclusive expression of genes associated to KEGG pathways related to cancer
after VILDA treatment (Table S2). In general, our findings underline a rather mild effect
of VILDA compared to OA and for further analyses, we included both the exclusively

and common but differentially expressed genes.

Next, we wanted to know, whether VILDA influences gene expression upon OA
treatment and found 29 genes significantly up- and 31 genes significantly
downregulated upon VILDA treatment (Fig. 6B). KEGG- pathway analysis revealed
genes belonging to the inflammatory bowel disease pathway, asthma and Type 1
diabetes mellitus (T1DM) associated pathways significantly downregulated (Fig. 6C
and Fig. S7A). Common downregulated genes of these pathways encode members of
the Human leukocyte antigen Il (HLAII) family, namely HLA-DQA1 and HLA-DMB,
which are known to be ectopically expressed on hepatocytes upon hepatitis(35-37).
Although the expression changes were small, we confirmed upregulation of HLA-DMA,
HLA-DMB and HLA-DRB1 upon OA-treatment and a tendency towards downregulation
upon OA w VILDA (Fig. 6E). Interestingly, in contrast to the RNA-seq we found HLA-
DQA1 downregulated upon OA and a slight increase of expression upon OA w VILDA
treatment (Fig. 6E). These data might indicate a potential association between DPP4
and HLAs in steatosis. However, experiments with more cell lines and prolonged

treatment would be necessary for confirmation.

Genes associated with metabolic pathways, such as purine metabolism and fatty acid

biosynthesis pathways were upregulated in OA w VILDA versus OA w/o VILDA (Fig.
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6D and Fig. S7A). Interestingly, we found triokinase and FMN cyclase (TKFC), and 5'-
nucleotidase, cytosolic Il (NT5C2), both members of the purine metabolism,
downregulated upon OA w/o VILDA in comparison to mock w/o VILDA, while VILDA
treatment induced an upregulation, which might indicate a restoration of the pathway
(Fig. 6F). Considering fatty acid metabolism, we detected O-acyltransferase 2
(AGPAT2) upregulated upon OA w/oVILDA treatment in comparison to
mock w/o VILDA which was even reinforced upon OA w VILDA (Fig. 6F). We saw the
same trend in gene expression of perilipin-3 (PLIN3) however, we did not detect
differential protein expression (Fig. 6F-G). In contrast, considering another member of
the perilipin family, namely PLIN2Z, we detected the same gene expression pattern, but
differential protein expression (Fig. S6B, Fig. 6F). PLIN2 protein levels were
upregulated upon OA, while PLIN3 protein levels were stable throughout the conditions.
A reason might be, that PLIN3 belongs to the exchangeable PLINs, while PLIN2 is a
constitutive protein, upregulated upon OA-treatment and unstable in the absence of
LDs(38). PLIN3 is stable in the cytoplasm independently of LDs but is recruited to the
lipid fractions(38). Nevertheless, considering the mRNA expression, our findings might
indicate that DPP4 inhibition upon OA restores the hampered cellular energy
homeostasis, however further studies are necessary to pinpoint the underlying

mechanism.
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Fig. 6 VILDA effects on the global transcription of steatotic Cntrl 1 HLCs. (A)
Venn diagram of expressed genes upon indicated treatments. (B) Venn diagram of the
gene expression of OA treated HLCs w and w/o VILDA. (C,D) KEGG-associated
pathways of significantly down- (C) and up- (D) regulated genes upon OA w VILDA
treatment (complete gene lists in supplementary table S4). (E,F) Gene expression of
inflammation-associated (E) and metabolism-associated (F) genes upon OA w and w/o
VILDA treatment. (G) Cropped WB of Perilipin-3 (PLIN3) upon OA w and w/o VILDA
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in comparison to housekeeping protein b-Actin. Uncropped full-length blots can be

found in the supplementary Fig. S9.

To test whether VILDA affects the expression of steatosis-associated genes, we
analyzed the expression of genes belonging to the PPAR and gluconeogenesis
pathways, which were both relevant in our previous studies, via heatmaps and
detected clustering according to each condition (Fig. S10, Fig. S11). In addition, we
evaluated the steatosis gene set from the earlier global analysis. We could confirm the
same trend of gene expression for Cntrl 1 upon OA (Fig. S6A), while we could not

detect a significant difference when comparing OA w/o and w VILDA.

To gain insights into the overall VILDA effect, independent of the steatosis condition,
we performed KEGG-pathway analysis of the genes differentially expressed under
mock conditions. We found 47 genes significantly upregulated and 44 genes
significantly downregulated upon mock w and w/o VILDA treatment (Fig. S8A). KEGG-
associated pathway analysis revealed, among others, downregulated genes
associated with inflammatory response pathways under mock conditions (Fig. S8B).
Upregulated genes were involved in KEGG-associated pathways such as enhanced
metabolism and insulin secretion, indicating beneficial effects for the compromised
insulin pathway, since insulin resistance pathway was upregulated upon OA (Fig. S8C).
Altogether, our findings support the hypothesis that DPP4 is involved not only in
metabolic regulation via purine and fatty acid metabolism but furthermore affects

inflammatory-associated pathways.

Discussion

Oleic acid feeding induces clinically relevant phenotype of steatosis
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In this study, we generated induced pluripotent stem cell (iPSC)-derived steatotic
hepatocyte-like cells (HLCs) from four individuals to elucidate the potential hepatocyte-
specific contribution to the progression of MAFLD. Although iPSC-derived HLCs in
general are not fully mature, we and others could show that they have considerable
metabolic activity which makes them a valuable system to model MAFLD, reflecting
the diverse genetic backgrounds of the donors(7, 8, 39-41). By stimulating HLCs with
OA, we were able to induce lipid droplet formation in all four cell lines, as already shown
in previous studies(7, 8). Although two of the cell lines were derived from steatosis
patients, there was no disease-specific effect w or w/o OA detectable. This is
specifically interesting, since our previous findings indeed indicated steatosis related
gene expression patterns(9). Nevertheless, cell line-specific differences in the amount
and size of the lipid droplets were observed. This is in line with our previously published
data and the high divergence in individual symptoms and progression of MAFLD which
are well-known difficulties in the clinic(7). They are due to genetic variations like single
nucleotide polymorphisms (SNPs), epigenetic alterations and other co-morbidities that
are associated with the disease(40, 42). Furthermore, considerable variability is typical
for iPSC-derived data due to the individual genetic background and differences in
differentiation efficiencies. Indeed, we excluded the patient derived cell line Stea 2 due

to ambiguous clustering in the first level analysis.

Global transcriptomic analyses revealed MAFLD-associated pathways such as
metabolism-associated and immune-modulating pathways differentially regulated in
our model(43-45). A heatmap analysis of genes from these pathways, revealed
clustering according to the treatment and independent of the genetic background. This
underlines the importance of the involved genes for the disease. Although our model

comprises only hepatocytes, the detected upregulation of cytokine-cytokine receptor
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signaling, NF-kappa B and TNF signaling upon OA might indicate immune cell
recruitment via inflammatory/ chemokine signaling. Recently, Yu et al demonstrated
that hepatocyte-intrinsic changes contribute to the disease(44) while predisposition,
environment, or other comorbidities might further regulate the pace of the progression
towards fibrosis and cirrhosis. Comparing the gene expression profile detected in our
HLCs with their single cell RNA-seq data from liver resections of NASH and HCC-
patients, we found many pathways upregulated that are associated with a lower risk of
NASH-HCC-transition, such as galactose catabolic processes, hexose metabolic

processes, and glucose homeostasis.

Active Dipeptidyl peptidase 4 (DPP4) is secreted upon OA treatment

DPP4 is a serine protease with catalytic activity for various substrates(12) and
considered a hepatokine, upregulated in metabolic liver disease and driver of
inflammation(13). Similar to observations made in HepG2 cells(46), we could not
detect elevated DPP4 on both the mRNA or protein level. However, we found elevated
secretion and a drastic increase in the catalytic activity of DPP4 upon OA, in line with
previously observed elevation in NAFLD/NASH patients(47, 48). As DPP4 is involved
in various chronic and cancerous diseases throughout the human body, hepatocyte-
specific secretion upon late-steatosis might indicate inflammatory signaling and a risk

for the development of other comorbidities like cardiovascular and renal diseases(49).

VILDA interferes with DPP4 activity and regulates pathways related to

inflammation and metabolism

As a first insight into the mechanism of action of DPP4, we inhibited its activity with
VILDA- an FDA-approved T2DM medication. As a proof-of-principle, we found that
VILDA interferes solely with DPP4 activity and not with the protein or mRNA level, as

described in previous studies(50). In our study, as the first in this format, global
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transcriptome analysis revealed clustering according to the OA- /mock treatment, but
not according to VILDA treatment. This confirmed our expectation that OA treatment
induced greater transcriptome changes than VILDA treatment. Nevertheless, we
detected exclusively expressed genes for all four conditions. Although KEGG-
associated pathway analysis did not identify characteristic profiles, we noticed that
genes involved in the development of cancer were upregulated upon VILDA
independently of steatosis. VILDA-associated safety concerns have already been
addressed extensively and no significant overall cancer-association was found(51, 52).
Considering the typical long-term or even life-long medication of T2DM, this should

nevertheless be monitored carefully.

Furthermore, we found inflammation associated pathways such as Type 1 diabetes
mellitus (T1DM), inflammatory bowel disease and asthma downregulated upon DPP4
inhibition. HLA-DQA1 and HLA-DMB are common genes involved in all of them, and
their expression was differentially regulated upon steatosis and additional DPP4
inhibition. HLA class |l proteins are typically expressed on the surface of antigen
presenting cells, however ectopic expression in hepatocytes upon disease has been
shown(35, 37). In line with this, we found a tendency of elevated gene expression of
HLA-DMB, HLA-DMA and HLA-DRB1 upon OA, which are associated with NASH,
hepatitis and cirrhosis(53, 54), and all decreased upon DPP4 inhibition. Since DPP4
activity affects (auto)-immune related diseases in a complex manner(55) this might
provide a possible clue towards its role for steatosis/MAFLD progression. However,

further studies are necessary to elucidate the role of DPP4 in the steatosis model.

To understand the role of DPP4 for the interplay between metabolism and inflammation,
it is essential to determine, whether DPP4 is causal or correlative for late-steatosis.

DPP4 was shown to be epigenetically regulated(56, 57). Indeed, we also found a slight,

28

89



bioRxiv preprint doi: https://doi.org/10.1101/2024.11.06.622222; this version posted July 22, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

albeit not significant demethylation upon OA treatment (not shown). This supports the
speculation that early events of energy overload might change the methylation profiles
of CpG islands in the DPP4 locus and enable DPP4 expression in hepatocytes at a

rather early timepoint of disease progression.

The insulin resistance pathway was upregulated upon OA treatment, which matches
with the well-known insulin resistance promoting effect of DPP4. In addition, genes
involved in PPAR signaling and gluconeogenesis showed condition dependent gene
expression patterns. Interestingly, we found genes involved in purine and fatty acid
metabolism upregulated upon VILDA treatment. E.g. AGPAT2, which is involved in
fatty acid metabolism, was upregulated upon DPP4 inhibition. Its deletion or mutation
is associated with insulin resistance, diabetes and severe forms of metabolic syndrome
in mice and humans(58-60). This could indicate a VILDA-mediated beneficial effect for
the hampered metabolism due the energy overload during late-steatosis and underline
the idea of a role for DPP4 in the interplay between metabolism and inflammation(16,

61).
Conclusions:

Taken together, we provide a human iPSC-derived model focusing on the hepatocyte-
specific contribution to progression of steatosis. We could link DPP4 activity to the
steatosis phenotype and show that its inhibition with Vildagliptin has effects on
metabolism- and inflammation-associated gene expression during steatosis. Since we
have performed global transcriptome analyses of the effects of VILDA with only one
cell line, these can only provide first insights into possible effects, and more in depth
analyses are needed. In the future, human DPP4-knockout HLCs, embedded in a

multicellular liver model, could increase our understanding of the mechanisms of DPP4
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through health and disease and help to further elucidate the interplay between the

distinct cell types of the liver.
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5. Discussion

In 2023, liver diseases displayed a global health burden, causing 4% of all deaths worldwide
(Devarbhavi et al., 2023). Liver diseases have several etiologies with prevalences varying from
region to region. For example, infections still massively contribute to the global health burden,
with the highest prevalence in south and east Asian countries and western Africa (Devarbhavi
et al., 2023). In comparison, inherited disorders and auto-immune liver diseases are especially
prevalent in Europe, USA and higher-income countries. AATD is an inherited monogenic
disease, derived from different mutations in the SERPINAI gene locus. The severe Pi*ZZ
genotype has a globally highly varying prevalence, however it is associated with increased risk
for the development of fibrosis (36% of the patients) and cirrhosis (2-10% of the patients)
(Blanco et al., 2017; Strnad et al., 2020). The severe liver phenotype manifests typically in
infants or middle-aged adults, however the underlying mechanisms for this difference remain
elusive (Katzer et al., 2021). Currently, the only treatment option is to slow down fibrotic

processes and keep cirrhosis compensated (Ruiz et al., 2023).

In contrast, lifestyle-derived liver diseases such as alcohol-related and drug induced liver
diseases are globally on the rise (Devarbhavi et al., 2023). Specifically, the incidences of liver
diseases caused by excessive calorie intake and obesity (MAFLD) have drastically risen in the
past 30 years, currently affecting one-third of the global population (Devarbhavi et al., 2023;
Guo et al., 2025; Jiang et al., 2023). MAFLD is a multifactorial disease as other co-pathologies
or SNPs are driving factors for the progression to the inflammatory state MASH and the
development of fibrosis and cirrhosis. Although the numbers are controversial, a recent study

found that 6.1% of MASH patients are likely to develop cirrhosis (Luthra & Sheth, 2025).

Varying symptoms and silent progression of liver diseases display an enormous challenge for
the development of therapeutic and preventative measurements (Asrani et al., 2019; Huang et
al., 2023; Jiang et al., 2023; Luthra & Sheth, 2025; Ruiz et al., 2023). Furthermore, animal
models as well as low quality in vitro models display a bottleneck for the translation of results
to clinical trials. To date, upon cirrhotic liver failure, liver transplantation is the only therapeutic

option (Asrani et al., 2019; Huang et al., 2023; Jiang et al., 2023; Ruiz et al., 2023).
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5.1. Patient-derived iPSCs for modeling monogenic and
multifactorial diseases

AATD is an autosomal co-dominant inherited genetic disorder resulting from different
mutations in the SERPINAI gene locus. The Pi*Z genotype describes a G>A missense
mutation at the position rs28929474, leading to a glutamate-to-lysine substitution (Glu342Lys)
and a misfolded version of the serine protease inhibitor AAT (Strnad et al., 2020). The
homogenous Pi*Z genotype results in polymers which are retained within the hepatocytes,
leading to an 85% reduction of AAT levels in the circulation (Fromme et al., 2025). This causes
ER stress in the hepatocytes and can result in inflammation, fibrosis and cirrhosis. Additionally,
the retained AAT causes limited protease inhibitor functions for tissues, which can result in a
lung phenotype. The concrete pathomechanisms determining onset and progression of the liver
phenotype are still elusive and there is no treatment available to cure cirrhosis. Hence, liver
transplantation is the only therapeutic option upon decompensated cirrhosis (Ruiz et al., 2023).
The heterogenous symptoms and variable onset of AATD implies environmental or genetic
contributors to the disease phenotype. Nevertheless, the heterogeneity of available data
complicates research and contributes to the poor understanding of the disease to date
(Townsend et al., 2018). This is especially true for pediatric AATD patients, since there are
only limited studies available and predictors of the disease progression and severe outcomes

are yet to be fully understood (Lemke et al., 2024; Sveger, 1976).

Somatic cells of adult and pediatric AATD patients carrying the Pi*ZZ genotype were
reprogrammed. The adult male and female patients were of white ethnicity, and 57 and 63 years
old, respectively, while the pediatric male liver cirrhosis patient of unknown ethnicity was
11 years old. Urine was collected, representing an easy-approachable, non-invasive method to
acquire somatic cells. A fraction of collected cells was rice-grain shaped and adherent on plastic
and therefore called urine-derived renal progenitor cells (UdRPCs) (Rahman et al., 2018;
Rahman et al., 2020). These cells were cultured and reprogrammed by episomal-based
overexpression of the Yamanaka and Thomson transcription factors KLF4, OCT3/4, C-MYC,
SOX2, NANOG and LIN28. Clones of potential iPS cells were thoroughly characterized to
exclude the integration of the plasmid and confirm the genetic integrity and pluripotency of the
generated cell lines. The established iPSC lines showed spontaneous differentiation to cells of
the three germ layers endoderm, mesoderm and ectoderm. Global transcriptomic resemblance

with embryonic stem cells (ESCs), showed a coefficient of 0.94 for ISRM-AATD-iPSC-1 and 2
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and 0.9 for ISRM-AATD-iPSC-3, respectively. DNA fingerprinting and Pi*ZZ genotyping was

performed and confirmed the patients’ genetic background.

Generation of AATD iPSCs from pediatric patients with severe symptomatic, as described in
this study, will advance the currently limited state-of-knowledge of AATD in children.
Although in 2020 an AATD-iPSC repository has been established, from the 140 patients
carrying the Pi*ZZ genotype, the youngest was 16 years old (Kaserman et al., 2020). Future
studies using iPSCs derived from pediatric AATD patients may help to develop options for
prevention and treatment. The establishment and thorough characterization of the AATD iPSC
lines from adult and pediatric patients provide tools to analyze the underlying mechanisms of
AATD onset, progression and disease development in a comparative manner. By registering
them in the global hPSC registry, they provide a valuable source for other scientists (ZPSCreg
— The Human Pluripotent Stem Cell Registry, 2025). To analyze the liver phenotype, iPSCs
may be differentiated to HLCs allowing comparative investigation of AATD patient-derived

hepatic phenotypes.

Patient-derived iPSCs are also useful for the study of multifactorial diseases such as MAFLD.
The complete genetic background of steatosis patient derived iPSCs ensures the inclusion of
potential unknown driving factors. Studies using iPSCs derived from steatosis patients,
differentiated to HLCs and treated with oleic acid might reveal a disease specific response
(Graffmann et al., 2021) Such iPSCs from female and male steatosis patients have been

established by the working group in the past (Graffmann et al., 2018a; Kawala et al., 2016).

5.2. Functional hepatocyte-like cells as platforms for the
study of liver diseases

Although HLCs allow the study of hepatocyte-specific (patho-)mechanisms, their limited
maturation restricts the use in basic research such as liver disease modeling. Beyond that, their
application in translational approaches such as toxicological assessment, is restricted by limited
functionality. Complex protocols involving multiple cell types, 3D spheres and organoids, or
genetic engineering are promising methods to improve maturation (Rashidi et al., 2018;
Touboul et al., 2010; Weber et al., 2023). Yet, these methods are cost and labor intensive
challenging their application. In order to establish a cost- and time-efficient protocol for the

differentiation of iPSCs to HLCs, an established protocol was re-evaluated and optimized
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(Graffmann et al., 2016; Hay et al., 2008a; Hay et al., 2008b; Matz et al., 2017). This protocol
relies on three main steps: DE induction i) by Wnt and TGFf signaling, which is established
by CHIR and activin A signaling. HE 1ii) is induced by DMSO treatment. HLC maturation is
introduced by iii) stimulation with HGF, Ins, DEX and OSM for up to 15 days. Although the
resulting HLCs showed typical hepatic gene expression, the enzyme activity of cytochrome

P450 members was low, limiting their potential for drug testing and toxicity assays (Graffmann

et al., 2021; Graffmann et al., 2016; Matz et al., 2017).

Re-evaluation of the protocol revealed several factors, which possibly influenced the outcome
of the HLC quality. Firstly, the initial number of seeded cells needed to be adjusted for each
cell line. In comparison to the initial protocol, the cell number was adjusted to
1.04 x10° iPSCs/cm?, implying an increase of cells of almost 100%. The initial cell number is
crucial for efficient differentiation, as the cells need to build a dense monolayer (approx. 80%
confluency). This is important, because during the DE induction step a lot of cell death will
occur due to high concentrations of activin A and CHIR99021 (Peaslee et al., 2021). After this
initial wave of cell death, massive proliferation starts. If the cells are not dense enough when
reaching the HE-stage, the cells might transit into an endoderm-derived epithelial cell-type,
incapable of HLC maturation (Graffmann et al., 2018b). On the other hand, if the cell density
is too high initially, DE induction might not be efficient. Therefore, it is important to carefully
adjust the initial cell number for each cell line.

The HLC basal medium was changed from L15 to DMEM/F12 to improve the pH-balance
under 5% CO; cell culture conditions. L15 medium is buffered by phosphate and amino acid-
formulations, optimized for CO»-free culture conditions, and not capable to optimally buffer
the pH of the HLC medium under the used conditions (Leibovitz, 1963). In fact, during HLC
cultivation with DMEM/F12 (with phenol-red) the color change of the medium was not as
strong as observed when using L15 (with phenol-red), indicating less drastic pH-changes.
Furthermore, the antibiotics used for all differentiation media were changed from penicillin-
streptomycin to doxycycline. Doxycycline has been shown to reduce apoptosis after induction

of high concentrations of activin A and promotes DE differentiation (Peaslee et al., 2021).

The main finding, however, was that regulation of cyclic adenosine monophosphate (cAMP)
by forskolin induced the gene and protein expression of the nuclear farnesoid X receptor (FXR).
Under physiological conditions, the receptor families FXR and pregnane X receptor (PXR) are

activated by bile acids and were found to be essential for hepatocyte gene expression (Nell et
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al., 2022). In the presented study, FXR gene expression was shown to be induced by the
optimized HLC differentiation protocol including forskolin. Upon differentiation with the
optimized HLC maturation medium, HLCs exhibited higher gene expression of AFP, ALB,
CYP3A44 and FXR. On the protein level AFP and ALB expression was drastically increased in
comparison to the old protocol. Moreover, seemingly more cells expressed HNF4a and the
epithelial marker e-cadherin (E-CAD). Conformingly, ALB and AFP gene expression and
cytochrome P450 3A4 and 2D6 (CYP3A4, CYP2D6) activity and CYP3A4 inducibility was
increased by forskolin induction, independent of the general protocol changes. These findings
underlined the importance of FXR for HLC maturation and the importance of ongoing literature
research and the constant re-evaluation of established protocols to stay up-to-date.

Conclusively, optimizing relatively small steps in the protocol increased the HLC quality
significantly. Indeed, the established protocol provides a robust and simple tool for the

generation of functional hiPSC-derived HLCs in a cost- and time-efficient manner.

5.3. Establishment of a relevant human iPSC-derived hepatic
steatosis model

In the third study, both of the aforementioned approaches were applied in order to establish a
relevant human iPSC-derived hepatic steatosis model. Functional HLCs derived from two
steatosis patients and two healthy individuals were generated by using the aforementioned
optimized differentiation protocol.

Successful differentiation of the four iPS cell lines to HLCs was shown by hepatic gene and
protein expression as well as CYP3A4 and CYP2D6 enzyme activity. The steatosis phenotype
was induced by OA treatment for 7 days. Although there were differences in the lipid droplet
formation between the cell lines, these were independent of the disease background and seemed
to be cell line specific. Hierarchical sample clustering based on the global gene expression
profiles revealed clustering according to the treatment, based on the genetic background.
However, for cell line Stea2, two of the replicates did not cluster according to the treatment.
This observation indicated differences in gene expression response upon the treatment in
comparison to the other iPSC lines, possibly caused by individual genetic variations. The
findings recapitulate the variance of symptoms presented in MAFLD patients and underline the
importance of the genetic background in iPSC-based research, especially for modeling
multifactorial diseases (Bonder et al., 2021). To prevent misinterpretation due to the genetic

background, this cell line was excluded for further analyses.
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Previously published data indicated differential gene expression patterns upon steatosis
induction, dependent on the healthy and diseased background (Graffmann et al., 2021). In
contrast, in this study global transcriptomic analyses revealed clustering according to the
individual genetic background, independent of the disease status. The findings underline again
the importance of including more than one control cell line in the study to prevent bias caused

by individual responses, independent of the disease context.

Upon OA treatment, global transcriptome analyses confirmed differential regulation of KEGG
pathways, indicating potential hits on the progression axis from MAFLD to MASH. Pathways
including insulin resistance, fatty acid metabolism and AMPK and PPAR signaling were
upregulated and indicated earlier hits on the disease progression axis (Fang et al., 2022; Wruck
& Adjaye, 2017). Genes belonging to glutathione metabolism and metabolic pathways were
downregulated, indicating oxidative stress and dysregulated cell homeostasis, hallmarks of
steatosis progression (Fang et al., 2022; Masarone et al., 2018). Additionally, pathways
indicating inflammatory signaling such as inflammatory bowel disease, TNFo, NFkB and
cytokine-cytokine signaling were upregulated and suggested early steps of steatohepatitis
progression (Catrysse & van Loo, 2017; Fang et al., 2022; Heida et al., 2021; Vachliotis &
Polyzos, 2023).

Conclusively, the established hepatic steatosis model was able to resemble the clinical
phenotype of steatosis and likely showed early symptoms of steatohepatitis progression. This
was probably accomplished by the relatively long exposure to OA, mimicking the typical
gradual transition from steatosis to steatohepatitis.

The fact that the transcriptomic changes observed after 7 days of steatosis induction were
derived from three individuals, underscores the relevance of the presented findings. As several
hallmarks of hepatic steatosis and progression were observed, the data confirmed the
hypothesis, that several hits promote the progression simultaneously (Tilg & Moschen, 2010).
The presented model is able to recapitulate the complex pathology, on the transcriptomic level
in hepatocytes, which is typically observed in patients. Thus, the model has proven its relevance

for the study of the hepatocyte-specific contribution to MAFLD-MASH transition.

5.3.1. HLC:s secrete active DPP4 upon steatosis

Because HLCs of three individuals showed enhanced expression of genes involved in cytokine-
cytokine signaling pathways upon steatosis, factors, secreted to the cell culture supernatant were

analyzed. Among others, DPP4 was upregulated upon steatosis in the control cell line. To test
103



whether the observed finding was cell line specific, hepatic DPP4 secretion upon steatosis
induction was quantified in steatotic and non-steatotic HLCs derived from all four individuals.
Indeed, enhanced secretion of DPP4 in HLCs upon steatosis induction was observed throughout
the cell lines. Interestingly, there seemed to be a stronger increase of DPP4 secretion upon
steatosis in the control cell lines in comparison to the patient-derived cell lines, which is why
further studies focused on the control lines. Albeit the difference of DPP4 secretion, DPP4 gene
and protein expression, as well as its location within the HLCs was not altered. Along with the
enhanced secretion, enhanced DPP4 activity upon steatosis was observed, suggesting a
potential role of hepatic DPP4 signaling under MAFLD condition.

This is in line with previous findings suggesting DPP4 as a potential target for drug
development (Barchetta et al., 2021). DPP4 is a serine protease with multiple functions involved
in the regulation of insulin signaling, inflammatory response and extracellular matrix
modulation and was found enhanced in MAFLD patients (Barchetta et al., 2021; Baumeier et
al., 2017b; Deacon, 2019; Lambeir et al., 2003; Niu et al., 2019; Ohm et al., 2023; Trzaskalski
et al., 2020).

Considering the observed findings of DPP4 activity upon steatosis the question remains whether
DPP4 is the cause or a correlation of steatosis. Indications point to a more causative role of
DPP4, because its expression is indeed regulated by epigenetic changes. DPP4 shows glucose
and steatosis induced downregulation of methylation and enhanced expression (Baumeier et al.,
2017a; Saussenthaler et al., 2019). Confirming these findings, demethylation of DPP4 CpG
islands was observed upon steatosis induction in the presented study, (unpublished). However,
due to the rather late time points used in this study (7 days of OA induction), it was not possible
to analyze at which time point DPP4 expression or secretion was regulated. Future studies are
necessary to decipher the mechanisms of DPP4 expression upon steatosis induction in a time-
dose-dependent analysis. Nevertheless, the presented findings integrated with previous studies
indicate a potential modulating role of hepatic DPP4 for the progression from MAFLD to
MASH, induced by steatosis.

Conclusively, enhanced hepatic DPP4 secretion in all three cell lines upon steatosis as well as
elevated hepatic DPP4 activity confirmed the clinical evidence. In line with the complex and
context dependent functions, the findings showed that upon steatosis, hepatocyte-specific DPP4

secretion and activity are increased.
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5.3.2. Hepatic DPP4 activity modulates inflammatory- and
metabolism-associated pathways during steatosis

In order to decipher the potential role of hepatic DPP4 during steatosis, its activity was
diminished by vildagliptin, a potent DPP4 inhibitor (DPP41i). DPP4 inhibition is an established
treatment option for T2DM as it prevents the degradation of the incretins GIP-1 and GLP-1 and
thereby improves the postprandial insulin response and glycemic control (Ahrén et al., 2004;
Ahrén et al., 2007; Azuma et al., 2008; Kanazawa et al., 2017). Besides the overall effects on
the glucose and insulin metabolism, DPP4i have been shown to improve the liver lipid profile
in NAFLD patients with and without T2DM (Hussain et al., 2016; Macauley et al., 2015). In
line, vildagliptin has been shown to improve inflammatory response by interfering with
inflammatory signaling (Khalil et al., 2020). Furthermore, it was found to increase insulin

sensitivity and modulation of oxidative stress in rats (Hendawy et al., 2022).

After confirming successful inhibition of DPP4 activity upon steatosis by vildagliptin, the
effects on the global gene expression of steatosis with or without vildagliptin were dissected in
cell line Cntrl 1. In accordance with previous studies highlighting the role of DPP4 for hepatic
insulin sensitivity, genes involved in KEGG pathways of insulin resistance were downregulated
(Baumeier et al., 2017b). The findings underline the potential role of DPP4 for insulin resistance
development in hepatocytes (Baumeier et al., 2017b; Hendawy et al., 2022). Furthermore, genes
involved in pathways of inflammatory bowel disease, asthma, TIDM and maturity onset
diabetes of the young were downregulated upon DPP4i. Since all of these pathways are
inflammation-associated, this might be a confirmation of the previously observed
improvements in rodent models, where vildagliptin modulated NFkB and TNFoa pathways
(Hendawy et al., 2022; Khalil et al., 2020). Interestingly, the majority of inflammation-
associated pathways represented auto-immune pathways. Indeed, DPP4 is associated with auto-
immune diseases and beneficial effects of DPP4i for inflammatory bowel disease and T1DM
are discussed (Duan et al., 2017; Lambeir et al., 2003; Melo et al., 2021; Rahim et al., 2024).
Nevertheless, the role of DPP4 and the effects of DPP4i for auto-immune diseases remain
controversial. Considering inflammatory bowel disease, lower levels of DPP4 are associated
with a more severe phenotype, while in TIDM higher DPP4 levels seem to be unfavorable
(Iwabuchi et al., 2013; Mahmood et al., 2024; Melo et al., 2021). The results underline the
complexity of DPP4 signaling and support a context-dependent role of the catalytic and non-
catalytic function of DPP4 as introduced earlier (Barchetta et al., 2022; Varin et al., 2019).

Future studies are necessary to dissect the exact consequence on auto-immune responses to
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exclude potential adverse effects, considering that MAFLD progresses gradually and long-term
treatment would probably be necessary.

Interestingly, a trend of downregulation of genes encoding major histocompatibility complex
(MHC)-II proteins human leucocyte antigen (HLA) HLA-DMA, HLA-DMB, HLA-DRB1 upon
vildagliptin and steatosis condition was observed. Although expressional changes are not
directly linked to inflammation or auto-immune diseases, specific haplotypes of HLA-DQ are
associated with liver fibrosis and T1DM (Moustakas & Papadopoulos, 2002; Tan et al., 2020).
The presented data indicate a modulation of insulin resistance and inflammation-associated

pathways mediated by DPP4 activity.

Beyond the observed downregulation of insulin- and inflammation-associated pathways, DPP4i
revealed upregulation of fatty acid and purine metabolism as well as metabolic pathways. Upon
DPP4i, 1-acylglycerol-3-phosphate O-acyltransferase 2 (4GPAT2) and PLIN3, which are
involved in lipogenesis, were upregulated as confirmed by qRT-PCR analysis. Furthermore,
triokinase and FMN cyclase (TKFC) and 5'-nucleotidase, cytosolic-2 (NT5C2) showed
upregulation upon vildagliptin treatment, indicating enhanced purine metabolism. While
lipogenesis seems disadvantageous during steatosis, upregulation of lipogenic pathways in
parallel with metabolic pathways and purine metabolism might indicate restoration of the cell
homeostasis, implying beneficial effect for liver fat content (Hussain et al., 2016; Macauley et

al., 2015).

The presented data indicate a role of hepatic DPP4 activity mediating inflammation-associated
and metabolic pathways, in line with previous findings. (Trzaskalski et al., 2020). Findings
indicated steatosis induced hepatic DPP4 secretion and activity, and highlighted its potential
relevance for modulating inflammatory-associated and metabolic pathways. Conclusively, the
study provided a first-in-this-format human iPSC-derived hepatic steatosis model, capable of
recapitulating the clinical phenotype to study the hepatocyte-specific contribution in the context

of MAFLD.
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6. Conclusion and outlook

The aim of this dissertation was to contribute to the understanding of liver diseases by applying
iPSC-technology. The first objective was to establish patient-derived iPSCs from adult and
pediatric AATD patients, providing a platform for comparative studies considering the onset of
the disease. By including an 11-year-old pediatric patient, our study aimed to provide a novel
tool for studying AATD in children and closing the current gap of knowledge. The second
objective was to optimize an established HLC differentiation protocol. Forskolin was found to
significantly enhance the maturation by modulating FXR expression. The findings thereby
provided novel evidence for the importance of FXR for HLC maturation. Furthermore, the
optimized protocol provided a time- and cost-efficient protocol for the derivation of functional
1PSC-derived HLCs, which helps to overcome well-known limitations in the field of hepatocyte
modeling and improve the existing translational bottleneck of current models.

The third objective focused on applying the optimized protocol, yielding functional HLCs to
decipher the hepatocyte-specific contribution to MAFLD progression. Steatosis was induced in
HLCs derived from healthy and diseased individuals and the complex modulations of
metabolism- and inflammation-associated pathways known from MAFLD-patients were
successfully recapitulated. Next generation sequencing (NGS) confirmed metabolic changes as
observed by upregulation of genes involved in the insulin resistance pathway and AMPK- and
PPAR-signaling. Dysregulation of cell homeostasis by glutathione metabolism downregulation
was observed. Indications of the potential progression from steatosis to steatohepatitis were
observed as genes involved in inflammatory-associated pathways such as TNFo, NFkB and
cytokine-cytokine signaling were upregulated. Additionally, DPP4 secretion and activity was
enhanced in steatotic HLCs compared to untreated HLCs. After inhibition of DPP4 activity,
inflammation-associated pathways tended to be downregulated, while metabolism-associated
pathways showed a trend of upregulation. Thus, the findings indicated a beneficial effect of
vildagliptin on steatotic hepatocytes, underlining the relevance of hepatic DPP4 activity for
MAFLD modulation. As this study is the first-in-this-format, it provided a novel perspective

on the complicated entanglements of DPP4 in a relevant human hepatic steatosis model.

The presented data offers great potential for future studies. Beyond using the generated iPSC-
lines for the study of AATD, functional HLCs, showinginducible cytochrome P450 activity
represent a valuable tool for liver research. Functional HLCs as generated in this study, facilitate

recapitulation of the population diversity, are reproducible and time- and cost-efficiently
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produced. Hence, they allow improvement of the current translational bottleneck of in vitro
studies. Furthermore, functional HLCs may be applied for toxicological assays in order to
reduce animal testing. Steatotic HLCs, which recapitulate the gradual progression from
steatosis to steatohepatitis were shown to provide insights on the hepatocyte-specific
contribution to MAFLD. The presented model offers a reproducible and relevant tool. In the
future, it has the potential to incorporate additional aspects such as co-pathologies (e.g. insulin
resistance, gut dysbiosis) or behaviors (e.g. alcohol consumption) by adjusting the experimental
setting. To further dissect the concrete function of hepatic DPP4 in this context, future
investigations including the genetic knockout of DPP4 might provide new insights. Beyond that
it would be interesting to co-culture steatotic hepatocytes with liver-specific cell types, such as
stellate cells to understand the effect of secreted active DPP4 in a more physiological

environment.
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Abstract:

Benzo[a]pyrene diol epoxide (BPDE) is a metabolite of the environmental contaminant
Benzo[a]pyrene- a byproduct of incomplete combustion of organic matter. BPDE reacts with
DNA to form BPDE-DNA bulky adducts which if not removed can lead to mutations due to
DNA base-pair substitutions. While the effects of BPDE on somatic cells are fairly well
described, its effects on early human development are currently unknown. In this study, we
investigated for the first time the effect of BPDE on human induced pluripotent stem cells
(hiPSCs) and their differentiated neuroprogenitor cells (NPCs) as a model for early embryonic
development. Furthermore, we compared hiPSCs and NPCs derived from cells of patients
suffering from Nijmegen Breakage Syndrome (NBS), which is a chromosomal instability
disorder characterized by defective DNA repair and increased risk of malignancies.
Transcriptome analysis, coupled with protein content analysis employing immunostaining and
Western blots, revealed that hiPSCs are more sensitive to BPDE exposure when compared to
NPCs with an enhanced expression of several genes associated with p53-mediated DNA
damage response, including DNA repair by lesion bypass, cell cycle checkpoints and extrinsic
apoptosis. We also identified that cells from NBS patients showed less apoptotic response and
a distinct p53 response than their healthy counterparts. This iPSC-based study enhances our
meagre knowledge of the effects of BPDE on early human development in both healthy

individuals and NBS patients. Furthermore, our model conforms with the 3Rs principle.
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Abstract

Benzo[a]pyrene diol epoxide (BPDE) is a metabolite of the environmental contaminant
Benzo[a]pyrene- a byproduct of incomplete combustion of organic matter. BPDE reacts with
DNA to form BPDE-DNA bulky adducts which if not removed can lead to mutations due to
DNA base-pair substitutions. While the effects of BPDE on somatic cells are fairly well
described, its effects on early human development are currently unknown. In this study, we
investigated for the first time the effect of BPDE on human induced pluripotent stem cells
(hiPSCs) and their differentiated neuroprogenitor cells (NPCs) as a model for early embryonic
development. Furthermore, we compared hiPSCs and NPCs derived from cells of patients
suffering from Nijmegen Breakage Syndrome (NBS), which is a chromosomal instability
disorder characterized by defective DNA repair and increased risk of malignancies.
Transcriptome analysis, coupled with protein content analysis employing immunostaining and
Western blots, revealed that hiPSCs are more sensitive to BPDE exposure when compared
to NPCs with an enhanced expression of several genes associated with p53-mediated DNA
damage response, including DNA repair by lesion bypass, cell cycle checkpoints and extrinsic
apoptosis. We also identified that cells from NBS patients showed less apoptotic response
and a distinct p53 response than their healthy counterparts. This iPSC-based study enhances
our meagre knowledge of the effects of BPDE on early human development in both healthy

individuals and NBS patients. Furthermore, our model conforms with the 3Rs principle.

Key words
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toxicology, DNA damage response, induced pluripotent stem cells, neuroprogenitor cells
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1. Introduction

There is currently a worldwide endeavor to minimize and even replace animal
experimentation. There are numerous problems associated with animal experimentation
which include ethical issues, the high costs of animal experiments and difficulties in
recapitulating specific human pathologies. The pharmaceutical and chemical industries
contend with a failure rate of up to 90% in translating animal effects to human subjects (1,2).
Developmental toxicity testing aims to identify substances that can cause disturbances during
embryo-fetal development. Currently, the gold standard are animal-based assays which are
time consuming, expensive and do not always reliably translate to human physiology (3).
Besides developmental toxicological evaluation, the identification and investigation of the
effects of DNA-damaging agents (genotoxins) is of high importance. While DNA-repair
mechanisms remain mostly conserved among mammals, there are marked differences on the
efficiency of such repair processes between distinct species (4). Tests in vitro with a high
sensitivity are also part of the standard battery of tests used for genotoxic assessment in
human pharmaceuticals (5), but their specificity is often unsatisfactory (6,7).

A promising alternative for animal experimentation is the use of human pluripotent stem cells
(hiPSCs) and their differentiated progeny as in vitro substitutes. In 2023, the U.S. Congress
approved the FDA Modernization Act 2.0, stating that drug developers can now propose
alternative methods, including the use of hiPSC-derived models, for the assessment of drug
safety during the pre-clinical phase instead of mandating the use of animal models (8). hiPSC-
based models are particularly interesting alternatives for developmental toxicology testing

since they can mimic the developing embryo and parts of organ development (9).

Furthermore, hiPSCs are advantageous for modeling specific diseases, particularly genetic
disorders. One example is Nijmegen Breakage Syndrome (NBS), a chromosomal instability
disorder, characterized by an impaired immune system, microcephaly, growth retardation,
premature aging, and increased susceptibility to malignancies (10). It is caused by a mutation
within the NBS gene that codes for the protein Nibrin (NBN), which is part of the MRN complex
together with Meiotic recombination 11 (MRE11) and RAD50 Double Strand Break Repair
Protein (RAD50). This complex is involved in DNA damage signaling and repair, particularly
of DNA double-strand breaks, a pathway that is severely impaired in NBS patients. Due to this
deficiency in DNA repair, NBS patients have marked chromosomal instability, developing
breakages and chromosomal rearrangements (11). That in turn leads to the development of
malignancies, with over 40% of NBS patients developing one by the age of 20, predominantly
hematological cancers (10).
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Benzo[a]pyrene (B[a]p) is a polycyclic aromatic hydrocarbon and environmental contaminant
formed during incomplete combustion of organic matter, such as exhaust fumes and cigarette
smoke. B[a]p is metabolized in the body into benzo[a]pyrene diol epoxide, or BPDE, a potent
mutagen and carcinogen. BPDE forms bulky DNA adducts by binding to the N2 atom of
guanine (dG-N2-BPDE adduct) which, if not removed by nucleotide excision repair (NER),
can lead to base-pair substitution mutations via trans-lesion DNA synthesis (TLS) (12)
resulting in tumorigenesis (13). Blalp is lipophilic and can cross the placenta to reach the
developing fetus. The placenta can metabolize B[a]p into BPDE, and the fetuses themselves
are metabolically capable, which can lead to fetal genotoxic exposure (14-16). Furthermore,
BPDE-DNA adducts are detectable in the sperm (17) and ovarian cells (18) of cigarette
smokers, and these DNA modifications can be paternally transmitted through the
spermatozoa to the embryo (19). The potential issues that could arise from the presence of
BPDE adducts on pre-implantation embryos and fetuses, are currently unknown. The
undifferentiated pluripotent stem cells represent the pre-gastrulation stage whilst the

differentiated neural progenitor cell gastrulation towards ectoderm.

Our work is the first to perform a comparative analysis of the response to BPDE exposure in
pluripotent stem cells and their differentiated neural progenitor cell (NPC) progeny, using both
healthy cells and those with an NBS mutation. We show here for the first time that low doses
of BPDE do not interfere with the maintenance of the pluripotent state. However, it has distinct
impacts on p53-associated stress responses such as DNA-damage repair and apoptosis in
iPSCs and NPCs.

2. Methods and materials
2.1. Stem Cell Cultivation

Two hiPSC lines from healthy individuals, UM51 and iPSC-12, and one hiPSC line from an
individual suffering from NBS, NBS8, were used in this study (Supplementary Table 1). hiPSCs
were cultivated on plates coated with Matrigel (Corning) and fed with mTeSR plus™ medium
(StemCell Technologies). Cell passaging was done every 5-6 days with ReLeSR™ (Stem Cell
Technologies) according to the manufacturer’s instructions. UM51 (20) and NBS8 (21) were
generated under the ethical approval of the Ethikkommission der Medizinischen Fakultat der
Heinrich-Heine-Universitat Dusseldorf. iPSC-12 is a commercially available iPSC line from Cell
Applications Inc. (hitps://www.cellapplications.com/).
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Neural Progenitor Cell Differentiation

For NPC differentiation, hiPSCs were cultivated until 75-90% confluence. The cells were
dissociated into single cells with accutase (Sigma-Aldrich) and plated in a 96-well U-bottom,
low attachment plate (Thermo Scientific) with 100uL mTeSR Plus™ supplemented with 10 uM
ROCK inhibitor (Y-27632, Sigma-Aldrich) in a density of 10* cells/well. The cells were
incubated at 37°C with 5% CO2 for 24 hours, after which 50 ul of the medium was aspirated
and replaced by 100 pl of neural induction medium (NiM, consisting of 47% DMEM/F12
(Gibco), 47% Neurobasal Medium™ (Gibco), 2% B27™ w/o retinoic acid (Gibco), 1% N2
(Gibco), 1% GlutaMAX™ (Gibco), 1% MEM non-essential amino acids (NEEA) (Gibco) and
1% Penicillin/Streptomycin (Gibco). In the following 5 days, 100 pl of medium was replaced
daily with fresh NIM supplemented with 10 uM SB-431542 (Tocris), 500 nM LDN-193189
(Merck) and, until day 3, 10 uM ROCK inhibitor. The resultant neurospheres were seeded in
Growth Factor Reduced Matrigel® (Corning) coated 6-well plates and fed daily with Neural
Differentiation Medium (NDM, consisting of 95% Neurobasal Medium™ (Gibco), 2% B27™
w/o retinoic acid (Gibco), 1% N2 (Gibco), 1% GlutaMAX™ (Gibco), and 1%
Penicillin/Streptomycin (Gibco) supplemented with 20 ng/ml| epidermal growth factor (EGF)
and 20 ng/ml fibroblast growth factor 2 (FGF2). On day 18, neural rosettes were selected with
STEMdiff™ Neural Rosette Selection Reagent (Stem Cell Technologies) as per the
manufacturer’s recommendation. The rosettes were then incubated with accutase for 30 min
at 37°C and the resulting cell aggregates were seeded at a density of 1:4 on Growth Factor
Reduced Matrigel® (Corning) coated 6-well plates for expansion and fed daily with NDM
supplemented with 20 ng/ml EGF and 20 ng/ml FGF2. For passaging, the NPCs were
incubated with accutase for 5 min at 37°C and the resulting aggregates were seeded at a
density of 1:4 on Growth Factor Reduced Matrigel® (Corning) coated 6-well plates every 5-6
days.

2.2. BPDE treatment

BPDE (Santa Cruz Biotechnology) was dissolved in DMSO (Sigma-Aldrich) at a concentration
of 40mM and the aliquots were stored at -80°C for up to six months. For treatment of hiPSCs
and NPCs cells were cultured until 60-70% confluent, and then medium replaced with fresh
medium containing BPDE (25nM or 75nM) or vehicle control (0.02% DMSO) for 24h.

Thereafter, medium was discarded, and cells processed for analysis.
2.3. Resazurin reduction assay

A 0.15 mg/ml stock solution of resazurin (Sigma-Aldrich) was prepared by dissolving 5mg of

resazurin in 50mL of sterile PBS and kept at 4°C until use. Cells were cultivated in triplicates
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on a 96-well plate and continuously exposed to BPDE in concentrations ranging from 10nM to
21uM for 22h, when 10uL medium supplemented with resazurin stock solution was added to
the culture in a 1:10 dilution. The plates were returned to 37°C and incubated for a further 2h.
Living cells convert resazurin into resofurin, a fluorescent compound, and fluorescence was
measured using a microplate fluorimeter (Eppendorf PlateReader AF2200) equipped with a
filter set of 560nm excitation and 590nm emission. Measurements of cell cultures treated with
increasing doses of BPDE and normalized according to the manufacturer's protocol were
imported into the R environment (22). The packages drdpl (23) and ggplot2 (24) were
employed to use a logistic model for curve-fitting, plotting the curve, and calculating the 1C50
and additionally IC80 and 1C90.

2.4, Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA) for 15 minutes. For staining of intracellular
proteins, the cells were permeabilized with 0.5% Triton-x-100/DPBS for 10 min and then
washed 2x with DPBS. Cells were then incubated with blocking buffer containing 3% bovine
serum albumin (BSA, Sigma-Aldrich)/DPBS for 1h at RT. After the blocking period, cells were
incubated with primary antibody diluted in blocking buffer overnight at 4°C with shaking. In the
morning the cells were then washed 3x/5min with DPBS, then further incubated with a
secondary antibody solution diluted in blocking buffer, supplemented with the nuclear stain
Hoechst 33258 (Thermo Fisher) for 2h RT (antibodies are listed in Supplementary Table 2.
Pictures were taken using a Zeiss LSM 700 microscope and analyzed using the software Zen
Blue 2.5. When applicable, cells were counted manually using the program image J (ver. 1.54)
and ratios of treated conditions and control were calculated using Microsoft Excel, as were
standard deviations (SD). Ratios and SD were visualized as bar graphs. Statistical significance
was measured using 2-way ANOVA and Tukey’'s multiple comparison test using GraphPad

Prism 8. P values < 0.05 were considered statistically significant.

2.5. Propidium lodide (PI) staining and cell cycle FACS analysis

hiPSCs were treated with BPDE for 24h. Thereafter, cells were harvested using accutase
(Sigma-Aldritch) and centrifuged at 500xg for 5min at 4°C. 10° cells were transferred to FACS
tubes (Corning), washed with 1ml| of PBS and centrifuged as stated above. The supernatant
was discarded, and the cells were incubated for 1h in 25yl of staining solution composed of
0.1% sodium citrate, 0.1% Triton-x-100 and 50mg/L of propidium iodide (PI) (Invitrogen),
diluted in distilled water. Cell cycle measurements were carried out on a CytoFlex BA26183
from Beckman Coulter and analysed with CytExpert 2.3. Statistical significance was measured
using 2-way ANOVA and Tukey’s multiple comparison test using GraphPad Prism 8. P values

< 0.05 were considered statistically significant.
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2.6. Reverse Transcripion and real time PCR

TRIzol® was used to extract RNA from treated and non-treated hiPSCs and NPCs. Total RNA
was extracted using the Direct-zol™ RNA MiniPrep kit (Zymo Research) according to the
manufacturer's instructions. To avoid DNA contamination, a 30 min treatment with DNase was
applied. The isolated RNA was transcribed into cDNA using the Reverse Transcription
TagMan® Kit (Applied Biosystems) following the manufacturer’s instructions. The real time
PCR was performed with Power SYBR® Green (Applied biosystems) on a ViiA7 machine
(Applied biosystems). Mean values were normalized to the housekeeping gene RPLPO and
the cycle threshold (CT) for each sample was determined with the ViiA7 Software v1.2 from
Applied Biosystems. Fold-change values are depicted as mean values with 95% confidence
interval. Statistical significance was measured using 2-way ANOVA and Tukey's multiple
comparison test using GraphPad Prism 8. P values < 0.05 were considered statistically

significant. Primer sequences used are listed in Supplementary Table 3.
2.7. 5-ethynyl-2'-deoxyuridine (EdU) incorporation assay

hiPSCs were treated for 24h with BPDE. EdU incorporation and the fluorescence staining for
incorporated EdU was performed using the Click-iT™ EdU Cell Proliferation Kit for Imaging,
Alexa Fluor™ 488 dye (Invitrogen), as instructed by the manufacturer. Hoechst 33258 was
used for DNA staining. Pictures were taken using a Zeiss LMS 700 and analyzed using the
software Zen Blue 2.5. EdU+ cells were counted manually using the program image J (ver.
1.54) and ratios of treated conditions and control were calculated using Microsoft Excel 2010,
as were standard deviations (SD). Ratios and SD were visualized as bar graphs. Statistical
significance was measured using 2*way ANOVA and Turkey’s multiple comparison test using

GraphPad Prism 8. P values < 0.05 were considered statistically significant.
2.8. Analysis of Gene Expression Data

Total RNA was extracted using the Direct-zol™ RNA MiniPrep kit (Zymo Research) according
to the manufacturer's instructions from iPSCs UM51, iPSC-12 and NBS8, in CTRL conditions
and after 24h treatment with 75nM BPDE. RNA was sent for analysis at the Biomedizinisches
Forschungszentrum (BMFZ) facility at Heinrich-Heine University, Duesseldorf. Affymetrix CEL
files were imported into the R/Bioconductor (22) environment,background-corrected, and
normalized using the Robust Multi-array Average (RMA) method from the package oligo (25).
Genes were considered expressed when their detection p-values - calculated as described in
Graffmann et al. (26) - were below a threshold of 0.05. Using these expressed genes,
expression was dissected with Venn diagrams employing the R package “VennDiagram” (27).

Tables of Pearson carrelation coefficients were generated using the R-built-in method “cor”.
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Hierarchical clustering dendrograms were generated with the method “hclust” using Pearson
correlation as similarity measure and “complete linkage” as cluster agglomeration method. The
“heatmap.2” function from the “gplots” package (28) was applied either with Pearson
correlation as similarity measure and color scaling per gene or with Euclidean distance as
distance measure and color scaling over the whole heatmap. Genes from the intersection of
the venn diagrams, i.e., expressed in both conditions were further filtered for up-regulation by
a ratio > 1.5 and down-regulation by a ratio < 0.67. When there were replicates, a threshold of
0.05 for the p-value of the differential expression test from the Bioconductor “limma” package

(29) was added to the filter criteria.
2.9. Analysis of Pathways and Gene Ontologies (GOs)

Differentially up- and down-regulated genes with fold changes of 1.5 or 0.6 and P-value 0,05
were subjected to GO analysis via the Bioconductor package “GOstats” (30). KEGG pathways
and genes associated with them were downloaded from the KEGG database (31) and over-
represented KEGG pathways were calculated for up- and down-regulated genes employing
the R-built-in hypergeometric test. The enrichment analysis tool Metascape (32) was used to
compare input gene lists extracted from the microarray data to thousands of available gene
sets defined by their involvement in biological processes, protein localization, enzymatic
function, pathways among other features.

2.10. Western Blotting

RIPA buffer (Sigma-Aldrich), with added protease and phosphatase inhibitors (Roche,), was
used to extract the total protein from hiPSCs and NPCs. Protein concentration was measured
with the Pierce™ BCA Protein Assay Kit (Thermo Fisher). 20ug of protein was run through a
4%-12% SDS-PAGE gel (NUPAGE, Thermo Fisher) and transferred to a 0.45 um nitrocellulose
membrane (GE Healthcare) using wet blotting. The membrane was blocked with 5% milk in
TBST (20mM Tris, 150nM NaCl and 0,05% Tween 20) for 1h and stained for primary antibody
in 4°C overnight, under constant agitation. The membranes were subsequently washed three
times with TBST and stained for secondary antibody for two hours RT. Details of the antibodies
used can be seen in Supplementary Table 2. Anti B-actin and anti-RPLPO were used as
housekeepers. Protein bands were detected with Pierce™ ECL Western Blotting Substrate.
Signaling was visualized using FusionCapt Advance FX7 and band intensities were quantified
in the software Fusion Capt Advance (PeqLab) using rolling ball background correction.
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3. Results

3.1. 24h of BPDE exposure does not impact hiPSC pluripotency.

In this study, we aimed at elucidating the effects of the genotoxin BPDE on iPSCs and see if
iPSCs derived from an NBS patient (NBS8) react differently towards BPDE- induced DNA
damage than wild type (WT) control cells (UM51, iPSC-12). To test for BPDE effects on the
cellular stress response, we selected a suitable BPDE dosage scheme that assures cellular
viability of more than 80% and does not interfere with pluripotency. Therefore, we treated all
three hiPSC lines for 24h with distinct doses of BPDE and measured viability via resazurin
assay. From this, we selected 25nM and 75nM as the IC10 and IC20, respectively, which were

used for all further experiments. (Supplementary figure 1).
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Figure 1: 24h of BPDE exposure does not negatively impact pluripotency.

WT and NBS8 hiPSCs were treated with 25nM and 75nM BPDE for 24h. RNA was extracted
for microarray analysis or cells were fixed for immunocytochemistry. (A) Euclidean heatmap
made with data extracted from the microarray analysis represents relative expression of key
genes associated with pluripotency maintenance after 24h of 75nM BPDE exposure. (B)
BPDE treatment did not alter OCT4, SOX2 and NANOG transcription as confirmed via qRT-
PCR (N=3. Error bar depicts 95% confidence interval. Scale bar 50uym. Dashed lines mark
1.5-fold.) (C) nor did it alter OCT4 expression as seen on immunocytochemistry.

The hiPSC lines UM51, iPSC-12, and NBS8 were exposed to 25 or 75nM BPDE for 24h or
kept in control conditions, then subjected to microarray analysis. To investigate whether BPDE
exposure had an effect on pluripotency, microarray data was used to generate a heatmap of
twelve genes which are key in the regulation of pluripotency (Figure 1A). Genes such as POU
Class 5 Homeobox 1 (POU5F1), SRY-Box Transcription Factor 2 (SOX2) and NANOG, key
players orchestrating the maintenance of pluripotency, remained highly expressed after
treatment, while genes involved in hiPSC differentiation like Gremlin 1 (GREM1) and bone
morphogenetic protein 4 (BMP4) had a low expression. gqRT-PCR for POU5F1 (OCT4), SOX2
and NANOG confirmed the microarray data (Figure 1B) and immunocytochemistry for OCT4

also revealed no difference in expression after BPDE treatment (Figure 1C).

3.2. BPDE exposure enhances gene expression of cell cycle arrest related genes, but

does not impact cell cycle

As the integrity of the whole organism depends on the ability of stem cells to safely replace
lost cells with their progeny, it is mandatory that stem cells keep their genome intact in order
to avoid growth of malignantly transformed cells (33). Thus, they need to protect their genome
by enhanced repair activity and if this is not possible, they usually die through apoptosis (34).

To see if these pathways are differentially regulated in healthy and diseased cells, we first
investigated if the cell cycle was affected by BPDE as cell cycle arrest is necessary to give

the cells enough time for DNA repair.

To investigate the transcriptional changes induced by BPDE exposure regardless of the
mutation, we pooled the microarray results of all samples into control and BPDE treated
(Supplementary figure 2A). We also investigated the transcriptional downstream effects of the
mutation, both in the absence of stimulus and after BPDE treatment, comparing the WT and
NBS8 lines in control conditions (Supplementary figure 2B) and after genotoxic exposure
(Supplementary figure 2C). We performed Gene Ontologies (GO), KEGG pathway, as well as
Metascape analyses (Supplementary figures 3 to 6).
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Figure 2: BPDE exposure enhances gene expression of cell cycle arrest related genes,
but does not influence cell cycle. hiPSCs were treated for 24h with 25 or 75 nM BPDE (A)
GO-Analysis for 513 genes exclusively expressed in all 3 cell lines after BPDE exposure in
hiPSCs. The relevant DNA-damage cluster is highlighted in blue. (B) gqRT-PCR for CDKN1A
and GADD45A. Error bar depicts 95% confidence interval. N=3, *p<0.05, ** = p<0.01, *** =
p<0.001. Dashed lines mark 1.5-fold. (C) Cell cycle distribution was analyzed via propidium
iodide staining measured by FACS and presented here in percentage as bar graphs. N=3,
mean +/- standard deviation. (D) Representative images of EdU staining of hiPSCs after
CTRL, 25nM and 75nM treatment and bar graphs representing the percentage of EdU positive
cells on each cell line compared to Hoechst after 24h treatment. N=3, mean +/- standard
deviation. Scale bar 50um.

Gene ontology analysis of 513 genes exclusively expressed after BPDE treatment (Figure 2A)
revealed, amongst others, the cluster “DNA damage response, signal transduction by p53
class mediator resulting in cell cycle arrest” with four regulated genes: cyclin dependent kinase
inhibitor 1A (CDKN1A); Mucin1 (MUCT); polo like kinase 2 (PLK2) and proline rich acidic
protein 1 (PRAP1T). gqRT-PCR for CDKN1A and Growth arrest and DNA damage inducible
alpha (GADD45A), another p53-inducible DNA damage and cell cycle arrest associated gene,
revealed that all three cell lines exhibited upregulated expression levels (mean > 3-fold) of
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GADD45A after exposure to 75nM BPDE, while there was no regulation after treatment with
25nM BPDE. CDKN1A was upregulated intensely in NBS8 (mean 1.6-fold at 25nM and 2.9-
fold at 75nM) and slightly in iPSC-12 (mean 1.6-fold at 75nM) (Figure 2B). However, a cell
cycle analysis using propidium iodide staining and flow cytometry showed that cell cycle
distribution on all three lines was unaffected after BPDE exposure (Figure 2C). This result was
supported by EdU staining, which confirmed that BPDE exposure had no effect on the
percentage of cells in S phase (Figure 2D).

3.3. BPDE treatment enhances expression of targets related to the extrinsic apoptotic
pathway in hiPSCs

As we observed that the expression of genes related to cell cycle arrest was enhanced by
BPDE while there was no actual cell cycle arrest detectable, we aimed to investigate if BPDE
influences apoptosis in hiPSCs.

The GOs extracted from the 254 genes upregulated after BPDE treatment revealed several
clusters related to both positive and negative regulation of cell death (Figure 3A). Notably,
several genes related to the extrinsic apoptotic signaling pathway were upregulated including
all four known receptors for TNF-related apoptosis-inducing ligand (TRAIL): TNF Receptor
Superfamily Member 10A (TNFRSF10A), TNFRSF10B, TNFRSF10C and TNFRSF10D. qRT-
PCR for TNFRSF10A (Figure 3B) confirmed its upregulation in all three lines (mean > 1.7-
fold), while the expression of the intrinsic apoptosis genes BCL2 associated X, apoptosis
regulator (BAX) and Bcl-2-binding component 3 (BBC3) remained unchanged (Figure 3B).
Both the extrinsic and intrinsic apoptotic pathways depend on Caspases to induce cell death,
therefore an executioner Caspase essential in both pathways- Caspase 3 (CASP3), was
investigated. CASP3 expression increased (mean > 1.7-fold) after BPDE treatment in both
WT cell lines, but not in NBS8 (Figure 3B). Caspase 3 protein expression was unchanged in
all three lines, but the expression of cleaved Caspase 3, the active form of Caspase 3, was

enhanced particularly in the WT lines and far less in NBS8 (Figure 3F).
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Figure 3: BPDE exposure differentially regulates apoptotic markers on WT and NBS8
hiPSCs. hiPSCs were treated with 25nM and 75nM of BPDE for 24h. RNA was extracted for
microarray analysis and qRT-PCR. (A) Gene ontology analysis was performed for 254 genes
upregulated in hiPSCs after BPDE treatment. Apoptosis related clusters are highlighted in
orange. (B, C, D, E) gRT-PCR for TNFRSF10A, BAX, BBC3, and CASP3. Error bar depicts
95% confidence interval. N=3, *p<0.05, ** = p<0.01, *** = p<0.001. Dashed lines mark 1.5-fold.
(F) Western blot for Caspase 3 and cleaved Caspase 3. 3-actin was used as loading control.
N=2, mean +/- standard deviation shown, *p<0.05.
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3.54 BPDE differentially regulates DNA damage response genes in WT and NBS8
hiPSCs
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Figure 4: BPDE differentially regulates the DNA damage response in WT and NBS8
hiPSCs. hiPSCs were exposed to 25nM and 75nM of BPDE for 24h. (A) gRT-PCR for TP53,
MDM?2 and c¢JUN. Error bar depicts 95% confidence interval. N=3, *p<0.05, ** = p<0.01. *** =
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blot for MDM2, p53, cJUN and p-cJUN. B-actin or RPLPQ were used as loading controls. N=2,
mean +/- standard deviation shown, * = p<0.05, ** = p<0.01, *** = p<0.001. (D) gRT-PCR for
POLH, XPC and DDB2. Error bar depicts 95% confidence interval. N=3, *p<0.05, ** = p<0.01,
*** = p<0.001. Dashed lines mark 1.5-fold.

The enrichment analysis tool- Metascape, was used to compare the input gene list of the
common 254 upregulated genes in all 3 cell lines after BPDE exposure. Two of the top non-
redundant enrichment clusters were related to the p53 signaling pathway with 26 upregulated

genes (Supplementary figure 3B). Among them were three known regulators of p53 signaling,
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¢JUN, MDM?2 and protein Phosphatase, Mg?Mn?* Dependent 1D (PPM1D), as well as other
genes involved in p53-mediated DNA damage response such as GADD45A, Sestrin 1
(SESNT), POLH, BTG Anti-Proliferation Factor 2 (BTG2) and Stratifin (SFN).

As p53 is an important factor in the regulation of pluripotency and differentiation (35), we
aimed to investigate the influence of BPDE exposure on p53 and its effectors in our model.
Interestingly, qRT-PCR revealed that TP53 was significantly downregulated (mean < 0.5-fold)
in both WT lines after treatment with 75nM BPDE (Figure 4A), whilst the expression p53 protein
was increased in both healthy controls albeit only significantly in iPSC-12 hiPSCs (Figure 4B).
Both gene and protein expression remained unchanged in NBS8 (Figure 4A and 4B). Two
targets related to p53 regulation, MDM2 and cJUN, were measured in an attempt to clarify the
differences in the expression of TP53 and p53 between WT and NBS8 cells after BPDE
treatment. MDM2 gene expression was downregulated (mean 0.56 -fold) exclusively in NBS8
(Figure 4A), while its protein levels were increased only in the WT cells (Figure 4B). A similar
pattern was observed with cJUN. The mRNA levels (mean > 3.2 -fold) and protein expression
were both increased in WT cells after treatment, but unchanged in NBS8 (Figure 4A and 4C).
Since the activity of cJUN is stimulated by its phosphorylation at serines 63/73, the protein
levels of serine 73 p-cJUN were also measured, this revealed increased expression in the
iPSC-12 cells (Figure 4C). Next, we evaluated the mRNA expression of four upstream
components of the p53 signaling cascade, ATR, ATM, and their respective downstream
effectors, CHEK1 and CHEKZ (Supplementary figure 7). BPDE exposure did not affect the
expression of ATM, CHEK1 or CHEKZ however, it upregulated the expression of ATR (mean
7.1 fold) in the NBS8 cell line (Supplementary figure 7A). p53 is involved in NER, regulating
the expression of targets such as XPC and DDBZ2, and it has also been implicated in the
transcriptional regulation of trans-lesion synthesis DNA polymerases in reaction to DNA
damage (173). After BPDE exposure, gene expression of the trans-lesion synthesis DNA
polymerase POLH was upregulated (mean > 1.8-fold) in all three cell lines (Figure 4D).
Interestingly, XPC and DDBZ2 were upregulated exclusively in NBS8, and in both tested
concentrations. XPC was upregulated by 1.5-fold in both concentrations, whilst the regulation
of DDBZ2 increased in a dose-dependent manner; 1.6-fold at 25nM and 3-fold at 75nM (Figure
4D).

3.5. Responses to BPDE exposure is different in neural progenitor cells compared to
their undifferentiated hiPSC parental lines

We next wanted to see, if BDPE has any influence on the early steps of neuro-development.
As such, iPSCs were differentiated into NPCs and treated with 25nM or 75nM of BPDE for
24h. Immunostaining-based detection of expression of the NPC markers SOX2, SOX1 and
Nestin, and the proliferation marker Ki67, was unchanged after BPDE treatment, and also for

the neuron marker TUJ1 (Supplementary figure 8A). Likewise, gene expression levels of the
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NPC markers SOX2, SOX1 and PAX6 remained stable after genotoxic exposure
(Supplementary figure 8B). Thus, BPDE treatment did not impair differentiation towards NPCs.
However, they reacted less sensitive in terms of apoptosis and DNA damage marker

expression than their undifferentiated counterparts.

The expression of TNFRSF10A and CASP3 were upregulated in hiPSCs after BPDE treatment
(Figure 3B and 3E), unlike in NPCs. The intrinsic apoptotic markers BBC3 and BAX remained
unchanged in both cell types (Figure 5A to 5D). The protein expression of Caspase 3, as well
as that of its active form cleaved Caspase 3, remained mostly unchanged in NPCs after BPDE
treatment, with only a slight upregulation (1.5-fold) of cleaved caspase 3 seen on iPSC-12
NPCs (Figure 5E). These results suggest that hiPSCs showed a lower resistance to BPDE
cytotoxicity after 24h of exposure than their differentiated NPCs.
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Figure 5: 24h BPDE exposure does not influence expression of key apoptotic markers
on NPCs. NPCs were treated with 25nM and 75nM of BPDE for 24h, then RNA was extracted
for gRT-PCR and protein was extracted for western blot. qRT-PCR for (A) TNFRSF10A, (B)
BAX, (C) BBC3 and (D) CASP3. N=3. Error bar depicts 95% confidence interval. (E) Western
blot and quantification for caspase 3 and cleaved caspase 3. N=1, RPLP0 was used for loading
control.

Gene expression levels of the p53-inducible cell cycle regulators COKN1A and GADD45A was
unchanged in NPCs, with the exception of iPSC-12 NPCs, which showed a slight upregulation
(1.8-fold) of both markers at 75nM (Figure 6A and 6B). With the intent to analyze the p53-
mediated DNA damage response, the gene and protein expression of p53 was measured, as
well as that of the p53 regulators MDM2 and cJUN. TP53 and MDM2 gene expression
remained constant after BPDE treatment in NPCs in all lines, as did cJUN (Figure 6C to 6E).
Investigation of the protein expression of MDM2 in NPCs after BPDE exposure revealed a
similar pattern to that observed in hiPSCs, with the expression being enhanced in WT NPCs
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after treatment, but unchanged in NBS8 NPCs. Interestingly, p53 protein expression was
enhanced only in iPSC-12 NPCs after genotoxic exposure, while the protein expression of
cJUN was unchanged in all three NPC cell lines (Figure 6F).
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Figure 6: BPDE exposure of NPCs differentially regulates targets related to cell cycle
control and p53 modulation when compared to hiPSCs. NPCs were treated with 25nM or
75nM of BPDE for 24h, then RNA was harvested for gRT-PCR and protein was harvested for
western blot. qRT-PCR for (A) CDKN1A, (B) GADD45A, (C) TP53 (D) MDM2 and (E) cJUN.
N=3, *p<0.05, **p<0.01. Error bar depict 95% confidence interval. Dashed lines mark 1.5- and
0.6-fold. (F) Western blot and quantification for MDM2, p53, and cJUN. N=1. RPLP0 was used
as loading control.

While ATM, CHEK1, and CHEKZ maintained a stable gene expression in both hiPSCs and
NPCs after BPDE treatment, the upregulation of ATR which was noted in NBS8 hiPSCs after
exposure to both 25nM and 75nM BPDE (1.6- fold and 7.1-fold respectively) was not observed
in their differentiated NPC progeny (Supplementary figure 9A to 9D).

Lastly, gene expression of three p53-inducible genes related to bulky DNA-adduct repair,
POLH, XPC and DDB2, was investigated. XPC and DDBZ2 were upregulated in NBS8 hiPSCs
in both concentrations tested (Figure 4D), but in NPCs XPC expression was unchanged after
BPDE exposure (Supplementary figure 9F) and DDB2 was only upregulated at 75nM (1.5-fold)
and less than in their hiPSC counterparts (3-fold) (Supplementary figure 9E). In hiPSCs, the
expression of POLH was upregulated in all three cell lines after BPDE treatment (Figure 5D),
which was not seen in NPCs (Supplementary figure 9G).

These results are summarized in Table 1 and Table 2. An observation from the summary is
that NBS8 cells, in particular NBS8 hiPSCs, present a distinct DNA damage response upon
BPDE exposure than their WT counterparts. For example, NBS8 hiPSCs upregulate mRNA
expression of XPC and DDB2, genes involved in NER, while showing a lower upregulation of
targets involved in the apoptotic response such as cleaved Caspase 3. Secondly, the different
cell types have distinct responses to BPDE exposure. hiPSCs have generally a more robust

DNA damage response, with the regulation of several targets related to cell cycle checkpoint,
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apoptosis, and DNA damage repair, while NPCs had a more moderate response, with few

regulated targets.

Table 1: Summary table of results from the set of genes investigated through qRT-PCR
after BPDE exposure. Cells were exposed to BPDE in the concentrations of 25nM and 75nM
for 24h. Their RNA was extracted and used for gRT-PCR. The table summarizes the results
obtained from the investigation of known BPDE targets as seen on the literature and those that
were identified as BPDE targets through microarray analysis of BPDE exposed hiPSCs. Empty
cells indicate no change in expression. One and two crosses indicate over 1.5x -fold or over
2x -fold increase in expression compared to control, respectively. The minus sign indicates a
downregulation of at least less than 0.6x -fold.

Symbols key
| e

+ >10|5; - iPSCs NPCs

- <05 lumst ipsc12  NBss | umst  PE | nBss
ATM

ATR +++

BAX

BBC3

CASP3 +++ +

CDKN1A * ot

CHEK1

CHEK2

cJUN +++' +++ +
DDB2 +++ . +
GADD45A +++ +++ +++ + :
MDM2 , |

POLH +++ + +

TNFRSF10A + +t + +

TP53 = | = |

XPC *

Table 2: Summary table of results from the set of proteins investigated after BPDE
exposure. Cells were exposed to BPDE in the concentrations of 25nM and 75nM for 24h.
Then, their protein was extracted and used for western blot. The table summarizes the results
obtained from the investigation of proteins related to the DNA damage response. Empty cells
indicate no change in expression. One and two crosses indicate over 150% or over 200%
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increase in protein expression compared to control, respectively. Blocked cells indicates that
the target was not investigated.

Symbols key
s+ | >200% iPSCs NPCs
increase
. >150% | ums1 | iPSC-12 NBS8 UM51 iPSC-12  NBS8
increase | _
p53 +++ +++ %
cJUN e+t +++ +
P-cJUN b +++
Caspase 3
| Cleaved Caspase Bl _— 4
3
MDM2 | +H+ |

4, Discussion

To elucidate the effects of BPDE on undifferentiated hiPSCs at the transcriptional level, we
performed for the first time a whole-genome transcriptome analysis of WT hiPSCs exposed
to BPDE, which we compared to NBS patient-derived iPSCs that have a defect in the DNA

repair mechanism.

Pluripotent stem cells have highly efficient DNA repair systems (36—38), but in case of failure
to repair DNA lesions they will either rapidly undergo apoptosis (34) or suffer a p53-mediated
loss of pluripotency by repressing the transcription factors OCT4 and NANOG, and activating
genes associated with differentiation (39,40). Our results show that 24h of BPDE exposure on
hiPSCs affected neither the expression of OCT4 and NANOG, nor that of targets associated
with triggering differentiation such as BMP4 or GREM1 (Figure 1A and 1B). The nuclear
expression of OCT4 also remained stable (Figure 1C). In line with data from Momcilovic et al,
who studied the effects of y-irradiation in hiPSCs (42), this suggests that our cells retained
pluripotency for at least 24h after BPDE exposure.

BPDE treatment has been documented to induce cell cycle disruption in somatic cells,
dependent on the treatment dose, the cell type, and the phase in the cell cycle that the cells
were in at the start of treatment (41-43).

The GOs of hiPSC exposed to BPDE revealed an upregulated cluster related to DNA damage-
induced cell cycle arrest. GADD45A, which is known to stimulate cell cycle arrest upon
genotoxic exposure (44,45) was upregulated in all cell lines after treatment (Figure 2B).

However, cell cycle analysis via flow cytometry for Pl and EdU incorporation assays indicated
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that hiPSCs had no change in their cell cycle distribution after BPDE exposure (Figure 2C and
2D). This could be related to the timepoint of the analysis, since it has been shown that hiPSCs
exposed to y-irradiation show cell cycle arrest at the G2/M phase in the first 9h after exposure,
but after 24h their cell cycle distribution returns to the same pattern as non-irradiated controls
(37). Interestingly, CDKN1A, a p53-associated cell cycle regulator (46), was up-regulated only
in the NBS8 cell line after BPDE exposure (Figure 2A), lending support to reports of perturbed
cell cycle arrest signaling after genotoxic exposure in NBN-impaired cells (47-49).

Bioinformatic analysis of hiPSC exposed to BPDE revealed upregulated clusters related to the
p53 signalling pathway (Supplementary Figure 3B). Investigation of the gene and protein
expression of p53, MDM2 and cJUN, as well as Ser73 phospho-cJUN, revealed a general
pattern of upregulation of these targets in WT hiPSC and little or no regulation in NBS8 cells
(Figure 4).

Although TP53 gene expression was downregulated in WT hiPSCs after BPDE exposure, p53
protein expression was increased in these cells, while NBS8 hiPSCs showed no TP53 or p53
regulation (Figure 4A). Interestingly, dysregulation of p53 function upon DNA damage is a
defining aspect of NBS. It is known that NBS fibroblasts exposed to ionizing radiation have a
delayed and reduced p53-mediated response to DNA damage (51). We made a similar
observation for NBS fibroblasts and NBS iPSC-derived cerebral organoids exposed to
bleomycin in earlier studies (50,51). This effect does not seem to be related to MDM2 mediated
p53 degradation, as MDM2 protein expression was significantly increased only in WT hiPSCs
after BPDE treatment but not in NBS8 hiPSC (Figure 4A and 4B).

The upregulation of cJUN and Ser73 p-cJUN in BPDE treated WT hiPSCs (Figure 4A and 4C)
could help explain the downregulation of TP53 and the low or no upregulation of COKN1A
mRNA levels seen in the cells and hint at a protective effect being elicited. cJUN has a variety
of roles during the DNA damage response, repressing p53 mRNA expression to allow for cell
cycle progression and proliferation (52), and playing a role in genotoxic resistance and
activation of DNA damage repair (53-55). It is interesting to note that the phosphorylation of
cJUN at Ser63/73 seems to be essential for its protective role against DNA damaging agents
(54,55). However, cJUN has also been linked to cellular stress induced apoptosis, which
seems to occur through the sustained upregulation of cJUN levels and, at least in some cell
types, enhanced extrinsic apoptotic signalling (56,57). Thus, a possible pro-apoptotic effect
through the extrinsic apoptotic pathway cannot be discarded.

Indeed, GO analysis of genes which were upregulated after BPDE exposure on hiPSCs
revealed several clusters associated with positive and negative regulation of apoptosis (Figure
3A). Curiously, while reports of BPDE exposure on somatic cells reported the upregulation of
the intrinsic apoptotic pathway, and genes such as BAX and BBC3 (58-60), hiPSCs showed
a distinct upregulation of the extrinsic apoptotic pathway, confirmed through gRT-PCR (Figure
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3A to 3C). It was also observed that, although the gene expression of TNFRSF10A was
upregulated in all three cell lines, the expression of the executioner CASP3 was only
upregulated in WT cells (Figure 3D), and the same was observed for the protein expression of
cleaved Caspase 3, the active form of the Caspase 3 protein (Figure 3E). NBN-impaired cells
have been reported as having deficient apoptosis regulation (47,50). This translates into a
delayed genotoxic exposure response that leads to deficient activation of the apoptotic
pathway after DNA damage (47—49).

In line with this, our data confirm previously reported delays in the activation of the DNA repair
machinery in NBN-deficient hiPSCs after BPDE treatment (47-49), as we could only observe
up-regulation of XPC and DDB2 in these cells but not in the WT cells (Figure 4B and 4C).
POLH expression, however, was upregulated in all three hiPSC lines (Figure 4A). POLH is
involved in the error-prone bypass of BPDE-adducts (61,62) and induction of POLH by BPDE
has been implicated in enhanced cell survival, but at the expense of a higher number of
genomic mutations (41,58). This adaptative reaction is particularly worth of further study since
mutations that occur during early embryogenesis can contribute to cancer development later
in life (63).

5. Conclusion

To the best of our knowledge, this is the first time the effects of BPDE exposure have been
investigated on an hiPSCs model and the first comparison made between the effects of BPDE
on pluripotent stem cells and differentiated NPCs. This mimics pre-gastrulation and

differentiation towards the ectoderm lineage of early human development.

We showed that hiPSC and NPCs harbouring an NBS mutation reacted differently to BPDE
treatment compared to WT cells, showing less apoptotic response and no increase in the
expression of p53 and MDM2. Our data also emphasizes the differences in the DNA damage
response between hiPSCS and NPCs, with the former presenting a robust response
compared to NPCs, enhancing the mRNA and/or protein expression of several targets related
to DNA damage response, apoptosis and cell cycle checkpoints. Furthermore, our model

conforms with the 3Rs principle.
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