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,Lerne von Gestern, lebe heute, vertraue auf morgen.

Das wichtigste ist, nicht aufhéren zu fragen.”

Albert Einstein (1879-1955)
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ZUSAMMENFASSUNG

Ein wichtiger Bestandteil der regenerativen Medizin sind Zelltherapien. Die transplantierten
Zellen kdnnen sich in das verletze Gewebe integrieren und dort kdrpereigene Reparatur- und
Regenerationsmechanismen anregen. Somit kann es zur Heilung des geschadigten Gewebes
und Organen kommen. Limitierungen, wie der Mangel an patientenspezifischem Zellmaterial,
die Uberlebens- und Integrationsfahigkeit nach Transplantation, kénnen durch Modifikation der
Zellen tberwunden werden. Das Proteinexpressionsprofil der Zellen wird dabei verandert, um
ihre natlrliche Aktivitat zu verbessern oder ihre zellulare Entwicklung zu verandern. Die RNA-
basierte Modifikation von Zellen stellt eine vielversprechende Methode flr therapeutische
Anwendungen dar, da die Expression von gewlnschten Proteinen Integrations- und
Ruckstands-frei erfolgt.

Die Bildung neuer BlutgefalRe in ischamischem Gewebe, z. B. nach einem Myokardinfarkt,
kann die Regeneration und Funktion der Organe verbessern. Daher wurde im Rahmen dieser
Arbeit synthetisch modifizierte mRNAs, die fir VEGF-A, ANG-1 und SDF-1a kodieren, in
murine endotheliale Progenitorzellen (EPCs) transfiziert, um das natiirliche angiogenetische
Potenzial der EPCs zu fordern. Dabei zeigte die Analyse typischer Parameter zur
Gefalbildung, wie die chemotaktische Migration, die Wundheilungskapazitat, die in vitro und
in vivo GefalBneubildung, ein verbessertes angiogenetisches Potenzial der mMRNA-
modifizierten EPCs im Vergleich zu unbehandelten EPCs. Insbesondere die EPCs, die mit
ANG-1 mRNA oder gleichzeitig mit allen 3 mRNAs (VEGF-A, ANG-1 und SDF-1a) transfiziert
wurden zeigten signifikant verstarkte proangiogene Eigenschaften. Auf diese Weise
veranderte Zellen kdnnten somit nach einer Transplantation zur Verbesserung der
Blutversorgung in geschadigtem oder ischamischem Gewebe fihren.

Induziert pluripotente Stammzellen (iPSCs) kdnnen als unendliche patientenspezifische
Quelle fur verschiedene Zellarten dienen. Hierfir kbnnen iPSCs durch Differenzierung in
gewiinschte Zelltypen fur zukiinftige therapeutische Applikationen generiert werden. Fur die
nichtintegrative Reprogrammierung von neonatalen Fibroblasten in iPSCs wurde ein mRNA-
basierter Ansatz mit einem selbst-replizierenden RNA (srRNA)-basierten Ansatz verglichen.
Die generierten iPSCs wiesen typische Charakteristika der pluripotenten Stammzellen auf und
waren in der Lage in alle 3 embryonalen Keimblatter (Mesoderm, Endoderm und Ektoderm)
zu differenzieren. In den iPSCs wurden keine srRNA-Rlckstande oder chromosomale
Abnormalitaten festgestellt. Daher sind die so generierten Zellen besonders gut fur den
therapeutischen Einsatz geeignet. Die Reprogrammierung der Zellen konnte durch eine
einmalige srRNA Transfektion durchgefihrt werden. Weiterhin stellte sich heraus, dass die
Reprogrammierung mittels srRNA effizienter, kostenginstiger und mit weniger Arbeitsaufwand
verbunden war als die tagliche Transfektion der Zellen mit mehreren mRNAs. Nach der
erfolgreichen Etablierung des srRNA-basierten Protokolls zur Herstellung von iPSCs wurden
auch adulte Zellen reprogrammiert. Dazu wurden einerseits renale Epithelzellen (RECs) nicht-
invasiv aus Urin gewonnen und andererseits Zellen aus Kieferperiost (JPCs) xeno-frei isoliert.
Nach Bestéatigung der Pluripotenz, der Differenzierungsfahigkeit in die 3 Keimblatter in vitro
und in vivo und der Eliminierung der srRNA, wurden die iPSCs zu gewebespezifischen Zellen
differenziert und erfolgreich auf inre spezifische Markerexpression untersucht. Die REC-iPSCs
wurden innerhalb von 10 Tagen zu schlagenden Kardiomyozyten differenziert und anhand
einer Video-basierten Analyse von Ca?* Intermediaten wurde die Kontraktilitat der generierten
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Zellen bestétigt. Die Behandlung der generierten Kardiomyozyten mit dem Aktivator
Isoproterenol fihrte zur Erh6hung der Schlagrate und die Inhibitor-Behandlung mit Nifidipin
bewirkte die Hemmung der Kontraktionen in den Zellen. Die JPC-iPSCs wurden zuerst in
induziert mesenchymale Stamm/ Stroma-ahnliche Zellen (iMSCs) und dann weiter zu
osteogenen Zellen differenziert, die eine starke Mineralisierung aufwiesen.

Daruber hinaus wurden in dieser Arbeit verschiedene Hydrogele beziglich der mRNA
Freisetzung Uber einen l&ngeren Zeitraum hinweg untersucht, um die transiente mRNA
vermittelte Produktion von Proteinen zu verldngern. Chitosan-Alginat-Hydrogele zeigten eine
verzogerte Freisetzung von Cyanin 3-markierter Luciferase (Cy3-hGluc) mRNA Uber 3
Wochen.

Die Bioaktivitat der freigesetzten hGLuc mRNAs und die anhaltende Proteinexpression
konnten durch die Produktion der Luziferase, vermittelt durch die in die mRNA Hydrogele
integrierten HEK293 Zellen und die Messung der Luziferase-Aktivitat Uber 21 Tage bestatigt
werden. Rheologische Messungen zeigten stabile gelartige Eigenschaften der mit mRNA
beladenen Hydrogele Gber den Zeitraum von 3 Wochen. Somit konnte durch die verzdgerte
Freisetzung der mRNAs aus dem Hydrogel, die Proteinexpression in den Zellen verlangert
werden ohne die mMRNA mehrfach applizieren zu mussen.

Der Einsatz von nicht Genom-integrierenden RNAs zur gezielten Uberexpression spezifischer
Proteine in patientenspezifischen Zellen eréffnet enorme Mdoglichkeiten im Bereich der
regenerativen Medizin und des Tissue Engineerings. So kénnen mittels mMRNA oder srRNA
modifizierte autologe Zellen zur Zelltherapie oder Generierung 3-dimensionaler
Gewebekonstrukte eingesetzt werden und so eine personalisierte Therapie und Regeneration
von Geweben ermdglichen.

Vi



ABSTRACT

Cell-based therapies are an important tool for regenerative therapies. The cells integrate into
the injured tissue and stimulate the body's own repair and regeneration mechanisms. Thus,
damaged tissues and organs can be treated and even healed. To overcome limitations, such
as the lack of autologous cell material, survival and integration capacity after transplantation,
cells can be modified by altering their protein expression profile to either enhance their natural
activity or to alter their cellular fate. The RNA-based modification of cells provides a versatile
method for therapeutic applications, as the modifications by the mRNA-mediated expression
of desired proteins is integration- and vector-free.

The formation of new blood vessels in ischemic tissue, e.g. B. after a myocardial infarction,
can improve the regeneration and function of organs. Therefore, in this work synthetic modified
MRNAs encoding VEGF-A, ANG-1 and SDF-1a were transfected into murine endothelial
progenitor cells (EPCs) in order to promote the natural angiogenic potential of the EPCs. The
analysis of typical parameters for vascularization, such as chemotactic migration, wound
healing capacity and in vitro and in vivo angiogenesis/ tube formation, demonstrated an
improved angiogenic potential of the mRNA-modified EPCs compared to untreated EPCs. In
particular, the cells transfected with ANG-1 mRNA or those transfected simultaneously with all
3 mMRNAs (VEGF-A, ANG-1 und SDF-1a) had a significantly increased proangiogenic features.
Cells modified in this way could therefore improve the blood supply in damaged/ ischemic
tissue after transplantation.

Induced pluripotent stem cells (iPSCs) can serve as a limitless patient-specific cell source for
the differentiation into a desired cell type for future therapeutic applications. For the non-
integrative reprogramming of iPSCs from neonatal fibroblasts, an mRNA-based was compared
with a self-replicative (sr)RNA-based approach. The generated iPSCs showed typical
characteristics of stem cells and were able to differentiate in all 3 lineages: mesoderm,
endoderm and ectoderm. Additionally, no residual expression of the RNA or chromosomal
abnormalities was detected after the reprogramming. This renders them particularly suitable
for a therapeutic use. The cells could be reprogrammed by a single srRNA transfection.
Furthermore, the study showed that the srfRNA was more efficient, less expensive and less
work intensive than the daily transfections with multiple mRNAs. Following the successful
establishment of the srRNA-based protocol for the production of iPSCs, adult cells from
different donors were also reprogrammed. On the one hand, renal epithelial cells (RECs) were
non-invasively extracted from urine samples and on the other hand, cells from jaw periosteum
(JPCs) were isolated xeno-free. After the confirmation of pluripotency and 3-lineage
differentiation potential in vitro and in vivo, as well as the elimination of sSrRNA, the iPSCs were
differentiated into tissue-specific cells and successfully tested for their specific marker
expression. The REC-iPSCs were differentiated into beating cardiomyocytes within 10 days,
and a video-based analysis of Ca2+ intermediates confirmed the contractility of the generated
cells. The treatment of the generated cardiomyocytes with the activator isoproterenol led to an
increase in the beat rate and the inhibitor treatment with nifidipine inhibited the contractions in
the cells. The JPC-iPSCs were first differentiated into induced mesenchymal stem/ stroma-like
cells (iIMSCs) and then further differentiated into osteogenic cells that showed a strong
mineralization.
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In addition, various hydrogels were investigated with regard to the release of mMRNA over a
longer period of time in order to prolong the transient mMRNA-mediated production of proteins.
Chitosan-alginate hydrogels showed the local release of synthetic mRNAs through the delayed
release of cyanine 3-labeled luciferase (Cy3-hGluc) mRNAs over 3 weeks. The bioactivity of
the released hGLuc mRNAs and sustained protein expression could also be confirmed by the
additional integration of HEK293 cells into the mRNA hydrogels by measuring the luciferase
activity over 21 days. Rheological measurements showed stable gel-like properties of the
MRNA-loaded hydrogels over 3 weeks. The local protein expression in the cells could be
prolonged due to the delayed release of the mRNAs from the hydrogel and the subsequent
transfection of the cells, without the need of repeated application of the mRNA.

The use of non-integrative RNAs for the targeted overexpression of specific proteins for the
modification of patient-specific cells opens up enormous opportunities in the field of
regenerative medicine and tissue engineering. In this way, cells are modified vector-free and
can safely be used as cell therapy or integrated into 3-dimensional tissue constructs, without
causing a rejection reaction.



Einleitung

1. EINLEITUNG

1.1. Regenerative Medizin

Die Regenerative Medizin ist ein vielversprechender und stetig wachsender Bereich! der
Translationalen Forschung und verbindet Biomaterialforschung, Tissue Engineering, sowie
Molekular- und Zellbiologie (Abbildung 1), die sich mit dem Prozess des Ersetzens,
Reparierens und Regenerierens menschlicher Zellen, Gewebe oder Organe zu deren
funktionalen Wiederherstellung befasst. Dabei werden eine Vielzahl an Anwendungen zur
Behandlung von angeborenen und erworbenen Erkrankungen, Traumata und natirliche
Alterungsprozesse angestrebt.? Man erhofft sich durch die regenerative Medizin, die
Humanmedizin zu revolutionieren. Krankheiten, die mit herkémmlichen Medikamenten und
medizinischen Verfahren nur unzureichend behandelt werden kdnnen, sollen dabei nicht nur
behandelt, sondern funktional geheilt werden oder mechanischen Ersatz erhalten. Dies wird
durch das Rekonstruieren von Zellen, Geweben, oder Organen erreicht, die die Stimulation

von korpereigenen Regenerations- und Reparaturmechanismen anregen.®

Biomaterialien Zell- und Gentherapie
* Kontrolle von Zellen Kontrolle und Modulierung
und Geweben von Zellen und zelluldren
* Transport von Prozessen
bioaktiven

e REGENerative
Medizin

Tissue Engineering

Konstruktion von 3D Gewebe-
und Organstrukturen

Abbildung 1: Die Regenerative Medizin ist ein multidisziplindrer Ansatz der Translationalen Medizin und vereint
Bereiche der Biomaterialforschung, der Zell-basierten Therapie und des Tissue Engineering.

Die Schadigung von lebenswichtigen Organen wie Herz, Leber und Nieren sind nach wie vor
eine der Hauptursachen fir die weltweite Sterblichkeit.* Das Uberleben eines Patienten, der
an einer schwerwiegenden Erkrankung dieser Organe leidet kann oft nur durch den Ersatz mit
einem geeigneten Spenderorgan gewahrleistet werden. In der Vergangenheit wurden bereits
zahlreiche Erfolge durch die Transplantationen verschiedener Organe (wie z.B. Niere, Leber,

Lunge, Bauchspeicheldriise, Herz, Knochenmark, Haut, BlutgefaBe) erzielt.>® Durch die
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Einleitung

regenerative Medizin kénnen theoretisch samtliche akute und chronische Krankheiten, wie
Schlaganfall, koronare Herzerkrankungen (Myokardinfarkt), Diabetes, Krebserkrankungen
(Leukadmie, Lymphom, Melanom), progressive neuronale Erkrankungen (Alzheimer,
Parkinson), Autoimmunerkrankungen und Osteoarthrithis geheilt werden.

Vor allem der Mangel an geeignetem Spendergewebe und transplantierbaren Organen, sowie
dem hohen Risiko einer immunologischen AbstoR3ung, treibt das Bioengineering von Geweben
und Organen voran.* ®> Menschen, die das Glick haben, eine Organtransplantation zu
erhalten, missen mit chronischer Abstol3ung des implantierten Gewebes/ Organs und dem
lebenslangem Einnahme von Immunsuppressiva rechnen.? Zelltransplantationen und das
Tissue Engineering soll daher als Alternative zum Organersatz dienen, indem funktionelle
Gewebe und Organe de novo im Labor konstituiert und anschlieBend in den Patienten
implantiert werden oder Zellen zur therapeutischen Behandlung eingesetzt werden.?

Die Regeneration von Geweben oder Organen, die durch Verletzung, Alterung oder Krankheit
des Gewebes geschadigt wurden, kénnen durch verschiedene Ansatze durchgefihrt werden.
1) Transplantation von Stammzellen oder Progenitorzellen in vivo, die sich dann lokal in den
gewinschten Zelltyp differenzieren, ins Gewebe integrieren und diese mit zuséatzlichen
Biomolekllen versorgen. 2) Komplett- oder Teilersatz eines Organs oder Gewebes mit ex vivo
kultivierten gewebespezifischen Zellen. 3) Einsatz von bioaktiven Materialien als Gerist-/
Stitzstrukturen zur Rekonstruktion der Extrazellularmatrix (EZM) und um koérpereigene
regenerative Prozesse anzuregen.* ¢’

Die Kombination von unterschiedlichen Komponenten, wie einem Grundgerist, bioaktiven
Materialien und gewebetypspezifischen Zellen, um 3-dimensionale funktionelle Gewebe-
konstrukte herzustellen wird als Tissue Engineering bezeichnet.> * Dabei werden die Zellen
auf eine geeignete Matrix aufgebracht, mit dem Ziel eine mdglichst natirliche Umgebung zu
simulieren. Diese kdnnen in Bioreaktoren in vitro kultiviert werden und das vitale Gewebe wird
dann in Patienten implantiert, wo durch kérpereigene Prozesse die endgultige Stabilitat und
volle Funktion erreicht wird. Als Biomaterialien werden natirliche Materialien (z. B. Kollagen
und Alginat), azellularisierte Gewebe (z. B. Herzklappen) oder synthetische Polymere wie
Poly(lactid-co-glycolid) (PLGA) verwendet, die biologische Prozesse und mechanische
Funktion des zu ersetzenden Gewebes als kiinstliche EZM simulieren.® Sie ermdglichen auch
die Abgabe von geeigneten bioaktiven Faktoren an der gewilinschten Stelle im Korper.®
Geriste kdnnen mit bioaktiven Faktoren wie Zelladh&asionspeptiden, Wachstumsfaktoren und
Zellen geladen werden, um die Funktion der Zellen (Adhasion, Proliferation, Migration und
Differenzierung) zu regulieren, so dass sich ein funktionelles Gewebe bilden kann. Am besten
geeignet sind biologisch abbaubare und bioresorbierbare Materialien, die keine Entziindungs-
reaktion auslosen. Inkompatible Materialien kénnen eine Entziindung hervorrufen und dies

kann zu einer Nekrose und zur AbstoBung im Gewebe fiihren.®
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Fur eine Anwendung in verschiedenen Bereichen der Regenerativen Medizin stehen humane
Zellen, wie somatische Zellen, adulte oder embryonale Stammzellen, pluripotente
Stammzellen und Progenitorzellen, sowie ausdifferenzierte Zellen zur Verfigung. Dabei ist der
Einsatz von autologen (,kdrpereigenen®) Zellen von besonderem Interesse, da durch ihre
Verwendung die Abstol3ung verhindert wird, auf die Gabe von immunsuppressiven
Medikamenten verzichtet und die Ubertragung von Infektionen ausgeschlossen werden kann.®
" Die groRten Einschrankungen fir den erfolgreichen Einsatz dieser Technologien sind
Zellbeschaffung und -expansion, hohe Kosten, regulatorische Probleme und die Schwierigkeit
des Hochskalierens.®

1.2. Zelltherapie

Bei einer Zelltherapie werden dem Patienten zellulares Material injiziert, mit dem Ziel, einen
Zellersatz in geschadigtem Gewebe zu bewirken und/ oder I6sliche Faktoren wie Zytokine,
Chemokine und Wachstumsfaktoren freizusetzen, um eine parakrine oder endokrine Wirkung
zu erzielen.®> Die daflr praferierten autologen Zellen werden durch eine Biopsie eines
bestimmten Gewebes dem Patienten selbst enthommen, vom Gewebeverband dissoziiert
bzw. isoliert und in einer in vitro Zellkultur vermehrt. Seltener werden minimal-invasiv
entnommene Blutproben und nicht-invasiv gewonnene Urinproben verwendet, um daraus
Zellen zu gewinnen. AnschlieBend kénnen diese Zellen wieder in das gleiche Individuum
zurlick transplantiert werden.!® 11 Daher hangen die meisten aktuellen Strategien fuir das
Tissue Engineering und der Regenerativen Medizin von der Verfugbarkeit autologer Zellen

aus dem Gewebe/ Organ des Patienten ab.®

1.2.1. Endotheliale Progenitorzellen

Endotheliale Progenitorzellen (EPCs) sind im Blutkreislauf zirkulierende Stammzellen und
werden durch Chemokine aus dem Knochenmark rekrutiert. Diese werden von Zellen im
verletzten Gewebe sekretiert, um die Revaskularisierung zu induzieren.'? ** Die EPCs homen
an den Stellen vaskularer L&sionen und differenzieren dort, um eine Gefalireparatur
durchzufthren.** Dadurch kann die Blutversorgung in ischamischen Geweben wieder-
hergestellt, die Schadigung des Gewebes reduziert und somit die Funktion betroffener
Gewebe oder Organe (z.B. nach einem Schlaganfall oder Herzinfarkt) wiederhergestellt
werden.

Mehrere préklinische Studien haben bereits das vaskulogene und angiogene Potenzial von
EPCs bestatigt'® ¢, sowie eine positive parakrine Wirkung von transplantierten EPCs bei der
Behandlung ischamischer Erkrankungen.!” 1 In frilheren Studien wurden EPCs auch als
Biomarker bei Herz-Kreislauf-Erkrankungen identifiziert und der Riuckgang der Anzahl an

EPCs und deren Dysfunktion wurden mit ischamische Erkrankungen in Verbindung
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gebracht.'® 2° Jedoch ist der Erfolg einer klinischen Anwendung von EPCs aufgrund der
geringen Retention und des begrenzten Einwachsens nach der Transplantation, sowie das
geringe Uberleben der migrierten EPCs im ischamischen Gewebe, eingeschrankt.?: 22
Weiterhin stellt auch die geringe Menge und Qualitéat von den isolierten autologen EPCs eine
Herausforderung fur klinische Anwendungen dar.?® So konnte in mehreren Tierversuchen und
klinischen Studien mit EPCs unterschiedliche Ergebnisse in ihrer Wirksamkeit bei der
Behandlung ischamischer Erkrankungen nachgewiesen werden.!8: 24

Neue Strategien beinhalten zellulare Modifikationen, um die Anzahl und Proliferation der EPCs
zu erhohen® und deren Funktion und Integration ins Gewebe zu verbessern.?® Somit konnen
die Geweberegenerationen effizienter durchgefiihrt werden. Hierflr kdbnnen Biomolekile, wie
z. B. rekombinante Proteine, wie Zytokine, Chemokine und Wachstumsfaktoren, oder
Gentherapien eingesetzt werden, um den natirlichen Ablauf von beispielsweise
angiogenetischen Prozessen zu steuern.

Ein Beispiel dafur ist der vaskulare endotheliale Wachstumsfaktor-A (VEGF-A), der unter
anderem an der Chemotaxis, Migration und Differenzierung von EPCs beteiligt ist und in
friheren Studien zur verbesserten Revaskularisierung von Geweben gefiihrt hat.?”-3° Weitere
Wachstumsfaktoren und Chemokine, wie das Angiopoietin (ANG)3! 32, der Fibroblasten-
Wachstumsfaktor (FGF)3% 3, der Stromazellen-abgeleiteter Faktor-1 (SDF-1)% 36 und der
Hypoxie-induzierbarer Faktor-la (HIF-1a)®” haben ebenfalls ihre Wirksamkeit fir einen

proangiogene tischen Einsatz bestatigt.

1.2.2. Pluripotente Stammzellen

Im Gegensatz zu gewebespezifischen adulten Stammzellen, die meist ein limitiertes
Proliferations- und Differenzierungspotenzial aufweisen, besitzen pluripotente Stammzellen
(PSCs), wie humane embryonale Stammzellen (ESCs) und induziert Pluripotente
Stammzellen (iPSCs) die Fahigkeiten sich selbst zu vermehren und in fast alle spezialisierten
Zelltypen des Korpers zu differenzieren.® Sie kénnen in vitro in alle verschiedenen Zelltypen
der drei Keimbahnrichtungen (Mesoderm, Endoderm und Ektoderm) differenzieren. Daher
kénnen sie als Quelle fur therapeutisch einsetzbare Zellen jeden Typs dienen. Die PSCs sind
auch in der Lage sich in 3-dimensionale Zellkonstrukte zusammenzulagern, um in vitro
Embryonalkérperchen (Embryoid bodies) oder in vivo Teratomas auszubilden, die alle drei
embryonalen Gewebetypen enthalten. Diese Fahigkeit dient auch als Beweis fir ihre
Pluripotenz®® und bedeutet, dass die Zellen fiur den in vivo Einsatz vollstandig differenziert
werden mussen. Auch die Immunogenitat der ESCs, die nur allogen transplantiert werden
kénnen, stellt ein Problem fiir klinische Anwendungen dar, da sie eine AbstoRungsreaktion im

Empfangerorganismus auslosen kénnen. 4% 4t



Einleitung

Humane ESCs werden hauptsdchlich aus der inneren Zellmasse von Blastozysten im
Embryonalstadium isoliert.#? Im Vergleich dazu ist die Gewinnung von iPSCs ethisch
unbedenklich, da sie aus somatischen Zellen generiert werden (Abbildung 2). Die Generierung
der iPSCs aus patienteneigenen Zellen, deren anschlieRende Differenzierung in den
gewunschten Zelltyp und die Implantation dieser autologen Zellen verhindert eine Abstof3ung
im Empfangerorganismus. Daher ist die Induktion der Pluripotenz in somatischen Zellen, um

iPSCs zu erhalten, ein wichtiges Instrument fur die in vitro Erzeugung autologer Zellen.*?
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Abbildung 2: Der Einsatz von induziert pluripotenten Stammzellen (iPSCs) besitzt ein enormes Potenzial fur Zell-
basierte Therapien. Adulte Zellen kénnen aus dem Patienten isoliert und mit Reprogrammierungsfaktoren
behandelt werden um iPSCs zu generieren. Diese kdnnen dann in Gewebe-spezifische Zellen eines gewiinschten
Typs differenziert werden und fuir eine autologe Transplantation von Enddifferenzierten Zellen oder nach Integration
in ein Matrixmaterial als 3-dimensionales Zellkonstrukt verwendet werden. Die Grafik wurde mit Hilfe von Servier
Medical Art Vorlagen erstellt.

Zur Herstellung der iPSCs werden somatische Zellen reprogrammiert. Der Prozess wird durch
epigenetische Regulationen, wie Chromatinumlagerungen und das Entfernen von
Methylierungsmustern der DNA méglich und durch die Uberexpression von Transkriptions-
faktoren eingeleitet, die im embryonalen Stadium vorhanden sind. Die Kern-
Transkriptionsfaktoren Oct4, Sox2 und Nanog werden dabei am hdchsten exprimiert und
erhalten den Pluripotenzstatus der Zellen aufrecht. Weitere intrinsische Faktoren (Expression
von Interaktionspartnern wie cMyc, Klf4, Lin28) und extrinsische Faktoren (Kulturbedingungen,
Wachstumsfaktoren, Zytokine usw.) spielen dabei eine Rolle.*

Die erfolgreiche Generierung von iPSCs aus humanen Fibroblasten wurde erstmals 2007 von
Yamanaka und Takahashi anhand der Reprogrammierungsfaktoren Oct4, Sox2, Klf4 und
cMyc mithilfe retroviraler Transduktion gezeigt.*® Es zeigte sich, dass Nanog fiir die Induktion
der Pluripotenz nicht notig war, aber die Beteiligung der Transkriptionsfaktoren Klf4 und cMyc
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fur den Prozess hilfreich sind. KIf4 und cMyc stehen mit der Regulation des Zellzyklus in
Verbindung und fordern das Wachstum und die Proliferation der Zellen.*® Weitere
Forschungen zeigten, dass verschiedene Reprogrammierungsstrategien und Faktoren zur
Herstellung von iPSCs eingesetzt werden kénnen, wie beispielweise die Induktion der
Pluripotenz ohne cMyc*’, die Kombination der Faktoren Oct4, Sox2, Nanog und Lin288, oder
die Uberexpression der Faktoren Oct4 und Sox2*°.

In den vergangenen Jahren wurden bereits erhebliche Fortschritte mit iPSCs bei der
Umsetzung von Grundlagenforschung in die klinische Anwendung gemacht. So konnte die
Sicherheit von regenerativen Therapien anhand der ersten klinischen Studie mit iPSCs zur
Behandlung der Makuladegeneration nachgewiesen werden, die im Jahr 2014 in Japan
gestartet wurde.®® Weiterhin bestatigten vorlaufige Ergebnisse einer Studie zur Behandlung
der akuten Graft-versus-Host Erkrankung, die im Jahr 2017 in Australien gestartet wurde, dass
die eingesetzten iPSC-abgeleiteten mesenchymale Stamm-/ Stromazellen (MSCs) sicher sind

und fuhrten zu einer Reduktion des Schweregrads der Erkrankung bei 14 von 15 Patienten.>!

1.2.3. Differenzierung von iPSCs in gewebespezifische Zellen

Stammzellen, wie iPSCs eignen sich aufgrund ihrer unbegrenzten Teilungsfahigkeit
hervorragend zur Differenzierung in nahezu alle gewiinschten Zelltypen des menschlichen
Korpers (Abbildung 2). Diese Zellen kdnnen theoretisch endlos in Kultur gehalten und
kryokonserviert werden und sind somit standig in ausreichender Menge verfiugbar. Fir die
Differenzierung in einen gewebespezifischen Zelltyp, wie beispielsweise Kardiomyozyten®?,
Hepatozyten®3, Neuronen®*, MSCs® oder Osteoblasten®®, sind verschiedene Protokolle in der
Literatur verfugbar. Die Differenzierung erfolgt durch Zugabe von Wachstumsfaktoren,
Zytokinen oder chemischen Substanzen und unter bestimmten Kulturbedingungen.

Der therapeutische Einsatz von Kardiomyozyten ist von besonderem Interesse, da aufgrund
ihrer extrem geringen Selbsterneuerungsfahigkeit, mit weniger als 1% pro Jahr im
erwachsenen Herzen eine ausreichende physiologische Regeneration des Herzmuskels nicht
moglich ist.>” Durch die Zerstérung von Kardiomyozyten kann es jedoch zu einer
Herzinsuffizienz kommen, die zu einer Verringerung der Pumpleistung, Herzrhythmus-
storungen und weiteren korperlichen Beeintrachtigungen fuhrt und im schlimmsten Fall eine
Herztransplantation erfordert.®® Dabei flhrt die Verletzung des Herzmuskels eher zur
Vernarbung des Gewebes anstatt zur Regeneration.®® Neben Vorhofflimmern und arterieller
Hypertonie ist der Myokardinfarkt eine haufige Ursache fur die Herzinsuffizienz, die derzeit zu
einer der haufigsten Todesursachen zahlt und weltweit 23 Millionen Menschen betrifft.5° In
frheren in vivo Studien wurde z. B. in einem porcinen Myokardmodell gezeigt, dass die
Transplantation von Kardiomyozyten die Herzleistung nach einem Herzinfarkt verbessern

kann.®! Ebenso konnte durch eine Transplantation von humanen ESCs®® %2 oder von aus iPSC
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differenzierte Kardiomyozyten® in das Herzinfarktgewebe eine Verbesserung der Herzfunktion
gezeigt werden. Weiterhin zeigten klinische Studien bereits durch den Einsatz von kardialen
Vorlauferzellen (CPCs), die unter anderen in Kardiomyozyten differenzieren, einen positiven
Einfluss bei der Behandlung verschiedener Herzkrankheiten.5* Aufgrund des Mangels an
geeigneten Quellen fir humane Kardiomyozyten wurden in den letzten Jahren verschiedene
Ansatze zur Erzeugung von regenerativ wirksamen Kardiomyozyten aus verschiedenen
Zellquellen entwickelt, einschlieRlich Stammzellen aus dem Knochenmark®®, ESCs®: 67,
iPSCs® %8 und CPCs® ©°,

Ein weiteres Beispiel fir die mogliche Anwendung von gewebespezifischen Zellen ist im
Bereich der Mund-, Kiefer- und Gesichtschirurgie. Dabei stellt die Rekonstruktion und
Regeneration kleiner als auch grof3er Knochendefekte eine standige Herausforderung dar, da
die bendtigte Anzahl der Zellen zur Behandlung des Patienten begrenzt ist und oft nicht
ausreicht. Humane Kieferperiostzellen (JPCs) stellen eine ausgezeichnete aber begrenzte
Quelle fir osteogene Vorlauferzellen dar, die fur die Generierung von 3-dimensionalen
Knochengewebekonstruktionen verwendet werden konnen.”® ’t Um ausreichende Mengen an
Zellen zu erhalten, kdnnen autologe iPSCs osteogen differenziert werden. Dies kann entweder
direkt oder anhand eines zweistufigen Prozesses erfolgen, indem die iPSCs zuerst in
induzierte MSCs (iMSCs) und anschlieBend in Osteoblasten differenziert werden.> % Die
Differenzierung von iPSCs in iMSCs hat den Vorteil, dass das Potenzial zur Tumorbildung im
Vergleich zu Knochenmarks-MSCs verringert ist, da sie nicht den epithelial-mesenchymalen
Ubergang (EMT), die Invasion und die Stammzelleigenschaften von Krebszellen fordern,
sowie geringere Level an Tumor-fordernden Faktoren exprimieren.’? Ein weiterer Vorteil ist,
dass die dazu verwendeten Zellkultur- und Differenzierungsprotokolle fir MSCs standardisiert
werden kénnen und die Verwendung von iPSCs eine zusétzliche genetische Modifikation

vereinfacht.”?

1.3. Modifikation von Zellen zur therapeutischen Behandlung

1.3.1. Gentherapie

Die Gentherapie beruht auf der Verwendung von Nukleinsauren als therapeutischen Wirkstoff
zur Reparatur oder zum Ersatz defekter Erbinformationen fur die Behandlung von Krankheiten,
indem sie in die Zellen des Patienten eingebracht werden, um diese zu modifizieren. In den
Zellen werden die Nukleinsduren dann entweder in Proteine translatiert oder kdnnen
eingesetzt werden, um die Expression anderer Proteine zu beeinflussen oder um genetische
Mutationen zu korrigieren.® Im Vergleich zur Gentherapie ist die Verwendung von
rekombinanten Proteinen teuer und aufgrund ihrer relativ kurzen Halbwertszeiten ist es
schwierig ausreichende Proteinmengen in gewinschten Regionen des Korpers

aufrechtzuerhalten.” Fur die Initiierung der exogenen Proteinexpression in Zellen kdnnen



Einleitung

verschiedene DNA- oder RNA-basierte virale und nicht-virale Vektoren fur den Gentransfer
verwendet werden, wie Retroviren*®, Adenoviren’, PiggyBac-Transposons’®, episomale
Plasmide z. B. des Epstein-Barr-Virus’®, Sendai-Viren”’, synthetische selbst-replizierende
RNA (srRNA) Replikons, in vitro transkribierte mMRNAs” oder mRNA-basierte CRISPR-Cas
Systeme®. Bei Verwendung Genom-integrierenden Vektoren, wie z. B. Retroviren, bestehen
jedoch Sicherheitsbedenken bei einer klinischen Anwendung, aufgrund der Integration von
Transgenen in das Wirtsgenom und dem daraus resultierenden hohen Risiko einer Mutation.8*-
8 Dabei kann es zur Reaktivierung von den exogen gelieferten Transgenen und somit zu einer
unerwtinschten zurtick bleibenden Expression kommen.® Die Verwendung von integrativen
Vektoren® weist auch eine erhohte Immunogenitat auf, was den Einsatz fir klinische
Anwendungen weiter einschrankt.®® Die Integration von Transgenen kann vermieden werden,
indem verschiedene nichtintegrative Vektoren (z.B. RNA-Viren, zirkulare und lineare Plasmide,
RNAs) und Vektor-Exzisionsverfahren (Cre-Lox-System®’, PiggyBac-Transposons’) fiir die
Proteinexpression verwendet werden. Bei nicht-integrierenden DNA-basierte Methoden, wie
z. B. Adenoviren oder Adeno-assiziierten Viren (AVV) liegt die DNA als eigenstandiges
Element (Episom) getrennt vom Erbgut des Empfangerorganismus vor und wird somit nicht
von den Zellen verdoppelt. Daher geht es Uber die Zeit verloren und birgt nur ein geringes
Risiko der genomischen Integration.?® Des Weiteren ist die Effizienz der AVV-vermittelte
Proteinproduktion deutlich geringer als bei Integrativen und DNA-freien Vektoren.®® Trotz der
geringen Immunogenizitat der AVV kann es in manchen Fallen zur Erkennung durch das
Immunsystem kommen und eine Immunreaktion des Empfangers auslosen.®® Weiterhin
limitierend ist die begrenzte Verpackungskapazitat (~4,5 kb) der Vektoren, die es unmoglich
macht, z. B. alle Komponenten einer Reprogrammierung auf einem einzigen AAV Vektor
unterzubringen.®® Auch die Verwendung von Sendai Viren als Vektor ist integrationsfrei und
unabhangig von Kernfaktoren. Es beinhaltet keine DNA-Phase, da es sich um ein RNA-Virus
handelt.®* Jedoch ist auch hier die Packungskapazitat limitiert. Sendai Viren bieten eine gute
Effizienz und einfache Verwendung, jedoch sind die verbleibenden Viruspartikel schwer wieder
aus den Zellen zu entfernen, sodass multiple Durchgange klonaler Expansion und Analyse
erforderlich sind, um riickstandsfreie Zellen zu erhalten.?® °! In den letzten Jahren hat vor
allem die Verwendung von synthetischer bzw. in vitro transkribierten (IVT) mRNAs, die fur
gewinschte Proteine kodieren, als eine vielversprechende Alternative zu viralen Vektoren an
Bedeutung zugenommen. Ebenso wie bei der Verwendung von Sendai Viren muss die mRNA
nicht in den Nukleus der Zelle gelangen, da die Proteinbiosynthese im Zytosol stattfindet und
somit besteht keine Gefahr der Integration. Bei dieser Methode muissen auch keine
Vektorriickstande entfernt werden, da die mRNA durch natirliche Abbaumechanismen der
Zellen abgebaut wird.”® °2 % Dies ermoglicht auch die gezielte Kontrolle der effizienten

Proteinproduktion.%
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1.3.2. Therapeutischer Einsatz von synthetischer mRNA

Die Verwendung von synthetischer mRNA zum Proteinersatz ist kein neues Konzept, es war
jedoch Uber viele Jahre hinweg wegen der Instabilitat und Immunogenitat des Molekiils nicht
sehr beliebt und fir therapeutische Anwendungen ungeeignet. Vor fast 15 Jahren gelang
Kariko und ihren Kollegen ein Durchbruch in der mRNA-Therapie, wodurch diese Problematik,
durch den Einbau von (nattrlich vorkommenden) modifizierten Nukleosiden in die mRNA®,
weitestgehend behoben werden konnten. Nachdem gezeigt werden konnte, dass mRNA
Modifikationen und die Optimierung der Applikations- und Transportverfahren, sowie die
effiziente und kostengiinstige Herstellung die Verwendung von mRNAs fir therapeutische
Anwendungen ermdglichen, wurde auch das Engineering von Zellen mit synthetischer mRNA
immer populéarer.®s: 7

Das enorme Potenzial der synthetischen mRNAs wurde bereits in verschiedenen
vielversprechenden Studien in unterschiedlichen Bereichen der regenerativen Medizin
bestétigt. Dazu zéhlen unter anderem die Reprogrammierung von somatischen Zellen zu
iPSCs’® % die direkte Reprogrammierung/ Konversion oder (Trans-)Differenzierung von
Zellen®®1% sowie die Verbesserung des Homing-Verhaltens von Stammzellen in bestimmte
Gewebe!®! und die Produktion von Wachstumsfaktoren®* 102103 (Apbildung 3). Dabei kénnen
nach einer exogenen Zufiihrung der synthetischen mRNAs in die Zellen auch funktionale
Proteine hergestellt werden, die nicht unbedingt von den Zellen natirlicherweise hergestellt
oder benttigt werden. Somit werden Zellen generiert, die ein neues Proteinexpressionsprofil
aufweisen oder zellulare Funktionen konnen verbessert werden.'°: 1% Dariiber hinaus wird
die Applikation von synthetischer mRNA auch zur Vakzinierung erfolgreich untersucht, um
Tumorwachstum941% ynd Infektionskrankheiten!?’1% zu behandeln. Dabei wird durch die
mRNA-vermittelte Synthese von Tumorzell- oder pathogen-spezifischen Antigenen das
erworbene Immunsystem aktiviert'> 107 109 ynd somit werden die Tumorentwicklung und
Infektionskrankheiten verhindert oder es kommt zu einer verbesserten Eradikation der
Tumorzellen. Weitere Studien zeigten auch, dass synthetische mRNAs fur Protein-
ersatztherapien genetisch bedingter Erkrankungen erfolgreich eingesetzt werden kénnen*?
113 wenn bestimmte Proteine nicht oder nur fehlerhaft von den Zellen synthetisiert werden
kénnen.

Im Vergleich zu samtlichen Genom-integrierenden Methoden, ist der grof3te Vorteil bei der
Verwendung von synthetischer mRNA als Vektor zur exogenen Proteinproduktion, dass die
MRNA nicht ins Genom der Empfanger-/ Hostzellen integriert, sondern im Zytoplasma
verbleibt. Somit besteht durch die mRNA keine Gefahr eine Mutation oder Krebs auszultsen.
Die mRNA Molekule werden nach Transfektion der Zelle durch natirliche Abbaumechanismen
nach 2-3 Tagen degradiert.”® °2 % Aufgrund der relativ kurzen Halbwertszeit von mRNA ist

eine Inaktivierung oder ein Herausschneiden des Vektors, wie es bei den integrativen
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Methoden nétig ist, nicht erforderlich. Zusatzlich kann durch die transiente Wirkung der
mRNA4 eine einfache und prazise Kontrolle der Proteinbiosynthese erfolgen.®* Weiterhin ist
es vorteilhaft, dass MRNAs in das Zytoplasma der Zellen eingebracht werden, wo sie direkt in
gewinschte Zielproteine Ubersetzt werden, ohne dass sie in den Zellkern gelangen mussen.
Im Vergleich dazu missen die DNA-Plasmide wahrend des mitotischen Zustands in den Kern
gelangen, um eine effektive Proteinexpression zu erhalten. Im Gegensatz dazu findet die
MRNA-vermittelte Proteinexpression sowohl in sich teilenden und nicht teilenden Zellen statt.
Da die DNA Plasmide groRer sind als die mMRNA-Molekile kénnen die Zellen weniger effizient

transfiziert werden.®

Engineering von Zellen mittels synthetischer mRNA
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Abbildung 3: Perspektiven zum Einsatz von synthetischer mRNA fiir das Konstruieren von Zellen fir therapeutische
Zwecke. Die exogene Uberexpression von Proteinen mittels von mRNA kann zur Reprogrammierung von
somatischen zu induziert pluripotenten Stammzellen, zur direkten (Trans-)Differenzierung in einen gewtnschten
Zelltyp (z.B. Hepatozyten), zur Vakzinierung oder fur die Korrektur von genetischen Defekten in erkrankten Zellen,
der Expression von Oberflachenmolekilen/ Rezeptoren und fir die Produktion von sekretierbaren Proteinen,
eingesetzt werden. Die Grafik wurde mit Hilfe von Servier Medical Art Vorlagen erstellt.

Ein weiterer Vorteil dieser Methode ist, dass die synthetischen mRNAs von den zelleigenen
Ribosomen in Proteine translatiert und vom endoplasmatischen Retikulum und Golgi-Apparat
post-transnational modifiziert werden, um funktionale extrazellulare!®> 12 und intrazellulare
Proteine’™ 114 sowie Rezeptoren'!® mit richtiger Faltung und Glykosylierungsmustern
herzustellen, wodurch die Bildung von Antikérpern gegen diese Proteine durch das
Immunsystem verhindert wird. Theoretisch gibt es keine GroRenbeschrankung fiur die
Erzeugung der gewuinschten Ziel-mRNA-Sequenz und ihre Herstellung kann im erforderlichen
MalRstab mit im Handel erhéltlichen Materialien durchgefihrt werden. Jedoch ist die
Verwendung von synthetischer mMRNA immer noch teuer, da sie fur therapeutische Ansatze in
grolien Mengen und mit hoher Reproduzierbarkeit unter GMP-Bedingungen (Qualitat unter

guter Herstellungspraxis) hergestellt werden muss. Im Vergleich zu rekombinanten Proteinen,

10
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die in eukaryotischen Zellen hergestellt werden, sind die GMP-Produktionskosten flr
synthetische mMRNAs ungefahr funf- bis zehnfach niedriger.®® In den letzten Jahren wurden
aullerdem mRNA-Transportmethoden, Transfektionsreagenzien und das mRNA-Molekdil
selbst optimiert, um mehr Stabilitdt und eine bessere Translationseffizienz, sowie eine
geringere Immunogenitat zu erreichen.”® 116 117 FE{r Vakzinierungsanwendungen mit
synthetischen mRNAs konnte die Induktion einer Immunantwort jedoch vorteilhaft sein, da
diese zusatzlich als Adjutant wirken kdnnen, indem sie die immunologische Antwort und die

Antigenprasentation verstarken, 8

1.3.3. Aktivierung des Immunsystems durch synthetische mRNA

In eukaryotischen Zellen sind Mustererkennungsrezeptoren (PRRs) des angeborenen Immun-
systems, einschlieRlich der Toll-like-Rezeptoren (TLR) 3119120 T| R7121-124 ynd TLR8!?%, sowie
der Retinsaure-induzibares Gen-I (RIG-I)-ahnliche Rezeptoren (RLRs)!?® in der Lage fremde
einzelstrangige (ss) oder doppelstrangige (ds) RNA-Molekile zu erkennen und Signale zu
Ubertragen, um eine Nuklear-faktor kB (NF-kB) und Typ I-Interferon (IFN) vermittelte virale
Immunantwort zu induzieren. Die Aktivierung der zytoplasmatischen RLRs und die
endosomalen Rezeptoren TLR3 und TLR7/8 fiihren dabei zur nachgeschalteten Regulation
der Transkriptionsfaktoren Interferon-regulatorischer Faktor (IRF) 3, IRF7 und NF-kB.!?°
Dadurch wird die Expression von proinflammatorischen Zytokinen (wie z. B. TNFaq, IL-6, IL-1j3,
IL-10) und der Typ I-Interferone (IFN-a und IFN-B) ausgeltst. Die RLRs, einschlie3lich RIG-
[127131 Melanom-Differenzierungsantigen 5 (MDA5)¥2134 und Labor fur Genetik und
Physiologie 2 (LGP2)'* erkennen fremde RNA im Zytoplasma der meisten Zelltypen und
initiieren die Signalweiterleitung, die zum Ausldsen der viralen Immunantwort fihrt. Neben der
TLR3 vermittelten Erkennung von RNA sind auch Nukleotid-Bindungsdomé&nen (NOD)-
ahnliche Rezeptoren (NLRs)*®, vor allem NLRP3%¢ und NOD2*¥, an der zellularen Erkennung
von RNA beteiligt. NLRs regulieren die Produktion von Caspase-1, die bei der Apoptose, dem
programmierten Zelltod, eine wesentliche Rolle spielt.**® Die Uberexpression von Caspase-1
nach Applikation von synthetischer mRNA kann demnach zum verstarkten Zelltod und zu
Entztindungsreaktionen fihren.3

Bei der Interferon-abhangigen Immunantwort binden die Typ-I-IFNs an IFN-Rezeptoren der
aktivierten Zellen und fuhren so zur Aktivierung von Signaltransduktor und Aktivator der
Transkription (STAT) Komplexen und zur Erzeugung des IFN-stimuliertem Genfaktors 3
(ISGF-3), der die Transkription von mehr als 300 IFN-stimulierten Genen (ISGs) initiiert.12
Dazu gehoren Effektoren/Enzyme, die durch dsRNA Molekile aktiviert werden, wie die
dsRNA-abhangige Proteinkinase (PKR), 20-50 Oligoadenylatsynthetasen (OASs) und die
RNA-spezifische Adenosindeaminase (ADAR), die zur Verstarkung der antiviralen Aktivitat

produziert werden.’®® Die Aktivierung der PKR durch dsRNA fihrt zur Hemmung der
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Translation von mRNA und damit zur Reduktion der Proteinsynthese!®®, die bei einer
moglichen Virusinfektion zur Unterdrickung der Virusreplikation erforderlich ist. Der
Transkriptionsfaktor NF-kB kann ebenfalls aktiviert werden und die durch PKR vermittelte
zellulare Apoptose induziert werden.*° Die Aktivierung von OASs durch dsRNA fiihrt zur
Spaltung von ssRNA und somit zur Degradation der RNA, die dann erneut von PRRs
gebunden werden kdnnen. Bei der dsRNA-abhangigen Aktivierung von ADARs kommt es zu
einer RNA-Editierung durch Umwandlung von Adenosin zu Inosin. Folglich kann die Bildung
von schwachen Inosin:Uridin-Fehlpaarungen die RNA destabilisieren und die Kodierungs-
kapazitat der mRNA reduzieren,42 143

1.3.4. Herstellung und Modifikationen von synthetischer mRNA

Durch verschiedene Modifikationen der synthetischen mRNA kann die Immunaktivierung
deutlich herabgesetzt, die Stabilitat der Molekile erhdht, sowie die Translationseffizienz
verbessert und somit das Potenzial fur therapeutische Anwendungen gesteigert werden.®¢ In
eukaryotischen Zellen tragen mRNA-Molekile natirlicherweise am 5-Ende eine 7-
Methylguanosin (7mG) Cap-Struktur, die durch eine 5‘5‘-Triphosphatbriicke mit der mRNA
verbunden sind'#** und am 3‘-Ende eine lange Sequenz eines Polyadenylat-Anhangs, dem
Poly(A)-Schwanz, die nach der Transkription der DNA hinzugefiigt werden. Die Cap-Struktur
und der Poly(A)-Schwanz kénnen die Stabilitat und Translation stark verbessern, daher erhalt
die synthetisch hergestellte in vitro transkribierte (IVT) mMRNA diese Strukturen (Abbildung 4A).

Die Cap-abhéngige Translation wird durch die Bindung der 5'-Cap Struktur an den Eukaryoten-
Translationsinitiationsfaktor 4E (elF4E) initiiert, der anschlieRend mit einer Vielzahl von
Translationsinitiationsfaktoren interagiert, um den Translationsinitiationskomplex zu bilden.
Dabei wird die Bindung der mRNA an die kleine ribosomale Untereinheit gefoérdert und somit
die Halbwertszeit der mRNA im Zytoplasma verlangert, was wiederum die Translation der
synthetischen mRNA in das gewlinschte Protein verbessert.145-14¢ Dariiber hinaus schiitzt die
5'Cap-Struktur die mMRNAs vor dem Abbau durch Exonukleasen.'#® 1% Die IVT mRNA kann
durch Zugabe eines Cap-Analogs wahrend der IVT co-transkriptionell gekappt werden oder
post-transkriptionell unter Verwendung von Capping-Enzymen eines rekombinanten Vaccinia-
Virus %! (Abbildung 4B). Die enzymatische Reaktion erméglicht eine einfache und vollstandige
Verkappung der 5'-Enden (m7GpppG; cap0) der IVT-mRNA. Weitere Cap-Strukturen kénnen
generiert werden, indem eine zusatzliche Methylierung an der 2'-O Position des ersten
Nukleotids (m7GpppNmpN; capl) oder sowohl des ersten als auch des zweiten Nukleotids
(m7GpppNmpNm; cap2) eingefiigt wird, die die Translationseffizienz weiter verbessern.'*? Die
Co-transkriptionelle 5‘-End-Modifikation von IVT-mRNAs mit einem Cap-Analogon ist
einfacher und kostenglnstiger als das enzymatische Verkappungsverfahren und wird daher

haufiger angewendet. Dabei wird wahrend der IVT eine Uberschissige Menge an verkappten
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Dinukleotiden (z. B. m7GpppG) zugesetzt und an das 5-Ende der mRNA angehangt. Im IVT
Ansatz sind fir die Synthese der mRNA auch Guanosintriphosphate (GTPs) enthalten, die in
Konkurrenz zu m7GpppG eingebaut bzw. angehangt werden. Dadurch werden auch nicht-
gekappte mMRNAs generiert, die nicht translatiert werden.®® Zusatzlich zum unvollstandigen 5’-
Capping der synthetischen mRNA, kann es bei der co-transkriptionellen Modifikation auch zum
Einbau der Cap-Struktur in falscher Orientierung kommen, wodurch die Initiation der
Translation gestort wird. Eine Moglichkeit dieses Problem zu umgehen, ist die Verwendung
eines Anti-Reverse-Cap-Analogons (ARCA, 3-O-Me-m7G(5")ppp(5")G), bei der die 3’-OH
Gruppe durch 3‘-OCHjs ersetzt wurde. Somit wird verhindert, dass die Cap-Struktur in falscher

Orientierung bindet.*4> 148

A
Synthetische modifizierte mRNA
5‘- Cap Struktur modifizierte und unmodifizierte Nukleotide 3‘ Poly (A)
m7GpppN = UTR | ORF - GOI UTR |= AAAAA,
5 - UTR mit Kozak 3‘- UTR mit
Translationsinitiationsignal a-Globinsequenz
Synthetische selbst-replizierende RNA
5‘- Cap1 Struktur Nicht-strukturelle Proteine Transgene 3‘- Poly (A)
m7Gppp -
[m2-o]N 1 nsPl ' nsp2 | nsp3 | nsPa —| octa | Kifa | soxz | cmye | are .— AAAAA,
|:| 26S Promotor |] 2A Peptid I IRES I Puromycin-Resistenz wss UTR
B

Co-transkriptionelle Modifikationen

T ¥ N Modifizierte
mRNA

Enzymatischer Poly(T) o :
— ;
5‘ Cap
Verdau

VT
Linearisierte \

Plasmid DNA Plasmid DNA / 5%Capping - II A
3“Polyadenylierung *Patyin)

Post-transkriptionelle Modifikationen mRNA

Abbildung 4: Schematischer Aufbau von synthetischer mRNA und srRNA (A). Modifikationen der UTRs, sowie das
Einfiigen einer 5-Cap Struktur, eines 3-Poly(A) Schwanzes und modifizierten Nukleotiden erhthen die Stabilitét
und Translationseffizienz der RNAs und verringern die Immunogenitat. Die sfRNA enthélt die nicht-strukturellen
Proteine (nsP1-4), die fur die Replikationsmaschinerie kodieren, sowie die Reprogrammierungsgene (Oct4, Klf4,
Sox, cMyc) und eine Reporter GFP Sequenz auf einem Konstrukt. Das Puromycin-Resistenzgen ermdglicht die
Positivselektion von srRNA transfizierten Zellen. (B) Die Modifikation der synthetisch hergestellten RNAs kann
wahrend (co-transkriptionell) oder nach (post-transkriptionell) der mMRNA Synthese mittels In-Vitro-Transkription
(IVT) erfolgen. Bei der Co-transkriptionellen Modifikation wird anhand eines 3“-Poly(T) DNA Templates der Poly(A)
Schwanz angehangt und eine Cap-Struktur zur IVT Reaktion zugegeben. Bei der post-transkriptionellen
Modifikation wird nach der IVT enzymatisch die 5-Cap Struktur und der 3*-Poly(A) Schwanz angehangt. Die Grafik
wurde mit Hilfe von Servier Medical Art Vorlagen erstellt.
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Neben der 5'-terminalen Modifikation der IVT-mRNA wird das 3‘-Ende ebenfalls modifiziert,
indem ein Poly(A)-Schwanz (100-250 A‘s) an der 3'-untranslatierten Region (UTR) angehangt
wird, um die mRNA vor Nukleaseabbau zu schitzen.**® 153 Dabei lagert sich das Poly-(A)-
bindende Protein (PABP) an den PolyA-Schwanz an, das dann mit dem Cap-
Bindungskomplex interagiert und eine zirkulare mRNA-Struktur bildet, die die mRNA schitzt.
Die Polyadenylierung der synthetischen mRNAs kann ebenfalls co- oder post-transkriptionell
erfolgen (Abbildung 4). Mithilfe eines Poly(T) Primers bestimmter Lange kann wahrend der
Polymerase Kettenreaktion (PCR) ein Poly-Thymin (T) Anhang generiert werden. Dieser wird
dann wahrend der IVT in einen Poly(A) Schwanz transkribiert. Post-transkriptionell kann die
Polyadenylierung nach der IVT anhand einer enzymatischen Reaktion mithilfe einer
rekombinanten Poly(A)-Polymerase erfolgen. Dadurch koénnen jedoch mMRNAs mit
unterschiedlich langen Poly(A)-Anhangen entstehen. Diese Reaktion ist somit schlechter
kontrollierbar und weist eine héhere Batch-to-Batch Variabilitat auf.

Weiterhin wichtig sind auch Modifikationen der synthetischen mRNAs durch den Einbau von
modifizierten Nukleosiden, wie beispielsweise 5-Methylcitidin (5mC) und Pseudo-Uridin (WYU)
anstelle von Cytidin (C) und Uridin (U), die zu einer verringerten Immunogenitat fihren und die
Stabilitat der mRNA fordern.% 7. 139 Dadurch wird die durch die synthetischen mRNAs
verursachte Toxizitdt und der verstarkt auftretende Zelltod reduziert, sowie die
Proteinexpression erhéht. Eine erfolgreiche Anwendung von IVT-mRNAs die zu 100% mit
5mC und YU modifiziert wurden konnte beispielsweise fur die Erzeugung von iPSCs gezeigt
werden.”®

Daruber hinaus spielen auch die kodierende Sequenz und die 5°- und 3'-terminalen UTRs bei
der Proteinsynthese und der Stabilitat der mRNA eine Rolle. Die genetische Information die in
einem offenen Leserahmen (open reading frame (ORF)) flir ein gewlnschtes Protein kodiert
kann so optimiert werden, dass die Translationseffizienz gesteigert wird. Dabei werden selten
vorkommende Codons gegen haufig verwendete Codons ersetzt, die mehrfach von der
entsprechenden tRNA verwendet werden und somit den Prozess beschleunigen.®® Durch die
Reduktion von UU und UA Dinukleotid-Abfolgen kann der Endonukleaseangriff verringert und
somit die Stabilitat der mRNA erhoht werden.’® Eine Codon-Optimierung wird fir eine
bestimmte kodierende Sequenz empfohlen, aufRer fur Proteine, die eine langsamere
Translation erfordern, da schon der Austausch eines einzigen Codons die Proteinexpression,
Faltung und zellulare Funktion eines Proteins beeinflussen kann.**® Weiterhin konnen die DNA
Templates fur die IVT durch den Einbau von 5'- und 3'- terminalen UTRs optimiert werden, wie
z.B. alpha- und beta-Globin-UTRs®® 157 um die RNA-Stabilitat und die Translationseffizienz
zu erhOhen. Daruber hinaus verzégern die UTRs die Abspaltung des 5-Cap von der mRNA

und somit die Degradation der synthetischen mRNA.®® Zusatzlich erhoht das Vorhandensein
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einer starken Kozak-Translationsinitiationssequenz in der 5-UTR Sequenz der mRNA die
Translationskapazitat.'®®

Trotz all dieser Modifikationen konnen synthetische mRNAs immer noch durch PRR-
Erkennung eine Typ-I-Interferon-abhéangige Immunantwort induzieren.*°1¢1 Ein Grund hierfir
ist, dass nach der IVT neben den gewunschten einzelstrdngigen modifizierten mRNAs auch
unerwinschte RNA-Molekiile enthalten sein konnen, wie z. B. verkirzte RNAs, die aufgrund
einer unvollstandigen Synthese entstanden sind, nicht gekappte mRNAs oder dsRNA-
Fragmente, die am 5'-Ende ein Triphosphatgruppe (5‘ppp) tragen und zur Aktivierung von RIG-
| fuhren konnen.'?® 12 Diese RNA Kontaminationen kénnen eine Immunreaktionen
verursachen und sollten daher nach der IVT Reaktion eliminiert werden. Die Aufreinigung der
mMRNA Produkte kann mittels Hochleistungsflissigkeitschromatographie (HPLC) effektiv
erfolgen.'® Eine weitere Methode zur Eliminierung von dsRNA Kontaminationen ist die
schnelle und Kosten-effektivere Aufreinigung mithilfe von Cellulose in einem Ethanol-

enthaltenden Puffer.62

1.4. Generierung von iPSCs mittels RNA

Fur die Herstellung von iPSCs aus humanen Fibroblasten wurden bereits vor fast 10 Jahren
ein Cocktail aus synthetischen modifizierten mRNAs, die fir die Reprogrammierungsfaktoren
Oct4, Sox2, KlIf4, cMyc und Lin28 kodieren, erfolgreich eingesetzt.”® Da die Proteinexpression
durch synthetische mRNAs transient ist, besteht ein klarer Nachteil der mRNA-basierten
Reprogrammierung darin, dass mehrere mRNA-Transfektionen fur eine kontinuierliche
Expression der Reprogrammierungsfaktoren in einer Zelle Uber ungefdhr zwei Wochen
erforderlich sind. So missen die somatischen Zellen taglich mit dem Cocktail aus
synthetischen mRNAs und Transfektionsreagenz behandelt werden, um den Proteingehalt
aufrechtzuerhalten. Dies fuhrt jedoch zu einer wiederholten und verstarkten Aktivierung der
angeborenen Immunantwort, was dann zum Uberm&Rigen Zelltod fuhrt. Daher sind die
Unterdriickung der Immunogenitat gegen exogen zugefuhrte mRNA und die erhdhte Stabilitat
der mRNA-Molekile fur eine effiziente Reprogrammierung von Zellen besonders wichtig. Die
Unterdrickung dieser Immunantwort kann neben den mRNA-Modifikationen durch die Zugabe
des immunsuppressiven Proteins B18R (Interferoninhibitor) erreicht werden, was die
wiederholte Transfektion von Zellen und somit die iPSC-Generierung ermoglicht.” 163

Bisher wurden zumeist primare Fibroblasten anhand der mRNA Transfektion mit hoher
Effizienz zu iPSCs reprogrammiert.” 164 165 Dazu zahlen neonatale, adulte und seltener
seneszente Fibroblasten®®, aber auch Fibroblasten von erkrankten Patienten (z. B. Long-QT-
Syndrom?¢é, Leigh’s Syndrom?®’, Huntington-Krankheit!®®). Die erfolgreiche mRNA-basierte
Reprogrammierung von iPSCs wurde auch aus Fettgewebezellen!®®, Zahngewebe und Urin

isolierten Zellen'’®, sowie aus Blut isolierten EPCs!! bestétigt.
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Da die tagliche Transfektion von Zellen mit einem Cocktail aus mehreren mRNAs relativ
arbeits-, zeit- und kostenintensiv ist, hat die Arbeitsgruppe um Yoshioka et al. eine selbst-
replizierende RNA (srRNA) entwickelt, die die Reprogrammierungsfaktoren (Oct4, Sox2, Kilf4,
cMyc) in vier offenen Leserahmen auf einem RNA Konstrukt enthalt und somit nach einmaliger
Transfektion eine kontinuierliche Expression der Proteine Gber mehrere Zellteilungen hinweg
erlaubt.”® Um dieses Ziel zu erreichen, wurde ein nicht-infektioser, nicht-packender und selbst-
replizierender RNA-Virus (Venezolanischer Pferdeenzephalomyelitis Virus, VEE) als Basis
verwendet'’? und modifiziert, um die ektopische Uberexpression der Reprogrammierungs-
faktoren zu vermitteln (Abbildung 4A). Das Genom des Virus basiert auf einer positiv-
strangigen ssRNA, die zellulare 5'-gecappte und 3'-polyadenylierte mRNA nachahmt.'’? Die
nicht-strukturellen Proteine (nsP1-4) kodieren fir den Selbstrelikationskomplex der RNA und
die strukturellen Proteine (C, E1, E2) des VEE Virus wurden durch die Reprogrammierungs-
gene ausgetauscht.!”® Zusatzlich wurde eine Puromyzinresistenz eingefiigt, um die
Positivselektion® transfizierter Zellen zu ermdglichen. Eine fiir das GFP kodierende Sequenz
dient zur Analyse der Transfektionseffizienz und Translationskontrolle in den Zellen. Aufgrund
der sehr langen GroRRe der srRNA Konstrukte (ungefahr 17500 Nukleotide) ist jedoch auch bei
dieser Methode die Verwendung eines Interferoninhibitors (B18R) erforderlich, um die
Immunreaktion zu unterdriicken. Durch Entzug von B18R nach erfolgreicher iPSC

Generierung kann die srRNA gezielt selektiv aus den Zellen degradiert werden.’®

1.5. Transport von mRNA-basierten Wirkstoffen in Zellen

Um eine erfolgreiche Wirkung von synthetischen mRNAs zu erzielen, ist es wichtig eine
ausreichende Menge des gewinschten Proteins in einer mdoglichst grofRen Anzahl der
Zielzellen herzustellen. Daher ist es zunachst erforderlich, die synthetische mRNA effektiv und
sicher in das Zytoplasma der Zielzellen zu transportieren (Abbildung 5). Da Nukleinsduren, wie
MRNAS, negativ geladene hydrophile Molekule sind, wird ihre Aufnahme in die Zelle durch die
Plasmamembran erschwert. Daher sind effiziente Abgabe-/ Transportsysteme erforderlich, die
mehrere Funktionen erfillen sollten: (1) Bindung der mRNA zur Ausbildung von
Transfektionskomplexen, (2) Vermittlung der Aufnahme in die Zellen, (3) Schutz der mRNA
vor intrazellularem und extrazellularem Nuklease-Abbau und (4) Freisetzung der mRNA ins
Zytoplasma.t™

Haufig erfolgt die Transfektion von Zellen iiber die Erzeugung von Komplexen mit kationischen
Lipid-basierten Transportvehikeln (beispielsweise Lipofectamin oder 1,2-Dioleoyl-3-trimethyl-
ammoniumpropan (DOTAP))!”® und den negativ geladenen mRNA-Molekilen, die als
Lipoplexe bezeichnet werden. Dadurch konnen positiv geladene Komplexe erzeugt werden,
die die mRNA vor extrazellularem Abbau durch RNasen schitzen und den Eintritt der mRNA

durch die negativ geladene Zelloberflache in die Zelle mittels natirlicher Endozytose fordern.
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Die Internalisierung von synthetischer mRNA in die Zellen findet durch die Clathrin- und
Caveolin- vermittelte Endozytose und unter Beteiligung von Scavenger-Rezeptoren statt.>’®
177 Vesikel, die die mRNA-Transfektionskomplexe enthalten, werden dann zu spaten
Endosomen geleitet, entweichen ins Zytosol und fusionieren anschliel3end zu lysosomalen
Vesikeln, die schlie3lich die mRNA freisetzen. Als weitere Transportmittel kbnnen auch andere
Endozytose-vermittelnde kationische Trager wie Polyethylenimin (PEI), Poly(L-Lysin) oder
Dendrimere eingesetzt werden, die sogenannte Polyplexe erzeugen und ebenfalls zur Abgabe
von mMRNA in Zellen verwendet werden. Eine andere Ubliche Methode zum Transport von
mRNA in Zellen ist die Elektroporation.'’® Hier wird die Zellmembran-Lipid-Doppelschicht
vorubergehend destabilisiert und die mRNAs dringen Uber die spontan gebildeten Poren in die
Zellen ein nachdem ein starker elektrischer Feldimpuls an die Zellen angelegt wurde. Ein
grol3er Nachteil dieser Methode ist, dass zahlreiche Zellen wahrend dieses Verfahrens
sterben. Die Elektroporation scheint jedoch fiir einige Zelltypen (z. B. Blutzellen) besser
geeignet zu sein als die Lipid-basierte Transfektion.®® Weiterhin werden zur mRNA
Transfektion immer haufiger Lipidnanopartikel (LNPs) verwendet, die aus ionisierbaren
kationischen Aminolipiden, Phospholipiden, zusammen mit hydrophobem Cholesterin und
PEG zur verbesserten zellularen Aufnahme in die Zellen, hergestellt werden und sich bereits
fur den Transport von small interfering RNAs (siRNASs) in klinischen Studien als sicher und

effizient erwiesen haben.® 17°
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Abbildung 5: Schematische Darstellung der Transfektion von Zellen mit synthetischer mRNA und anschlieRende
Translation. (1) Die synthetische mRNA wird zusammen mit dem Transportvehikel (kationischer Lipidkomplex)
vermischt um Transfektionskomplexe zu bilden. Diese werden dann von der Zelle mittels Endozytose
aufgenommen (2) und dadurch in die Zellen transfiziert. Im Zytosol werden die mMRNAs freigesetzt (3) und von den
Ribosomen translatiert (4). Durch post-translationale Modifikationen (Endoplasmatisches Retikulum, Golgi-
Apparat) und Faltung der Polypeptidketten entstehen so funktionale intrazellulare, extrazellulare oder
membrangebundene Proteine (5). Die Grafik wurde mit Hilfe von Servier Medical Art Vorlagen erstellt.
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1.6. Hydrogel-vermittelte Applikation von mRNA

Die Applikation von synthetischer modifizierter mRNA zur zielgerichteten Belieferung in
bestimmte Zellen oder Gewebe spielt fur eine effiziente und gezielte Therapie eine wichtige
Rolle. So sind bei einer systemischen Verabreichung (intravends) hauptsachlich Zellen im
Blutkreislauf, Leberzellen und retikuloendotheliale Zellen in der Milz und dem Knochenmark
mit Tragermaterial verpackten mRNAs zu erreichen.®® Die systemische Abgabe von IVT-
MRNA an andere Gewebe wird durch nicht durchldssige Gefal3endothelien, interzellulare
Ubergange und dichte extrazellulare Fibrillennetzwerke behindert, die die Zuganglichkeit der
Zielzellen, wie Muskelzellen einschranken.®® 18  Wirkstofffreisetzende Systeme, die
kontinuierlich synthetische mRNA lokal an die umliegenden Zellen im entsprechenden
Gewebe Uber einen erforderlichen Zeitraum abgeben, um eine anhaltende Proteinexpression
zu erhalten, stellen daher eine geeignete Alternative zur wiederholten Verabreichung von
synthetischer mRNA dar.

Hydrogele sind 3-dimensionale Netzwerke, die aus nattrlichen oder synthetischen hydrophilen
Polymerketten bestehen und physikalisch oder chemisch vernetzt werden konnen.!8l. 182
Aufgrund ihrer hohen Biokompatibilitat, biologischen Abbaubarkeit und geringen Toxizitat sind
nattrliche Polymere im Vergleich zu synthetischen Polymeren, vor allem auch im Bereich der
regenerative Medizin, von Vorteil*® 18 um z. B. durch eine kontrollierte Freisetzung von
Arzneimitteln die Regeneration von Geweben anregen.82 184 Die Wirksamkeit von Hydrogelen
fur die Freisetzung eines breiten Spektrums verschiedener Therapeutika im Gewebe, wie
Wachstumsfaktoren?!®s187  Insulin® 18 und Krebsmedikamenten®® 1% wurde bereits durch
verschiedene Studien bestatigt und ist daher auch fur die langanhaltende lokale Abgabe von
MRNA interessant.

Alginat und Chitosan sind sehr haufig verwendete Biomaterialien zur Erzeugung von
Hydrogelen. Alginat ist ein polyanionisches Polysaccharid, das aus alternierenden Blocken
von (1-4)-gebundenen B-D-Mannuronsaure und a-L-Glucoronsaure Monomeren besteht 19
und mit zweiwertigen Kationen wie Ca?* ionisch vernetzt werden, um ein 3-dimensionales
Netzwerk zu erhalten.'®? Dies kann auch in vivo nach Injektion einer Alginatlosung erfolgen,
indem die Ca? lonen aus dem umliegenden Gewebe herangezogen werden.'®® Darlber
hinaus wurden Alginat-Hydrogele aufgrund ihrer Ahnlichkeit mit EZM-Proteinen'®* als Trager
fur Zellen und zur Freisetzung von Nukleinsauren, wie siRNA!® 1% ynd Plasmid-DNA
(pDNA)96: 197 yerwendet. Im Gegensatz zu Alginat ist Chitosan ein kationisches Polysaccharid
und wird durch Deacetylierung von Chitin hergestellt. Die Quervernetzung einer injizierbaren
Chitosanlésungen kann beispielsweise durch Zugabe von Glycerinphosphat (GP) erfolgen, die
bei physikalischem pH-Wert beim Erwarmen auf Koérpertemperatur die Gelbildung in situ
auslost.’®® Aufgrund ihrer Ladung sind kationische Polymere ginstig fur die Freisetzung

anionischer Molekile, wie Nukleinsauren, da sie zu kationischen Polyplexen kondensieren
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koénnen und dadurch die Transfektion von Zellen erleichtern.'®® Die Freisetzung funktioneller
Nukleinsduren aus Chitosan-Hydrogelen wurde bereits flir RANK (Receptor Activator of NF-
kB)- und Cy3-spezifische siRNA demonstriert, was zu einem verléangerten und lokalisierten
Gen-Silencing in vitro und in vivo fuihrte und eine gute Biokompatibilitat aufweiste.'®® Durch die
Verwendung von BMP2 (bone morphogenetic protein 2) pDNA, integriert in Chitosan
Hydrogele konnte die Regeneration von Knochengewebe zur Heilung von Knochendefekten
eingesetzt werden.?®

Durch eine Kombination von Chitosan und Alginat werden Polyelektrolytkomplexe ausgebildet,
die genutzt werden kdnnen, um sogenannte Hybridhydrogele herzustellen.?t: 202 Aufgrund der
elektrostatischen Wechselwirkungen der entgegengesetzt geladenen Polymere beider
Biomaterialien zeigt die Hybridmaterialkombination im Vergleich zu beiden Polymeren allein
eine erhohte Stabilitat.?%® Chitosan-Alginat-Hybridhydrogele unterstitzen das Zellwachstum,
die Wundheilung und Knochenregeneration und férderten die Bildung des Knorpelgewebes
durch die verstarkte Anlagerung von Osteoblasten an die Geruststruktur?®? und in Kombination
mit MSCs und rekombinantem BMP22%4 Weiterhin wurden Chitosan-Alginat Hydrogele
erfolgreich zur regenerativen Behandlung von Myokardinfarkten und zur Induktion der
Angiogenese in Versuchen mit Ratten eingesetzt.?% Dariliber hinaus konnte gezeigt werden,
dass der Einsatz von kationischen pDNA-Nanopartikeln, die in ein portses 3D-Chitosan-
Alginat-Gerust eingebaut wurden, erfolgreich freigesetzt und von Prostatakrebszellen
aufgenommen wurden und zur in vitro und in vivo Expression von RFP (rot fluoreszierendes
Protein) fihrten.2%
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Zielsetzung

2. ZIELSETZUNG

Die Regenerative Medizin ist ein breit gefacherter Bereich mit enormen Potenzial, um eine
Vielzahl von seltenen genetischen und weit verbreiteten Krankheiten zu behandeln und
tatsachlich zu heilen. Durch Transplantation von autologen Zellen kann die Regeneration von
Geweben angeregt werden, um deren Funktion zu verbessern oder wieder herzustellen. Die
Gewinnung und Anzahl der bendtigten patientenspezifischen Zellen und deren
Integrationsfahigkeit und das Uberleben nach der Transplantation stellt dabei die groRte
Limitierung fur den therapeutischen Einsatz von Zellen dar.

Der Einsatz von synthetischer mRNA stellt ein vielversprechenden Ansatz dar, um die
Proteinexpression in Zellen zu modulieren und somit deren natirliche Funktion zu verbessern
oder ihr zellulares Schicksal zu beeinflussen/ veréandern. Im Vergleich zu DNA- und Virus-
basierter Vektoren, stellt die synthetische mRNA eine interessante Alternative zur endogenen
Proteinexpression dar. Die synthetische mRNA wird nicht ins Genom integriert und ruft somit
keine Mutationen hervor und die Expression von Proteinen ist transient, schnell und effizient.
Daher sollen im Rahmen der vorliegenden Arbeit synthetische mMRNAs eingesetzt werden, die
fur die proangiogene tische Proteine VEGF-A, ANG-1 oder SDF-1a kodieren, um die nattrliche
Funktion von endothelialen Progenitorzellen (EPCs) im Hinblick auf ihr angiogenetisches
Potenzial zu verbessern, um somit eine effektivere therapeutische Anwendung von EPCs
gewabhrleisten zu kénnen. Nach der mRNA-basierten Modifikation der EPCs sollen typische
Parameter, wie die chemotaktische Migration von modifizierten EPCs gegeniiber nativer
EPCs, deren Wundheilungskapazitat und charakteristische Merkmale der GefaRbildung in
vitro und in vivo untersucht werden.

Die Wirkung von synthetischer mRNA ist aufgrund natirlicher Abbaumechanismen in Zellen
transient und daher halt die Proteinexpression nur wenige Tage an. Jedoch ist eine langer
anhaltende Wirkung der synthetischen mRNA fur zahlreiche Applikationen, wie z. B. fir
Proteinersatz-Therapien oder zur Reprogrammierung und Differenzierung von Zellen
notwendig, um den gewiinschten Effekt zu erzielen.

Daher war ein weiteres Ziel dieser Arbeit die Etablierung einer selbst-replizierenden RNA
(SrRNA) zur Reprogrammierung von somatischen Zellen fur die Herstellung von integrations-
freien induziert pluripotenten Stammzellen (iPSCs), die als Quelle zur Differenzierung in einen
gewinschten Zelltyp fur zukiinftige therapeutische Applikationen dienen kénnen. Daflr sollte
zuerst die synthetische mRNA-basierte Reprogrammierung von Fibroblasten, mit der sSrRNA-
basierten Reprogrammierung verglichen werden. Zum Nachweis der Pluripotenz sollten
typische Merkmale, wie spezifische Pluripotenzmarkerexpression mittels Antikdrperfarbung
und mMRNA Expressionsanalysen, sowie die Differenzierungsfahigkeit in alle drei
Keimbahnrichtungen in vitro mittels Durchflusszytometrie und in vivo anhand eines CAM-

Teratomaassays Uberprift werden.
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Zielsetzung

Ebenfalls angestrebt war die Generierung von iPSCs mithilfe der srRNA aus renalen
Epithelzellen, die aus humanem Urin isoliert wurden und deren anschliel3ende Differenzierung
in kontraktierende Kardiomyozyten, sowie die sSrRNA vermittelte Reprogrammierung von iPSC
aus Kieferperiostzellen und darauffolgender osteogener Differenzierung.

Weiterhin sollten injizierbare Hydrogele, basierend auf naturlichen Biomaterialien, wie
Chitosan und Alginat, entwickelt werden, die die lokale Freisetzung von synthetischen mRNAs
verzoégern und somit die Proteinexpression in den Zellen und deren Wirkung verlangern. Dabei
sollten Freisetzungskinetiken von Fluoreszenz-markierten Luziferase (hGluc) mRNAs aus den
Hydrogelen und die Bioaktivitdt der Luziferase mRNA, sowie der rheologische Einfluss der
MRNA Integration in die Hydrogele auf die Eigenschaften analysiert werden.
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Ergebnisse

3. ERGEBNISSE

3.1. PUBLIKATION |

Incorporation of Synthetic mRNA in Injectable Chitosan-Alginate Hybrid
Hydrogels for Local and Sustained Expression of Exogenous Proteins in Cells

Heidrun Steinle, Tudor-Mihai lonescu, Selina Schenk, Sonia Golombek, Silju-John
Kunnakattu, Melek Tutku Ozbek, Christian Schlensak, HansPeter Wendel, Meltem Avci-Adali

International Journal of Molecular Science / Akzeptiert am: 25. April 2018

Zusammenfassung:

Der Einsatz von synthetischer messenger RNA (MRNA) weist im Vergleich zu viralen und DNA
Vektoren verschiedene Vorteile auf. Die gewlinschten Proteine werden im Zytosol der Zellen
anhand der mRNA synthetisiert, wodurch eine Integration des Vektors ins Empfangergenom
vermieden wird und somit die mutagenen und karzinogenen Effekte minimiert werden. Die
transiente Natur der mRNA ermdglicht eine einfache und gezielte Kontrolle der
Proteinbiosynthese, erfordert jedoch eine wiederholte Transfektion der Zellen, um die
Expression der gewtinschten Proteine zu verlangern. Eine verzogerte Freisetzung der mRNAs
und langer anhaltende Transfektion der Zellen kénnte durch den Einsatz von Hydrogelen zur
Wirkstofffreigabe erreicht werden.

In dieser Studie wurde eine synthetische mRNA, die fur die humanisierte Gaussia Luziferase
(hGLuc) kodiert, in ein Alginat-, Chitosan- oder Chitosan-Alginat Hybridhydrogel integriert und
die Freisetzung der mRNA aus diesen Hydrogelen analysiert. Nach 3 Wochen wurde eine
Freisetzung von 79% der eingebauten hGLuc mRNA aus dem Alginat-Hydrogel, 42% der
MRNA aus dem Chitosan-Hydrogel und 70% der mRNA aus dem Chitosan-Alginat
Hybridhydrogel detektiert. Aufgrund dieser Ergebnisse und der guten Injizierbarkeit wurde das
Chitosan-Alginat Hybridhydrogel fur die weiteren Untersuchungen der Bioaktivitdt der
integrierten hGLuc mRNA ausgewahlt. Die Stabilitdt der mMRNA-enthaltenden Hybridhydrogele
wurde anhand rheologischer Untersuchungen analysiert. Fur die Analyse der Bioaktivitat
wurden HEK293 Zellen in das Chitosan-Alginat Hybridhydrogel, das die mRNA
Transfektionskomplexe enthalt, integriert und die Luziferaseaktivitat tber 3 Wochen hinweg im
Uberstand gemessen. Die Ergebnisse bestétigten, dass die bioabbaubaren Chitosan-Alginat
Hybridhydrogele ein vielversprechendes Transportsystem fur eine anhaltende Freisetzung von
synthetischen mRNAs, der mRNA Transfektion in die Zellen und die Expression von Proteinen
in Zellen darstellt. Aufgrund der guten Injizierbarkeit konnen diese Hybridhydrogele zusammen
mit Zellen und einer gewlnschten synthetisch hergestellten mRNA minimal-invasiv lokal
appliziert werden, um eine langanhaltende exogene Expression von gewtinschten Proteinen

zu vermitteln.
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3.2. PUBLIKATION Il

Improving the angiogenic potential of EPCs via engineering with
synthetic modified mRNAs

Heidrun Steinle, Sonia Golombek, Andreas Behring, Christian Schlensak, Hans Peter
Wendel, Meltem Avci-Adali

Molecular Therapy — Nucleic Acids / Akzeptiert am: 06. September 2018

Zusammenfassung:

Endotheliale Progenitorzellen (EPCs) weisen ein enormes Potenzial zur Revaskularisierung
von ischdmischen Geweben auf. Ischamien kdnnen beispielweise nach einen Myokardinfarkt
oder Schlaganfall/ Gehirninfarkt aufgrund einer Sauerstoffunterversorgung des Gewebes
entstehen. Jedoch ist bisher die erfolgreiche therapeutische Behandlung mit EPCs aufgrund
ihrer geringen Retention und deren Einwachsen ins Gewebe, sowie dem begrenzten
Uberleben der Zellen nach der Transplantation ins ischamische Gewebe limitiert.

Um das angiogenetische Potenzial der EPCs zu verbessern, wurden in dieser Studie murine
EPCs mit synthetischen mRNAs modifiziert, um die proangiogenetischen Faktoren VEGF-A,
SDF-1a und ANG-1 transient in den Zellen zu produzieren. Dafur wurden zunachst die mRNAs
mittels IVT hergestellt und deren Qualitdt und Reinheit mittels Gelelektrophorese bestéatigt.
AnschlieRend wurden die mRNAs erfolgreich in die Zellen transfiziert und ein signifikanter
Anstieg der Proteinproduktion im Vergleich zu unbehandelten Zellen gemessen. Die mit mMRNA
modifizierten EPCs wiesen im Vergleich zu den unbehandelten Zellen eine erhéhte
chemotaktische Aktivitat auf und fihrten zum verstarkten Anlocken von nativen EPCs. Des
Weiteren wurde die Wundheilungskapazitat der ANG-1 mRNA transfizierten EPCs bestimmt.
Hierbei konnte in einem Wundheilungstest ein verletzter Bereich schon nach 12 Stunden zu
94% geschlossen werden, im Vergleich dazu fiihrten die Zellen ohne mRNA Behandlung zu
einem 45%igen Verschluss der verletzten Region. Dartber hinaus fuhrten die ANG-1 und
SDF-1 mRNA behandelten Zellen zu einer signifikant erhéhten Gefalibildung in vitro, die durch
die gleichzeitige Modifikation der Zellen mit VEGF-A, SDF-1a und ANG-1 mRNA weiter
verstarkt werden konnte. AufRerdem zeigten die mit ANG-1 mRNA transfizierten EPCs im in
vivo CAM Assay das starkste angiogenetische Potenzial, das anhand verschiedener
Parameter, wie z. B. der GefalRdichte, ermittelt wurde.

In der vorliegenden Studie konnte erfolgreich gezeigt werden, dass EPCs mit synthetischen
MRNAs, die fur proangiogenetische Faktoren kodieren, modifiziert werden kénnen. Somit
kénnte das therapeutische angiogenetische Potenzial von EPCs durch Modifikationen mit

MRNA verbessert werden und ischdmisches Gewebe effizient behandelt werden.
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3.3. PUBLIKATION Il

Generation of iPSCs by non-integrative RNA-based reprogramming
techniques: Benefits of self-replicating RNA versus synthetic mRNA

Heidrun Steinle, Marbod Weber, Andreas Behring, Ulrike Mau-Holzmann, Christian

Schlensak, Hans Peter Wendel, Meltem Avci-Adali

Stem Cells International / Akzeptiert am: 20. Mai 2019

Zusammenfassung:

Die Reprogrammierung von somatischen Zellen zur Herstellung von induziert pluripotenten
Stammzellen (iPSCs) gewinnt immer mehr an Bedeutung fur den Einsatz in den Bereichen der
Regenerativen Medizin, dem Tissue Engineering und dem Modellieren von Krankheitsbildern.
iPSCs haben die Féahigkeit sich in alle Zelltypen des menschlichen Kérpers zu differenzieren.
Eine patientenspezifische Generierung der iPSCs kann eine Abstof3ung der einzusetzenden
Zellen im Korper vermeiden. Fur eine zukinftige klinische Anwendung mussen die Zellen mit
integrationsfreien Methoden hergestellt werden, um das Risiko einer Mutagenese durch
zuféllige Integration des Vektors ins Hostgenom zu vermeiden und die Methode eine hohe
Reprogrammierungseffizienz aufweisen.

In dieser Studie wurden zwei synthetische mRNA-basierte Methoden zur Herstellung von
iPSCs miteinander verglichen: Die Verwendung von synthetisch modifizierter ,messenger’
RNAs (mRNAs) und der Einsatz von einer selbst-replizierenden RNA (srRNA). Mit beiden
Methoden konnten ,footprint'-freie iPSCs aus neonatalen Fibroblasten hergestellt werden, die
keine karyotypischen Veranderungen ausweisen. Die Detektion spezifischer Pluripotenz-
marker anhand von Immunfarbungen und gRT-PCR Analysen, sowie die in vitro und in vivo
Differenzierungsfahigkeit in alle drei Keimbahngewebetypen (Mesoderm, Endoderm und
Ektoderm) zeigten vergleichbare Ergebnisse fir beide Methoden. Des Weiteren erméglichte
das Einfugen einer fur das GFP kodierenden Sequenz in die srRNA ein direktes und
komfortables Uberwachen des Reprogrammierungsprozesses und der erfolgreichen Detektion
der srRNA Translation in den transfizierten Zellen. Es stellte sich heraus, dass der Gebrauch
der srRNA, durch die einmalige Applikation weniger zeitaufwandig, schneller und effizienter
bei der iPSC-Generierung war als die tagliche Transfektion der Zellen mit mehreren
Reprogrammierungsfaktor-kodierenden mRNAs Uber mindestens zwei Wochen. Nach der
Reprogrammierung der Zellen wurden keine Riickstande der srRNA nachgewiesen. Daher ist
davon auszugehen, dass der srRNA-basierte Ansatz zur Induktion der Pluripotenz eine
effizientere Methode zur Reprogrammierung von somatischen Zellen darstellen kénnte, um fur

den klinischen Bereich integrationsfreie iPSCs zu generieren.
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3.4. PUBLIKATION IV

Reprogramming of urine-derived renal epithelial cells into iPSCs using srRNA
and consecutive differentiation into beating cardiomyocytes

Heidrun Steinle*, Marbod Weber*, Andreas Behring, Ulrike Mau-Holzmann, Christiane von

Ohle, Aron-Frederik Popov, Christian Schlensak, Hans Peter Wendel, Meltem Avci-Adali
* gleichermal3en beigetragen

Molecular Therapy — Nucleic Acids / Akzeptiert am: 22. Juli 2019

Zusammenfassung:

Die Herstellung von iPSCs aus patientenspezifischen somatischen Zellen und deren
darauffolgende Differenzierung in gewinschte Zelltypen er6ffnet eine Vielzahl an
Mdglichkeiten im Bereich der Herzregeneration. Aufgrund der geringen Selbsterneuerungs-
kapazitat von adulten Kardiomyozyten ist es von grof3er Bedeutung autologe Kardiomyozyten
effizient und sicher fir klinische Anwendungen herzustellen, um geschadigtes Myokard-
gewebe behandeln zu kénnen.

In dieser Studie wurde mithilfe einer einzigen Applikation einer selbst-replizierenden RNA
(srRNA) in renale Epithelzellen, die aus Urin gewonnen wurden, erfolgreich  footprint‘-freie
iPSCs hergestellt. Die Pluripotenz wurde anhand der Expression verschiedener Marker, wie
Oct4, Nanog und TRA-1-60 mittels Antikbrperfarbungen und gRT-PCR Analysen bestéatigt.
Das Differenzierungspotenzial in die drei Keimbahnrichtungen wurde in vitro anhand von
Durchflusszytometrie durch den Nachweis verschiedener Antigene, wie CD31, AFP und
TUBB3 gezeigt. Im in vivo CAM-Teratoma Assays wurde die Ausbildung von meso-, endo-
und ektodermalem Gewebe mittels H&E-Farbungen von Gewebeschnitten bestéatigt. Weiterhin
konnten nach der Reprogrammierung der Zellen keine Rickstadnde der srRNA mittels gRT-
PCR und spezifischer Primer, die im Bereich der nicht-strukturellen Gene der srRNA binden,
detektiert werden oder chromosomale Abnormitaten mithilfe von Karyotypisierungen ermittelt
werden. Die 10-tagige kardiale Differenzierung der iPSCs resultierte in autologen
kontaktierenden Herzmuskelzellen, die nachweislich kardiales Troponin exprimierten. Video-
basierte Analysen des Ca?" Flusses in den Zellen bestéatigten die Kontraktilitat, die auf die
Behandlung mit dem Aktivator Isoproterenol und dem Inhibitor Nifidipin ansprechbar waren.
Die nicht-invasive Enthahme von Urin zur Gewinnung von patientenspezifischen Zellen fir die
Reprogrammierung ist besonders geeignet, da dies einfach und schmerzfrei, sowie
gleichermallen aus gesunden wund erkrankten Probanden erfolgen kann. Die
Reprogrammierung dieser Zellen mittels srRNA in iPSCs kann in Zukunft die Erzeugung
klinisch verwendbarer autologer Kardiomyozyten erméglichen. Dies kdnnte die Regeneration

von infarziertem Myokard ermdglichen, ohne die Gefahr einer Imnmunabsto3ung zu riskieren.
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3.5. PUBLIKATION V

Generation of iPSCs from jaw periosteal cells using self-replicating RNA

Felix Umrath*, Heidrun Steinle*, Marbod Weber, Hans-Peter Wendel, Siegmar Reinert,
Dorothea Alexander, Meltem Avci-Adali

* gleichermal3en beigetragen

International Journal of Molecular Science — Special Issue ,,Cell Reprogramming, /I*
Akzeptiert am: 30. Méarz 2019

Zusammenfassung:

Kieferperiostzellen (JPCs) stellen eine geeignete Zellguelle fur die Behandlung von
Knochendefekten im Bereich der Mund-, Kiefer- und Gesichtschirurgie dar. Die Verflugbarkeit
der JPCs ist jedoch begrenzt und so reichen die aus dem Patienten isolierten Zellzahlen oft
nicht aus, um beispielweise eine Rekonstruktion des Knochengewebes bei Tumorpatienten
nach einer groReren Resektion durchzufiihren. Die Vermehrung dieser Zellen in vitro, um eine
ausreichende Anzahl zu erhalten, stellt eine weitere Limitierung der Verwendung dar, da es in
hohere Passage der Kultivierung verstarkt zu zellularer Seneszenz und einem verminderten
osteogenen Differenzierungspotenzials kommt. Der Einsatz von induziert pluripotenten
Stammzellen (iPSCs) kdnnte dieses Problem bewadltigen, da die Zellen in ausreichender
Anzahl zur Generierung von Osteoblasten hergestellt werden kdnnen.

In dieser Studie wurden zum ersten Mal iPSCs aus humanen JPCs verschiedener Probanden
generiert. Fur die Herstellung der JPC-iIPSCs wurde eine nicht-integrierende selbst-
replizierende RNA (srRNA) verwendet, die die Reprogrammierungsfaktoren (Oct4, Sox2, KlIf4
und cMyc) und GFP als Reporterprotein kodiert. Die Reprogrammierung wurde anhand eines
,Feeder‘-freien und xeno-freien Protokolls durchgefiihrt und entspricht somit den hdchsten
Sicherheitsstandards fur zukinftige klinische Applikationen. Um iPSCs in osteogene
Progenitorzellen zu differenzieren, wurden die JPC-iPSCs zuerst in induziert mesenchymale
Stamm/ Stroma-ahnliche Zellen (iMSCs) differenziert und dann unter xeno-freien Bedingungen
weiter zu osteogenen Zellen differenziert. Die immunologischen Farbungen und qRT-PCR
Analysen zeigten, dass die produzierten iPSCs, sowie die daraus differenzierten iMSCs die fur
den jeweiligen Zelltyp typischen Marker exprimierten, sowie eine charakteristische
Morphologie aufwiesen. Wahrend der darauffolgenden osteogenen Differenzierung der iMSCs
konnte eine starke Mineralisierung nachgewiesen werden, die charakteristisch fir
Knochenzellen ist. Die srRNA-basierte Reprogrammierung von JPCs generiert autologe iPSCs
in klinischer Qualitat, die zu iIMSCs differenziert werden kdnnen und zur Erzeugung von Zellen
mit einem hohen osteogenen Potential fihren. Die so generierten Zellen stellen die eine

vielversprechende Quelle fir Knochenkonstruktionen und zur Geweberegeneration dar.
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4, DISKUSSION

Im Vordergrund der Regenerativen Medizin stehen autologe Zellen, die zur Reparatur
verschiedener Organe/ Gewebe eingesetzt werden. Um die Verflugbarkeit und Anzahl
patientenspezifischer Zellen zu erhéhen, sowie die Retention, das Uberleben und Einwachsen
der Zellen nach Transplantation zu verbessern, kénnen gezielte Modifikationen im Gewebe

oder der zu transplantierenden Zellen erfolgen.

4.1. Verbesserung des angiogenetischen Potenzials von mRNA-

modifizierten EPCs

Die Induktion der Angiogenese ist eine vielversprechende Maflinahme zur Verbesserung der
Blutversorgung in ischamischen Geweben und in den davon betroffenen Organen. Die
Revaskularisierung mithilfe von korpereigenen EPCs kann das geschadigte Gewebe
regenerieren und zur Wiederherstellung der gestdrten Funktion fihren. Des Weiteren kann die
Uberexpression von proangiogenen, parakrinen Faktoren bei ischamischen Patienten
besonders vorteilhaft sein, um die Mobilisierung und Rekrutierung autologer Stammzellen in
den geschadigten Bereich zu férdern und somit die Heilung und Regeneration durch
Verbesserung der Blutgefalbildung zu unterstitzen.

In Rahmen dieser Arbeit, wurden murine EPCs transient mit synthetischen mRNAs madifiziert,
die fir ANG-1, VEGF-A und SDF-1a kodieren, um das proangiogene Potenzial der EPCs zu
steigern. Nach der Transfektion der EPCs mit den einzelnen synthetischen mRNAs wurde die
Expression von ANG-1, VEGF-A und SDF-1la erfolgreich nachgewiesen. Die Behandlung
zeigte keinen negativen Einfluss auf die Lebensfahigkeit der Zellen. Jedoch fiihrte der Einsatz
des mRNA-Cocktails bestehend aus den 3 mRNAs zu einer verringerten Proteinproduktion in
den Zellen im Vergleich zu den Einzel-mRNA Transfektionen der Zellen. Grund hierfur ist
vermutlich die héhere Gesamtmenge an synthetischer mRNA pro Zelle, die zu einer
Uberladung der Zellen und translationalen Repression fiihren kann.?’” In eukaryotischen
Zellen durchlaufen die meisten Proteine verschiedene Reifungsschritte im Lumen des
endoplasmatischen Retikulums (ER).?°” Dort werden nach der Translation entstehende
Polypeptide chemisch modifiziert und zu reifen Proteinen gefaltet. Eine Anhaufung von
ungefalteten Proteinen im ER Lumen kann zu einer Stressantwort in den Zellen durch die
,ungefaltete Proteinantwort’ (UPR) fiihren. Durch Rickkopplungsmechanismen kann es so
zum selektivem Abbau von synthetischer mMRNA kommen und dadurch zu einer Verringerung
der produzierten Proteinmengen.207: 208

Im Vergleich zu unbehandelten EPCs zeigten die mit jeweils ANG-1, VEGF-A oder SDF-1a
MRNA und dem mRNA Cocktail behandelten Zellen im Migrationstest eine verstarkte

chemotaktische Wirkung auf native EPCs. Entgegen der Erwartung, konnte bei den mit dem
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MRNA-Cocktail transfizierten EPCs keine deutliche Erhéhung der chemoattraktiven Aktivitéat
im Vergleich zu den einzeln transfizierten mMRNAs erzielt werden. Der Grund hierfur kdnnten
die reduzierten Proteinmengen in diesen EPCs sein. Im Gegensatz dazu konnte in den mit
dem mRNA Cocktail transfizierten Zellen im in vitro Angiogenesetest eine deutliche
Verbesserung des angiogenetischen Potenzials festgestellt werden. Dies lasst auf einen
synergetischen Effekt der gleichzeitig hergestellten ANG-1, VEGF-A und SDF-1a Proteine
schliel3en. Dies wurde auch in vivo anhand des CAM-Assays durch einen moderaten Anstieg
der verschiedenen angiogenetischen Parameter bei den Triple-mRNA Cocktail transfizierten
Zellen bestatigt. Hier konnte auch eine starke Erhdhung des angiogenetischen Potenzials der
mit ANG-1 mRNA modifizierten EPCs ermittelt werden. Der Wundheilungstest zeigte die
hdchste Migrationsgeschwindigkeit bei den ANG-1 mRNA transfizierten EPCs, sodass bereits
nach 12 h 94% der Wundflache verschlossen war. Im Vergleich dazu, konnte bei
unbehandelten EPCs eine 45%ige SchlieRung der Wundflache beobachtet werden. Nach 24
Stunden fuhrte die ANG-1 mRNA Behandlung zum kompletten Verschluss des Wundbereichs
und die SDF-1 mRNA Behandlung zu einer 93%igen SchlieBung. Es konnte auch ein leicht
verbesserter Wundverschluss fur die mit VEGF-A mRNA und dem mRNA Cocktail
modifizierten Zellen nachgewiesen werden.

Die Ergebnisse dieser Studie zeigten, dass die Modifikation von EPCs mit der ANG-1 mRNA
ausreichen konnte, um die Angiogenese zu verbessern. Die SDF-1a mRNA Transfektion
zeigte ebenfalls eine Verbesserung des Wundverschlusses und der in vitro Angiogenese. Im
Gegensatz dazu konnte nach der einmaligen Transfektion von EPCs mit der VEGF mRNA
keine Verbesserung des angiogenetischen Potenzials festgestellt werden. In einer Studie von
Zangi et al.*%? wurden 100 pg VEGF mRNA in den Herzmuskel von Mausen injiziert, wodurch
eine verstarkte Bildung von Gefal3en im Bereich der Injektion gezeigt wurde. Daher konnte die
Produktion einer hdheren VEGF-Menge durch die mRNA-maodifizierten EPCs erforderlich sein,
um die Angiogenese zu verbessern. VEGF ist der am hé&ufigsten untersuchte
Wachstumsfaktor fur die Behandlung von Ischdmien und Herz-Kreislauf-Erkrankungen, da es
ein wichtiger Regulator der BlutgefaRbildung ist. Studien haben jedoch gezeigt, dass neu
gebildete BlutgefaRe, die durch VEGF induziert werden, unreif und undicht sind.20% 210
Weiterhin konnten Su und Kollegen?® durch die gleichzeitige Expression von ANG-1 und
VEGF mittels eines Adeno-assoziierten Virus (AAV)-vermittelten Ansatzes positive
Auswirkungen in einem murinen Infarktmodell zeigen. Dabei konnten sie mehr Kapillare, eine
geringere InfarktgréRe und eine bessere Herzfunktion ermitteln, sowie im Vergleich zur
alleinigen Behandlung mit VEGF, eine weniger undichte Neovaskulatur.

In friheren Studien mit ischamischen Tiermodellen konnte durch die Uberexpression von
chemotaktischen Faktoren oder Wachstumsfaktoren bereits eine unterstiitzende Wirkung auf

die Angiogenese gezeigt werden. Dazu wurden AAV- oder lentivirale Vektoren angewendet,
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um ANG-1 in MSCs 2, VEGF-A in Skelettmuskelzellen 22 und SDF-1a in humanen MSCs
herzustellen®®. AuBerdem wurden EPCs erfolgreich gentechnisch mit adenoviralen Vektoren,
die fur HIF-1a%7, FGF-134, und VEGF? kodieren oder mit lentiviralen Vektoren, die fur ANG-13!
kodieren, sowie mit retroviralen Vektoren, die SDF-1a und VEGF-A3® kodieren verandert, um
die Angiogenese in Ischamie-Tiermodellen zu verbessern. Bei der Verwendung von viralen
Vektoren wird die Expression von Proteinen uber einen langeren Zeitraum aufrechterhalten.
Die langere Anwesenheit von exogen exprimierten Proteinen kann jedoch auch nachteilige
Auswirkungen haben. Beispielsweise flhrte die langere Exposition von Gefalien mit VEGF-A
aufgrund eines DNA-vermittelten Gentransfers zu einer erhohten Gefal3permeabilitat und zur
Odembildung.®> Die mRNA-vermittelte Proteinexpression in den Zellen wird nach dem
natlirlichen Abbau der transfizierten synthetischen mRNA, nach ungefahr 2-3 Tagen,
rickstandfrei eingestellt. Dieser Zeitrahmen sollte ausreichen, um endogene EPCs in das
ischdmische Gewebe zu homen und die implantierten Zellen mit den Blutgefa3en des
umgebenden intakten Gewebes zu verbinden.

Die ex vivo Modifikation von EPCs mit synthetischer mRNA zur Herstellung ihrer eigenen
proangiogenen Proteine kénnte das angiogene Potenzial im Vergleich zur Injektion grof3er
Mengen von mRNA in das betroffene Gewebe erhéhen. Durch die Transplantation der mit
MRNA modifizierten EPCs kann nicht nur die Migration von Zellen aus dem umliegenden
Gewebe und die GefaRbildung gesteigert werden, sondern zusatzlich die Anzahl an EPCs im
ischamischen Gewebe und deren Wachstumsfaktor und Zytokinausschittung erhdht werden.
Eine ausreichende Anzahl an EPCs fir die Modifikationen kann durch die Isolierung aus Blut
und Expansion der Zellen erhalten werden.

Die Behandlung mit synthetischen mRNAs kdnnte in Zukunft zur Bildung neuer Blutgefal3e in
beschadigten Geweben, z. B. nach einem Myokardinfarkt oder Schlaganfall eingesetzt
werden. Auf dem Gebiet des Tissue Engineerings kénnte dieser Ansatz au3erdem dazu
beitragen, die Vaskularisierung von Geruststrukturen zu verbessern und die Gefal3-

anastomose mit dem Wirtsgefal3system zu fordern.

4.2. RNA-basierte Reprogrammierung von iPSCs

In den letzten Jahren hat sich die Erzeugung patientenspezifischer iPSCs aus somatischen
Zellen zu einem leistungsstarken Instrument im Bereich des Tissue Engineerings und der
Krankheitsmodellierung entwickelt und zu grof3en Fortschritten bei Anwendungen in der
Regenerativen Medizin gefiihrt. Dabei spielt die integrationsfreie Generation der Zellen eine
bedeutende Rolle fiir die therapeutische Anwendung. Die Verwendung von synthetischen
RNAs fur die iPSC Herstellung ist im Vergleich zu anderen nichtintegrativen Methoden wie
z. B. episomalen DNA-Plasmiden aufgrund ihrer hohen Reprogrammierungseffizienz von

Vorteil 8% 102
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4.2.1. Vergleich der Reprogrammierung von neonatalen Fibroblasten mittels
MRNAs und srRNA in iPSCs

In dieser Studie wurden die Reprogrammierungsmethoden basierend auf synthetischer mRNA
und srRNA verglichen, um aus humanen Fibroblasten footprint'-freie iPSCs zu generieren.
Dabei wurden die Transfektions- und Reprogrammierungseffizienz, sowie die Gesamtkosten
und der Arbeitsaufwand beider Methoden untersucht. Dazu wurden Fibroblasten entweder
durch mehrmaliges tégliches Transfizieren mit einem mMRNA-Cocktail bestehend aus 5
verschiedenen mRNAs, die flr die Reprogrammierungsfaktoren Oct4, Sox2, KlIf4, cMyc, Lin28
und eGFP kodieren® oder durch einmaliges Transfizieren mit sSTRNA, die fur Oct4, Sox2, Klf4,
cMyc kodiert, reprogrammiert, die eine anhaltende Expression der Reprogrammierungs-
faktoren!”® ermdglicht. Um die Transfektionseffizienz und die Translation der srRNA zu
Uberwachen, wurde zuséatzliche eine IRES (interne Ribosomeneintrittsstelle)?!! und eine GFP
Sequenz in das srRNA Konstrukt hinzugefigt, um die 5-Cap-unabhangige Initiierung der
Translation des GFPs zu ermdglichen.

Die erhaltenen iPSCs exprimierten typische Pluripotenzmarker und das Potential zur
Differenzierungsfahigkeit in die drei embryonalen Keimblatter, Meso-, Endo- und Ektoderm,
konnte in vitro und in vivo bestatigt werden. Es wurden keine genomischen Anomalien anhand
von Karyogrammanalysen in den erzeugten iPSCs festgestellt. In den durch die srRNA
generierten iIPSCs konnten keine Rickstande der srRNA mittels gRT-PCR Analysen
nachgewiesen werden. Der Vergleich beider Methoden ergab jedoch, dass die srRNA-basierte
Reprogrammierung deutlich effizienter und einfacher in der Handhabung war, als die mRNA-
basierte Methode. Die Kosten fir die Synthese und Reinigung von einem Mikrogramm mRNA
oder srRNA sind dabei vergleichbar (ca. 2,50 € / 1 ug). Ein wesentlicher Vorteil bei der
Reprogrammierung mit srRNA sind die ca. 24-fach geringeren Produktionskosten durch die
einmalige Transfektion von Zellen mit 1 pg srRNA (2,50 €), gegeniber der erforderlichen
taglichen Transfektion von Zellen mit 1,2 yg mRNA-Cocktail mit 6 verschiedenen Nukleosid-
modifizierten mRNAs flr ca. 20 Tage (60 €). Dariber hinaus wurden die mit STRNA generierten
iPSCs fruher erhalten, als die iPSCs, die durch die mRNA-Transfektionen entstanden sind.
Die srRNA enthalt auch eine Sequenz, die fir eine Puromyzinresistenz kodiert, um die positive
Selektion von srRNA-haltigen Zellen zu ermdglichen.” Aufgrund dessen konnten nur Zellen
Uberleben, die die sSrRNA enthielten, wodurch die Reprogrammierungseffizienz erhéht wurde.
Weiterhin konnte durch die tagliche Uberwachung der GFP-Expression, der Wechsel des
B18R-haltigen Mediums auf einen 2-Tage-Rhythmus reduziert werden. Im Fall der
synthetischen mRNA-basierten Reprogrammierung wurde ebenfalls die eGFP-Expression
analysiert, um die Transfektionseffizienz und Translation der mRNA in den Zellen zu
Uberwachen. Dazu enthielt der mMRNA-Cocktail eine eGFP-kodierende mRNA, die gleichzeitig

mit den Reprogrammierungsfaktor-kodierenden mRNAs in die Zellen transfiziert wurde. Hier
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ist die Uberwachung der Transfektionseffizienz und Translation der mRNA jedoch deutlich
ungenauer als bei der srRNA Verwendung, da nicht gewahrleistet werden kann, dass jede
Zelle jeden Tag mit allen 6 mRNAs konstant mit der gleichen Menge versorgt werden kann.
Daruber hinaus kann die srRNA, die zusatzlich eine GFP-kodierende Sequenz enthalt, auch
direkt zur Analyse der Transfizierbarkeit von somatischen Zellen vor Beginn der
Reprogrammierung eingesetzt werden. Dadurch koénnen fir verschiedene Zelltypen das
bendtigte Transfektionsreagenz und die Transfektionsdauer bestimmt werden.

Die Verwendung von RNA Molekilen zur Expression von Transkriptionsfaktoren in Zellen ist
integrationsfrei. Die Transfektion von synthetischer mRNA in die Zellen fiuhrt zu einer
voriibergehenden Expression der gewtinschten Proteine fur etwa 2-3 Tage’ °2 % und erfordert
daher mehrere Transfektionen fur die Reprogrammierung. Im Vergleich dazu, ermdéglicht eine
einmalige Transfektion von srRNA in die Zellen, die Expression von nicht-strukturellen
Proteinen (nsP1-nsP4), die fir eine Replikase kodieren und die wiederholte Replikation der
RNA im Zytosol bewirkt und damit die Proteinexpression verlangert. Der rlckstandsfreie
Abbau der srRNA in den erhaltenen iPSCs wurde in friilhen Passagen (P3-5) durch gqRT-PCR
Analysen, die mit nsP2- und nsP4-spezifischen Primern durchgefiihrt wurden, nachgewiesen.
Darlber hinaus deutete die Abnahme der cMyc und Klf4 Expression ebenfalls auf den Abbau
des srRNA-Konstrukts in den iPSCs hin. Diese Proteine werden wahrend des
Reprogrammierungsvorgangs benétigt. Danach sollte ihre Expression jedoch herunterreguliert
werden, da die permanente Uberexpression dieser Proteine mit einer erhohten
Tumorentstehung verbunden ist 22 213 ynd in verschiedenen Krebstypen 214 215 detektiert
wurden.

Um somatische Zellen mit synthetischen RNAs zu reprogrammieren, ist die Verwendung des
Interferoninhibitors B18R erforderlich’® 173216 'um die zellulare Typ-I-Interferon-Immunantwort
gegen die RNA und somit deren vorzeitigen Abbau zu verhindern.?!’ Nach der
Reprogrammierung der Zellen kann der Entzug von B18R aus dem Medium zum gezielten
Abbau und zur Eliminierung der srRNA'" genutzt werden. Somit bleiben keine srRNA
Ruckstande zurlick. B18R kann entweder als rekombinantes Protein dem Medium zugesetzt
werden, oder es kann ein konditioniertes Medium verwendet werden, das B18R enthélt (BcM)
und durch Transfektion von Fibroblasten mit BLBR mRNA hergestellt wird. Die Verwendung
von BcM anstelle von rekombinantem B18R Protein reduziert die Kosten und kann zusatzliche
Proteine, wie z. B. FGF-2, bereitstellen, die die Reprogrammierung untersttitzen kdnnen. Dies
kann von Vorteil sein, wenn serumfreies Medium, z. B. Essential 8 Stammzellmedium,
verwendet wird. Das Mengenverhéltnis von BcM zu Kultur- oder Reprogrammierungsmedium
ist einstellbar. In dieser Studie fiihrte eine 25%ige Zugabe des BcM in Reprogrammierungs-
medium (Pluriton) zur erfolgreichen Reprogrammierung der Zellen. Die BcM-Menge kann auf

beispielsweise 50% erhoht werden, wenn in den transfizierten Zellen ein schwaches GFP-
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Signal nachgewiesen wird. Eine weitere Moglichkeit zur Reduktion der Immunreaktion wurde
in einer Studie von Angel und Yanik!*® gezeigt. Dabei konnte durch den siRNA-induzierten
Knockdown der Mediatoren des angeborenen Immunsystems, Ifnbl, Eif2ak2 und Stat2, die
Immunaktivierung verhindert werden und das Uberleben der Zellen nach wiederholter
Transfektion mit mRNAs erhoht werden. Poleganov et al.'’* untersuchten einen weiteren
Ansatz zur Reduktion der Zytotoxizitat und Immunogenitat wahrend der Reprogrammierung.
Hierfir wurden die Reprogrammierungs-mRNAs mit mRNAs, die fir E3, K3 und B18R des
Vaccinia-Virus kodieren, und der Enhancer-microRNA miR302/367 kombiniert. Unter
Verwendung dieses Verfahrens konnten auch mRNAs, die keine modifizierten Nukleoside
enthielten und von denen bekannt ist, dass sie eine zellulare Immunreaktion auslosen,
eingesetzte werden, um Fibroblasten mit vier wiederholten Transfektionen innerhalb von 11
Tagen effektiv in iPSCs umzuwandeln.

In Rahmen dieser Arbeit wurde zur besseren Vergleichbarkeit der mRNA- und srRNA-
basierten Reprogrammierung das Pluriton Reprogrammierungsmedium flir beide Ansétze
verwendet. Dies ist jedoch fir eine erfolgreiche und effiziente Reprogrammierung mit sSTRNA
nicht explizit erforderlich. Yoshioka et al.1”® zeigte die erfolgreiche Reprogrammierung in iPSCs
unter Verwendung von srRNA und Fibroblasten-Kulturmedium anstelle von Pluriton. Darlber
hinaus ist es auch mdoglich, die einzige tierische Komponente des Protokolls, Fotales
Kalberserum (FBS) im Zellkulturmedium durch humanes Serum oder humanes Plattchenlysat
(hPL) zu ersetzen, um iPSCs unter xeno-freien Bedingungen zu erzeugen.?*®

In dieser Arbeit wurden neonatale menschliche Fibroblasten reprogrammiert. Allerdings
zeigten Yoshioka und Dowdy?!®, dass iPSCs auch aus adulten Fibroblasten von 54- bis 77-
jahrigen gesunden Spendern, sowie von einem 24-jahrigen Kardiomyopathie-Patienten mittels
SrRNA generiert werden konnen. Die Reprogrammierung von adulten Korperzellen mit STRNA
konnte auch im Rahmen dieser Arbeit mit humanen Urinzellen?° und Kieferperiostzellen®!®
durchgefuhrt werden.

In frGheren Studien wurden nach Reprogrammierung von neonatalen BJ-Fibroblasten mit
synthetischen modifizierten mMRNAs Reprogrammierungseffizienzen von 4,4% erreicht.”® %% In
Rahmen dieser Arbeit wurde eine Reprogrammierungseffizienz von 0,8% erreicht, indem das
gleiche Protokoll auf NuFFs anwendet wurde. Der Unterschied ist vermutlich auf
Materialschwankungen und laborbedingte Unterschiede zuriick zu fuhren. Darlber hinaus
kann die Verwendung von Zellen mit unterschiedlichen Proliferationsraten und verschiedener
Spendern variieren und zu unterschiedlichen Reprogrammierungseffizienzen fihren.: 165 219
Daher sollten die Reprogrammierungsprotokolle fur jeden Zelltyp getestet und optimiert
werden.® Darlber hinaus hangt die Reprogrammierungseffizienz des mRNA-basierten
Ansatzes von der anfanglichen Zelldichte ab!* 216 und wird durch hohe Zellzyklusraten

gefordert 221222 Dies ist auf die charakteristischen Merkmale von ESCs zurlickzufiihren, die
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durch hohe Proliferationsraten und kurze G1-Phasen im Zellzyklus vor ihrer Differenzierung
geschitzt werden und ihre Selbsterneuerungsfahigkeit erhalten bleibt.??2 Durch die
Verwendung von mitotisch arretierten ,Feeder‘-Zellen kénnen niedrigere Zellzahlen fur die
Reprogrammierung verwendet werden. Jedoch sind Feeder-freie Protokolle von Vorteil, um
eine zusatzliche Variabilitat und das Risiko einer Kontamination mit xenogenem Material zu
verhindern.64

Im Vergleich zur taglichen Transfektion von mehreren mRNAs, ermoglichte die einmalige
Transfektion von srRNA in humane Fibroblasten eine zeit- und kostenginstigere Erzeugung
von iPSCs ohne genomische Integration. Aufgrund des komfortablen Reprogrammierungs-
prozesses mit nur einer einmaligen srRNA-Verabreichung, direkter Detektion der srRNA
Translation mittels GFP und hoherer Reprogrammierungseffizienz ist die srRNA-basierte
Reprogrammierung eine  vielversprechende Methode fir die integrationsfreie

Reprogrammierung verschiedener somatischen Zellen.

4.2.2. srRNA-basierte Reprogrammierung von renalen Epithelzellen aus Urin

und Kieferperiostzellen zu iPSCs

Fur die Reprogrammierung von iPSCs werden haufig Fibroblasten als somatischen Zellen
verwendet.?”® Diese werden meist durch invasive Hautbiopsien der Patienten gewonnen.
Dieser Vorgang fuhrt zur Verletzung des gesunden Gewebes, kann schmerzhaft fir den
Patienten sein und ist mit einem Infektionsrisiko verbunden. Die Isolierung von renalen
Epithelzellen (RECs) aus humanem Urin stellt eine alternative Zellquelle fir die
Reprogrammierung patientenspezifischer Zellen dar. Urin von Natur aus ausgeschieden und
ermdglicht eine einfache, kostengiinstige und schmerzfreie Isolierung einer ausreichenden
Anzahl menschlicher Kdrperzellen zur Reprogrammierung. Aufgrund der physiologischen
Selbsterneuerung des Epithelgewebes im Harntrakt werden taglich etwa 2.000 bis 7.000
Zellen abgelost und mit dem Urin ausgeschieden.??® Im Urin konnen drei Arten von
Epithelzellen gefunden werden: Nieren-, Ubergangs- und Plattenepithelzellen.??® Die RECs
kleiden als einzelne Epithelschicht das Nephron der Niere aus. Eine erhdhte Anzahl der
Epithelzellen im Urin kann auf eine Infektion oder Erkrankung hinweisen. Zur Gewinnung der
RECs werden wahrend einer Kultivierungszeit von 3 bis 5 Tagen in einem speziellen
Proliferationsmedium die unerwiinschten Ubergangs- und Plattenepithelzellen entfernt, da
diese nicht an der Zellkulturplatte anhaften und somit nach dem Wechsel des Mediums
beseitigt werden. Typischerweise erscheinen 3 bis 6 kleine REC-Kolonien, die stetig weiter
wachsen. In dieser Studie reichten 100-200 ml Urin aus, um eine ausreichende Menge an
Zellen fur das Reprogrammierungsverfahren nach ca. 2 Wochen Expansionsdauer zu
erhalten. Durch die Verwendung einer groReren Menge an Urin kdnnten mehr Zellen erhalten

werden, wodurch die Expansionszeit der Zellen verringert werden kann. Die Herkunft der aus
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Urin isolierten Zellen wurde durch die Analyse des Epithelmarker 3-Catenin und des renalen

proximalen tubularen Marker CD13 bestétigt.

Eine ausgezeichnete Quelle fur Zell-basierte regenerative Therapien zur Behandlung und
Rekonstruktion von Knochendefekten sind osteogene Vorlauferzellen. Diese kdnnen aus dem
Kieferperiost und z. B. wahrend einer Mund- und Kieferoperation entnommen werden. Da das
Material nur in begrenzter Menge vorliegt, ist es schwierig, eine ausreichende Zellzahl in guter
Qualitat zu erhalten. Durch die Vermehrung der Primérzellen in Zellkulturen kann es zu
verstarkter Zellalterung und zur Verringerung des Differenzierungspotentials in hoheren
Passagen kommen.

Nichtintegrativ generierte iPSCs stellen eine vielversprechende alternative Zellquelle dar, um
osteogene Zellen fir regenerative Zwecke zu generieren. Dariliber hinaus weisen die priméren
Kieferperiostzellen (JPCs), sowie auch MSCs, die aus verschiedenen Geweben stammen,
eine gewisse Spendervariabilitdt hinsichtlich ihres Differenzierungspotenzials auf. Diese
Variabilitat wird durch die unterschiedlichen Anteile der einzelnen Zellpopulationen im
Gewebe, wie beispielsweise dem Stammzellanteil, der verschiedenen Spender, sowie
Isolierungs-, Kultivierungs- und Expansionsmethoden verursacht.??® 227 Bekannte
Oberflachemarker kénnen zur Fluoreszenz- oder Magnetisch-aktivierten Zellsortierung
(FACS, MACS) verwendet werden, um die Anreicherung der osteogenen Vorlauferzellen aus
heterogenen Zellpopulationen zu ermdglichen.??¢-2%° Jedoch sind die Zellausbeuten aufgrund
niedriger Sortierungseffizienzen und hoher Zellmortalitat oft unbefriedigend. Die im Rahmen
dieser Arbeit isolierten JPCs zeigten eine eindeutig mesenchymale Herkunft durch die
Expression der Marker CD73, CD105 und CD44.

Die Reprogrammierung von beiden adulten Zelltypen RECs und JPCs verschiedener
Probanden unterschiedlichen Alters konnte mittels sSrRNA erfolgreich durchgefuhrt werden.
Wie auch bei der Generierung von iPSCs aus neonatalen Fibroblasten, konnte der Einbau der
IRES-GFP Sequenz in die srRNA fur die Optimierung des Protokolls und der Kontrolle der
erfolgreichen Transfektion und Translation der srRNA wahrend des Reprogrammierungs-
prozesses genutzt werden. Die Reprogrammierung erfolgte hier mit normalem Kulturmedium
fur den jeweiligen Zelltyp und nicht unter Verwendung eines speziellen Reprogrammierungs-
mediums, wie z. B. Pluriton. Fir die Reprogrammierung der JPCs wurde zusatzlich die
naturlich vorkommende Fettsaure Natriumbutyrat als ,Enhancer-Molekil dem Medium
zugesetzt, um die die Effektivitat der iPSC Generierung zu steigern. Dabei wird die
Reprogrammierungseffizienz verbessert, indem die Acetylierung von H3 Histonen und die
DNA Demethylierung gesteigert werden und somit die Expression der endogen zugefihrten
Pluripotenzgene verbessert wird.?*! Andere bekannte ,Enhancer‘-Molekiile, die zur Steigerung
der Reprogrammierungseffizienz eingesetzt werden, sind beispielsweise Histondeacetylase-

Inhibitoren, wie Valproinsaure, TGF-Inhibitoren, Vitamin C oder miRNA-367/302.49: 89 216, 232-234

34



Diskussion

Die erhaltenen iPSCs zeigten ebenfalls die typischen Stammzellmerkmale, wie die Expression
von Pluripotenzmarkern, die fir die Aufrechterhaltung der Pluripotenz und der
Selbsterneuerungskapazitat von iPSCs spezifisch sind. Auch die Fahigkeit der erhaltenen
iPSCs sich in Zellen der drei Keimschichten (Mesoderm, Endoderm und Ektoderm) zu
differenzieren wurde anhand der gerichteten Differenzierung in vitro, sowie in vivo nach
Aufbringung der iPSCs auf die CAM von bebriiteten Hihnereiern demonstriert. Im Vergleich
zur Teratombildung bei Mausen, die ca. 4 Wochen inkubiert werden, reichte die Applikation
von 2 x 108 iPSCs auf die CAM und eine Inkubationszeit von 10 Tagen aus, um alle drei
Keimschichten auszubilden. Nach Reprogrammierung und B18R-Entzug wurde die
vollstandige Entfernung der srRNA durch die Verwendung der nsP2- und nsP4-Primer in den
erzeugten iPSCs in Passage drei mittels qRT-PCR gezeigt. Darlber hinaus bestatigte die
Abnahme der cMyc und Klf4 Expression den Abbau des srRNA-Konstrukts in den iPSCs und
es konnten keine genomischen Anomalien anhand von Karyogrammanalysen nachgewiesen
werden.

Eine weitere interessante Quelle fir adulte Zellen zur Reprogrammierung sind von Blut
abgeleitete Zellen, wie mononukleére Zellen des peripheren Blutes (PBMCs) oder EPCs, die
durch eine minimal-invasive Blutentnahme von gesunden Spendern oder Patienten gewonnen
werden kdnnen.?*® Poleganov et al.1’* berichteten tber die erfolgreiche Reprogrammierung
von humanen EPCs unter Verwendung eines mRNA-basierten Ansatzes. Daher kdnnte die
Verwendung von Blutzellen fir die srRNA-basierte Reprogrammierung eine weitere
vielversprechende Quelle fur adulte Zellen darstellen. Jedoch ist die Reprogrammierung von
Zellen aus Blut problematisch, da sie eine geringe Transfektionseffizienz aufweisen und daher
auch die Reprogrammierungseffizienz bisher noch relativ gering ist.2® Unterschiede in der
Transfektionseffizienz mit synthetisch modifizierten mRNAs oder srRNA werden fur Zellen
unterschiedlicher Herkunft aufgrund ihrer unterschiedlichen Transfektionsfahigkeit erwartet.
Daher ist auch die Wahl der verwendeten Transfektionsmethode oder Reagenz wichtig und
sollte vor Beginn der Reprogrammierung getestet und optimiert werden, um die beste
Transfektionseffizienz fir jeden Zelltyp zu erreichen.® 27 Weiterhin wurde auch gezeigt, dass
iPSCs, die aus verschiedenen Zellquellen generiert wurden, unterschiedliche epigenetische
Marker aufweisen, die Spendergewebe-abhangig sind.?*® Dies deutet darauf hin, dass die
iPSCs effizienter in den urspriinglichen somatischen Zelltyp differenziert werden konnten. In
der vorliegenden Arbeit wurde die erfolgreiche Differenzierung von den REC-iPSCs und JPC-
iPSCs in Zellen aller drei Keimbahnrichtungen gleichermal3en gezeigt.

Im Rahmen dieser Arbeit wurde gezeigt, dass die Reprogrammierung von adulten Zellen
verschiedener Probanden und Herkunftsgeweben mit srRNA eine effiziente Methode ist, um

footprint- und xeno-freien iPSCs zu erhalten.

35



Diskussion

4.2.3. Differenzierung der mit srRNA generierten iPSCs in gewebespezifische

Zellen

Im Rahmen dieser Arbeit wurden patientenspezifische iPSCs, die aus verschiedenen
Zellguellen mittels srRNA generiert wurden in gewebespezifische Zellen differenziert.

Die iPSCs (REC-iPSCs), die aus Urin isoliert wurden, wurden in kardiale Richtung
differenziert, um Kardiomyozyten zur Regeneration des verletzten Myokards, z. B. nach einem
Herzinfarkt, zu produzieren. Nach bereits 7 Tagen wurden sich kontrahierende
Kardiomyozyten mit einer Schlagrate von etwa 25 Schldgen pro Minute erhalten. Die
Funktionalitat und elektromechanische Kupplung dieser Zellen wurde anhand der Ca?*
Oszillation bei der Kontraktion bestatigt. Das Reaktionsvermdgen der Kardiomyozyten wurde
durch die Zugabe von Ca?*-Antagonist Nifedipin oder B-Adrenozeptor-Agonist Isoproterenol
untersucht. Dabei flihrte 0,1 mM Nifidipin zu einer vollstdndigen Hemmung der Kontraktion. Im
Gegensatz dazu fuhrte die pharmakologische Modulation der REC-iPSC-abgeleiteten
Kardiomyozyten mit Isoproterenol zu einer erhéhten Kontraktion.

Die zukinftige Anwendung dieser Zellen zur Reparatur von geschadigtem Herzgewebe
erfordert die Produktion einer reinen Kardiomyozytenkultur in groBem MaRstab und die
Auswahl der geeigneten Subpoulationen: nodale, atriale oder ventrikulare Kardiomyozyten.?3%
241 Bei einer Herzinsuffizienz oder einem Myokardinfarkt sind hauptséachlich die Ventrikel des
Herzens betroffen. Daher sollte ventrikulare Kardiomyozyten verwendet werden, um nach der
Transplantation der Zellen in die Herzkammern Arrhythmien zu verhindern. Eine Zellsortierung
mittels Durchflusszytometrie kann durchgefuhrt werden, um reine Kardiomyozytenkulturen
verschiedener Subtypen zu erhalten. Ein haufig verwendeter Marker flir ventrikulare
Kardiomyozyten ist die leichte Myosinkette 2v (MLC-2v). Fur atriale Kardiomyozyten kann die
leichte Myosinkette 2a (MLC-2a) als ein spezifischer Marker verwendet werden. Darlber
hinaus sollte die vollstandige Differenzierung der iPSCs in reife Kardiomyozyten sichergestellt
werden.?*? 243 Dazu koénnen die aus iPSCs generierten Kardiomyozyten z. B. mithilfe von
spezifischen Antikérper und FACS angereichert werden.?** In Rahmen dieser Studie wurden
die Kardiomyozyten mit einem Medium auf Laktatbasis angereichert.?*® Aufgrund der
Unterschiede im Energiestoffwechsel kdénnen Kardiomyozyten, im Vergleich zu anderen
Saugetierzellen, anstelle von Glukose auch aus Laktat oder Fettsduren Energie
produzieren.?*® Die Kultivierung von Zellen in einem Lactat-haltigem Medium ohne Glukose
fuhrt daher zum Uberleben von Kardiomyozyten und zur Eliminierung von undifferenzierten
Zellen. Mit dieser Methode konnten patientenspezifische Kardiomyozytenkulturen generiert

werden, die einen hohen Anteil (ca. 90%) an kardialem Troponin exprimierten.

Die aus Kieferperiost isolierten und mittels srRNA in iPSCs reprogrammierten Zellen (JPC-

iPSCs) wurden zu osteogenen Vorlauferzellen differenziert, um diese als Quelle fir das Tissue
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Engineering von Knochenkonstrukten einzusetzen. Die osteogene Differenzierung von iPSCs
kann mit unterschiedlichen Protokollen durchgefiinrt werden. In der vorliegenden Arbeit wurde
ein zweistufiger Ansatz verwendet, bei dem die iPSCs zuerst in induzierte MSCs (iMSCs)
differenziert wurden und in einem zweiten Schritt dann der osteogenen Differenzierung
unterzogen wurden.>® % In der Regel wird die Differenzierung von iPSCs zu iMSCs entweder
Uber die Bildung von Embryonalkdrperchen (EBs) erreicht oder durch die spontane
Differenzierung von iPSCs, die mit einem Differenzierungsmedium behandelt und in mehreren
Passagierschritte kultiviert wurden.?*” Im Rahmen dieser Arbeit wurde ein hPL-haltiges
Differenzierungsmedium?*® verwendet, um die iPSCs in xeno-freie iMSCs zu differenzieren.
Um den Ertrag der iMSCs zu erhthen, wurden die iPSC-Kolonien Uber einen langeren
Zeitraum von 10 Tagen ohne Passagieren in E8 Stammzellmedium kultiviert, bevor sie wieder
als Einzelzellen ausplattiert und fur 3-5 weitere Passagen in Ascorbinsaure-haltigem hPL-
Medium kultiviert wurden. Die resultierenden hohen Zelldichten, die durch die 10-tgige
Kultivierung der iPSCs entstanden sind, trugen wahrscheinlich zur Differenzierung in den
mesenchymalen Zelltyp bei. Die Analyse der erhaltenen iMSCs mittels Durchflusszytometrie
und Genexpression zeigte die Expression typischer Oberflachenmarker und entsprach dem
Expressionsprofil von MSCs.??6 AnschlieRend wurden die iMSCs fir 15-25 Tage in einem
Differenzierungsmedium in osteogene Richtung differenziert. Die erhaltenen Zellen zeigten
eine starke Mineralisierung und typische Morphologie. Dies zeigt, dass diese Zellen ein
vielversprechendes Potenzial besitzen, um im Bereich des Knochen Tissue Engineerings
eingesetzt zu werden.

Die Ergebnisse zeigten, dass die mit sTRNA generierten iPSCs als potente Ausgangsquelle
fur die Differenzierung in verschiedene gewebespezifische Zellarten genutzt werden kénnen,

um autologe Zellen fir eine personalisierte Zelltherapie zu erhalten.

4.3. Langzeitfreisetzung von mRNA aus Hydrogelen ermdéglicht eine

verlangerte Proteinexpression in Zellen

Hydrogele werden im Bereich der Regenerativen Medizin und des Tissue Engineerings als
Geruststrukturen zur Besiedelung mit Zellen und fir die Abgabe von therapeutischen
Wirkstoffen verwendet. Um die Freisetzung von synthetischen mRNAs aus verschiedenen
Hydrogelen zu untersuchen, wurde eine Cy3-markiete sezernierbare humanisierte Gaussia
Luziferase kodierende (hGLuc) mRNA in Alginat, Chitosan und Chitosan-Alginat Hydrogele
integriert. Die injizierbaren Chitosan-Alginat Hybridhydrogele, die mit 4 ug synthetischer Cy3-
hGLuc mRNA beladen wurden, zeigten eine um 70% verzogerte Freisetzung der
inkorporierten MRNA, die zu einer Produktion von hGLuc Uber 3 Wochen fiihrte. Damit konnte
gezeigt werden, dass Hydrogele mit Zellen und zusatzlich synthetischer mRNA beladen

werden kénnen, damit die Zellen Uber einen langeren Zeitraum mit mRNA versorgt werden
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kénnen. Dies ermdglicht die Herstellung gewlnschter Proteinen von den in Hydrogel-
inkorporierten Zellen Uber einen langeren Zeitraum, ohne dass eine wiederholte
Verabreichung von synthetischer mRNA erforderlich ist. Dieser Ansatz kann im Bereich des
Tissue Engineering fur die lokale Transfektion von Zellen mit therapeutisch wirkenden mRNAs

direkt im Gewebe genutzt werden, um eine verlangerte Produktion von Proteinen zu erreichen.

Zur Analyse der Freisetzungskinetik von synthetischer mRNA aus verschiedenen Hydrogelen
wurden Alginat-, Chitosan- und Chitosan-Alginat Hybridhydrogele hergestellt, die alle eine
anhaltende mRNA Freisetzung Uber 21 Tage zeigten. Die langsamste Freisetzung wurde in
Chitosan-Hydrogelen (42%) und die schnellste Freisetzung in Alginat-Hydrogelen
nachgewiesen (79%). Im Vergleich dazu fihrte die Verwendung des Chitosan-Alginat-
Hybridhydrogels zu einer schnelleren mMRNA-Freisetzung als aus dem Chitosan-Hydrogel und
Zu einer langsameren Freisetzung als aus dem Alginat-Hydrogel. Dafiir verantwortlich kénnten
Wechselwirkungen zwischen dem positiv geladenen Chitosan mit der negativ geladenen
MRNA sein, die zu einer erhdhten Retention der mRNA in den Hydrogelen fihren. Im
Gegensatz dazu kénnten aufgrund elektrostatischer AbstoRungskréfte zwischen dem negativ
geladenen Alginat und der ebenfalls negativ geladenen synthetischen mRNA die Freisetzung
aus den Alginat-Hydrogelen schneller erfolgen als aus Chitosan-Hydrogelen. Krebs et al.
zeigten auch eine verzdgerte Freisetzung von siRNA nach der Zugabe der positiv geladenen
Polymere, Polyethylenimin (PEI) oder Chitosan zu Calcium-vernetzen Alginat-Hydrogelen.1®®
In einer weiteren Studie wurde die Zugabe von Chitosan zu einem Alginat-Hydrogel
untersucht, das ebenfalls zu einer langsameren Freisetzung von einem negativ geladenen
Molekil (Sphingosin-1-Phosphat), im Vergleich zu Alginat-Hydrogele allein, fiihrte.?*° In einer
Studie von Ma und Kollegen wurden siRNA-beladene Chitosan-Hydrogele subkutan in Mause
injiziert und untersucht. Im Vergleich zur siRNA, die ohne Chitosan injiziert wurde und weniger
als 1 Tag nachweisbar war, konnte die Cy5-markierte siRNA im Chitosan-Hydrogel fir bis zu
7 Tage detektiert werden.’®® Die unterschiedliche Freisetzungskinetik der synthetischen
MRNAs durch Verwendung unterschiedlicher Biomaterialien, zeigte, dass die Freisetzung der
MRNA z. B. mit unterschiedlichen Ladungen moduliert werden kann.

Weiterhin konnte gezeigt werden, dass die ins Chitosan-Alginat-Hydrogel inkorporierte hGLuc-
MRNA erfolgreich von HEK293-Zellen im Hydrogel aufgenommen werden kann und zur
Herstellung von hGLuc tber 21 Tage fuhrte. Die schnelle Freisetzung und Aufnahme der
hohen mMRNA Menge nach dem ersten Inkubationstag kénnte der Grund fur die Produktion der
hochsten hGLuc-Menge am zweiten Inkubationstag sein. Danach nahm die Produktion von
hGLuc mit der Zeit ab. Dies konnte mit Abbauprozessen des Hydrogels zusammenhangen,
sowie mit dem Abbau der komplexierten mRNA. Zusatzlich wurde gezeigt, dass die Erzeugung
von mRNA-Transfektionskomplexen erforderlich ist, um die mRNA effizient in die Zellen zu

transportieren und kontinuierlich das gewlnschte Protein zu produzieren. Durch das
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Verpacken mit Transfektionsreagenzien kénnen die mRNA-Molekile effizienter in die Zellen
aufgenommen werden. Des Weiteren kdonnen die mRNA-Molekile vor Nukleasen geschutzt
werden und dadurch kann die Stabilitat verbessert werden.?° Messungen der Viabilitat Gber 3
Tage zeigten, dass der Einbau der synthetischen hGLuc mRNA in die Chitosan-Alginat
Hybridhydrogele keinen negativen Einfluss auf die Zellen hat.

Diese Studie bestatigt, dass Hydrogele mit synthetischen mRNAs beladen werden kénnen und
zu einer verlangerten Abgabe von mRNA-Transfektionskomplexen geeignet sind. Dies kdnnte
fur die lokale und kontinuierliche mRNA-Abgabe an Zellen fur diverse Anwendungen von
groRem Nutzen sein, wie z. B. zur Produktion von Wachstums- oder Differenzierungsfaktoren

fur die Geweberegeneration.
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5. AUSBLICK

Wahrend dieser Arbeit gelang es, den Grundstein fir RNA-basierte Modifikationen von Zellen
zu legen, die fur therapeutische Applikationen in der regenerativen Medizin verwendet werden
kénnen. Es war mdglich verschiedene synthetische mRNAs und eine srRNA herzustellen und
damit Zellen so zu modifizieren, dass entweder ihr natlrliches funktionelles Potenzial
verbessert oder ihr zellulares Schicksal verandert wurde. Die proangiogenen mRNAs, die fur
ANG-1, VEGF-A und SDF-1a kodieren, erhéhten das angiogenetische Potenzial von EPCs
und iPSCs konnten mit srRNA effektiv und riickstandsfrei aus verschiedenen Ausgangszellen
hergestellt und zu gewebespezifischen Zellen differenziert werden. Dariiber hinaus wurde ein
injizierbares MRNA-Hydrogel aus den natirlichen Komponenten Chitosan und Alginat
entwickelt, das eine verzogerte Freisetzung von synthetischer mRNA gewahrleistet.

Bevor eine therapeutische Anwendung von mRNA bzw. srRNA modifizierten Zellen am
Patienten stattfinden kann, muss die Sicherheit und Wirksamkeit dieser Zellen weiter in vivo
untersucht werden. Dazu ist eine genaue Charakterisierung und Sortierung der gewinschten
Zellen mithilfe von z. B. Oberflachenmolekiilen mittels FACS ndétig, um die Reinheit der
Kardiomyozyten zu gewéahrleisten und somit negative Effekte nach einer Transplantation zu
vermeiden. Weiterhin ist flr Zelltherapien auch die Art der Applikation von Bedeutung, um
einerseits die Zellen effektiv und schonend mit der RNA zu modifizieren und andererseits die
modifizierten Zellen an den gewlinschten Ort im Korper einzubringen. Daher spielt auch die
Transfektionsmethode fiir das Uberleben der Zellen eine groRe Rolle und somit auch fiir den
Erfolg einer Zelltransplantation und sollte daher griindlich untersucht werden. Interessant sind
dabei Methoden firr einen schnellen Gentransfer, wie z. B. die Elektroporation von Zellen mit
mMRNA. Dabei kbnnen die Zellen direkt nach der Transfektion in ein Gewebe injiziert werden
und somit kann die Uberlebensfahigkeit und Integrationsfahigkeit der Zellen im Gewebe
optimiert werden und zur verbesserten Geweberegeneration filhren. Dies wiirde auch die
zuklnftige individualisierte Behandlung des Patienten beschleunigen und wirde somit zur
Einsparungen von Kosten, die zur weiteren in vitro Kultivierung der Zellen nétig sind, fuhren.
Um die regenerative Wirksamkeit, sowie die Integrations- und Uberlebensfahigkeit der mit
MRNA modifizierten Zellen zu bestatigen, missen diese in geeigneten In-vivo-Modellen, wie
Ischamie- oder Infarkt-Modellen, untersucht werden.

Die RNA-basierte Modifikation von Zellen stellt eine vielseitige Methode fir therapeutische
Anwendungen im Bereich der Regenerativen Medizin dar, da diese Zellen durch die mRNA
vermittelte Expression von gewtinschten Proteinen rickstandsfrei und transient verandert
werden konnen. Dartber hinaus kénnte dieses Verfahren fir die Behandlung verschiedener
Krankheiten individuell eingesetzt werden, indem der gewiinschte Zelltyp mit einer oder
mehreren mRNAs bzw. srRNA modifiziert wird, um die Produktion von therapeutischen

Proteinen in vivo zu produzieren oder einen gewtinschten Zelltyp zu generieren
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7. ANHANG
7.1. Abkirzungsverzeichnis

Abkurzung | Deutsch Englisch

ADAR RNA-spezifische Adenosindeaminase RNA-specific adenosine deaminase

ANG-1 Angiopoientin-1 angiopoientin-1

ARCA Anti-Reverses Cap-Analogon anti-reverse cap analog

BcM B18R konditioniertes Medium B18R conditioned Medium

BMP2 knochenmorphogenetischen Protein 2 bone morphogenetic protein 2

CAM Chorioallantoinmembran chorioallantoic membrane

CLSM Konfokale Laser Scanning Mikroskopie confocal laser scanning microscopy

CPCs Kardiale Vorlauferzellen cardiac progenitor cells

DNA Desoxyribonukleinsaure desoxyribonucleic acid

dsRNA Dopplestrangige RNA double stranded RNA

cMyc zellulares Myelocytomatose-Gen celluar myelocytosis gen

EPCs endotheliale Progenitorzellen endothelial progenitor cells

eGFP Verbessertes grin fluoreszierendes enhanced green fluorecent protein
Protein

FGF Fibroblasten-Wachstumsfaktor fibroblast growth factor

B-GP B-Glycerolphosphat B-glycerophosphat

GMP Gute Herstellungspraxis good manufacturing practice

hGluc Humanisierte Gaussia Luziferase humanized Gaussia luciferase

hPL Humanes Plattchenlysat Human platelet lysate

HPLC Hochleistungsflissigkeits- high performance liquid chromatography
chromatographie

IFN Interferon interferon

IL Interleukin interleukin

iPSCs Induziert pluripotente Stammzellen induced pluripotent stem cells

IRES Internale Ribosomen Eintrittsstelle internal ribosom entry site

IRF Interferon-regulatorischer Faktor Interferon-regulatory factor

ISG IFN-stimuliertes Gen IFN-stimulated gen

ISGF-3 IFN-stimulierter Genfaktor 3 IFN-stimulated gen factor 3

VT In vitro Transkription in vitro transcription

JPCs Kieferperiostzellen jaw periostal cells

Klif4 Krippel-ahnlicher Faktor 4 Krippel-like factor 4

LPG2 Labor fur Genetik und Physiologie 2 laboratory of genetics and physiology 2

5-mCTP 5’-Methylcytidintriphosphat 5’-methylcytidine triphosphate

MDAS Melanoma-Differenzierungsantigen 5 melanoma differentiation-associated

protein 5

MSCs Mesenchymale Stamm-/ Stromazellen mesenchymal stem/ stroma cells

mMRNA Boten-RNA messenger RNA

NF-kB Nuklear Faktor kB nuclear factor kB

NLR NOD-ahnliche Rezeptoren NOD-like receptors

NOD Nukleotid-bindende Doméane nucleotide-binding domain

NuFF Vorhaut-Fibroblasten gewonnen von newborn foreskin fibroblasts
Neugeborenen

OAS Oligoadenylatsynthetase oligoadenylate synthetases

Oct4 Oktamer-bindender Transkriptionsfaktor4 | octamer-binding transcription factor 4

PCR Polymerase Kettenreaktion polymerase chain reaction

pDNA Plasmid DNA plasmid DNA
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PKR dsRNA-abhangige Proteinkinase dsRNA-dependent protein kinase

PRR Mustererkennungsrezeptoren pattern recognition receptors

PSCs Pluripotenete Stammzellen pluripotent stem cells

RECs Renale Epithelzellen renal epithelial cells

RIG-I Retinsaure-induzierbares Gen | retinoic acid inducible gene |

RLR RIG-I-&hnliche Rezeptor RIG-I-like receptor

RNA Ribonukleinsaure ribonucleic acid

SDF-1a Stromazellen-abgeleiteter Faktor 1 alpha | stromal cell-derived factor 1 alpha

Sox2 geschlechtsbestimmende Region SRY(sex determing region Y)-Box 2
Y-Box 2

STRNA selbst-replizierende RNA self-replicating RNA

SiRNA kleine eingreifende RNA small interfering RNA

SSRNA Einzelstrangige RNA single stranded RNA

STAT Signaltransduktor und Aktivator der signal transductor and activator of
Transkription transcription

TLR Toll-&hnlicher Rezeptor Toll-like receptor

TNF-a Tumornekrosefaktor-a tumor necrosis factor-a

UPR Ungefaltetes Protein-Antwort unfolded protein response

Y-UTP Pseudo-Uridintriphosphat Pseudouridine-triphosphate

UTR Untranslatierbare Bereiche untranslated region

VEE Venezolanische Pferdeenzephalomyelitis | Venezuelan Equine Encephalitis

VEGF Vaskularer endothelialer vascular endothelial growth factor
Wachstumsfaktor
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Abstract: The application of synthetic messenger RNA [mRNA) exhibits various advantages, such as
expression of desired proteins in cells without genomic integration. In the field of tissue engineering,
synthetic mEMNAs could be also used to modulate the protein expression in implanted cells. Therefore,
in this study, we incorporated synthetic humanized Gaussia luciferase (hGLuc) mEMA into alginate,
chitosan, or chitosan-alginate hybrid hydrogels and analyzed the release of hGLuc mENA from these
hydrogels. After 3 weeks, 79% of the incorporated mRNA was released from alginate hydrogels,
approximately 42% was released from chitosan hydrogels, and about 70% was released from
chitosan-alginate hydrogels. Due to the injectability, chitosan-alginate hybrid hydrogels were selected
for further investigation of the bioactivity of embedded hGLuc mRNA and the stability of these
hydrogels was examined after the incorporation of synthetic mRNA by rheometric analysis. Therefore,
HEK293 cells were incorporated into chitosan-alginate hydrogels containing mRNA transfection
complexes and the luciferase activity in the supernatants was detected for up to 3 weeks. These results
showed that the biodegradable chitosan-alginate hybrid hydrogels are promising delivery systems
for sustained delivery of synthetic mEMNAs into cells. Since chitosan-alginate hybrid hydrogels are
injectable, the hydrogels can be simultaneously loaded with cells and the desired synthetic mEMNA
for exogenous protein synthesis and can be administered by minimally invasive local injection for
tissue engineering applications.

Keywords: synthetic mRNA; injectable hydrogels; mENA delivery; production of exogenous proteins

1. Introduction

In recent years, the application of synthetic messenger RNAs (mRMAs) for the production
of therapeutic proteins has gained interest due to their advantageous properties over the use of
DM A-based methods, including a safe, easy, and efficient translation of proteins [1,2]. The synthetic
mBEMNA does not integrate into the host genome, it does not need to enter the nucleus for the
translation of proteins, and after reaching the cytosol, delivered mENA is immediately translated by
ribosomes into proteins. So far, several applications with therapeutic mENAs have been investigated,
including vaccination, treatment of cancer, infectious diseases, protein deficiency disorders, inflammation,
as well as production of grow th factors, cellular reprogramming and differentiation [3-15].

Hydrogels are three-dimensional (3D) networks composed of natural or synthetic hydrophilic
polymer chains, which can be cross-linked physically or chemically [19-21]. Especially, due to their
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high biocompatibility, biodegradability, and low toxicity, natural polymers are beneficial compared
to synthetic polymers [19,22]. Thus, hydrogels have attracted increased attention especially in tissue
engineering applications and regenerative medicine, e.g., for the regeneration and repair of tissues
or the controlled release of drugs [20,23,24]. Multiple studies demonstrated the applicability of
hydrogels for the release of a broad range of different therapeutic agents, such as growth factors [25-29],
insulin [30~32], and anti-cancer drugs [27,33-36].

Alginate and chitosan are very frequently used biomaterials for the generation of hydrogels.
Alginate is a polyanionic polysaccharide, which consists of alternating blocks of (1-4}-linked
B-D-mannuronic acid (M) and a-L-glucoronic acid (G) monomers [37]. The polymers can be
ionically crosslinked using bivalent cations, such as Ca?*, to obtain a three-dimensional network [38].
Alginate solutions can also be injected in vivo and hydrogels can then be generated by Ca?* ions that
are present in the surrounding tissue [39]. Furthermore, due to their similarity to extracellular matrix
proteins, alginate hydrogels have been used as a carrier for cells, and have proven to promote the
release of nucleic acids, such as small interfering RINA (siRNA) and plasmid DNA (pDMA] [40-43].
In contrast to alginate, chitosan is a cationic polysaccharide and it is produced by the deacetylation
of chitin. The gelation of chitosan can be performed by adding glycercl phosphate (GFP). Thereby,
injectable chitosan solutions can be generated, which are thermo-responsive at physical pH and enable
in situ formation of gels upon warming to body temperature [44]. Due to their charge, cationic polymers
are favorable for delivery of anionic molecules. Thus, chitosan is able to condense nucleic acids into
cationic polyplexes and thereby, facilitate transfection [45]. The release of functional nucleic acids from
chitosan hydrogels was demonstrated for siRNA, which resulted in a prolonged and localized gene
silencing, and for pDNA, which promoted tissue regeneration [43,45-47].

Chitosan and alginate are known to form polyelectrolyte complexes and have been combined to
create hybrid hydrogels [45,49]). Due to electrostatic interactions of the opposite charged polymers,
this hybrid material combination demonstrates an increased stability compared to both polymers
alone [50]. In previous shudies, chitosan-alginate hybrid hydrogels supported cell growth, wound healing,
bone regeneration, cartilage tissue engineering, and they were used for the treatment of myocardial
infarction and to induce angiogenesis [49,51-54]. Furthermore, cationic pDMNA-nanoparticles
incorporated into a 3D chitosan-alginate porous scaffold demonstrated gene delivery in prostate
cancer cells in vitro and in vive [55].

Drug-releasing systems continuously delivering synthetic mENA locally to the cells during
the required period could represent a suitable alternative to repeated administration of synthetic
mRNA, especially for in vivo applications. To obtain a sustained expression of an exogenous protein,
we developed a local delivery approach based on mREMNA embedded injectable hydrogels. Here,
we analyzed for the first time, the applicability of synthetic mEMNA in hydrogels for the extended
transfection of cells incorporated into hydrogels. Therefore, synthetic secretable humanized Gaussia
luciferase (hGLuc) mEMA was loaded into alginate, chitosan, or chitosan-alginate hybrid hydrogels and
the release characteristics of synthetic mEMNA was investigated over a period of 21 days. Afterwards,
the binactivity of incorporated mRNA and the transfectability of cells were determined.

2. Results

2.1. Release of Cy3-Labeled hGLuc mRNA from Hydrogels

In order to investigate the release kinetics of synthetic mRNA from alginate, chitosan, and chitosan
-alginate hybrid hydrogels, 4 ug of complexed Cy3-labeled hGLuc mENA was incorporated into the
hydrogels. After 4 h, 1, 2, 3, 7, 14, and 21 days of incubation at 37 "C, the relative flucrescence
intensity (RFU) of Cy3-labeled mRMNA was measured in 50 pl. supernatant in triplicates. The amount
of released mRNA was calculated by using a standard curve ranging from 31 to 1000 ng Cy3-labeled
mENA. According to the measurements, all hy drogels demonstrated a sustained release of Cy3-labeled
hGLuc mENA over 21 days (Figure 1). At 21 days, alginate hydrogels (1.3% alginate, 19.9 mM CaCl3)
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released 79.0M% of the incorporated Cy3-mRMNA. Chitosan hydrogels (1.9% chitosan, 4.2% GP) showed
compared to alginate hydrogels a slower mENA release and only 41.8% of the incorporated mRNA was
released during 21 days. The incorporation of mENA into a hybrid hydrogel containing 1.4% chitosan,
0.6% alginate and 4% GP resulted in slower release compared to alginate hydrogels. After 21 days of
incubation, 69.6% of the incorporated Cy3mENA was released.
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Figure 1. Cumulative release profile of Cy3-labeled hGLuc mRNA from alginate, chitosan, and chitosan
-alginate hybrid hydrogels. Hydrogels consisting of alginate (1.3% alginate and 19.9 mM CaCly),
chitosan (1.9% chitosan, 4.2% glycerol phosphate (GP)), or chitosan-alginate (1.4% chitosan, 4% GI
and 0.6% alginate) were prepared and loaded with 4 pg of Cy3-hGLuc mRNA transfection complexes.
The release of Cy3-mBENA was determined after 4 b, 1, 2, 3, 7, 14, and 21 days (d). The total amount of
released mENA after 21 davs was 79% for alginate, 42% for chitosan, and 70% for chitosan-alginate
hvbrd hydrogels. Data are shown as mean = SEM (i = 3).

2.2, Eheological Characterization of mRNA-Loaded Chitosan-Alginate Hydrogels

Due to the injectability of chitosan-alginate hydrogels compared to chitosan hydrogels and
slower mEMNA mrelease compared to alginate hydrogels, chitosan-alginate hydrogels were selected for
further analysis. To assess hydrogel characteristics and the stability of hydrogels over several days
in vitro, chitosan-alginate hydrogels were loaded without or with 4 pg of complexed hGLuc mEMA.
As a control, hydrogels with transfection reagent were generated. Rheological measurements were
performed directly after gelation (day 0) and after the incubation of hydrogels with 0.5 mL Dulbecco’s
phosphate-buffered saline (DPBS) for 1, 7, 14, and 21 days at 37 °C.

Crwer the whale frequency range (10-100 Hz) and incubation time, the hydrogels demonstrated
higher storage (G') modulus compared to the loss (G") modulus, which indicated stable gel-like
properties of the chitosan-alginate hydrogels (Figure 2). After the addition of DPBS to the gels
(day 1), mENA-loaded chitosan-alginate hy drogels showed significantly higher elastic G’ and viscous
G" values (187 + 79 Pa G’ and 185 + 86 Pa G") compared to hydrogels without mENA (54 £ 19 Pa G’
and 38 + 16 Pa "), representing higher mechanical strength and stiffness of the mRMNA-loaded
hydrogel. Although after 7, 14, and 21 days, the mFEMNA containing hydrogels showed higher G values
than the hydrogels without mENA, only the value after 14 days of incubation was statistically
significant (Figure 2B). A slight decrease of G" and G" was detected in all hydrogels from day 1
to day 7, which could be the result of hydrogel degradation.
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Figure 2. Rheologcal charackerization of mEMNA containing chitosan-alginate hybrid hydrogels over
timer. (A) Hydrogels without and with 4 pg mENA and hydrogels containing only the transfection
reagent (TR) were generated. Storage (G') and loss moduli (G') wemne analyzed without adding
Dhulbecco’s phosphate-buffered saline (DPBS) (D) and after the addition of DPBES and incubation for
1 (D1}, 7 (07, 14 (I 4), and 21 (D21) days using cecillatory squeese-flow rheometer with a frequency
scan of 10-100 Hz. Hydrogels without and with mENA showed higher G than G" modulus after
different time points of incubation in DPBS, which indicates stable gellike properties over time;
(B) Statistical analvsis of G’ and G values at 10 and 100 Hez. Results are shown as mean + SD (n = 3).
Statistical differences were determined using repeated measures two-way ANOVA with Bonferroni’s
multiple comparisons test. (* p < 0.05, ** p < 0.01).

2.3, Bioactivity of hGLuc mENA Incorporated into Chitosan-Alginate Hydrogels

Chitosan-alginate hydrogels containing 1.5 = 107 HEK293 cells were generated and 4 ug hGLuc
mEMNA with or without complexation with transfection reagent was incorporated into the hydrogels.
Additionally, hydrogels without mEMNA and transfection reagent or only with transfection reagent
were produced as negative controls. The ability of hGLuc mENA to mediate protein expression in cells
was analyzed over a period of 21 days by detection of luciferase activity in the supernatant (Figure 3).
Dring 21 days, significantly increased amount of hGLuc was detected in hydrogels containing
synthetic hGLuc mRMA transfection complexes compared to control hydrogels. The highest luciferase
activity was measured after 48 h of incubation. Afterwards, a continuous decrease of luciferase
activity was determined. Due to the ability of chitosan to generate complexes with negatively charged
oligonucleotides, we further investigated if the HEK293 cells can be transfected without using the
transfection reagent. Although hGLuc protein could be detected until 7 days, the measured values
showed large fluctuations and the differences were statistically not significant. Clearly, less protein was

64



Publikation |

Int. [ Mol. 5q. 2018, 19, 1313 bof 15

produced when the mEMNA was incorporated without transfection reagent compared to the hydrogels
with complexed mRMNA (Figure 3). After 9 days, the protein expression dropped to the levels of control
hydrogels without mENA. These results demonstrated that the generation of mRNA transfection
complexes are required to efficiently transfect cells and to continuously produce a desired protein in
cells. The hGLuc expression of cells after a single transiection with 4 ug hGLuc mENA over 4 days is
shown in Supplementary Figure 51.
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Figure 3. Bivactivity of hGLuc mENA incorporated into chitosan-alginate hvbrid hvdrogels,
Chitosan-alginate hydrogels with 4 pg hGLuc mENA complexed with or without transfection reagent
(TE) weme generated and 1.5 x 10° HEE293 cells wene incorporated. Additionally, hydmogels containing
HEKZ33 oells without mRNA and TR or with TR were produced. The production of hiGLuc was
determined from 1 to 21 davs in medium using luciferase assay. Data are shown as mean £ SEM,
(i = 4). Statistical differences were determined using one-way ANOVA with Bonferromi’s mulbiple
comparsons st (Y74 p o 0.0001).

24, Influence of hGLuc mENA Loading into Chitosan-Alginate Hybrid Hydrogels on Cell Viability

To assess the influence of synthetic mENA loading in chitosan-alginate hydrogels on cell viability,
1.5 x 107 HEK293 cells were incorporated into the gels. The cell viability was measured 24, 48, and Y2 h
after the cultivation at 37 °C using PrestoBlue assay (Figure 4). The same number of cells was also
seeded in one well of a 12-well plate without hydrogel. No statistically significant differences in
cell viability were detected in hydrogels containing the hGLuc mRMNA, transfection reagent, or only
OptiMEM compared to the adherent growing cells without hydrogel. After 48 h of cultivation, a small
reduction of cell viability to approximately 70% was detected in HEK293 cells cultivated in hydrogels
compared to the adherent growing cells. This could probably be caused by adaptation differences
between the cells encapsulated in hydrogels and adhesive growing cells on the cell culture plate.
However, the decrease of cell viability was statistically not significant.
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Figure 4 Analysis of the influence of hGLuc mENA loading into chitosan-alginate hybrid
hydrogels on cell viability using PrestoBlue® assay. 1.5 » 10° HEK293 cells wene incorporated inbo
chitosan-alginate hybrid hydmogels containing 4 pg hGLuc mRMNA complexed with transfection reagent
({TR}. Furthermone, hy drogels without mRMNA and TR or without TR were generated. PrestoBlue cell
viability assay was performed 24, 48, and 72 h after incubation of hydmogels at 37 °C. 1.5 = 10% HEK293
cells cultivated in 12-well plates were analyzed as positive controls. The viability of cells without
hydrogel was set to 100% and the viability of cells in hy drogels was expressed melative to cells without
hydrogel. Data are shown as mean £ SEM, (1= 3). Statistical differences weme analvzed using one-way
ANOVA with Bonferroni's multiple comparisons test. (ns: non-significant).

3. Discussion

Hydrogels are promising scaffolds for the delivery of drugs as well as for the cultivation
of cells. In this study, different hydrogels were tested for the incorporation of synthetic mENA.
Injectable chitosan-alginate hybrid hydrogels loaded with synthetic modified hGLuc mENA demonstrated
the sustained release of the incorporated Cy3 hGLuc mRNA over 21 days. The incorporated hGLuc
mENA was bicactive and led to the production of hGLuc for up to 3 weeks. These results demonsirated
that hydrogels containing cells can be additionally loaded with synthetic mENA and applied for
simultaneous delivery of mENA to implanted cells for tissue engineering applications. Thereby,
desired proteins can be produced by the incorporated cells over an extended period without the need
of repeated administration of synthetic mRNA.

In order to analyze the release kinetic of synthetic mENA from different hydrogels, alginate,
chitosan, and chitosan-alginate hybrid hydrogels were generated. All hydrogels showed sustained
release of mEMA over 21 days. The slowest release was detected in chitosan hydrogels and the fastest
release was detected in alginate hydrogels. In comparison, the use of a chitosan-alginate hybrid
hydrogel resulted in a faster release of mENA than from the chitosan hydrogel and a slower release
than from the alginate hydrogel. Chitosan is a positively charged polymer, thus, the interaction
of the negatively charged mRENA with chitosan could lead to increased retention of the mENA in
hydrogels. In contrast, alginate is a negatively charged polymer and due to electrostatic repulsive
forces, the synthetic mRNA could be released much faster from alginate hydrogels than from chitosan
hydrogels. Krebs et al. demonstrated that the release of siRMA was delayed after the addition of
positively charged polymers, such as polyethylenimine (PEI) or chitosan, to the calcium crosslinked
alginate hydrogels [41]. In a recent study, the addition of chitosan to an alginate-based hydrogel
resulted also in slower release of negatively charged sphingosine-1-phospate compared to alginate
hydrogels alone [56]. In another study, Ma and colleagues subcutaneously injected siRMA containing
chitosan hydrogels in mice and they were able to detect the Cy5-labeled siRNA for up to 7 days
compared to less than one day for siRMNA alone [45].
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The results of our study showed that the release kinetics of the synthetic mRENAs can be modulated
by using different biomaterials e.g., with different charges. Furthermore, the production of hGLuc
over 21 days by HEK293 cells incorporated into hGLuc mENA containing chitosan-alginate hydrogels
demonstrated that the incorporated hGLuc mENA can be successfully uptaken into cells. The burst
release and the uptake of synthetic mRNA after the first day of incubation could be the reason
for the production of the highest hGLuc amount in HEK293 cells at the second day of incubation.
After the second day, the production of hGLuc decreased over time. This could be related to the
degradation processes, such as the degradation of hydrogels as well as possible degradation of
complexed mENA. Additionally, it was demonstrated that the generation of mRENA transfection
complexes is required to efficiently deliver the mEMA into the cells and to continuously produce
the desired protein in cells. Using transfection reagents, mENA molecules can be protected from
nucleases and thereby, the stability can be improved and the uptake into the cells can be increased [57].
In addition, cell viability measurements over 3 days revealed that the incorporation of synthetic hGLuc
mRMNA into chitosan-alginate hydrogels has no negative influence on the viability of cells.

4, Materials and Methods

4.1. In Vitro mRNA Synthesis

The plasmid pEX-AZ2 containing the hGLuc encoding sequence was produced by Eurofins
Genomics (Ebersberg, Germany). The DNA template for the synthesis of hGLuc mENA was generated
by PCR and transcribed into mRNA using an in vitro transcription (IVT) reaction as previously
described [58]. Briefly, the insert containing the coding sequence of hGLuc was amplified by PCR
using the forward primer: A-TTGOACCCTCOTACAGAAGCTAATACG-Y and reverse primer:
5-TpCTTCCTACTCAGGCTTTATTCAAAGACCA-3 (Ella Biotech, Martinsried, Germany) and
the HotStar HiFidelity polymerase kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. PCR product was purified using MinElute PCR purification kit ((liagen). Subsequently,
IVT reaction was performed using MEGﬁmipt@ T7 kit {Ambion, Glasgow, Scotland, UK) according to
manufacturer’s instructions. The IVT reaction mixture contained 7.5 mM ATF and 1.875 mM GTE and
to improve the stability and the translation of mENA and to reduce the immunogenicity, UTF and CTP
were completely substituted by 7.5 mM pseudoruridine-5-triphosphate (pseudo-UTP) and 7.5 mM
5-methylcytidine-5'-triphosphate (5-methyl-CTF) (TriLink Biotech, San Diego, CA, USA). Furthermore,
2.5 mM 3-0-Me-m7G(5 )ppp(3)G EMNA Cap Structure Analog (ARCA, New England Biclabs, Frankfurt,
Germany) was used for 5-end capping, and the mENA was dephosphorylated using 5 U Antarctic
phosphatase (New England Biolabs, Frankfurt am Main, Germany). Additionally, the IVT reaction
mixture contained 40 U RiboLock RNAse inhibitor (Thermo Scientific, Waltham, MA, USA) to prevent
mRNA degradation. After the IVT and dephosphorylation, the mEMNA was purified using RNeasy kit
(Qiagen) and nuclease-free water was used for the elution of mEMA. The purity and specific length of
generated PCR and mENA product was analyzed using 1% agarose gel electrophoresis. Samples were
run at 100 V for 45 min and the gel was stained with 1x GelRed™ (Biotium, Fremont, CA, USA) in
1= TBE buffer.

4.2, Fluorescent Labeling of mENA

To determine the released mENA from hydrogels, cyanine 3 (Cy3) labeled hGLuc mRNA was
generated by Cul(l)-free dibenzocyclooctyne (DBCOY) click chemistry. Therefore, the IVT mixture
contained instead of 7.5 mM pseudo-UTE 1.9 mM 5-azido-Ca-UTP (Jena Bioscience, Jena, Germany)
and 5.6 mM pseudo-UTE Thereby, 25% of the total amount of pseudo-UTP was replaced by
brazido-Cy-UTE Afterwards, 5-fold amount of DBCO-sulfo-Cy3 (Jena Bioscience) was added to
the 5-azido-C3-UTP containing mRNA and the volume was adjusted with DPBS (w/o CaE‘IMg?*}
to 40 pL, vortexed for 10 s and incubated for 60 min at 37 "C. In order to remove the remaining
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unbound DBCO-sulfo-Cy3 molecules, the labeling mixture was purified using ENeasy kit according to
manufacturer’s instructions.

4.3. Generation of mRNA Transfection Complexes and Incorporation into Hydrogels

Transfection complexes were generated by incubation of 4 ug hGLuc mENA with 4 uL of the
transfection reagent from the GenaxxoFect transfection kit and 8 L of the dilution buffer (Genaxxon
Bioscience, Ulm, Germany) for 15 min at room temperature (RT). Subsequently, the generated
transfection complexes were filled with nuclease-free water up to 30 uL. and added to the hydrogels,
mixed, and incubated for 30 min at 37 “C to achieve complete gelation of hydrogels. Hydrogels with
only transfection reagent or nuclease-free water were also prepared as negative controls,

4.4, Preparation of Hydrogels

441, Alginate Hydrogels

A solution containing 3% (w/v) alginate was prepared by gradual addition of 300 mg alginate
(Sigma-Aldrich, 5t. Louis, MO, USA) to 10 mL DPBS. After 1 h of constant stirring at 300 rpm and
ET, alginate was completely dissolved and sterilized using UV light for 30 min. An aqueous solution
containing 100 mM CaCl; was prepared and filtered through a 0.22 um sterile filter. Afterwards,
CaCl; solution was diluted in DPBS to 49 mM. For the incorporation of mEMA into the hydrogels,
BB.7 uL of 3% alginate solution was added to 30 pl. mENA transfection complex mixture and mixed
thoroughly. After adding 81.3 pL of 49 mM CaClz solution to the mENA containing alginate solution,
hydrogels consisting of 1.3% alginate and 19.9 mM CaCl; were obtained.

4.42. Chitosan Hydrogels

Chitosan with a deacetylation degree of V5-85% was purchased from Sigma-Aldrich and
autoclaved. To obtain a solution with 3% (w/v) chitosan, 300 mg of the sterilized chitosan was
dissolved in 10 mL DPBS containing 0.12 M hydrochloric acid. Chitosan was completely dissolved
by initial stirring at 100 rpm for 30 min at RT and the following stirring for 30 min at 4 “C.
Thermosensitive hydrogels were then produced by dropwise adding of 3.3 mL 20% sterile-filtered
cold GF (Sigma-Aldrich, 5t. Louis, MO, U5A) solution in DPBS. After stirring for another 60 min at
about 200-350 rpm and 4 "C, the transfection complexes (30 pL) were added to the hydrogel (170 pL).
The resulting final concentration was 1.9% chitosan and 4.2% GP.

4.4.3. Chitosan-Alginate Hybrid Hydrogel

To generate the chitosan-alginate hybrid hydrogels, 3% (w/v) chitosan solution was prepared
as described above. The chitosan solution (10 mL) was mixed at 4 *C with 4.4 mL 20% GP solution
by stirring at 600 rpm for 5-10 s and then at 100 rpm for 1 h. Subsequently, 4.14 mL of 3% alginate
solution was added and stirred at 350 rpm for 1 h. After mixing the gel (170 uL) with the mRNA
transfection complexes (30 ul), the final concentration was 1.4% chitosan, 0.6% alginate, and 4.0% GF.

4.44. Detection of Released Cy2-Labeled hGLuc mENA from Hydrogels

To perform release experiments, 200 ul of each hydrogel, containing 30 pL of the transfection complex
mixture (4 ug of Cy3-labeled mENA in 18 ul nuclease-free water, 4 uL. of GenaxxoFect transfection reagent,
and 8 uL of dilution buffer) was generated per well of 48-well plates. Negative controls were prepared
by adding the required amount of nuclease-free water, transfection reagent and dilution buffer or only
nuclease-free water and dilution buffer. After complete gelation of the hydrogels, 150 ul. DPBS was
added to each well and incubated at 37 “C. The supernatant was collected after4 h, 1, 2, 3,7, 10, 14,
and 21 days. After each time point, 150 uL fresh DPBS was carefully pipetted onto the hydrogels and
further incubated. The mEMNA, released from the hydrogels, was analyzed in duplicates (2 = 50 uL)
using the Mithras LB 940 Multimode Microplate Reader (Berthold Technologies, Bad Wildbad,
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Germany). Fluorescence intensity was measured using the excitation/emission wavelength of
495 nm/ 540 nm. To quantify the released mENA amount, a standard curve of Cy2-labeled mENA
with concentrations ranging from 31.25 ng to 1000 ng per 50 uL. DPBS was used.

4.5. Rheological Characterization of Chitosan-Alginate Hybrid Hydrogels Containing hGLuc mRNA

To assess hydrogel characteristics and the stability of hydrogels over several days invitro,
hydrogels were produced as mentioned above and 200 uL of hydrogel without and with 4 pg mENA
was transferred into 1.5 mL reaction tube and allowed to solidify for 1 h at 37 "C. Then, the first
rheological measurement (day 0) was performed after removing air bubbles by centrifugation at
100 g for 1 min. Next, 0.5 mL DPBS was added to the gels followed by further incubation at 37 "C.
The rheological characterization of the hydrogels was then performed after 1, 7, 14, and 21 days of
incubation at 37 “C using a squeeze-flow rheometer, called piezo axial vibrator (PAV) [59]. The storage
G’ (elastic) and loss storage G” (viscous) moduli of chitosan-alginate hydrogels were assessed by
oscillatory squeeze-flow measurements using a gap size of 100 pm. Hydrogels of 200 uL. were placed
on the bottom plate of the PAV and the lid was carefully fixed with a defined pressure. The experiments
were performed at RT with a frequency scan of 10-100 Hz.

4.6. Cultivation afHEKEQS Cdls

HEK293 cells were cultivated in DMEM with high glucose and L-glutamine supplemented with
10% FBS and 1% penicillin/ streptomycin (all from Life Technologies, Darmstadt, Germany). Cells were
kept at 37 "C with 5% CO; and the medium was changed every 3 days. Cells were rinsed with
1 mL DFB5 and detached using 0,04% trypsin/ 0.03% EDTA and 0.05% trypsin inhibitor in 0.1% BSA
(both from PromoCell, Heidelberg, Germany). After centrifugation for 5 min at 300 g, the cell pellet
was resuspended in culture medium.

4.7. Influence of hGLuc mRNA Loading in Chitosan- Alginate Hydrogels on Cell Viability

Chitosan-alginate hydrogels containing 1.5 x 10° HEK293 cells and 4 pg hGLuc mENA were
generated and transferred into one well of a 12-well plate. Then, hydrogels were incubated at 37 "C
with 1 mL cell culture medium. The cell viability was measured after 24, 48, and 72 h using PrestoBlue®
assay (Invitrogen, Carlsbad, CA, USA). Therefore, 110 uL PrestoBlue® cell viability reagent was added
to 1 mL cell culture medium per well and incubated for 1.5 h at 37 “C. The fluorescence intensity
of 50 uL supernatant was measured in triplicates at excitation wavelength of 530 nm and emission
wavelength of 600 nm using multimode microplate reader (Mithras LB 940, Berthold Technologies).

4.8. Analyses of the Bioactivity of Synthetic hGLuc mRNA Incorporated in Chitosan- Alginate Hydrogels

To analyze the transfectability and the functionality of the incorporated hGLuc mENA in
chitosan-alginate hydrogels, 1.5 x 10° HEK?293 cells were added in 100 pL cell culture medium to 500 pL.
chitosan-alginate hydrogels containing 4 pg hGLuc mEMNA and carefully mixed. Hydrogels were then
transferred into 12-well plates. After thermal gelation for about 30 min at 37 “C, 1 mL cell culture
medium was added to the gels and incubated at 37 “Cwith 5% CO, The production of secreted hGLuc
by HEK293 cells was determined over 21 days in medium using luciferase assay.

4.9. Luciferase Assay

To measure the luciferase activity in the supernatants, DPBS containing 20 pg/mL coelenterazine
(Carl Roth, Karlsruhe, Germany) was prepared. During the measurement, 100 uL. coelenterazine
solution was automatically injected into each well of a 96-well plate containing 40 uL supernatant
in triplicates. The resulting bioluminescence was immediately detected as relative light units (RLU}
using multimode microplate reader (Mithras LB 940).
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4.10. Statistical Analysis

Data are shown as mean =+ standard deviation (SD) or standard error of mean (SEM). One or two-way
repeated measures analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison test
was performed to compare the means. All statistical analyses were performed double-tailed using
GraphPad Prism version 6.01 (GraphPad Software, La Jolla, CA, USA). Differences of p < 0.05 were
considered significant.

5. Conclusions

This study confirmed the potency of chitosan-alginate hydrogels for prolonged delivery of mRNA
transfection complexes until 21 days in vitro. Above all, these promising results demonstrated for
the first time that hydrogels can be loaded with synthetic mRNAs for tissue engineering applications.
A schematic representation of the future clinical application of injectable chitosan-alginate hybrid
hydrogels loaded with synthetic mRNAs is displayed in Figure 5. The mRNA-loaded hydrogels
could be applied for local and continuous synthetic mRNA delivery to cells over weeks for diverse
approaches, e.g., to produce growth or differentiation factors to improve tissue regeneration.
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Figure 5. Schematic representation of the future clinical application of synthetic mRNA-loaded
injectable chitosan-alginate hybrid hydrogels for local and sustained delivery of synthetic mRNAs.
(1) The chitosan-alginate hybrid hydrogel is made of opposite charged polymers chitosan and alginate;
(2) After the addition of mRNA containing transfection complexes (lipoplexes) and cells, the obtained
hydrogels are injectable through a 20 G needle. Due to the use of B-glycerophosphate (GP) for thermal
activated crosslinking and an internal crosslinking of alginate by Ca?*, the gel can solidify inside
patient’s body at a desired position; (3) At the local site of injection, the lipoplexes can lead to the
continuous transfection of cells with synthetic mRNA; (4) After the release of mRNA from endosomes
into the cytosol, the ribosomal translation of mRNA into proteins starts and results in sustained
synthesis of desired proteins.
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The application of endothelial progenitor cells (EPCs) for the
revascularization of ischemic tissues, such as after myocardial
infarction, stroke, and acute limb ischemia, has a huge clinical
potential. However, the low retention and engraftment of EPCs
as well as the poor survival of migrated stem cells in ischemic
tissues still hamper the successful dinical application. Thus,
in this study, we engineered, for the first time, murine EPCs
with synthetic mRNAs to transiently produce proangiogenic
factors vascular endothelial growth factor-A (VEGF-A),
stromal cell-derived factor-1o (SDF-1et), and angiopoietin-1
(ANG-1). After the transfection of cells with synthetic mENAs,
significantly increased VEGF-A, SDF-1x, and ANG-1 protein
levels were detected compared to untreated EPCs. Thereby,
mRNA-engineered EPCs showed significantly increased
chemotactic activity versus untreated EPCs and resulted in
significantly improved attraction of EPCs. Furthermore,
ANG-1 mRNA-transfected EPCs displayed a strong wound-
healing capacity. Already after 12 hr, 94% of the created wound
area in the saratch assay was dosed compared to approximately
45% by untreated EPCs. Moreover, the transfection of EPCs
with ANG-1 or SDF-1o mRNA also significantly improved
the in vitro tube formation capacity; however, the strongest ef-
fect could be detected with EPCs simultaneously transfected
with VEGF-A, SDF-1a, and ANG-1 mRNA. In the in vivo
chicken chorioallantoic membrane (CAM) assay, EPCs trans-
fected with ANG-1 mRNA revealed the strongest angiogenetic
potential with significantly elevated vessel density and total
vessel network length. In condusion, this study demonstrated
that EPCs can be successfully engineered with synthetic
mRNAs encoding proangiogenic factors to improve their ther-
apeutic angiogenetic potential in patients experiencing chronic
or acute ischemic disease.

INTRODUCTION

The insufficient perfusion of tissues or organs with blood results in
ischemia and often leads to conditions such as stroke, myocardial
infarction, or acute limb ischemia During ischemia, the affected tis-
sues are damaged doe to hypoxia and the lack of nutrient supply and
waste removal. Thus, the formation of new blood vessels by angiogen-
esis and vasculogenesis is required. During angiogenesis, new blood
vessels are formed from pre-existing vessels and, during vasculogen-
esis, de nove blood vessel formation occurs through bone marrow-

2]
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derived endothelial progenitor cells (EPCs).' Thereby, the blood sup-
ply can be restored to ischemic tissues, the tissue damage can be
reduced, and, as a result, the function of affected tissues or organs
can be improved.

EPCs are circulating stem cells in the bloodstream, and they are re-
cruited by chemokines, which are secreted by injured and activated
cells at the injury site to induce revascularization.” EPCs settle and
differentiate at sites of vascular lesions, and they appear to participate
in vascular repair and homeostasis.” Previous studies even identified
EPCs as biomarkers in cardiovascular diseases, and a decline of EPC
numbers and dysfunction were related to ischemic diseases.”” Several
preclinical studies have demonstrated the vasculogenic and angio-
genic potential,”” as well as beneficial paracrine effects, of trans-
planted EPCs in the treatment of ischemic diseases."” However, the
success of clinical applications is limited due to low retention and
engrafiment of EPCs as well as the poor survival of migrated EPCs
in ischemic tissues.' """ Furthermore, the low quantity and quality
of isolated autologous EPCs is challenging for clinical applications.'
Thus, multiple animal and clinical studies with EPCs demonstrated
different results in their effectiveness to treat ischemic diseases.”"”
Consequently, novel strategies are needed to enhance the number
and function of EPCs and to obtain a successful autologous EPC
therapy for a more efficient tissue regeneration.

In previous studies, various growth factors, such as vascular endothe-
lial growth factor (VEGF)" or fibroblast growth factor (FGF),"" were
applied to improve the revascularization of tissues."” Local levels of
proangiogenic proteins were upregulated by delivering recombinant
meeins' “ar genes”"v" using nano- or m'n:mpart'n:lf:sn"'"H direct
injection into the target tissue,” ultrasound-targeted microbubble
destruction {UTMD),™ " or sustained release from implants.”” The
use of recombinant proteins is costly and it is dificult to maintain
adequate protein levels in the ischemic regions due to their relatively
short half-lives,” Therefore, gene therapy with viral and non-viral
vectors was used as an alternative strategy to express the desired
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Figure 1. Quality Control of the Generated PCR Products and In Witro-
Transcribed mRMNAs

ANG-1-, BDF-1a-, and VEGF -A-ancadng mANAs wara synthaszad and modified
with 3%-Palyl oo tal, 5-ARC4, 100% maCTP, 100% W-UTP, and post-transcnp-
tona phasphatass teatmant. Tha speciic Brghz of the ampified DMNA and tha
synthatc mANA was debctad usng 1% agaross gal dactraphorasis and GalFad
stanng at approxdmataly 1.8 kb for ANG-1, 006 kb for SDF-1e, and 0.9 kb far
VEGF-A. Tha 0.08- to 10-kb rangs mix DNA laddar and ths 0.5- to 10-kb ANA
addar wara usad as langth markeans Ms).

broangiogenic proteins, and it has shown to be promising for
example, for the treatment of myocardial ischemia.”

In recent years, the expression of exogenous proteins by the delivery
of synthetic mRNAs has gained great importance as an altemative
strategy to the viral vector or plasmid-based gene delivery methods.™
In contrast to genome-integrating gene delivery methods, theapplica-
tion of synthetic mRNA is a non-integrating method with no risk of
insertional mutagenesis. Since the mRNA does not need to enter the
nucleus, the synthetic mRNA can be efficiently delivered in dividing
as well as non-dividing cells. The transfection of synthetic mRNA
leads to the transient production of exogenous proteins in the cells,
and, after the natural degradation of mRNA, no footprint is left in
the cells.

The most intensively studied growth factor for the induction of
vascularization and angiogenesis is the vascular endothelial growth
factor-A (VEGF-A). It is involved in the chemotaxis, migration,
and differentiation of progenitor cells; endothelial cell (EC) survival
and proliferation; as well as the sprouting of vessels and vessel perme-
ability.™ Among alternative splice variants of VEGEF- A, VEGF-A 1. is
the quantitatively and qualitatively most important variant for angio-
genesis.”* VEGF-A binds and activates VEGF receptors 1 and 2
(VEGFR-1 and VEGFR-2) expressed on vascular ECs and EPCs
VEGFR-2 has approximately 10-fold higher kinase activity than
VEGFR-1, and the major proangiogenic signal is generated from
the ligand-activated VEGFR-2" Angiopaietin-1 {ANG-1) is pro-
duced by peri-ECs and platelets.”” It binds to Tie2 receptors on ECs
and maintains endothelial integrity and reduces the effects of inflam-
mation,™ which prevents vascular leakage and stabilizes vessels.
ANG-1 is further involved in EC migration and the reorganization
of ECs.™ Stromal cell-derived factor-1ee (SDF-1ux, also known as
CXCL12) is a chemokine that mediates the mobilization and recruit-
ment of bone marrow-derived progenitor cells that express CXCR4
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receptor on the cell surface, such as EPCs. Additionally, SDF-1w at-
tenuates EC apoptosis and stimulates new vessel capillary tube forma-
tion, and the expression of SDF-1x is regulated by hypoxia. ™"

In this study, for the first time, murine EPCs were engineered by the
exogenows delivery of synthetic mRNAs to increasingly express the
proangiogenic proteins VEGFE-A, SDF-1a, and ANG-1. The ability
of EPCs to produce the desired proteins was analyzed after the trans-
fection with synthetic mRNAs using ELISA. Next, the migration
behavior of mRN A-engineered EPCs was investigated by chemotactic
and wound-healing migration assay and compared with non-engi-
neered EPCs in vitro. Then, the in vitro and in vive angiogenic poten-
dal of mRNA-engineered EPCs was analyzed using tube formation
and chick chorioallantoic membrane (CAM) assay.

RESULTS

Generation of Synthetic mRMA Encoding ANG-1, SDF-1=2, and
VEGF-A

The specific length and purity of the generated PCR products and the
in vitro-transcribed modified mRNAs were analyzed by agarose gel
electrophoresis. After the gel electrophoresis, single bands without
misamplifications and expected lengths were detected for the PCR
products ANG-1 (1794 bp), SDF-l1z (567 bp), and VEGF-A
(873 bp) and the resulting in vitro-transcribed mRNA containing the
coding sequence, 3 and 5’ UTR regions, and PolyA, ., tail (Figare 1).

Expression of ANG-1, SDF-1=, and VEGF-A after the

Transfection of EPCs with Synthetic Modified mRNAs

After the successful production of synthetic mRNAs, the expression of
specific proteins was determined Therefore, single-m RNA transfec-
tions with 1.6 pg ANG-1,0.8 pg VEGF-A, or 0.5 pg SDF- 1z or trans-
fections with an mRNA cocktail consisting of 1.6 pg ANG-1,0.8 pg
VEGEF-A, and 0.5 pg SDF-1x were performed The concentrations
of produced proteins were measured in supernatants 24 hr after the
ransfections using ELISA (Figure 2). The transfection of EPCs
with ANG-1, VEGF-A, or SDF-1a mRNA resulted in significantly
increased production of ANG-1 (112 # 6.1 ng/mL), VEGF-A (142 +
67 ng/mL),and 5DF-1a (17 + 1.4 ng/m L) compared to the cells incu-
bated with medium or medium containing the transfection reagent
(Figure 2A). The transfection of EPCs with the mRNA cocktail also re-
sulted in significantly increased protein synthesis (Figure 2B), and
approximately 70 + 7.1 ng/mL ANG-1, 58 + 2.7 ng/mL VEGF-A,
and 8 + 0.4 ng/mL SDF- 12 were detected. Here, the amount of pro-
duced ANG-1 was Lé-fold, VEGF-A 24-fold, and SDF- 1z« 2.1-fold
less than after the transfection of EPCs with single mRENAs, In the
used mRNA cocktail, the total amount of mRNAs was 2.9 pg.

To test the influence of higher mRNA amounts on protein synthesis,
the cells were transfected with each single mRNA and EGFP mRNA,
which was used as a filler mRNA, to obtain a total mRNA amount of
29 pg. Especially, after the co-transfection of ANG-1 mRNA with
EGFP mRNA, a significant reduction of ANG-1 protein amount
could be detected (Figure 51). In the case of VEGF-A mBNA, noin-
fluence could be detected. A slightly higher amount of SDF-1x was
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Figure 2. Expression of ANG-1, VEGF-A, and SDF-1a after the Transfection of Synthetic mRMA into Murine EPCs

1 x 105 EPCewarne seadad and transfectad tha nesdt day with (4) 1.6 g ANG-1, 0.8 pg VEGF-A, ar 0.5 jug SDF-Ta mAMA ar with {8) an mANA cockdai containing 1.6 g
AMNG-1, 0.8 pg VEGF-A, and 0.5 pg SDF- 12 mANA. The prolein aexprassion was analyasd in supamatants 24 hr after the transkction usng BLISA. Calzs traated with aonly
madium ar madium and transfaction raagant (TR) sared as negative contrais. Rasults are shown as maan + SEM (n= 4). Statistical differances wera detarminad usingana-

way ANCOVA falowsd by Bonfamaoni muitipe comparnzan test (**p < 0,0001).

detected after the simultanecus transfection of cells with SDF-1x
and EGFP mRNA. Furthermore, double combinations of ANG-1,
VEGF-A, and SDF-1e mBRNA transfections were tested (Figure 52).
Here, the simultanecus transfection of cells with ANG-1 and
VEGF-A or SDF-1o mRNA also resulted in a reduction in ANG-1
protein expression. These results indicate that the higher mRNA
amount has an influence on ANG-1 production.

Influence of mRMNA Engineering on the Viability of EPCs

The influence of mRNA ransfections on the viability of EPCs was
analyzed using PrestoBlue cell viability assay. 1 x 10° EPCs were
cultivated overnight and transfected with 1.6 pg ANG-1, 0.8 pg
VEGF-A, or 0.5 pg SDF-1z2 mBNA or with a triple mBRNA cocktail.
As a control, cells were treated with Opti-MEM containing the
maximal amount of Lipofectamine 2000 (4 pL), which was used for
the generation of transfection complexes. The viability of cells incu-
bated with Opti-MEM (medium) was set to 100%, and the viability
of samples was displayed relative to these cells. As shown in Figure 3,
24 hr post-transfection, the transfection of cells with synthetic
mBENAs resulted in no significant differences in cell wviability
compared to the controls, cells incubated with medium or medinm
containing transfection reagent.

Chemotactic Migration of EPCs toward mRMA-Engineered
EPCs

The chemotactic activity of mRNA-engineered EPCs was determined
using a migration assay. Transwell inserts seeded with 5 » 10" un-

reated EPCs were placed in wells containing 1 = 10° mRNA-trans-
fected or untransfected EPCs. After & hr, the migrated cells were
stained with 1 pg/mL DAP] and counted The mRNA-transfected
EPCs were able to attract significantly more EPCs compared to
EPCs without mENA transfection (ANG-1 mRNA, 405 + 36 cells;
VEGF-A mBNA, 426 £ 41 cells; SDF-1o mRNA, 400 £ 12 cells;
and mRN A cocktail, 464 + 27 cells versus EPCs without mRN A trans-
fection [medium], 200 + 10 cells; Figure 4). Compared to single-
mRNA-transfected EPCs, the transfection of EPCs with the mRNA
cocktail resulted in a slight increase of migrated cell numbers; how-
ever, this increase was not statistically significant. The treatment of
cells with the transfection reagent also had no statistically significant
influence on the migration behavior compared to the cells treated
with medium. Interestingly, all EPCs transfected with a single
mRNA or with the mBENA cocktail showed comparable migration ac-
tivity. Overall, these results demonstrated an improvement of EPC
migration toward EPCs transfected with proangiogenic mBEN As,

Migration Capacity of mRNA-Engineered EPCs in Wound
Scratch Migration Assay

The in vitro wound-healing assay, which mimics the in vivo wound-
healing process, was used to analyze the migration behavior of
mRNA-engineered EPCs growing in a monolayer culture. Therefore,
28,000 EPCs with or without mBN A transfection were seeded in each
chamber of Culture-Insert 3 wells. After reaching confluence, the
culture inserts were removed from the dish to generate an open
wound field To quantfy the closed wound area, pictures were taken
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Figure 3. Influence of mAMA Transfection on the Viability of Murine EPCs

1 = 10° EPCs wars transfoctad with 1.5 g ANG-1, 08 pg VEGF-A, ar 0.5 pg
SDF- 12 mAMA arwith an mANA cocktal contaning 1.6 pgANG-1, 0.8 pg VEGF-A,
and 0.5 pg SDF -1a mANA. ViabSty was determinad 24 hr post-transicton uang
PrastaBlus assay. Thaviabiity of calls ncubatad with Opt- MEM {madium] was sat
1o 100%, and thavabity of |mmpes weas axprasse d ralative to thess cals. Tha data
ana shown a5 maan + SEM in = 3). No datsticaly sgnficant differances wana
datarminad usng ona-way ANOVA falowad by Borfamon muibipe comparsan
tasdt.

immediately after removing the insert (0 hr) and after 12, 24, and
36 hr. After 36 hr, the wound areas were closed for each sample (Fig-
ure 5). EPCs transfected with ANG-1 mRENA showed fastest closure
of the wound area, with 94% already after 12 hr. In comparison, a
wound closure area of about 45% was detected with EPCs treated
only with medium and 38% with EPCs treated with the medium con-
taining transfection reagent. After 24 hr, 100% of the wound area was
closed in ANG-1 mRNA-transfected EPCs and 93% wound area was
closed in SDF- 1 mRN A-transfected EPCs. The dosure of the wound
area was significantly higher in these EPCs compared to the medium
control. Especially, the transfection of EPCs with ANG-1 mRNA
accelerated the migration process so that the wound area was
completely closed already after 12 hr. In comparison, EPCs trans-
fected with the mRNA cocktail showed significantly less wound
closure area. Furthermore, the treatment of the cells with the transfec-
tion reagent had no significant influence on the migration and the
speed of wound cdosure compared to untreated cells (medium
control).

In Vitro Angiogenic Potential of mRMNA-Engineered EPCs

The tube formation assay was performed to assess the angiogenic po-
tential of mRNA-engineered EPCs in vitro. Therefore, 1 x 10° EPCs
transfected with 1.6 pg ANG-1, 0.8 pg VEGF-A, or 05 pg SDF-1x
mRNA or with a triple mRNA cocktail were seeded on Matrigel.
Already within 4 hr, EPCs spontaneously initiated vascular morpho-
genesis and formed multicellular tubular networks (Figure 6). Using
Angiogenesis Analyzer Image] plugin, the number of segments
(elements, which are delimited by two junctions), number of master
segments (segments, which are none exclusively implicated with ane
branch), number of nodes (pixels with at least 3 neighboring ele-
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ments, corresponding to a bifurcation), total segment length (sum
of lengths of the segments in the analyzed area), the total mesh areas
(sum of areas enclosed by the segments or master segments), and the
branching interval (the mean distance separating two branches [total
segment length/rumber of branches]) were obtained The unit of area
and length is the pixel (px).

EPCs engineered to simultaneously produce ANG-1, VEGF-A,
and SDF-lz demonstrated highly increased network formation,
compared to the untreated EPCs (medium). Thereby, the networks
formed by EPCs transfected with the m RNA cocktail displayed higher
mumbers of nodes (545 + 29 versus 205 + 52), segments (185 + 14
versus 52 + 20), and master segments (110 + 12 versus 24 + 10),
with an increase in total segment length (11,343 £ 660 px versus
3786 + 1750 px), total mesh area (569,094 + 47,325 px versus
36,107 £ 24,228 px), as well as branching interval (116,306 +
12,322 px versus 49,573 + 21438 px). The single transfection of
EPCs either with ANG-1 or SDF-1z mRNA also led to an increase
of parameters related to network formation. However, the increase
was in the case of SDF-1a mRNA-transfected EPCs, statistically sig-
nificant for number of nodes, segments, and total segment length, and
in the case of ANG-1 mRNA-transfected EPCs, statistically signifi-
cant for rumber of segments. In the case of VEGF-A, no increase
could be detected compared to untreated EPCs. The overall results
demonstrated an improvement of network formation characteristics
in triple-mRNA-transfected EPCs, which led to a denser, highly
branched tubular network with increased numbers of tubes, suggest-
ing an improved induction of angiogenesis.

In Vivo Angiogenic Potential of mRNA-Engineered EPCs

The in vivo angiogenic potential of mRNA-engineered EPCs was
analyzed using the CAM assay. Therefore, 1 = 10° EPCs were seeded
and transfected the next day with 1.6 pg ANG-1, 0.8 pg VEGF-A, or
05 pg SDF- 1z mRNA or with a triple mRNA cocktail. After 24 hr,
cells were detached, and 4 » 10° cells were mixed in Matrigel
and placed within a silicone ring on the CAM. As controls, EPCs
incubated with medium or medium containing transfection
reagent were also applied to the CAMs For evaluation and
quantification of angiogenesis, the area of sample application
(within the @ 0.8-mm silicone ring) of the fixed CAMs was photo-
graphed and analyzed wsing Wimasis WimCAM web-based service
(Figure 7). Compared to the mRNA untreated cells (medium),
EPCs transfected with the ANG-1 mRNA resulted in an augmented
angiogenesis/vascularization determined by the significant increase
in numbers of total branching points (701 + 85 versus 337 £ 37),
a higher vessel density (44.5% + 0.6% versus 32% + 2%), and increases
in total segments (1,285 + 195 px versus 659 + 96 px) and total vessel
network length (73,101 + 5,986 px versus 46,551 + 6908 px) in the
analyzed area. Although EPCs transfected with the mRNA cocktail
also showed an improvement of parameters regarding network
formation on CAMs, the differences were not significantly different
from untransfected EPCs. EPCs treated with only SDF-1a mRNA
or VEGF-A showed no improved effect on the formation of new
vasculature compared to the controls.
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DISCUSSION

The improvement of angiogenic potential of EPCs by the use of
synthetic modified mBRNA represents a promising strategy for the
revascularization of ischemic tissues. In this study, we transiently
modified murine EPCs with synthetic mRNAs encoding ANG-1,
VEGF-A, and SDF-1z to augment the proangiogenic potential
Thereby, tissue repair and regeneration can be improved in the
affected regions, first by the local production of growth factors
improving the proliferation and maintenance of implanted EPCs,
and second by the local production of chemokines attracting other
EPCs to the required location.

The transfection of EPCs with synthetic mRNAs showed no influence
on cell viability, and, after the transfection of EPCs with single syn-
thetic mRNAs, the expression of ANG-1, VEGF-A, and SDF-1x
was demonstrated. However, the transfection of EPCs with a triple
mRNA cocktail resulted in a reduced production of proteins
compared to single-mRNA transfections. Especially, the production
of ANG-1 protein was significantly reduced due to the increased
mRNA amount in the triple mRNA cocktail-transfected cells. In en-
karyotic cells, most secreted and membrane proteins undergo matu-
ration steps in the lumen of the endoplasmic reticulum (ER).™ There,
after the translation, nascent polypeptides are chemically modified
and folded into mature proteins, and an accumulation of unfolded
proteins in the ER lumen can lead to an unfolded protein response
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Figure 4. Chemotactic Migration of EPCs toward
mRMA-Engineared EPCs

1 = 10° muring EPCs wera sultivatad avamight, and than
heaywara transfactad with 1.6 pg ANG-1,0.8 pg\Vt -A,
ar 0.5 pg SDF-12 mAMNA o with an mAMNA cockdal con-

laning 1.6 pg ANG-1,0.8 pgVEGF-A, and 0.5 pg SDF-1a
mANA. Migraton behavior of untreated EPCs (5 = 109
= saadad on tanawal insads loward mAMNA-transfactad
- -ANG-1-

o T4 VEGE-A.
© ¥5DF-la

EPCs was angdymd using a chamolactic migaton

aszay. Az a control, BPCs noubatad with madum o

madium contaning transkcton rmagant (TH) wans usad,
Aftar & fr, migratad BPCs frough 8-pm tranawal insarts
wara stanad with DAPI, andcal numbans weara calcuiatad
uang Imagal softwam, Scae

ars raprasant 100 pm.
Hasults ang shown &8 maan + SEM (n = 4). Satstca
differancas waa delamnad using ong-way ANOVA
folowad by Bonfamoni muftipes comparson B
"o« 0,001 and **p = 0.0001).

(UPR) stress. Thus, cells can selectively degrade
mRNAs encoding secreted proteins,” Pre-
sumably, the higher total amount of synthetic
mRNA per cell compared to single-mRNA
transfection could lead to an overload and to
a translational repression. Using EGFP mRNA
as a filler mRNA, no negative influence of
mRNA amount on the production of VEGE-A
and SDF-1x was detected However, in triple-
mRNA-transfected cells, feedback mechanisms
due to produced protein combinations could lead to the translational
repression or degradation of synthetic mRN A and, thereby, result in a
reduction of prodoced protein amounts.

In the chemotactic migration assay, all of the mRNA-engineered
EPCs were able to attract non-modified EPCs. Contrary to the
expectation that EPCs transfected with the mRNA cocktail could
have an augmented chemoattractant activity, this could be not
demonstrated. The reason, therefore, could be the producton of
reduced protein amounts in the mRNA cocktail-transfected EPCs
compared to the single-mRNA-transfected EPCs. However, the
mbe formation assay demonstrated significantly improved angio-
genic potential of EPCs transfected with the mRNA cocktail, which
could be caused by the synergistic effects of simultaneously pro-
duced ANG-1, VEGF-A, and SDF-lz. EPCs transfected with
SDF-1z or ANG-1 mRNA, or simidtaneously with SDF-1x and
VEGF-A mRNA (Figure 53), also showed an improved effect on
ube formation.

In the wound scratch migration assay, EPCs transfected with ANG-1
mRNA showed the fastest closure of the wound area with 94% already
after 12 hr. After 24 hr, the ANG-1 mRNA-transfected EPCs resulted
in 100% dosure of the wound area, which was significantly higher
than that in EPCs transfected with the mRNA cocktail that also con-
tained the ANG-1 mRNA. An improved wound dosure compared to
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the untreated cells was also detected after 24 hr with SDF-1a mRNA-
transfected EPCs. In the in vivo CAM assay, the highest angiogenic
potential was obtained by the ANG-1 mRNA engineering of EPCs.
Here, EPCs transfected with the mRNA cocktail also showed an
improvement of angiogenesis-related parameters, however, this in-
crease was not statistically significant.

VEGF is the most investigated growth factor for the treatment of car-
diovascular diseases and ischemic conditions, since it is a key regu-
lator of blood vessel formation. However, studies demonstrated that
newly formed blood vessels induced by VEGF are immature and
leaky. ™" Su and colleagues™ demonstrated that the simultaneous
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Figure 5. Analysis of Wound-Healing Capacity of
mRNA-Engineered EPCs via Wound Scratch
Migration Assay

1 x 10° murine EPCs wera cultvated ovemight, and then
theywers transfectad with 1.6 pg ANG-1,0.8 ugVEGF-A,
or 0.5 pg SDF-12 mARNA or with an mRNA cocktal con-
tanng 1.6 g ANG-1,0.8 ugVEGF-A, and 0.5 g SDF-1a
mANA. The naext day, cals wers detached, and 28,000
EPCs with or without mBNA transfacton were seadad in
aach chamber of Cuturs-dnsed 3 walls n p-dishas. Alter
5 tr, when the oalis complataly attached and covarad the
surface, anopen wound fisld was genarated. Immedataly
aftar tha ganaration of wound araas (0tr) and after 12,24,
and 36 tr, phasscontad images wera taken and
dosad wound areas were calcuated usng Tsoratch
soflware. Scale bar raprasants 500 pm. Resuls are
shown as mean + SD (1 = 8). Sttstical difirencas
were delermned using oneway ANOVA flowed
by Borferon mutips comparson test ('p < 0.05 and
***p < 0.0001).

36h

expression of ANG-1 and VEGF delivered by
an adeno-associated virus (AAV)-mediated
gene delivery approach has positive effects on
the therapy of infarcted mouse hearts, with
more capillaries, a smaller infarct size, and bet-
ter cardiac function. Moreover, the neovascula-
ture was less leaky compared to VEGF alone
treatment.

weonl e The results of this study proved that the modi-

fication of EPCs only with ANG-1 mRNA could

be sufficient for the improvement of angiogen-

2 Medium esis. SDF-1 mRNA transfection also showed

E3 Medium +TR an improvement of wound cdosure and
B3 ANG-1 mRNA

in vitro tube formation. In contrast, after the
single transfection of EPCs with VEGF
mRNA, an improvement in angiogenic poten-
tial could not be detected. In their study, Zangi
et al™ injected 100 pg VEGF mRNA into
cardiac muscle of mice and demonstrated
increased formation of systemically perfused
vessels in the area of injection. Thus, the production of higher
VEGF amounts by the mRNA-modified EPCs could be required to
improve the angiogenesis.

B8 VEGF-A mRNA
B SDF-1o mRNA

- ANG-1 + VEGF-A
+ SDF-1a mRNA

Compared to the in vivo injection of synthetic mRNA into the
affected tissue, using the approach described in this study, increased
numbers of EPCs can be obtained by the isolation and/or expansion
of EPCs. The ex vivo modification of these cells by synthetic mRNA to
produce their own proangiogenic proteins, after the in vivo injection
for a limited time, could further increase the angiogenic potential
compared to the injection of high amounts of VEGF mRNA into
the affected tissue. In this study, due to high transfection efficiency
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and cell compatibility, Lipofectamine 2000 was used as a transfection
reagent; however, the quick delivery of synthetic mRN A into the cells,
for example, by using methods such as elecroporation, could further
significantly improve the in vivo results. Thereby, the cells could be
immediately injected into the tissue after the mRNA transfection.
However, care should be taken that the selected transfection method
does not harm the cells.

The overexpression of paracrine factors in ischemic patients could be
especially beneficial to increase the mobilization and recruitment of
autologous stem cells to the damaged area to support healing and
regeneration by improving revascularization. In previous studies,
AAV or lentiviral vectors were applied to produce ANG-1 in rat
mesenchymal stem cells (MSCs),” VEGF- A in rat skeletal muscles,”
and SDF- 1z in human MSCs.” Furthermore, EPCs were genetically
maodified with adenoviral vectors encoding hypoxa-induced factor-
la (HIF-1z)," FGF-1," and VEGF;" lentiviral vectors encoding
ANG-1;" and retroviral vectors encoding SDF-1x and VEGE-A™
to improve angiogenesis in animal models of ischemia. Using these
vectors, the expression of proteins is maintained for an extended
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Figure 6. Analysis of Angiogenic Potential o f mRMA-
Engineered EPCs by Tube Formation Assay

1 = 10° muring EPCs wera cultivated awamight, and than
they wara transfactad with 1.6 pg ANG-1,0.8 pg VEGF-A,
ar 05 pg SOF-12 mAMA o with an mAMNA cockdal con-
taning 1.6 pg ANG-1,0.8 pgVEGF-A, and 0.5 pg S0F-1a
MANA. Aftar 24 Fr, EPCs ware delached and 1 = 107
EFPCs weaa seadad on Malngal-coaled angogenass
shdes Aftar 4 hr of noubation at 37°C, tha formation af
tubes was axaminad by phass-contrast mcroscooy.
Miorascope mages wara analysad using NIH Imagal
softears with Angoganasis Analyrsr plugin, and sag-
mants ara shown in maganta, masker sagmants in
aranga, branchas in grean, and mashas in blua. Tha
numibears (Mh) of nodas, sagmants, and mastar ssgmeants
and tha total (Tat.) sagmeant langth, fotal magh ansa, and
pranchng inlana waa gquantfied and comparad 1o
the medium contral. Tha unit of ama and Bngth =
pxal (px). Scas bas rmpramsant 100 pm. Aesuts as
shown a3 maan + S0 = 3). Statstcal dffaences wara
dataminad usng ons-way AMOVA falowsad by Bonlar-
rani mulpla comparizon test{p <0035, *“p<0.001, and
“**p « 0.0001).

period of time. However, the prolonged pres-
ence of exogenously expressed proteins can
’ have adverse effects. For example, the pro-
longed exposure of vessels to VEGF-A due to
DNA-mediated gene transfer can result in
edema due to an increased vessel perme-
ability.™ The synthetic mRNA-mediated pro-
tein expression in the cells ceases after the nat-
ural degradation of delivered synthetic mRNA,
which is approximately after 2-3 days,"” and
no footprint is left. We suggest that this time
frame could be sufficient for further homing of endogenous EPCs
to the ischemic tissue and the rapid connection of implanted EPCs
to the blood vessels of the surrounding intact tissue.

Conclusions

In this study, for the first time, we demonstrated that the angiogenic
potential of EPCs can be improved by the transfection of cells with
synthetic mRNAs encoding proangiogenic factors. The strongest
in vivo angiogenic potential could be detected with ANG-1 mRNA-
transfected cells. In vitre, EPCs transfected with the mRNA cocktail
showed significantly improved tube formation. Thus, this promising
synthetic mENA-based treatment method could be beneficial in con-
ditions associated with insufficient formation of new blood vessels in
damaged tissues, eg., after myocardial infarction, stroke, or limb
ischemia, or in the field of tissue engineering to improve the vascular-
ization of scaffolds and to promote vessel anastomosis with the host
vasculature. Furthermore, this method could be applied to the treat-
ment of various diseases by transfecting the desired cell type with one
or multiple mBNAs to modify cell activity and cell fate, in order to
improve cellular functions for sustained clinical outcomes.
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MATERIALS AND METHODS

In Vitro mRNA Synthesis

The pcDNA 3.3 plasmid containing the coding sequences for SDF- 1o
or VEGF-A 4 (referred to as VEGF-A) was produced by Aldevron
(Fargo, ND, USA), and pEX-K4 plasmid containing ANG-1 was pro-
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duced by Eurofins Genomics (Ebersberg, Germany). To synthesize the
mRNA, first of all, DNA templates were generated by PCR using
50-100 ng plasmid DNA, 07 pM forward primer (5-TTGG
ACCCTCGTACAGAAGCTAATACG-3") and 07 pM reverse
primer  (5-T1,CTTCCTACTCAGGCTTTATTCAAAGACCA-3')
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(Ella Biotech, Martinsried, Germany), and HotStar HiFidelity Polymer-
ase Kit (QIAGEN, Hilden, Germany), according to the manufacturer’s
instructions. PCR products were generated using the following ampli-
fication protocol: initial denaturation step at 94°C for 3 min, followed
by 25 cycles of denaturation at 94°C for 45 s, annealing at 57°C for
1 min, extension at 72°C for 1 min, and final extension at 72°C for
5 min. Afterward, PCR products were purified using MinElute PCR
purification kit (QIAGEN).

Next, the mRNA was produced by in vitre transcription (IVT) using
MEGAscript T7 Kit (Ambion, Glasgow, Scotland), according to the
manufacturer’s instructions. The IVT reaction contained 1.5 pg tem-
plate DNA, 7.5 mM ATP, 1.875 mM guanosine triphosphate (GTP),
75 mM pseudorunidine-5'-triphosphate (W-UTP), and 7.5 mM
5-methylcytidine-5'-triphosphate (m5CTP) (TriLink Biotech, San
Diego, CA, USA). Furthermore, 2.5 mM 3-0-Me-m7G(5")ppp(5")G
RNA Cap Stucture Analog (New England Biolabs, Frankfurt,
Germany) was used for 5" end capping, and the mRN A was dephos-
phorylated using 5 UfmL Antarctic phosphatase (New England Bio-
labs, Frankfurt am Main, Germany). Additonally, the IVT reaction
mixture contained 40 U RNase inhibitor (Thermo Fisher Scientific,
Waltham, MA, USA) to prevent mRNA degradation. After each reac-
tion step, the mRNA was purified using RNeasy kit (QIAGEN), and
the mRNA concentration was adjusted to 100 ng/pL in miclease-free
water. The purity and specific length of generated DN A templates and
mBENA products were analyzed using 1% agarose gel electrophoresis
at 100 V for 45 min and staining with 1= GelRed (Biotium, Fremont,
CA, USA) in 1x Tris-borate-EDTA (TBE) buffer.

Cultivation of Murine EPCs

In this study, murine embryonal EPCs (T17b cells), which were pre-
viously isolated and characterized by Hatzopoulos et al,* were used
These cells can differentiate into mature ECs and form vascular stroc-
tures in vitro and in vivo."” EPCs were cultivated in DMEM with high
glucose and L-glutamine supplemented with 20% fetal bovine serum
(FBS), 1= minimum essential medium (MEM) non-essential amino
acids (NEAA), 100 pM 2-mercaptoethanol, and 1% penicillin and
streptomycin. All these cell culture reagents were obtained from
Thermo Fisher Scientific {Waltham, MA, USA). Cells were cultivated
at 37°C with 5% C0O, and medium was changed every 2-3 days. Cells
were detached at about 70% confluency using 0.04% trypsin/0.03%
EDTA, and trypsin was neutralized using trypsin-neutralizing
solution (TNS, 0.05% trypsin inhibitor in 0.1% BSA; PromoCell,
Heidelberg, Germany). Afterward, cells were centrifuged for 5 min
at 300 = gand seeded on 0.1% gelatin- (Sigma-Aldrich Chemie, Stein-
heim, Germany) coated tissue flasks or cell culture plates.

Transfection of EPCs with Synthetic mRNAs

To perform the transfection of EPCs with synthetic mRNAs, 1 % 10°
EPCs were seeded per well of a 12-well plate coated with 0.1% gelatin
and incubated overnight at 37°C. The next day, lipoplexes were
generated by incubation of mRNAs with Lipofectamine 2000
(Thermo Fisher Scientific) in 0.5 mL Opti-MEM [ reduced serum
medium (Opti- MEM, Thermo Fisher Scientific). The transfections

were performed with equimolar amounts of mRNAs. Thus, EPCs
were transfected with 1.6 pg ANG-1, 0.8 pg VEGE-A, or 05 pg
SDF-1z mBNA or with all mBNAs together (called triple-mRNA
cocktail). To perform single-mRNA transfections, transfection
complexes were generated by using 2 pl Lipofectamine 2000 for
VEGF-Ags and SDF-1a mRMNA and 4 pl for ANG-1 mRNA. To
generate transfection complexes with the mRNA cocktail, 4 pL Lipo-
fectamine 2000 was used. The mRN As were incubated in Opti-MEM
for 15 min at room temperature (RT) with the transfection reagent,
and then Opti-MEM containing lipoplexes were added to the cells.
After 4 hr of incubation, transfection medium was discarded and
1 mL fresh cell culture medium was added for further overmnight
incubation at 37°C. As controls, cells were incubated with only
Opti-MEM or Opti-MEM containing transfection reagent.

Detection of Protein Expression Using ELISA

After the transfection of EPCs with synthetic mRNAs, the expression
of proteins was analyzed using ELISA. Therefore, supernatants
of transfected cells were collected and diluted 1:100 in Dulbecco’s
PBS (DPBS)/1% BSA. The concentrations of ANG-1, VEGF-A, and
SDF-1z were determined as duplicate in 100 pL using human
ANG-1, CXCL-12/SDF-1e, and VEGF-A DuocSet ELISA (R&D
Systems, Minneapolis, MN, USA), according to the manufacturer’s
instructions. The absorbance was measured using a microplate reader
(Eon Synergy 2, BioTek Instruments) at 450 nm, with the correction
wavelength set at 540 nm.

Influence of mARMNA Engineering on EPC Viability

The influence of mRNA treatment on the viability of EPCs was
assessed using PrestoBlue assay (Invitrogen, Carsbad, CA, USA).
Therefore, 1 % 10° EPCs were transfected with 16 pg ANG-1,
08 pg VEGF-A, or 0.5 pg SDF-1a mRNA or with a triple-mRNA
cocktail containing 1.6 pg ANG-1, 0.8 pg VEGF-A, and 0.5 pg
SDE-1e mENA for 4 hr at 37°C. Afterward, ransfection complexes
were discarded and 1 mL cell culture medium was added per well
ofa 12-well plate. After 24 hr, 110 pL PrestoBlue cell viability reagent
was added per well and incubated for 1.5 hrat 37°C. Fluorescence in-
tensity of 50 pL supematant was measured in triplicates at an excita-
tion wavelength of 530 nm and an emission wavelength of 600 nm,
using a multimode microplate reader (Mithras LB 940, Berthold
Technologies).

Chemotactic Migration Assay

Migration of unmodified EPCs toward mRNA-engineered EPCs was
analyzed using chemotactic migration assay. After the ransfection of
1 x 10° EPCs with mRNAs, lipoplexes were removed and serum-
reduced cell culture medium containing 1% FBS was added for over-
night cultivation to the cells. The next day, 5 » 10" untreated EPCs
were seeded onto transwell inserts with 8-pm pores coated with
0.1% gelatin. Subsequently, transwell inserts were transferred into
wells ofa 12-well plate containing the mRN A-transfected or untrans-
fected EPCs and incubated for 6 hrat 37° C. Afterward, the transwell
inserts were rinsed with DPBS containing Ca**/Mg** (DPBS") and
fixed for 10 min with ice-cold methanol (AnalaR NORMAPUR,
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VWR, Darmstadt, Germany). After an additional washing of trans-
well inserts with DPBS®, the cells at the bottom of the transwell
were stained for 10 min at RT with 1 pg/ml DAPI (Sigma- Aldrich)
in DPBS". The migrated cells were detected using fluorescence micro-
scopy (Axiovert135, Carl Zeiss, Oberkochen, Germany), and the
numbers of cells that migrated through the transwell inserts were
determined at 3 different regions of each insert membrane using
Image] 1.51 software.*”

Wound Scratch Migration Assay

1 = 10° EPCs were transfected in 12-well plates with synthetic
mRNAs and cultivated at 37°C and 5% CO, ovemight. Then, cells
were detached, and 28,000 cells were seeded in 70 pL cell culture
medium into each chamber of the 0.1% gelatin-coated Culture-Insert
3 wells in p-Dish®™™ M (ihidi, Martinsried, Germany). Cells were
cultivated at 37°C and 5% CO, for 5 hr. After allowing the cells to
form a confluent monolayer, a 500-pum open wound field between
the cells was generated by removing the culture insert from the
dish. Subsequently, 1.5 mL fresh medium was added to each p-dish.
After 0, 12, 24, and 36 hr, the wound fields were documented using
a phase-contrast microscope (Axiovert 135). The percentage of closed
wound area was calculated using Tscratch software

Tube Formation Assay

Tube formation capacity of mRNA-engineered EPCs was analyzed
after the transfection with synthetic mRNAs. Therefore, 1 % 10°
EPCs were transfected in 12-well plates with synthetic mRNAs
and cultivated at 37°C and 5% CO, overnight in serum-reduced cul-
ture medium containing 1% FBS. Each well of the p-slides for angio-
genesis (ibidi) was coated with 10 pl. Matrigel (hESC qualified,
Corning, Coming, NY, USA) solution (1:5 diluted in DMEM) for
1 hr at 37°C. Then, transfected and untransfected EPCs were de-
tached, and 50 pL cell suspension containing 10,000 EPCs was added
to the Matrigel-coated wells. Tube formation was assessed after 4 hr
of incubation at 37°C using a light microscope (Axiovert 135) equip-
ped with a digital camera AxioCam MRm (Carl Zeiss). Pictures
were analyzed using Angiogenesis Analyzer plugin of Image] 1.51

software, ™’

Chicken Embryo CAM Assay

Fresh fertilized chicken eggs of the Lohmann White = White Rock
breed chicken variety were purchased from the breeding facility
Matthias Sittig (Buchholz, Germany). The eggs were incubated at
37°C and 60% relative humidity in an egg incubator (Heka-Brutger-
ite, Rietberg-Varensell, Germany) and completely rotated twice a
day. Atday 3 of incubation, 2-3 mL albumen was aspirated by insert-
ingan 18G needle at the tip of the egg without harming the yolk. Next,
a semi-permeable adhesive tape Suprasorb F (Lohmann & Rauscher,
Rengsdorf, Germany) wasstuck to the eggshell, and acircular window
(© 1-1.5 cm) was cut into the shell. Unfertilized eggs showing no
vasculature or heart beating were removed. Then, the window was
sealed using the adhesive tape to prevent dehydration and to mini-
mize the risk of infection. The eggs were then incubated without
rotation
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At day 9 of incubation, EPCs ransfected with 1.6 pg ANG-1, 0.8 pg
VEGF-A, or 05 pg SDF-lac mRNA or with a triple mRNA cocktail
were applied to the CAM. Per egg, 4 = 10° EPCs were resuspended
in 50 pL cell culture medium and mixed with 50 pl Matrigel
(hESC qualified, Corning). A silicone ring (inner diameter: 0.8 cm)
(neolab, Leonberg, Germany) was carefully placed onto the CAM,
and 100 pL. matrigel and cell suspension was applied into the inner
circle of the ring. The eggs were sealed and further incubated. At
day 14, eggs were kept at RT for 3 hr and CAMSs were then excised
and fixed with 4% paraformaldehyde (Merck, Darmstadt, Germany)
for 24 hr at 4°C. After washing with DPBS, color photographs of the
circular application area were taken using a photomacroscope (Wild
Heerbrugg M400) and a digital camera (Canon EOS 550D). The
analysis of angiogenesis-associated parameters, such as vessel density,
branching points, and segment length, was performed using Wimasis
image analysis web-based system.

Statistical Analysis

Data are shown as mean + SD or SEM. One-way ANOVA for
repeated measurements followed by Bonferroni multiple comparison
test was performed to compare the means. All statistical analyses
were performed double-tailed using GraphPad Prism version 6.01.
Differences of p < 0.05 were considered significant.
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The reprogramming of somatic cells into induced pluripotent stem cdls (iPSCs) is gaining in importance in the fields of
regenerative medicine, tissue engineering, and discase modeling. Patient-specific iIPSCs have as an unlimited cdl source a
tremendous potential for gencrating various types of autologous odls. For the future clinical applicability of these iPSC-derived
cells, the generation of iPSCs via nongenome integrating methods and the efficient reprogramming of patients’ somatic aells are
required. In this study, 2 different BN A-based footprint-free methods for the generation of iPSCs were compared: the use of
synthetic modified messenger RNAs (mRNAs) or self-replicating EMAs (sthNAs) encoding the reprogramming factors and
GFF. Using both ENA-based methods, integration-free iIPSCs without genomic alterations were obtained. The pluripotency
characteristics identified by specific marker detection and the in vitro and in vivo trilineage differentiation capacity were
comparable. Moreover, the inoorporation of 2 GFP encoding sequence into the srRNA enabled a direct and convenient
monitaring of the reprogramming procedure and the suocessful detection of stRNA - translation in the transfected cells.
Mevertheless, the use of a single stRNA to induce pluripotency was less time consuming, faster, and more efficient than the daily
transfection of cells with synthetic mRNAs. Therefore, we bdieve that the srtRNA-based approach might be more appropriate

and efficient for the reprogramming of different types of somatic cells for clinical appliations.

1. Introduction

The reprogramming of a patient’s somatic cells into induced
pluripotent stem cells (iPSCs) is mediated by the exogenous
delivery of the “Yamanaka” factors Octd, KIf4, Sox2, and
cMyc, and it allows the generation of an unlimited stem cell
source for tissue regeneration [1-3]. In the first studies, retro-
viral vectors were used to deliver the reprogramming factors
into cells. However, the therapeutic application of cells
derived from these iPSCs is hampered due to the risks associ-
ated with the random integration of viral vectors into the
host genome.

In recent years, various nonintegrafive reprogramming
methods have been successfully established to induce phari-
potency in different somatic cell types [4-8]. One of the most
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promising approaches is the use of a synthetic modified
mBRNA for reprogramming [6, 9-11]. After the delivery of
synthetic mRNA into the cytosol, the mRNA is immediately
translated by ribosomes into proteins and the entry into the
muclews is not required. The synthesis of reprogramming fac-
tors ceases after the degradation of mENA, and no footprints
are left. Furthermore, during the in vitro transcription (I1VT),
the synthetic mRNA can be modified with a cap structure,
poly(A) tail, and modified nucleosides to improve the stabil-
ity and the translation of proteins [12-17]. Previous studies
showed that medified nudeosides, eg., pseudouridine
(Psendo-UTP) and S-methylcytidine (5mCTP), canbe incor-
porated into the synthetic mRNA to substitute cytidine and
uridine to abrogate the innate immune response. However,
despite the great advances in the development of synthetic



Publikation 11l

mBENA-based reprogramming approaches, one of the main
obstacles is still the induction of an innate immune response
following multiple daily mRNA transfections, resulting in
increased cellular stress and severe cytotoxicity [18, 19].
Thus, to prevent interferon-response induced cell death, the
reprogramming medium needs to contain the interferon
inhibitor B18R derived from vaccinia virus [6, 20, 21].

Another alternative to synthetic mRNA-based repro-
gramming is the use of self-replicating RNA (srRNA) [22].
The srENA contains the coding sequences of the “Yama-
naka” transcription factors Octd, KIf4, Sox2, and cMyc and
four ponstructural proteins (nsPl to nsP4), which encode
the RNA replication complex of Venezuelan equine enceph-
alitis (VEE) virns [22-24]. The srRNA is a single-stranded
RNA that mimics cellular 5'-capped and 3' -polyadenylated
mBENA. The applicaion of srRN A enables an extended dura-
tion of protein expression. To date, no risk for genomic inte-
gration has been reported by the generation of DNA
intermediates [23, 25]. However, the presence of B18R pro-
tein is also required during the srRNA-based reprogramming
as in synthetic mRN A-based reprogramming,

In this work, we compared the synthetic mRNA- and
srRNA-based reprogramming methods to generate iPSCs
from human neonatal fibroblasts. The one-time delivery
of 1 ug sfRNA significantly improved the reprogramming
efficiency of fibroblasts compared to the daily transfection
of cells with 1.2 ug mBRNAs for at least 2 weeks. The
stRNA-based reprogramming enhanced the reprogram-
ming of somatic cells and resulted in increased numbers
of iPSCs compared to synthetic mRNA-based reprogram-
ming. Furthermore, the incorporation of the GFP encod-
ing sequence to the stRNA enabled the monitoring of
the reprogramming procedure and optimization of the cul-
ture conditions.

2. Materials and Methods

2.1. mRNA Synthesis. The pcDNA 3.3 plasmids containing
the coding sequence for either KIf4, cMyc, Oct4, Sox2,
Lin28, or eGFP [6] were purchased from Addgene (LGC
Standards, Teddington, UK). DNA templates for the
in vitro transcription (IVT) of mBNAs were generated with
a polyT,., sequence. Subsequently, the mENA synthesis
and modifications were performed according to the previ-
ously published methods by Avci- Adali et al. [26, 27]. Briefly,
to generate DNA templates, PCR was performed using 50-
100 ng plasmid DNA and a forward primer (5 -TTGGAC
CCTCGTACAGAAGCTAATACG-3") and reverse primer
is' T, 5CITCCTACTCAGGCTITATTCAAAGACCA- 3").
During the IVT reaction, 1.5 ug DNA, ATP, GTP, pseudor-
uridine-5'-triphosphate (Pseudo-UTP), 5-methyleytidine-
5'-triphosphate (SmCTP), and 3'-0-Me-m7G(5 )ppp(5 )G
RENA Cap Structure Analog was used. The incubation was
performed at 37°C for 4 h. After dephosphorylation, the
mBENA was purified and the concentration was adjusted to
100 ng/ul in nuclease-free water. Subsequently, produced
mBN As were analyzed using 1% agarose gel electrophoresis
and gels were stained with GelRed™ in 1x TBE buffer.
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22, srRNA Synthesis. The T7-VEE-OKS-iM plasmids con-
taining the coding sequences for Oct4, Sox2, KIf4, and cMyc
[22] were purchased from Addgene (LGC Standards). For
monitoring the transfection and reprogramming efficiency,
an IRES (internal ribosome entry site)-GFP reporter encod-
ing sequence was inserted by Aldevron (Fargo, USA) into
the plasmid (Figure 1(b}). Thereby, the T7-VEE-OKS-IMG
plasmid was obtained To multiply the T7-VEE-OKS-iMG
plasmid, competent E. coli cells (a-select chemically compe-
tent cells from Bioline GmbH, Luckenwalde, Germany) were
transformed with 100 ng plasmid DN A and cultivated in LB
medium supplemented with 50 gg/ml ampicillin (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany). The isolation
of plasmids was performed using the QIAprep Spin Miniprep
Kit (Qiagen). Linearized DNA templates were generated
using the FastDigest Mlul restriction enzyme ( Thermo Fisher
Scientific). Therefore, 36 ug plasmid was incubated for 3 h at
37C with 5 U enzyme, 20 ul 1x reaction buffer, and nuclease-
free water in a total volume of 200 ul. Afterwards, linearized
DNA was purified using the ISOLATE 11 PCR and Gel Kit
(Bioline ) and the complete linearization, purity, and specific
length were analyzed by 1% agarose gel electrophoresis. Next,
IVT was performed using the RiboMAX Large-Scale Produc-
tion System T7 Kit (Promega, Madison, USA) according to
the manufacturer’s instructions. The IVT reaction was pre-
pared with 10 ug template DNA and contained 40 U of the
BN Ase Inhibitor (Thermo Fisher Scientific) to prevent the
degradation of stRNA. Afterwards, 5'-end capping (Capl)
was performed using the ScriptCap Capl Capping System
followed by 3"-end polyadenylation with the A-Plus Poly{A)
Polymerase Tailing Kit (both from CELLSCRIPT, Madison,
USA) according to the manufacturer's instructions. Fol-
lowing each reaction step, the srRNA was purified using
the ISOLATE I RNA Mini Kit (Bioline). The specific
length and purity of the generated stRNA products was
analyzed by 1% agarose gel electrophoresis containing 2.2
M formaldehyde in 1x MOPS (3-(N-morpholino) propane-
sulfonic acid) buffer at 100 V for 60 min. The gels were
stained using 1x GelRed™ (Biotium, Fremont, USA) in
1x MOPS buffer.

23 Cultivation of Fibroblasts. Neonatal human foreskin
fibroblasts (NuFFs, untreated, passage 9, Amsbio, Milton
Park, UK} were cultivated in DMEM high glucose supple-
mented with 10% FBS, 1x GlutaM AX, 10 mM HEPES, and
50 pgiml gentamicin B. These cell culture reagents were
obtained from Thermo Fisher Scientific. Cells were cultivated
at 37°C with 5% CO,, (normoxia), and medium was changed
every 2-3 days. Cells were detached at about 70% confluency
using 0.04% trypsin/0.03% EDTA, and then trypsin neutral-
izing solution (NS, 0.05% trypsin inhibitor in 0.1% BSA,
PromoCell, Heidelberg, Germany) was added. Afterwards,
cells were centrifuged for 5 min at 300 x g, resuspended in
culture medium, and seeded at the desired cell density for
FEprOgramiming.

To generate inactivated feeder cells, NuFFs and mouse
embryonic fibroblasts (MEFs, CF-1, untreated, passage 3,
Amsbio) were treated with 10 mg/ml mitomycin C (Merck,
Darmstadt, Germany) and frozen in 10% DMSO containing
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Figure 1: Schematic representation of RNA constructs and quality contral of DNA templates and synthesized RNA. The srRNA and
synthetic modified mRNAs were synthesized using in vitro transcription (IVT). (a) Agarose gel dectrophoresis showed the expected
lengths for mRNAs encoding the reprogramming factors (KIf4: 1.6 kb; dMyc 1.5 ki Oct4: 1.3 kb; Sox2: 1.1 kb; and Lin28: 0.8 kb) and
¢GFP (0.9 kb). (b) The srRNA contains encoding sequences for the nonstructural protens (nsP1-4); the reprogramming factors Oct4,
KIf4, Sox2, and cMyg and GFP. Agarose gel electrophoresis showed the expected length (17.7 kb) of linearized DNA and stRNA.

cell culture medium. The wells of 6-well plates were coated
with 0.1% gelatin (Sigma-Aldrich Chemie GmbH) in fibro-
blast culture medium for 4 h at 37°C. For the mRNA-based
reprogramming 2.5 x 10° inactivated NuFFs or for the culti-
vation of primarily picked mRNA-iPSCs 1.5x 10° inacti-
vated MEFs were seeded per well of a 0.1% gelatin coated
6-well plate and cultivated overnight.

2.4. Reprogramming of Cells Using Synthetic mRNA. To per-
form synthetic mRNA-mediated reprogramming, 2 x 10*

91

fibroblasts were seeded per well of a 6-well plate, which was
preseeded with 2.5 x 10° inactivated NuFF feeder cells in cul-
tivation medium. The next day, Pluriton reprogramming
medium (Stemgent, Cambridge, USA) was equilibrated at
hypoxia (5% O, and 5% CO,, at 37°C) for 2 h and supple-
mented with 200 ng/ml BI8R interferon inhibitor protein
(Thermo Fisher Scientific) to repress synthetic mRNA-
mediated immune activation. Then, the mRNA transfection
cocktail was prepared with a molar ratio of 3:1:1:1:1:1
for Oct4, KIf4, cMyc, Sox2, Lin28, and eGFP mRNA,
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respectively. For each transfection, 12 pg (100 ng/ul) mRNA
cocktail and 4 ul Lipofectamine 2000 (Thermo Fisher Scien-
tific) were incubated in 120 @l Opti-MEM™ [ Reduced Serum
Medium (Opti-MEM, Thermo Fisher Scientific) for 15 min
at room temperature (K1) to form lipoplexes. The ransfec-
tion complexes were then added dropwise to the cells and
incubated for 4 hat hypoxia. Afterwards, the complexes were
aspirated and 2 ml B18R containing Pluriton medium was
added to the transfected fibroblasts and incubated for 24 h
at hypoxia The transfection of cells was performed daily
for 20 days. At day 6, the medium was changed to NuFF-
conditioned Pluriton medium. NuFF-conditioned medium
was obtained by seeding 4 x 10° inactivated NuFFs in T75
cell culture flasks and incubating cells with 25 ml of Pluriton
medium supplemented with 4 ng/ml bFGF (PeproTech,
Hamburg, Germany). The medium was collected 6x after
overnight incubation, pooled, and sterile-filtered using a 0.2
um filter.

2.5, Reprogramming of Cells Using srRNA. To reprogram
NuFFs using synthetic stRNAs, 5 x 10* NuFEs (passage 12)
were seeded per well of a 6-well plate coated with 0.1% gelatin
and incubated overnight at 37°C in fibroblast culture
medium. The next day, cells were incubated at hypoxia with
B18R-conditioned Pluriton medium (BcM) for 45-60 min.
To generate BeM, 2 x 10° NuFFs were seeded in a T75 cell
culture flask and coltivated overnight to reach a confluency
of 70%. Then, cells were transfected with 7.5 jg BIBR mRNA,
15 ul Lipofectamine 2000, and 7 ml Opti-MEM for 4 h at
37°C. Afterwards, the m RN A complexes were aspirated from
the cells and 15 ml fibroblast culture medium was added and
incubated overnight. The BcM was collected 3x after over-
night incubation, pooled, and sterile-filtered using a 0.2 pm
filter. Before application, the collected medium (100% BcM)
was diluted 1:4 with either Pluriton or E8 medium (resulting
in 25% BeM). For the transfection of cells, lipoplexes were
generated by the incubation of 1 wg srRNA for 15 min at
RT with 3 ul Lipofectamine MessengerMAX (Thermo Fisher
Scientific) in 1 ml Opti-MEM. Then, medium was aspirated
and Opti-MEM containing lipoplexes were added to the
cells. After 4 h of incubation, the transfection medium
was discarded and 2 ml Pluriton medium containing
25% BcM was added for further incubation at hypoxia
for 24 h. The next day, medium was replaced by 2 ml
Pluriton medium containing 25% BeM. To select the
stRNA-transfected cells 1 or 2 days posttransfection, when
the cells reached confluency, 0.8 pg/ml puromycin (Sigma-
Aldrich Chemie GmbH) was added t© the medium to
eliminate stRNA negative cells. After 2-3 days of puromy-
cin treatment, Pluriton medium containing 25% BcM was
changed every 1-2 days, depending on cell density and via-
bility. At day 7, the medium was changed to a stem cell
medium (E8) containing 25% BcM/ER. After the first iPSC
colonies appeared (days 12-14), the E8 medium without
BcM (B18KE) was used

2.6. Cultivation of iPSCs. Primary iPSC colonies were stained
with mouse anti-human StainAlive™ SSEA-4 DyLight™ 550
antibody (Stemgent). iPSCs obtained by the synthetic mRNA
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delivery were picked manually and transferred into one well
of a 12-well plate preseeded with 1.5 % 10° iMEF feeder cells,
The cultivation was performed in a standard stem cell
medium containing DMEM/F12 high glucose supplemented
with 20% KnockOut™ Serum Replacement, 1x GlutaM AX,
1x minimum essential medium (MEM) nonessential amino
acids (NEAA), 20 ng/ml bFGF (PeproTech), 100 uM 2-
mercaptoethanol, and 1x penicillin/streptomycin. After 2-
3 passages, iPSCs were adapted to feeder-free conditions
by cultivation on surfaces coated with 0.5 mg/cm® trun-
cated recombinant human vitronectin (VTN-N) in Essen-
tial 8 (E8) medium. Unless otherwise indicated, all cell
culture reagents were obtained from Thermo Fisher Scien-
tific. iPSCs obtained by the srRNA delivery were also
picked mamually and cultivated on 0.5 mg_ﬁ:mz VIN-N
coated 12-well plates in E8 medium. Passaging of iPSCs
was performed every 5-7 days at a split ratio of 1:10 with
05 mM EDTA in Dulbecco’s phosphate-buffered saline
(DPBS) for 5-10 min at RT. After the aspiration of ETDA
solution, colonies were detached using the E8 medium
supplemented with a 10 M Y-27632 ROCK inhibitor
(Enzo Life Science, Lirrach, Germany) to increase single
cell survival,

27, Immunocytochemistry. iPSCs (passage 4 to 7) were
seeded onto VIN-N-coated glass slides in 12-well plates
and cultivated at normoxia until reaching confluency of
about 60% in E8 medium. Then, the cells were washed twice
with 1 ml DPBS and fixated with 500 ul fixation solution
(R&D Systems, Minneapolis, USA) for 15 min at RT. Next,
cells were washed again 2 times with 1 ml DPBS and blocked
with 500 ul 5% BSA in wash buffer (Permeabilization/Wash
Buffer I, R&D Systems) for 2h at RT or overnight at 4°C, Pri-
mary antibodies were incubated overnight at 4°C in 500 ul
1% BSA in wash buffer, according to the manufacturer’s
instructions. The following unlabelled and fluorescently
labelled primary antibodies were used: rabbit anti-human
POUSF] (Oct4) antibody (Sigma-Aldrich Chemie GmbH),
rabbit anti-mouse/human Sox2 antibody (Stemgent), mouse
anti-human LIN28A monodonal  antibody (6D1F9)
(Thermo Fisher Scientific), mouse anti-human PE Nanog
antibody (BD Biosciences, Franklin Lakes, USA), mouse
anti-human StainAlive™ TRA-1-60 antibody (DyLight™
488) (Stemgent), and mouse anti-human StainAlive™
SSEA-4 antibody (DyLight™ 550) (Stemgent). After washing
3x for 5 min with 05 ml wash buffer, iPSCs stained with
unlabelled primary antibodies were incubated with fluores-
cently labelled secondary antibodies, sheep anti-mouse
FITC-labelled Igl: (whole molecule) antibody (Sigma-
Aldrich Chemie GmbH), and Cy3-labelled goat anti-rabbit
lg(s cross-adsorbed secondary antibody (Thermo Fisher Sci-
entific) in 500 gl of 1% BSA/wash buffer and incubated for 1-
2hat RT in the dark. Then, the cells were washed twice with
05 ml wash buffer and rinsed with 05 ml DPBS. After
mounting the glass slide with a coverdlip and Fluoroshield
mounting medium containing DAPI (Abcam, Cambridge,
UK}, fluorescence images were taken using an Axiovert135
microscope and AxioVision 4.8.2 software (Carl Zeiss, Ober-
kochen, Germany).
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Tasee 1: List of primer sequences used for gRT-PCR analysis.

Gene

Forward primer .

Reverse primer (5" = 3"

Pluripotency marker

GAFDH TCAACAGCGACACCCACTCC TGAGGTCCACCACCCTGTTG
Ot [3] AGUGAACCAGTATOGAGAAC TTACAGAACCACACTCGGAC
Sox2 [3] AGCTACAGCATGATGCAGGA GGTCATGGAGTTGTACTGCA
Manog [3] TGAACCTCAGCTACAAACAG TGGTGGTAGGAAGAGTAAAG
Lin28 CTTCTTCTOCCGAACCAACC CAGOCACCTGCAAACTG
E-cadherin TATACCCTGGTGGTTCAAGC CACCTGACCCTTGTACGTG
KIf4 [3] TCTCAAGGCACACCTGCGAA TAGTGOCTGGTCAGTTCATC
dvye [3] ACTCTGAGGAGGAACAAGAA TGGAGACGTGGCACCTCIT
stRMA-specific marker

nsP2 TCCACAAMMGCATCTCTOGCCOG TTTGCAACTGCTTCACCCACCC
nsP4 TTTTCAAGCCCCAAGGTOGCAG TGTTCTGGATOGCTGAAGGCAC

GAPDH: glycerldehyde-3-phosphate dehydrogenase; Octd: octamer binding transcrdption factor 4 Sox2 sex-determining reghon Y-box 2; E-cadberin
epithelial cadbering KIf4: Krlppel-like factor 4; cMyc: cellular myvelocvtomatosis; naf': nonstructural protein.

2.8. Gene Expression Analysis. To analyze the quantitative
expression of pluripotency genes and the presence of remain-
ing stRNA, 1% 10° iPSCs were cultivated in 6-well plates
until reaching 80-90% confluency. Total RNA was isolated
using the Aurum™ Total RNA Mini Kit (Bio-Rad, Munich,
Germany). For the qRT-PCR analysis, 300 ng RNA was
reverse franscribed into complementary DNA (cDNA) using
the iScript Kit (Bio-Rad) according to the manufacturer's
instructions. Primer pairs were obtained from Ella Biotech
GmbH (Martinsried, Germany) and used at a final con-
centration of 300 nM. Examined genes as well as used
primer sequences are shown in Table 1. Real-time gqRT-
PCR reactions were run in a CFX Connect Real-Time
PCR Detection System with the iQ™ SYBR® Green Super-
mix (Bio-Rad). PCR amplification of cDNA was per-
formed under the following conditions: 10 min at 95°C
for one cycle, followed by 40 cydes of 95°C for 15 s and
60°C for 60 . All PCR reactions were performed in tripli-
cates with a total volume of 15 uliwell Gene expression
was normalized t©o human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH]).

2.9, Trilineage Differentiation of iPSCs. To demonstrate plur-
ipotency, iPSCs (passages 4 to 10) were differentiated using
the StemMACS™ Trilineage Differentiation Kit (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the man-
ufacturer's instructions into the three embryonal germ layers:
ectoderm, mesoderm, and ectoderm. Therefore, iIPSCs were
seeded with different cell numbers in VTN-N-coated wells
of a 12-well plate: 1 x 10° iPSCs for mesoderm differentia-
tion, 2 x 10° iPSCs for endoderm differentiation, and 1.5 x
10° iPSCs for ectoderm differentiation. After 7 days of differ-
entiation, cells were washed with DPBS and detached with
0.04% wypsin/0.03% EDTA and TNS (PromoCell) and
centrifuged at 400 x g for 5 min Afterwards, cells were
washed with DPBS and fixated for 10 min at RT in FC Fixa-
tion Buffer (R&D Systems, Minneapolis, USA). After wash-
ing with DPBS, cells were suspended in wash buffer and
stained with 5 gl germ layer-specific fluorescence antibodies

in 200 ul of the cell suspension. Mesoderm differentiation
was detected using PE-labelled mouse anti-human CD31
antibody (BD Biosciences, Franklin Lakes, USA) and Alexa
Fuor 488-labelled anti-human a-smooth muscle actin (x-
SMA) antibody (R&D Systems). PE-labelled anti-human a-
fetvprotein (AFP) antibody (R&D Systems) and PE-labelled
anti-human C-X-C chemokine receptor type 4 (CXCR4)
antibody (R&D Systems) were used to detect endodermal dif-
ferentiation. Ectodermal differentiation was demonstrated
using PE-labelled anti-human paired box gene 6 (Pax6) anti-
body (Miltenyi Biotec) and Alexa Fluor 488-labelled anti-
human neuron-specific class 111 S-mbulin (Tujl) antibody
(BD Biosciences). After incubation for 45 min at RT, cells
were washed with 500 ul wash buffer and suspended in 200
ul CellFIX (BD Biosciences).

2.10. Teratoma Formation of iPSCs Using Chicken Embryo
Chorivallantoic Membrane (CAM) Assay. The in vivo forma-
tion of teratomas and the trilineage differentiation potential
of iPSCs were further investigated wsing the CAM assay.
We followed the adapted protocol previously described by
Steinle et al. [27]. After a 7-day incubation of the fertilized
chicken embryos at 37°C, 2 x 10° iP5Cs were suspended in
50 ul EB medium containing 10 M Y-27632 ROCK inhib-
itor, mixed with 50 ul Matrigel® (hECS qualified, Corning)
and the suspension was carefully applied onto the CAM.
Then, the eggs were sealed and further incubated for 10
days. At day 17, the cell aggregates on CAMs were excised
around the application area and fixed with 4% paraformal-
dehyde (Merck, Darmstadt, Germany) overnight at 4'C.
The specimens were washed with water, dehydrated with
an ascending ethanol series, and embedded in paraffin
for sectioning at 8 wum thickness. Sections were staiped
with hematoxylin and eosin (H&E, Morphisto GmbH,
Frankfurt, Germany).

2.11. Genomic Stability. The genomic stability of mRNA- and
stRNA-derived iPSCs was analyzed by karyotyping. There-
fore, fibroblasts and RN A-derived iPSCs (passages 5 to 12)
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Fiure 2: RNA-based iPSC reprogramming of fibroblasts: srtRNA vs. mRNA. Timdine of (a) mRNA- or (b) stRNA-mediated

TEPrOgramiming.

were cultivated to reach about 50% confluency. Then, the
cells were treated for 1 h with colcemid (Merck), incubated
with 0.075 M KCl for 30 min at 37°C, and harvested in fresh
fixative containing 25% acetic acid and 75% methanol. Kar-
yotyping was performed on G-banded metaphase chromo-
somes using standard cytogenetic procedures. After GTG
banding, about 15 metaphases were counted and 5 of them
were structurally evaluated by G banding (banding quality
of 400-500 bp).

2.12 Statistical Analysis. Data are shown as mean + standard
deviation (S0) or standard error of the mean (SEM). Paired
t-test or one-way analysis of variance (ANOVA) for
repeated measurements followed by Bonferroni’s multiple
comparison test was performed to compare the means.
Statistical analyses were performed double tailed wsing
GraphPad Prism 601 (GraphPad Sofiware, La Jolla, CA,
USA). Differences of p < 0.05 were considered significant.

3. Results

3.1, RNA Synthesis. The first step for the successful repro-
graming of cells is the production of high-quality synthetic
ENA molecules encoding the reprogmmming factors. To
perform the mBNA-based reprogramming, synthetic modi-
fied mRNAs containing each gene of interest (GOI) and
UTRs were produced (Figure 1(a)). The mRNAs were gener-
ated using the modified nucleotides 5SmCTP and Pseudo-
UTP to completely replace cytosine and uridine. Further-
more, a 5" -cap structure (ARCA) and a 3' -end poly( A, ) tail
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were added After purification of the PCR product and the
IVT, the products were analyzed using agarose gel electro-
phoresis to determine the specific length and purity. The
detected bands showed the expected lengths of DNA tem-
plates and mBNAs (KIf4: 1.6 kb; cMyc: 1.5 kb Octd: 1.3 kb
Sox2: 1.1 kb Lin28: 0.8 kb; and GFP: 0.9 kb).

An IRES-GFP encoding sequence was inserted into the
plasmid containing nsP1 to nsP4 sequences of the VEE virus
and the reprogramming factors [22] to enable the verification
of ransfection efficiency and the successful translation of the
transfected stRNA in the cells during the reprogramming
procedure (Figure 1(b)). After the linearization of the plas-
mid and the generation of srRNA, agarose gel electrophoresis
was performed and bands at the expected length of about
17.7 kb were detected.

u

32 srRNA-Based Reprogramming Results in More Efficient
and Straightforward iPSC Generation Compared to mRNA-
Based Reprogramming. The reprogramming of fibroblasts
with synthetic mENAs required the daily transfection of the
cells to maintain a constant level of reprogramming factor
expression over 1 to 2 weeks. Thus, the repeated transfection
of cells can cause stress and harm the cell viability, which in
trn can decrease the reprogramming efficiency. Using the
stRNA-based reprogramming, only one transfection was suf-
ficient to maintain the expression level of reprogramming
factors to generate iPSCs. The schedules for performing the
reprogramming of cells with synthetic mRNA or srRNA are
shown in Figure 2. Both BENA-based reprogramming
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approaches were performed at hypoxic conditions (5% O, ) to
improve efficiency [28].

Already one day (D1) after the transfection of fibroblasts
with the mRNA cocktail, which contained besides the repro-
gramming factor-encoding mBNAs also eGFP mRNA, a
strong eGFP expression was detected (Figure 3(a)), which
indicated a rapid translation of synthetic mRNA and an effi-
cient delivery of mENA into the cells. After 24 h, approxi-
mately 65% of the cells were eGFP positive and after the
second transfection, about 90% of the cells expressed eGFP.
Thehigh eGFP expression could be sustained constantly over
the period of the daily transfections (D1-D14). The first pri-
mary iPSC colonies appeared after 14-19 days, and the treat-
ment with BI&R protein was discontinued After 14 days
(214), the cell morphology changed to an embryonic stem
cell-like cell type and the eGFP expression in reprogrammed
cells was diminished in tightly packed colonies, while the sur-
rounding fibroblasts still srongly expressed eGFP. In the fol-
lowing days, iPSC colonies were expanded in the stem cell
medium (D16, D19) without B18R to generate stable colo-
nies. Live cell staining was performed with DL550-labelled
SS5EA-4 and DI488-labelled TRA-1-60 antibodies, 3 days
after the last transfection. Cells exhibiting both markers were
then picked for further cultivation on inactivated MEF feeder
cells to support iPSC growth (Figure 3(b)). After 19-21 days
of reprogramming, 20-25 iPSC colonies per well were
obtained when 3 10 fibroblasts were seeded per well of a
6-well plate (on 2.5 x 10° inactivated NuFF feeders), which
corresponds to a reprogramming efficiency of 0.8%.

Since in the synthetic mRNA-based reprogramming
approach, the eGFP mRNA was cotransfected alongside with
the reprogramming factor-encoding mRN As, it can be not
ensured that all cells are transfected with the same amount
of eGFP mRNA or reprogramming factor-encoding mRN As,
In contrast, the GFP expression in srRN A-based reprogram-
ming is directly comparable with the transfection efficiency,
since all exogenously delivered RNA sequences are located
on the same RNA construct.

Fluorescence microscopy revealed that 1 day (D1) after
the transfection of 3 x 10° cells with stRNA, only a few (1-
3%) of the seeded cells were mostly expressing low levels of
GFP. At the second day posttransfection (D2), the number
of GFP-expressing cells increased to approximately 15%
(Figure 3{a)}. The increase of GFP-positive cells could be
explained due to cell division and transfer of RN A to daugh-
ter cells. Furthermore, the delivered srRNA amount in the
cells could be increased, which can lead to the detection of
GFP in previously seemingly negative cells. After reaching
confluency (D2-D3), puromycin was added for 3-7 days to
the medium for positive selection of srRNA -containing cells.
In general, after 2-3 days of puromycin treatment, all cells
without srRNA died and only GFP-expressing cells were
visible (Figure 3(a), D5). After 7 days of transfection, the
morphology of most of the fibroblasts changed to an
epithelial-like cell shape and the medium was changed to a
stem cell medium (EB) containing 25% BcM. The daily
microscopic monitoring of GFP expression in the cells
showed that the change of the B18K-containing medium
every two days is sufficient to maintain the srRNA in the
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cells. A daily medium change was performed when an
increased number of dead cells were observed, e.g., after the
puromycin treatment. The first colonies with typical iPSC
morphology and positive S5EA-4 staining were obtained
after 12 days of reprogramming (D212) (Figures 3(a) and
3(b)}, while little or no GFP expression was detected in
densely packed reprogrammed cells. Further cultivation and
withdrawal of B18R resulted in the emergence of multiple
iPSC colonies, which grew together untl days 19 to 20
{(D19-20) and covered most of the well surface. Thus, after
20 days of reatment, compared to synthetic mRNA-based
reprogramming maore iPSCs could be obtained after a single
transfection with ssRNA (Figure 3(a), D20). However, exact
reprogramming efficiency cannot be determined, since at
that time point, it cannot be distingnished whether the iPSC
colonies are derived from a single parenteral cell or from
their daughter cells.

3.3. Expression of Pluripotent Stem Cell-Specific Markers. The
expression of pluripotent stem cell -specific markers was ana-
lyzed using specific antibodies and fluorescence microscopy.
iPSCs obtained by both stRNA- and mRNA-based repro-
gramming showed a strong expression of Nanog, Octd,
SSEA-4, TRA-1-60, and Lin28 (Figure 4(a)). Additionally,
Nanog and TRA-1-60 expression in iPSCs was analyzed by
flow cytometry (Figure 4(b)). Both proteins were highly
expressed in almost all iPSCs generated by mBNA- or
srRNA-based reprogramming. In srRNA-iPSCs, 90 4 4% of
the cells expressed Nanog and 98 + 1% of the cells were pos-
itive for TRA-1-60. In mENA-iPSCs, 88 £ 3% of the cells
were Nanog positive and 92 + 5% of cells expressed TRA-1-
60. Furthermore, the expression of Oct4, Sox2, Nanog,
Lin28, and E-cadherin was analyzed using qRT-PCR
(Figure 4(c)). A significantly higher expression of Octd,
Sox2, Nanog, Lin28, and E-cadherin was detected in iP5Cs
generated by mBNA as well as stRNA compared to initial
fibroblasts. However, the expression of Oct4 and Sox2 in
mBNA-IPSCs was higher compared to stRNA-IPSCs (Octd:
1956-fold versus 341-fold, Sox2: 1727 -fold versus 163-fold).
In contrast, E-cadherin expression in srRNA-iPSCs was
higher than in mRNA-iPSCs (62453-fold versus 2964-fold).
The expression of Nanog and Lin28 in srRNA-iPSCs was
similar to the expression in mRNA-iPSCs.

34, In Vitro and In Vivo Differentiation Potential of
Obtained iPSCs

34.1. In Vitro Trilineage Differentiation. To amalyze the abil-
ity of iPSCs to differentiate into all three primary germ layers,
mesoderm, endoderm and ectoderm, a directed 7-day differ-
entiation protocol was performed. The obtained cells were
examined by specific antibody staining and flow cytometry.
After 4 to 5 days of differentiation, cells exhibiting the typical
morphological structures of the mesodermal, endodermal,
and ectodermal lineages were detected (Figure 5). The meso-
derm induction led to the generation of elongated
endothelial-like cells as well as smooth muscle-like cells.
The endoderm differentiation resulted in the detection of
cells similar to eary hepatocyte-like cells. Cells arranged in
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(b)

Ficure 3: RNA-based iPSC reprogramming of fibroblasts: srRNA vs. mRNA. (a) Emerging of iPSCs over time and detection of GFP-
expressing cells during the reprogramming period. Phase contrast and fluorescence microscopic pictures are shown. (b) Live-antibody
staining of obtained iPSC colonies. The iPSCs obtained after 20 days of reprogramming by mRNAs were positively stained with DL550
SSEA-4 and DL488 TRA-1-60 antibodies. iPSCs obtained after 12 days of reprogramming by sTRNA were positive for SSEA-4 and showed
only partial GFP expression within the iPSC colony. Sale bars represent 100 um.
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FiGURE 4: Analysis of pluripotency markers in iPSCs generated by mRNA or stRNA delivery. (a) iPSCs stained with antibodies specific for
pluripotent stem cell markers (Nanog, SSEA-4, TRA-1-60, Oct4, Sox2, and Lin28) showed a strong protein expression (n = 3). Scale bars
represent 50 um. (b) Analysis of Nanog and TRA-1-60 expression by flow cytometry. Data are shown as mean + SD (n=3). Statistical
differences were determined using a paired t-test (**p <001, ***p<0.001). (c) Analysis of Oct4, Sox2, Nanog, Lin28, and E-cadherin
expression in iPSCs using QRT-PCR. mRNA levels were normalized to GAPDH mRNA levels, and the expression is presented rdative to
the expression levds in fibroblasts. Data are shown as mean + SEM (n = 3). Statistical differences were determined using a paired t-test
(**p <0.01, ***p <0.001, and ****p < 0.0001).
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Figure 5: In vitro differentiation capacity of mRNA- or srRNA-iPSCs into the three germ layers: mesoderm, endoderm, and ectoderm.
Microscopic images were taken 4 to 5 days after the differentiation of iPSCs, and cells with different morphologies were obtained
depending on specific lineage differentiation. After 7 days of differentiation, flow cytometry analyses were performed with two specific
antibodies for each lineage (mesoderm: CD31 and a-SMA; endoderm: AFP and CXCR4; ectoderm: Pax6 and Tujl) and compared to the
untreated control. Scale bars represent 100 um. The results are shown as mean + SD (n = 3). Statistical differences were determined using
a paired t-test (*p < 0.05, **p <0.01, ***p <0.001,and ****p <0.0001).
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FiGure 6: Analysis of teratoma formation after the application of mRNA- or srRNA-iPSCs onto the chicken embryo chorioallantoic
membrane (CAM). (a) Schematic representation of the teratoma formation analysis on CAM. On day 7 of incubation, 2 x 10° iPSCs were
applied into the inner area of a silicone ring placed on CAM. (b) After 10 days (day 17), teratoma were formed on the CAM (indicated by
arrows), exased, and embedded in paraffin. (c) Representative microscopic pictures of H&E-stained teratoma sections show the in vivo
differentiation of iPSCs into cells of all three germ layers: mesoderm (i: striated musde fibers, ii: adipocyte tissue), endoderm (glandular

epithelium), and ectoderm (squamous epithdium).

neural rosettes were detected after the endoderm induction
of iPSCs. Flow cytometric analysis of the cells obtained from
SrRNA-iPSCs (Figure 5(a)) revealed that 47 + 20% of the cells
were CD31 positive and 88 + 5% SMA positive (mesoderm),
92 + 3% were AFP positive and 96+ 4% CXCR4 positive
(endoderm), and 88 + 11% of the cells were Pax6 positive
and 88 4% tubulin (Tuyjl) positive (ectoderm). Cells
derived from mRNA-iPSCs (Figure 5(b)) showed compara-
ble results as stRNA-iPSC-derived cells: 46 + 11% of the cells
were CD31 positive and 96 + 2% SMA positive (mesoderm),
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914 5% were AFP positive and 97 + 1% CXCR4 positive
(endoderm), and 92 # 2% of the cells were Pax6 positive
and 94 + 3% Tujl positive (ectoderm).

34.2. In Vivo Teratoma Formation. The potential of iPSCs to
differentiate into cell types of all the three germ layers was
further analyzed in vivo. Therefore, iPSCs were applied 7
days after the incubation of fertilized eggs onto the CAM of
chicken embryos (Figure 6(a)). After 10 days, small tumor-
like cell masses were formed within the application area
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Fisure 7: Analysis of genomic abnormalities, expression of prooncogenic factors, and the presence of stRN A residues in stRNA-IPSCs. (a)
Dietection of KIf4 and dMyc oncogene expression in iPSCs generated by srRNA and mRNA delivery using qRT-PCR. Results are shown as
mean +SEM (n =3). (b) Representative karyograms of iPSCs generated using srRNA or mBRNA. (c) Detection of residual stRNA in
obtained stRNA-iPSCs by performing gRT-PCR wsing nsP2- and nsP4-specific primers. Results are shown as mean + SEM (n=3). (d)
Analysis of spedfic PCR product lengths using 1% agarose gel eledrophoresis. nsP2: 192 bases; nsP4: 238 bases; GAPDH: 126 bases.
Statistical differences were determined using one-way ANOVA followed by Bonferroni’s multiple comparison test (*p < 005, ** p<0.01,

and **** p< 0.0001).

(sillicone ring) as shown in Figure 6(b). H&E staining was
performed with sections of 7 mm to detect the generated tis-
sue structures. The mesodermal differentiation was con-
firmed by the formation of striated muscle fibers and
adipocyte tissue (Figure 6(c)). Endodermal differentiation
was demonstrated by the generation of the glandular epithe-
lium and the ectodermal lineage differentiation was shown by
the presence of the squamous epithelium.

3.5 Analysis of Genomic Abnormalities and Presence of
stRINA Residues in srRNA-iPSCs. To examine possible genetic

alterations in the iPSCs due to the reprogramming proce-
dure, karyotyping was performed. The continued elevated
expression of the oncogenes KIf4 and cMyc are associated
with an increased tumorigenesis [29]; therefore, the expres-
sion of KIf4 and cMyc was also determined after the repro-
gramming using qRT-PCR. As shown in Figure 7(a), KIfs
expression was even significantly decreased in srRNA- and
mBRNA-iPSCs (different passages) compared to initial fibro-
blasts. In srRIN A-IPSCs, already at passage 3, the expression
of cMyc was not significantly different from the expression
in the initial fibroblasts. However, in mENA-iPSCs, the
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expression of cMyc was still elevated in the 5th passage, but
decreased after further cultivation (passages 8 and 15) to
the levels as in the initial fibroblasts.

The genetic stability/integrity of iP5Cs was tested by the
karyotyping of iP$Cs and the initial fibroblasts. No changes
regarding morphological structure such as size, centromere
position, and band patterning were determined after the
reprogramming procedure (Figure 7(b)). Both srRNA- and
mRNA-iPSCs showed a normal male karyotype (46, XY),
free of any discemnible abnormal ities.

After the appearance of the first sTtRNA-IPSC colonies,
B18R was withdrawn from the medium to eliminate the
reprogramming srfRNA from the cells. To prove that the
iP'SCs are not containing residual ssRNA, gRT-PCR analyses
were performed using nsP1- and nsP4-specific primers. As a
positive control, fibroblasts were transfected with stRNA;
after 48 h, both the presence of nsP2 and the presence of
nsP4 were demonstrated (Figure 7(c)). As expected, a 8826-
fold higher nsP2 expression and a 20318-fold higher nsP4
expression were detected in srRNA-transfected fibroblasts,
compared to those in untransfected fibroblasts. In srRNA-
iPSCs (passages 3 and 6), no residual srRNA expression
was measured compared to fibroblasts. In addition, PCR
products were analyzed using 1% agarose gel electrophoresis
(Figure 7(d)) and amplicons with expected lengths for
GAPDH (126 bases), nsP2 (192 bases), and nsP4 {238 bases)
were detected. Solely in positive control samples, nsP2- and
nsP4-specific PCR products were visible.

4. Discussion

In recent years, the generation of patient-specific iPSCs from
adult somatic cells has become a powerful tool in the field of
tissue engineering and disease modeling and has led to great
advances in regenerative medicine applications. In this study,
we compared synthetic mRNA- and srRNA-based methods
to generate footprint-free iPSCs from human fibroblasts
regarding transfection and reprogramming efficiency, as well
as overall workload and costs. Therefore, fibroblasts were
reprogrammed either by multiple daily transfections with
an mRBNA cocktail consisting of 5 different reprogramming
factor-encoding mENAs and an eGFP mBNA [6], or by a
single transfection with srRNA, which enables the sustained
expression of reprogramming factors [22]. To monitor the
transfection efficiency and the translation of sTRN A, an addi-
tional sequence encoding an IRES [30] and GFP was added o
allow the cap-independent initiation of translation. During
the reprogramming process, the treatment of cells with
B18R suppresses the cellular type | interferon immune
response to the stRN A [31] and prevents the premature deg-
radation of the stRNA. After the reprogramming of cells, the
withdrawal of BIBR from the medium leads to the degrada-
tion and elimination of stRNA [22].

The obtained iP3Cs showed the expression of typical
pluripotency markers and the potential to differentiate into
the cells of the three germ layers in vitroand in vivo. The gen-
erated iPSCs showed no genomic abnormalities, and no
residual ssRNA could be found in the iPSCs generated by
stRNA. However, the comparison of both methods dearly
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revealed that the srRN A-based reprogramming is more effi-
cient and convenient than the synthetic mRNA-based
method (Table 2). The costs for the synthesis and purification
of one microgram of mRNA or stRNA are comparable
(approximately 2.5€/1 ug). A key advantage of this method
is the about 24 times lower production costs due to the
one-shot transfection of cells with 1 ug ssRNA (2.5€) com-
pared to the required daily ransfection of cells with 1.2 ug
mRNA cocktail containing 6 different nucleoside-modified
mRNAs for about 20 days (60€). Furthermore, using the
stRNA, iPSCs were obmained earlier than after the mRNA
transfection. The stRMNA alsocontains an open reading frame
for puromycin resistance to enable the positive selection of
stRNA-containing cells. Due to the positive selection with
puromycin during the early time point of reprogramming,
only cells containing the stRNA could survive; therefore,
the reprogramming efficiency was increased.

In this work, an IRES-GFP sequence was added to the
reprogramming factor-encoding seRNA, which allowed the
direct control of successful transfection and translation of
the srRNA during the reprogramming of cells. Additionally,
the absence of B18R in the medium led to the decrease of
fluorescence intensity, which indicated the degradation of
stENA. Through daily monitoring of GFP expression, we
were able to adjust the medium replacement schedule of the
B18R-containing medium to a 2-day rhythm. In the case of
the synthetic mBN A-based application, the eGFP expression
was also uwsed to monitor the transfection efficiency and the
translation of synthetic mBENAs in the cells. Therefore, the
mRENA cocktail contained eGFP-encoding mBNA, which
was simultaneously transfected into the cells with the repro-
gramming factor-encoding mRNAs. But, compared to the
srENA-containing GFP encoding sequence, the monitoring
of synthetic mRNA-transfected cells was less precise, since
the delivery of each single mENA amount can differ in each
cell and the consistent supply ofall 6 individual mBN As into
the same cells cannot be ensured every day in the same man-
ner. Furthermore, prior to starting with the reprogramming,
the transfectability of somatic cells can be analyzed using the
stRNA-containing GFP encoding sequence. Thereby, the
required transfection reagent and the duration of transfec-
tion can be determined for different types of cells.

The use of RNA-based molecules for the expression of
transcription factors in the cells is integration free. The deliv-
ery of synthetic mBENA into the cells leads to the ransient
expression of desired proteins for commonly about 2-3 days
in the cells [6,9, 10]. After the uptake of srRNA into the cells,
the expression of nonstructural proteins (nsP1-nsP4) enables
repeated replication of RINA in the cytosol and thereby a pro-
longed protein expression. The degradation of stRNA in the
obtained iPSCs can be proven by gqRT-PCR using nsP2- and
nsP4-specific primers. In our studies, in early passage iPSCs
(passages 3-5), no residual ssRNA could be detected after
the reprogramming. Furthermore, the decrease of cMyc and
KIf4 expression also indicates the degradation of the stRNA
construct in the iPSCs. These proteins are required during
the reprogramming procedure; however, afterwards, their
expression should be downregulated since the permanent
overexpression of these proteins is linked with an increased
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TasLe 2 Advantages and disadvantages of stRNA- or mBNA-based reprogramming of fibroblasts to obtain footprint-free iPSCs.
srRNA reprogramming mBNA reprogramming
Advantages of stRNA
RMNA generation No modified nucleotides® Modified nucleotides*
ldentical RN A molecules Multiple mEMNAs
RENA transfection Once (1 pg) Daiy (1.2 pg) for 14-20 days
Transfection efficiency GFP reporter on the same srRNA construct Additional transfection with

First iP5Cs emerged after
Reprogramming dficiency
Reprogramming costs of RNA®*

12 days

Transgene-free iPSCs Yes

Disadvantages of srRNA
EMNA modification

Immune system activation
counteraction

Transgene expression

Very high efficicncy after positive selection
~25€ (1 pg stRNA once)

Posttranscriptional enzymatic
SrﬁP‘Pi.nE and JP—PGI:,'a.dm:,'laﬁun

Interferon inhibitor B18R required***

Check for residual stRNA exprssion
(VEE virus-derived RINA construct)

GFP mEMN A for monitoring
14 days
High dficiency (0.8%)
~B0E (~2561 pg mBENA for 20 days)
Yes

(total elimination of stRMNA was demonstrated after p3) (no integration of mRN A into the host genome)

Cotranscriptional 5'-capping
and 3'-palyadenylation
Interferon inhibitor BI8EK required***

Matural degradation of mENA
in cells after 2-3 days

"Modified nucleotides (eg., 5mCTP, Pseudo-UTP, and N 1-methylpseudo-UTP) can improve the trandation of proteins but are also expensive to purchase.
**Costs for the synthesis and purification of RNA (with commerchally avallsble kits, without plamid generation) needed for one reprogramming
experment. ** "BIAR-contalning medium (BeM) can vary from batch to batch: therefore, the functiomality of BIAR has to be assessed before wse, for
example, by the determimation of the positive transfection of fibroblasts with GFF mRNA with 25% BcM compared to the transfection without B1SR.
To date, there are no commercially available antibodies againg B18R for specific analyss of the B18R content. For a constant quality, BI8R can also be
purchased as a recombinant protein, but this is much more expensive than the use of BeM.

tumorigenesis [29, 32] and can be found in different types of
cancer [33, 34].

To reprogram somatic cells with synthetic RNAs, the use
of interferon inhibitor B18R is required [6, 21, 22]. Thus, the
medium can be supplemented either with 200 wg/ml recom-
binant B18R protein or a conditioned medium containing
B18R (BcM) can be used. The use of BcM instead of B1BR
recombinant protein reduces the costs, and the conditioned
medium can further provide additional proteins, e.g., fibro-
blast growth factors (FGF-2), which can support the repro-
gramming procedure. This can be beneficial when serum-
free medium, eg., EB stem cell medium, is used The ratio
of BcM to culture or reprogramming medium is adjustable,
In this study, medium containing fresh 25% BcM resulted
in successful reprogramming, but the BcM amount can be
increased to, for example, 50%, if a weak GFP signal is
detected in transfected cells.

In this study, for a better comparability with the mRNA
reprogramming approach, Pluriton reprogramming medium
was used during the srRNA -based reprogramming. However,
this is not explicitly required for successful and efficient
reprogramming with stRNA. Yoshioka et al. generated iPSCs
by using fibroblast culture medium instead of Pluriton [22].
Furthermore, it is also possible to substitute the only animal
component FBS in the cell culture medium with human
serum or platelet lysate, to generate iPSCs under xeno-free
conditions from different cell types [35].

In this work, the reprogramming of newborn human
fibroblasts was performed. However, Yoshioka and Dowdy
also successfully generated iPSCs from adult human fibro-

blasts of 54- to 77-year-old healthy donors and from a 24-
vear-old cardiomyopathy patient using stRNA encoding the
reprogramming factors Octd, Sox2, KIf4, Glisl, and cMyc
[24]. In our recent study, we could also demonstrate the suc-
cessful reprogramming of human adult jaw periosteal cells
intoiPSCs using srRNA encoding Oct4, K14, Sox2, and cMyc
[35]. These studies demonstrated thatalso adult somatic cells
can be reprogrammed using srfRNA. Another interesting
source of adult cells for reprogramming are blood-derived
cells, such as peripheral blood mononuclear cells (PBMCs)
or endothelial progenitor cells (EPCs), which can be obtained
by minimally invasive blood collection from healthy donors
or patients. Poleganov et al. reported the successful repro-
gramming of human blood-outgrowth EPCs using an
mBENA-based approach [36]. Therefore, the use of blood-
derived cells to generate iPSCs by srfRN A-based reprogram-
ming would represent another promising cell source for adult
cells.

In previous studies, a reprogramming efficiency of 4.4%
was achieved after the reprogramming of B] fibroblasts with
synthetic modified mRNAs [6, 20]. In our studies, we
obtained a reprogramming efficiency of 0.8% by applying
the same protocol to NuFFs, this was probably caused by
lab-to-lab or material variabilities. Furthermore, the use of
adult fibroblasts or fibroblasts from diseased patients as well
as the use of other somatic cells can result in other repro-
gramming efficiencies [6, 24, 37]. Therefore, reprogramming
protocols should be tested and optimized for each cell type
[7]. Moreover, the reprogramming efficiency of the mRNA-
based approach depends on the initial cell density [20, 21],
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and it is promoted by high cell cycling rates [38]. By using
mitotically arrested feeder cells, lower target cell counts can
be used for initial seeding, thereby promoting the reprogram-
ing process. However, feeder-free protocols are beneficial o
circumvent additional variabilities and the risk of contamina-
tion with xenogeneic material [20].

Recently, Kogut et al. established another RNA-based
feeder-free protocol for the reprogramming of neonatal,
adult, and senescent human fibroblasts [21]. Here, a different
set of synthetic modified mBENAs encoding M30 (OCT4
fused with the MyoD transactivation domain), Sox2, KIf4,
cMye, Lin28A, Nanog, and miRNA-367/302s were applied.
Using this method and only 500 primary cell neonatal fibro-
blasts, the reprogramming efficiency was highly increased
and the RN A transfection was reduced to every 2 days with
0.6 ug mBEN A cocktail. These results would suggest that the
reprogramming efficiency of the srRNA-based reprogram-
ming method could be further improved by the addition
of reprogramming enhancers/modulators, such as valproic
acid, TGF-$ inhibitors, vitamin C, butyrate, or mikNAs
[7, 8, 21, 39-42].

5. Conclusions

The footprint-free iPSCs obtained by srRNA- and synthetic
mBRNA-based reprogramming are promising cells to generate
desired cell types for dinical application. However, the
single-shot application of ssRNA allowed a more time- and
cost-efficient generation of unlimited numbers of iPSCs
without any genomic integration compared to the daily
transfection of multiple reprogramming factor-encoding
mBNAs. We believe that this method holds great promise
for the integration-free reprogramming of any somatic cells,
due the comfortable experimental setup with only one
srRNA administration, direct GFP monitoring, and higher
reprogramming efficiency. The highly efficient generation
of footprint-free iPSCs and the efficient differentiation into
desired cells will increase the potential of this technology in
translational research, therapy, and disease modeling,
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The generation of induced pluripotent stem cells (iPSCs) from
patient’s somatic cells and the subsequent differentiation into
desired cell types opens up numerous possibilities in regenera-
tive medicine and tissue engineering. Adull cardiomyocytes
have limited self-renewal capacity; thus, the efficient, safe,
and clinically applicable generation of autologous cardiomyo-
cyles is of greal interest for the treatment of damaged myocar-
dium. In this study, footprint-free iP5Cs were successfully
zenerated from urine-derived renal epithelial cells through a
single application of self-replicating RN A (srRNA). The expres-
sion of pluripotency markers and the in vitro as well as in vivo
trilineage differentiation were demonstrated. Furthermore, the
resulting iPSCs contained no residual stRNA, and the karyo-
typing analysis demonstrated no detectable anomalies. The car-
diac differentiation of these iPSCs resulted in autologous con-
tracting cardiomyocyles after 10 days. We anticipate that the
use of urine as a non-invasive cell source o obtain patient cells
and the wse of srtRNA for reprogramming into iPSCs will
grealy improve the future production of clinically applicable
cardiomyocytes and other cell types. This could allow the regen-
eralion of tissues by generaling sufficient quantities of autolo-
gous cells without the risk of immune rejection.

INTRODUCTION

Heart failure is currently one of the leading causes of death and affects
23 million people worldwide." In addition to atrial fibrillation and
arterial hypertension, myocardial infarction is a common cause of
heart failure. The destruction of cardiomyocytes is associated with a
reduced pumping capacity of the heart. Because of the extremely
low self-renewal capacity of cardiomyocytes with less than 1% per
year in adult hearts, a physiologically suffident regeneration of the
myocardium is not feasible.” In end-stage heart failure, solely organ
transplantation can ensure the survival of patients. To overcome the
lack of donor organs for transplantation, there is an explicit need for
regenerative therapeutic strategies to treat advanced heart failure.

Previous in vivo studies with different species demonstrated that the
transplantation of cardiomyocytes can improve the performance of

the heart after myocardial infarction.”! However, human imple-
mentation is cumrently failing due to the lack of reliable sources of
human cardiomyocytes. To overcome this limitation, various ap-
proaches have been developed to generate cardiomyocytes from
different cell sources, including bone-marrow-derived stem cells,”
embryonic stem cells (ESCs),”” and induced pluripotent stem cells
(iPSCs)."” In particular, iPSCs are a promising cell source to obtain
autologous cells. Since iPSCs are produced from a patient’s somatic
cells, their generation and application avoid ethical concerns associ-
ated with ESCs. Furthermore, rejection reactions are prevented,
because the generated cells are autologous. In addition to the appli-
cation of iPSCs in the field of regenerative medicine, cardiomyocytes
derived from iPSCs allow the screening and discovery of drugs, the
prediction of cardiotoxicity,” and the study of cardiovascular
diseases."!

Reprogramming of somatic cells into iPSCs was first achieved in mu-
rine fibroblasts by Yamanaka and co{leagues"‘"" and shortly there-
after in human fibroblasts using retroviral vectors encoding four tran-
scription factors KLF4, ¢-MYC, OCT4, and 5032, Hitherto, human
fibroblasts have been the most commonly used cell source for reprog-
ramming studies.'’ Fibroblasts are usually obtained from skin bi-
opsies, which represent an invasive procedure and lead to an injury
of healthy tissue. This is associated with pain and additional burden
for the patient. Naturally, due to physiological self-renewal of the
epithelial tissue in the urinary tract, approximately 2,000 to 7,000 hu-
man renal proximal tubule epithelial cells are detached daily and
excreted with urine.'” Thus, the collection and reprogramming of
these urine-derived cells represent a promising simple and non-inva-
sive strategy for obtaining patient’s own somatic cells.

Received 25 February 2019 accepted 22 July 201%;
httpsy//doi.org/10.1016/j.0min, 2019.07 016,

*These authors contributed equally to this work.

Correspondence: Mdtem Avd-Adali, PhD, Department of Thoracic and Cardio-
vascular Surgery, University Hospital Tabingen, Calwerstrafie 7/1, 72076 Tubin-
gen, Germany.

E-mail: meltemn. avd-adali@uni-tuebingen.de

Molecular Therapy: Nudleic Acids Vol. 17 September 2019 ® 2019 The Authors. aqy
This is an open access article under the CC BY-NC-ND license [hitp:

reativecommons.omgdicensasby-ne-nd/4.0v).

106



Publikation 1V

The genome-integrating viral vectors originally used by Yamanaka
et al."*" are carrying a certain risk. The random insertion of retro-
wiral vectors into the genome can lead to mutations and, thereby, to
the development of tumors. Furthermore, the retroviral introduction
of c-MYCin the cells can lead to increased tumorigenesisin mice.'*'”
Thus, these iPSCs generated by retroviral vectors cannot be clinically
used. Meanwhile, several non-integrating approaches have been
developed that reduce concerns regarding genetic alterations in
iP5Cs.'"** In particular, synthetic mRNA-based approaches are
promising.” Thereby, the exogenous delivery of synthetic mRNAs
into somatic cells leads to transient expression of desired proteins un-
der physiological conditions by cells’ translational machinery. In
contrast to plasmid DNA, synthetic mRNAs do not need to enter
the cell nucleus. This results in an immediate translation of delivered
mRNA in the cytosol and eliminates the risk of genomic integration
and insertional mutagenesis”' The incorporation of modified nucle-
otides during the in vifro transcription (IVT) or codon optimization ™
can significantly improve the stability of synthetic mRNAs, drastically
reduce immune responses triggered by recognition of foreign RNAs,
and increase the recruitment and recycling of ribosomes and, thereby,
result in enhanced translation efficiency.” "

Due to the transient nature, synthetic mRNAs can be used to express
reprogramming factors to obtain footprint-free iPSCs.” However, the
transient presence of the exogenously delivered mRNAs also necessi-
tates the daily transfection of cells with the synthetic mRNAs during
the reprogramming process, which is cost intensive, time consuming,
and assodated with increased cellular stress. To overcome these hur-
dles, self-replicating RNAs (sRNAs) can be used to express the re-
programming factors for an extended period of time,”” without the
need for repeated transfections. The stRNA contains the coding
sequences of four transcription factors-OCT4, KLF4, SOX2, and
c-MYC-and four non-structural proteins (nsP1-nsP4), which encode
the RNA replication complex of Venemelan equine encephalitis
(VEE) virus. !

In this study, using s'RNA, footprint-free iPSCs were generated from
adult human urine-derived epithelial cells, and the successful gener-
ation of beating antologous cardiomyocytes from these iPSCs was
demonstrated.

RESULTS

Reprogramming of Urine-Derived RECs into iPSCs Using OCT4,
KLF4, SOX2, IRES-cMyc (OKSiM)-GFP srRNA

Cells were collected from urine of 4 different donors. The renal
epithelial origin of the isolated and expanded cells at passage 2 or 3
was confirmed using flow cytometry. The analysis showed that
95.8% = 1.3% of the cells positively express epithelial marker fi-cate-
nin and that 99.8% + 0.2% of the cells express the renal proximal
tubular marker CD13 (Figure 1A).

To control the transfection and translation of the stRNA in cells, an
IRES-GFP encoding sequence was doned into the T7-VEE-OKSiM
plasmid for the synthesis of OKSiM-GFP stRNA (Figure 1B). For re-
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programming, 5 x 10* renal epithelial cells (RECs) were seeded on
gelatin-coated wells. Using the established reprogramming protocol
{Figure 1C),21 to 30 days post-transfection, 3 to 25 primary iPSC col-
onies were obtained per well. After 24 h and reaching approximately
50% confluency (Figure 1D), asingle transfection with 0.5 pg OKSiM-
GFP srRNA was performed for 4 h. Subsequently, cells were culti-
vated in B18R-containing medium. Using flow cytometry, a strong
GFP reporter protein expression was detected in 7.2% + 2.8% of
the cells 2 days post-transfection (n = 4). On the third day after trans-
tection, 0.8 pg/mL puromycin was added to the medium to select
stRNA-transfected cells. After 24 h, only a partial antibiotic-medi-
ated, selective cell death was detected. On day 7 after transfection, a
significant reduction in cell numbers was observed, and GFP™ cells
carrying the reprogramming srRNAs survived and grew in colonies.
On day 7, the cells underwent severe morphological changes, and
small round cells with large nuclei appeared (Figure 1D). Afterward,
the medium was changed to E8 stem cell medium containing B18R. In
the following days, when the cells reached 90% confluency during the
reprogramming process, the cells were split at a 1:2 or 1:4 ratio onto
vitronectin-coated plates. On day 13, an increase in colony size was
detected. After 26 days, iPSC colonies were identified using live-cell
staining (antibody against SSEA-4). Thereafter, B18R was withdrawn
from the medium to eliminate the reprogramming stRNA from the
cells, and iPSCs were either immediately picked or further cultivated
for about 4-7 days until primary iPSC colonies increased in size
(D33). Manually picked iPSC colonies were transferred onto the vi-
tronectin-coated wells of a 12-well plate.

Characterization of iPSCs Derived from RECs

Expression of Pluripotency Markers

After the reprogramming of adult somatic RECs into iPSCs, the
expression of pluripotency markers was analyzed in iPSCs at passage
4 by immunostaining with specific antibodies. Fluorescence micro-
scopy analyses revealed a strong expression of NANOG, OCT4,
S0X2,SSEA-4, TRA-1-60, and LTN28 within the entire iPSC colonies
(Figure 2A). Furthermore, flow cytometry analyses demonstrated that
85% = 6% of iPSCs (passages 5-7) were expressing NANOG and that
91% + 4% of cells were positive for TRA-1-60 (Figure 2B). Further
cultivation and expansion of iPSCs until passage 25, corresponding
to 4-5 months in culture, had no effect on TRA-1-60 and NANOG
expression (Figure 51). Additionally, gene expression of SOX2,
OCT4, LIN28, NANOG, and E-cadherin was quantified using qRT-
PCR. The obtained REC-iPSCs (passages 3-6) showed—like the
commercially available positive control iPSC cell line WT02, which
was generated using a Sendai virus vector from dermal fibroblasts

a significantly high expression of SOX2 (1,510-fold), OCT4 (173-
fold), LIN28 (4,376-fold), NANOG (733-fold), and E-cadherin
(4,230-fold), compared to the initial RECs (Figure 2C).

Trilineage Differentiation of iPSCs

The differentiation potential of the obtained iPSCs (passages 3-7)
into all three germ layers was evaluated in vifro using a directed
7-day differentiation protocol (StemMACS Trilineage Differentiation
Kit from Miltenyi Biotec) followed by specific antibody staining and
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Figure 1. Reprogramming of Urine-Derived RECs into iPSCs Using OKSIM-GFP srRNA

(A) Flow cytometry analysis of RECs after staining with antibodies against epithelial marker f-catenin and renal epithelial marker CD13. Results are shown as mean + SD
(n = 4). Statstical differences were determined using pared t test (™ p < 0.0001). (B) Schematic overview of srRNA construct. The synthetized srRNA contains the coding
sequencas for the non-structural proteins {nsP1-nsP4) of VEE to aliow salf-replication of stRNA, the reprogramming factors {OCT4, KLF4, SOX2, and ¢-MYC), and the
reporter protein GFP. The intemal ibosome entry sites (IRES) sequences finkad to ¢-MYC and GFP) control ibosome entry and, therefore, protein production. The 5’ end
was medified with a cap1 structure, and a polyfA) tall was added at the 3’ end. For positive salection, the srRNA also encodes a puromycin resistance. (C) Timeine for the
generation of IPSCs from RECs using srRNA. (D) Microscopic images of RECs after the transfection with 0.5 ng sfRNA. A few cells expressing the reporter protein GFP
were datected 2 days after the transfaction (D2). At day 3, puromycin was added for 3 days to eliminate cells, which are not transfected (D3). In the following days, GFP-
positive celis proliferated and generated colones (D4). Atday 7, mainly GFP-positive cells had survived, and non-transfected cells were dying (D7). At day 13, an increased
size of cdonies was cbseved (D13). After 28 days, IPSC colones were stained with DL550-labaled live antibody against SSEA-4 (D26§). Depending on the colony size,
primary IPSCs ware picked the next day o further cultivated up to 7 days (D33) until colonies increased in size. The detached IPSCs were transferred into vitronectin-coated
wells,

quantification using flow cytometry. The mesoderm induction re-  The endoderm induction led to the detection of a dense cell layer
sulted in the generation of elongated endothelial-like cells as well as  similar to that of early hepatocyte-like cells. The ectoderm induction
multilayer accumulations of smooth muscle-like cells (Figure 3).  resulted in cells arranged in neural rosettes. The successful
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Figure 2. Analysis of Pluripotency Marker Expression in iPSCs Generated from RECs

(A) Reprasentative immunofiuorescence micro

opy images of IPSCs (passage 4) sta

nad with LIN28-, NANOG-, OCT4-, SOX2-, SSEA-4-, and TRA-1-80-specific ant

bodies. (B) Flow cytometry analysis of IPSCs {passages 5-7) stained with antibodies specific for NANOG and TRA-1-80. Results are shown as mean + SD n = 3).

(C) Expression analysis of SOX2, OCT4, LIN28 NANOG, and E-cadt

fin transcripts using gRT-PCR. mRNA levels ware no

nallzed to GAPDH mRNA levels, and

the results are prasented relative 1o the expression lewels in RECs. Results are shown as mean + SEM (n = 4). Statistical differences ware determined using paired t tast

("p < 0.01; ™p < 0.001, ™ p<0.0001).

mesodermal commitment was shown by detecting 48% =+ 17% CD31-
positive and 74% = 17% SMA-positive cells. The endoderm differen-
tiation resulted in 95% =+ 3% AFP-positive and 97% = 4% CXCR4-
positive cells. The ectodermal distinction was demonstrated by the
detection of 96% = 2% paired box gene 6 (PAX6)-positive and
98% = 1% class ITT B-tubulin (TUBB3)-positive cells.

Teratoma Formation of iPSCs

The in vivo differentiation capacity of the generated iPSCs into tissue
types of all three germ layers was assessed using chorioallantoic mem-
brane (CAM) assay. Therefore, 2 x 10° iPSCs (passages 8-11) were
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suspended in Matrigel and applied onto the CAM. After 10 days of
incubation, the formed cell mass was excised together with the
CAM (Figure 4A). Histological analysis revealed mesodermal, endo-
dermal, and ectodermal differentiation of applied iPSCs within the
teratoma tissue mass (Figure 4B). The differentiation into meso-
dermal tissue was demonstrated by the presence of bone-like and con-
nective tissue structures in teratoma sections. The differentiation to-
ward endodermal tissue was shown by the detection of gland- and
gut-like epithelial tissues, and the generation of ectodermal tissue
was demonstrated by the presence of squamous epithelial tissue
and neural epithelium starting to form rosette-like structures.

109



Publikation 1V

www.moleculartherapy.org

Mesoderm

3

Ectoderm

50
cD31
control ﬁ A contral f“ /‘\’\ el
SR e J\ . \ﬁ
g \'\. Z 48% = ‘\. 959 ° \n 96 %
A \
o S o
PE 10.000 PE 10.000 PE 10,000
50H SMA 100 \" CXCR4 a ‘W“ TUBBBl
b control \ \ control y \ /\./‘U\ control
\
Y gl | g 98 %
I W 4 7% 8]\ [ 97% °© b
) \ L.,ﬁ
il Nen LN J ; M/
FITC 10.000 PE 10.000 FTC 10,000
meso endo ecto
125

% gated
>

o & 8

co¥

Figure 3. In Vitro Differentiation Potential of IPSCs Derived from RECs into the Three Germ Layers: Mk
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After 7 days of triineage differentiation, celis with changed phenotypes (indcated with amows) were observad. Flow cytometry analysis confirmed the differentiation of IPSCs
(passages 3-7) into all three germ layers by detection of mesodermal {CO31 and SMA), definitive-endodemal (AFP and CXCR4), and neurcectodermal (PAXS and TUBBY
celis. Compared to controls, differentiated celis showed significantly increased expression of mesodemnal, endodemnal, and ectodennal markers. Scale bars of phase
contrast microscopic pictures represent 100 pm. Results are shown as mean + SD (n = 4). Statistical differences were determinad using one-way ANOVA folowed by

Bonferroni's multiple comparison test (™ p < 0.0001).

Downregulation of Oncogenic Transcription Factors and
Elimination of srRNA after the Reprogramming of RECs into
iPSCs and Analysis of Genomic Stability

Since a permanently elevated expression of KLF4 and ¢-MYC is asso-
ciated with an increased tumorigenesis,'” the expression levels of
these transcription factors were determined in obtained iPSCs (pas-
sage 3) using qRT-PCR. The analyses revealed that the expression
of KLF4 and ¢-MYC in iPSCs was not significantly different from
the expression levels of the initial RECs (Figure 5A). To eliminate
the exogenously delivered sTRNA in the reprogrammed cells, B18R
protein treatment was discontinued between day 21 and day 30 of re-
programming. The elimination of srRNA was analyzed in iPSCs at

passage 3 using qRT-PCR. Thereby, the srRNA-specific nsP2 and
nsP4 coding regions were detected. RECs transfected with srRNA
(RECs+) and cultivated for 2 days demonstrated approximately
2 x 10°-fold higher numbers of STRNA transcripts compared to un-
transfected RECs (Figure 5B). In contrast, no residual srRNA expres-
sion was detected in iPSCs. Subsequently, the obtained amplicons
were analyzed using agarose gel electrophoresis. As shown in Fig-
ure 5C, solely RECs+ showed transcripts with the expected product
length of 192 bp for nsP2 and 238 bp for nsP4. To analyze the
genomic stability of iPSCs, karyotyping of chromosomes was
performed with the initial urine-derived RECs as well as with the
generated iPSCs (at passages 4-6). The results revealed no changes
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Figure 4. In Vivo Analysis of Teratoma Formation by Application of iPSCs onto CAM

(A) Schematic representation of the implementation of CAM assay for the analysis of teratoma fomation. 2 x 10%IPSCs (passages 8-11) were applied into the inner area of a
silcone ring (@ 8 mm), which was placed onto the CAM on day 7 of incubation. After 10 days of incubation, teratomas indicated with ananow) were excised, and histaogical
analyses wera performed. (B) A representative microscopic image of H&E-stained teratoma sections showing IPSC-derived tissues of all three gemm layers: mesoderm §,
bone-like tissue; i, connective tissue), endodem §, gut-like epithellum; i, gland-like epithaliumj, and ectoderm (i, primitive neural rosettes; i, squamous epithelium).

in number and appearance of chromosomes, including their length,
banding pattern, and centromere position after the reprogramming
procedure (Figure 5D).

Characterization of Generated Cardiomyocytes from iPSCs

iPSCs (passages 4-12) generated from 4 different donors were differ-
entiated within 10-14 days into beating cardiomyocytes (passage 0).
Using flow cytometry, the yield of cardiac troponin T (cTNT)-posi-
tive cardiomyocytes was determined after the enrichment procedure
and resulted in 89.2% =+ 1.7% cTNT-positive cells (Figure 6A).
The fluorescence microscopic overview of ¢TNT and a-actinin
(ACTN2) double-stained cells confirmed the high amount of cardiac
cells compared to a few solely DAPI-stained nudei (Figure 6B). The
differentiated cells also showed the typical elongated rod-like shape of
cardiomyocytes. More detailed confocal laser scanning micrographs
of the cells in passage 1 demonstrated the structural arrangement of
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the expressed cardiomyocyte-specific proteins, cTNT, cardiac myosin
heavy chain (MYHS6), or the musdle-specific marker alpha smooth
muscle actin (ACTA2) (Figure 6C). The staining of cells with
c¢TNT-specific antibody revealed the cardiomyocyte-specific sarco-
meric structures within the cells. Moreover, using qRT-PCR, the
expression of cardiomyocyte-specific markers, atrial natriuretic pep-
tide (ANP), ¢cTNT, a«-actin cardiac muscde 1 (ACTC1), and MYH6
was analyzed. The obtained cells (passage 0) expressed 54 x 10'-
fold increased levels of ANP, 2.9 x 10*-fold higher ¢TNT levels,
55 x 10’-fold higher ACTC1 levels, and 2.2 x 10*-fold higher
MYH6 levels compared to those in the initial RECs (Figure 6D).
Furthermore, the presence of cardiac troponin I (TNNI3) was
analyzed in cell culture supernatants 13 to 16 days after starting the
iPSC differentiation into cardiomyocytes (Figure 6E). A significantly
higher concentration of TNNI3 (0.26 = 0.11 pg/L) was detected in
cardiomyocyte cell culture supematants compared to iPSC culture
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Figure 6. Analysis of Cells Obtained after Cardiac Differentiation of REC-Derived iPSCs
(&) Fow cytometry analysis of cTNT-axprassing calls after cardiac differantiation and enrichment. (B Flucnescanca microscopic ovandew of cTNT- and a-actinin (ACTNZ)
positive calls in passage 1 after the cardiac differentiation. Counterstaining of nuclel was performed with DAPIL. {C) Confocal-laser-scanning microscopic analysts of car

diomyocyte-spaciic ACTAZ, cTNT, and MY HE expression. Nudel wene stainad with SYTOS

| gRT-PCR gene expression analsts of cardiac-specific protains ANP, cTNT,

ACTCA, and MYHS in passage 1 after the differentiation. (B Detection of TNNI3 concentration in candiomyocyte culture supernatants and in iIPSC culture supematants as

contractions. In contrast, the treatment of cardiomyocytes with 0.0 1 pM
isoproterenol increased the beating rate from 32.42 + 209 beats per
minute to 40.09 £ 7.71 beats per minute. Atan isoproterenol concentra-
tion of 0.1 pM, the beating rate reached 50.61 = 652 beats per minute.
After theremoval of nifedipineand isoproterenol and cultivation of cells
for a few hours in cardiomyocyte maintenance medinm (CMM), the
cells recovered and displayed initial beat rates.

DISCUSSION

In recent years, the ability to generate iPSCs from somatic cells has led
to considerable progress in regenerative medicine, and the reprog-
ramming has become a powerful tool in the field of tissue engineering,
In this study, we established a method to generate footprint-free car-
diomyocytes by using the autologous cell material from the patient’s
urine and srRNA. First, urine-derived human RECs were reprog-
rammed using stRNA into iPSCs and then differentiated into beating
autologous cardiomyocytes. The obtained iPSCs showed self-renew-

914 Malecular Therapy: Nucleic Acids Vol. 17 September 2019

ability and the expression of pluripotency-specific markers, while
no residual srRNA and genomic abnormalities were detected. The tri-
lineage differentiation potential of REC-derived iPSCs was demon-
strated in vifro as well as in vivo. Moreover, the cardiac differentiation
of these cells resulted in the generation of contractile cardiomyocytes.
Thus, the results dearly demonstrated that autologous footprint-free
iPSCs as well as cardiomyocytes can be obtained by using the patient’s
urine as a source for somatic cells. Thereby, invasive biopsies for isola-
tion of somatic cells is not required. Since the obtained cells are foot-
print-free and autologous, they might have a high potential to be used
for the regeneration of injured myocardium.

Urine is a naturally excreted material; therefore, the sampling of pa-
tients' urine offers an easy, non-invasive, low-cost, and pain-free
method for the collection of sufficient numbers of human somatic
cells for reprogramming. Due to natural physiological self-renewal
of the epithelial tissue in the urinary tract, approximately 2,000 to
7,000 cells are daily detached and excreted with the urine.'” In urine,
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3 types of epithelial cells can be found: renal, transitional, and squa-
mous.”’ RECs line the nephron as a single layer. An increased number
of these cells in the urine can indicate an infection or kidney disease.
Transitional epithelial cells are a multilayer of epithelial cells that line
the urinary bladder. A few transitional cells are present in the urine of
healthy persons, and increased numbers are assodated with infection
or transitional cell carcinoma. Most often, these cells are also found in
the urine after urethral or ureteral catheterization. Squamous epithe-
lial cells line the urethra and vagina, and this type of epithelial cells is
maost often found in female urine. Large numbers of squamous cells in
female urine generally indicates vaginal contamination. However,
during a culturing time of 3 to 5 days in renal epithelial proliferation
medium, the squamous epithelial cells do not adhere to the cell cul-
ture plate and are removed after the medium change. Typically, 3
to 6 small colonies of RECs appear and grow steadily.

In our study, 100-200 mL urine was enough to obtain a suffident
amount of cells for the reprogramming procedure. However, by using

- Mifedipine
+ Isopraterancl

Figure 7. Characterization of Contracting
Cardiomyocytes
5 (A Amow-based deplay of the directed contractions of
candiomyocytes passage ). (B) Heatmap depicting the
time-averaged magnitude of motion in the x and y di
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an increased amount of urine, more cells could
be obtained; thereby, the expansion time of the
cells could be reduced. Furthermore, the prolifer-
ation rate of the cells can vary between different
donors and ages and might influence the reprog-
ramming effidency. In this study, the isolated
cells from urine samples were positive for the
epithelial marker f-catenin and the renal prox-
imal tubular marker CD13. In confrast to urine
sampling, the commonly used somatic cells are
obtained from skin samples (fibroblasts)'' or
blood cells™ by invasive procedures. Cutting
out healthy skin pieces is, of course, a painful pro-
cedure and is associated with the risk of infection.
Furthermore, the reprogramming of blood cells is
difficult, and the efficiency is known to be rela-
tively low."” Tt has also been shown that iPSCs
derived from different cell sources maintain a
distinct molecular pattern of epigenetic markers, which is linked to
the donor tissue.** This might result in the improved differentiation po-
tential of iPSCs into the initial somatic cell type. In this study, the suc-
cessful differentiation of urine-derived REC-iPSCs into cells of all three
germline directions was demonstrated.

The reprogramming was performed by a single transfection of RECs
with a synthetic stRNA that encodes four reprogramming factors

OCT4, KLF4, SOX2, and c-MYC—as well as the fluorescent reporter
protein GFP and contains an open reading frame for puromycin
resistance. The puromycin resistance enables the positive selection
of ssRNA-containing cells, which improves the reprogramming effi-
ciency. In comparison to viral-vector-based methods, the use of
sTRNA prevents random integration of reprogramming factors
into the genome and enables the generation of footprint-free iPSCs.
Furthermore, compared to the application of synthetic mRNA for
the generation of iPSCs,” which requires a daily transfection of 5
different mRNAs into the same target cell, a single transfection of
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cells with sRNA is suffident for the complete reprogramming
period.

The addition of B18R protein into the reprogramming medium sup-
presses the type-I-interferon-assodated immune responses™ to the
srRNA; thereby, the premature degradation of the sTRNA in the cells
can be prevented. After the reprogramming, the termination of
B18R addition leads to the degradation of srRNA."" Furthermore,
the incorporation of IRES-GFP into the srRNA allowed the control
of successful transfection and translation of sTRNA during the reprog-
ramming process. Additionally, in the absence of the immunosuppres-
sive protein B18R, the decrease of the fluorescence intensity indicated
the degradation of the sTRNA in the cells. Moreover, the implementa-
tion of gqRT-PCR using specific primers for the nsP2 and nsP4 regions
of the stRNA provided the evidence for the sRNA degradation, since,
in obtained iPSCs (passage 3), no stRNA could be detected. The proto-
oncogenes ¢-MYC and KLF4 are expressed in different types of
cancer,” " and the permanent overexpression of these genes is assodi-
ated with an increased tumorigenesis.'*"" Thus, although the expres-
sion of these proteins is required during the reprogramming, after
the reprogramming, they should be downregulated. This was also
demonstrated in our obtained iPSCs; the expression of ¢-MYC and
KLF4 was not significantly different from the expression in precursor
RECs. Furthermore, the decrease of c-MYCand KLF4 expression also
indicates the degradation of the srRNA construct in the iP5Cs.

In addition to expressing certain proteins responsible for maintaining
the pluripotency and the self-renewal capacity of iPSCs, another key
feature of iPSCs is the ability to differentiate into each of the three
germ layers: mesoderm, endoderm, and ectoderm. We successfully
demonstrated the ability of the obtained iPSCs to form each of the
germ layers after directed differentiation in vifro as well as in vivo after
the application of iPSCs on CAM. Compared to the teratoma forma-
tion in mice, which is incubated for about 4 weeks, the application of
2 % 10° iPSCs on CAM and the incubation time of 10 days were suf-
fident to form all three germ layers. The cardiac differentiation of
renal -epithelial -cell -derived iPSCs resulted already after 7 days in
beating cardiomyocytes with a beating rate of approximately 25 beats
per minute. The treatment of these cells with 0.1 pM nifidipine
resulted in complete inhibition of beating. In contrast, the phar-
macological modulation of REC-iPSC-derived cardiomyocytes with
isoproterenol led to an increased beating rate.

The future application of these cells for the repair of damaged heart
tissues requires the production of pure cardiomyocyte cultures in a
large-scale format and the selection of the appropriate subtype-spe-
cific cardiomyocytes—nodal, atrial, or ventricular cardiomyo-
cytes.' ™" Furthermore, the complete differentiation of iPSCs into
mature cardiomyocytes should be ensured."" Dubois et al.*®
demonstrated by using an anti-SIRPA antibody and fluorescence-
activated cell sorting (FACS) that cardiomyocytes can be enriched
from human pluripotent stem cells. In our study, we used the
lactate-based method to enrich cardiomyocytes”” Due to differences
in energy substrate metabolism, compared to other mammalian cells,
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cardiomyocytes are able to produce energy also from lactate or fatty
acids instead of glicose."® Thus, the cultivation of cells in glucose-
depleted and lactate-supplemented medium leads to the survival of
cardiomyocytes and the elimination of undifferentiated cells. Using
this method, 89.2% + 1.7% cTNT-paositive cells were obtained.

Heart failure and myocardial infarction mainly affect the ventricles of
the heart; thus, to prevent arrhythmias afier transplantation of the
cells into cardiac ventrides, the ventricular subtype of cardiomyocytes
should be applied. Therefore, cell sorting can be performed to obtain
pure cardiomyocyte subtypes for different applications. The
commonly used marker specific for ventricular cardiomyocytes is
the myosin light chain 2v (MLC-2v), and the myosin light chain 2a
(MLC-2a) is considered as a specific marker for atrial cardiomyocytes.

Conclusions

The non-invasive collection of somatic cells from urine and the one-off
application of srRNA could allow the easy and effident generation of
suffident and unlimited numbers of patient-spedific iPSCs, which can
then be differentiated besides cardiomyocytes also into other desired
cell types without any genomic integration. Thereby, personalized cell
therapy of different diseasescan beenabled, which prevents rejection re-
actions and the use of immunosuppressive drugs with their long-term
complications. Thereby, the outcome of various cell therapy approaches
can be greatly improved, and the generated cells can also serve as cell
models for studying specific genetic diseases and treatment methods.

MATERIALS AND METHODS

Production of Synthetic stRNA

The T7-VEE-OKSiM plasmid™ containing the VEE non-structural
protein coding sequences (nsP1 to nsP4) to enable the RNA replica-
tion and the coding sequences of OCT4, KLF4, S50X2, and ¢-MYC
was purchased from Addgene (LGC Standards, Teddington, UK).
To monitor the transfection and reprogramming efficiency, an addi-
tional sequence encoding an TRES (internal ribosome entry site) and
the reporter protein GFP were cloned by Aldevron (Fargo, ND, USA)
into the plasmid, which is then called OKSiM-GFP plasmid.

To amplify the OKSiM-GFP plasmid, E. coli competent cells (a-Select
Chemically Competent Cells, Bioline, Luckenwalde, Germany) were
transformed with 100 ng plasmid and cultivated in lysogeny broth
(LB) medium containing 50 pg/mL ampicillin. Plasmid isolation
was performed using the QIAprep Spin Miniprep Kit (QIAGEN,
Hilden, Germany). Afterward, 36 pg OKSiM-GFP plasmid was line-
arized using 5 pL FastDigest Mlul restriction enzyme (Thermo Fisher
Scientific, Waltham, MA, USA) and 20 pL 1 x reaction buffer in a to-
tal volume of 200 pLfor 3 hat 37°C. The linearized DNA was purified
using the Isolate IT PCR and Gel Kit (Bioline) and analyzed using 1%
agarose gel electrophoresis.

For the synthesis of sSTRNA, IVT was performed for 2 h at 37°C using
the RiboMAX Large Scale Production System—T7 Kit (Promega,
Madison, WT, USA) according to the manufacturer’s instructions.
The TVT reaction mixture contained 10 pg linearized OKSiM-GFP
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plasmid DNA and 40 U RiboLock RNase Inhibitor (Thermo Fisher
Sdentific) in 100 pL. Afterward, DNA templates were removed by
adding 1 pI. TURBO DNase for 15 min at 37°C. Next, 5"-end capping
was performed using the ScriptCap Cap1 Capping System followed by
3"-end polyadenylation with the A-Plus Poly(A) Polymerase Tailing
Kit (both from Cellscript, Madison, W1, USA) according to manufac-
turer’s instructions. Following each reaction step, the stRNA was pu-
rified using the RNeasy Kit (QIAGEN) and eluted in nuclease-free
water. The purity and specific length of generated stRNA products
were analyzed using 1% agarose gel containing 2.2 M formaldehyde
and 1% GelRed (Biotium, Fremont, CA, USA) in 1x MOPS (3-(N-
morpholino)propanesulfonic acid) buffer. Electrophoresis was per-
formed at 100 V for 60 min in 1x MOPS buffer.

Isolation and Cultivation of RECs from Urine

RECs were isolated from 100-200 mL urine from healthy donors
(men and women between 25 and 35 years of age) by centrifugation
at 400 x g for 10 min. Afterward, cells were washed with 50 pg/mL
gentamicin and 250 pg/mL amphotericin B (Sigma- Aldrich ) contain -
ing Dulbecco's PBS (DPBS; Thermo Fisher Sdentific) and centrifuged
at 200 x g for 10 min. Then, cells were suspended in 1 mL primary
medium consisting of DMEM/F12 high glucose supplemented with
10% fetal bovine serum (FBS), REGM Renal Epithelial Growth Me-
dium SingleQuots Kit (Lonza, Basel, Switzerland), 50 pg/mL genta-
micin, and 250 pg/mL amphotericin B and plated in one well of a
0.1% gelatin-coated 12-well plate. For the next 3 days, 1 mL primary
medium was added each day. The obtained cells were then cultivated
in proliferation medium (REMC) consisting of 50% renal epithelial
{RE) basal medium with REGM Bullet Kit supplements {Lonza, Basel,
Switzerland) and 50% mesenchymal cell (MC) proliferation medium
(DMEM high glucose supplemented with 10% FBS, 1x GlutaMax,
1x MEM (minimum essential medium) non-essential amino acids
(NEAA), 50 pg/mL gentamicin, and 250 pg/ml amphotericin B,
5 ng/mL basic fibroblast growth factor (bFGF), 5 ng/mL platelet-
derived growth factor (PDGF)-AB, and 5 ng/mL epidermal growth
tactor (EGF). Cell culture reagents were obtained from Thermo Fisher
Sdentific and recombinant human growth factors were obtained from
Peprotech (Hamburg, Germany). Cells were cultivated at 37°C with
5% COy, and the medium was changed every 2-3 days. After reaching
80% confluency, RECs were detached using 0.04% trypsin/0.03%
EDTA, and the reaction was stopped using trypsin-neutralizing solu-
tion (TNS; 0.05% trypsin inhibitor in 0.1% BSA, PromoCell, Heidel -
berg, Germany). Afterward, cells were centrifuged for 5 min at 300 =
g and seeded on 0.1% gelatin (Sigma-Aldrich Chemie, Steinheim,
Germany)-coated cell culture plates. The chamcterization of RECs
was performed by flow cytometry using antibodies specific for epithe-
lial marker fi-catenin and renal proximal tubular marker CD13 (Mil-
tenyi Biotec, Bergisch Gladbach, Germany).

Reprogramming of RECs into iPSCs Using srRNA

To perform reprogramming, 5 > 10* RECs (from 4 different donors,
passages 2-3) were seeded per well of a 12-well plate coated with
0.1% gelatin and incubated overnight at 37° Cin proliferation medium.
WNext day, the cells were incubated for 45 -60 min with proliferation me-

dium containing 200 ng/mL B18R interferon inhibitor (Thermo Fisher
Scientific) at hypoxia (37° C, 5% COa, 5% O4). For the transfection, lip-
oplexes weregenerated by the incubation of 0.5 pg OKSiM-GFP stRNA
and 1.5 pI Lipofectamine Messenger Max (T hermo Fisher Sdentific)in
0.5 mL Opti-MEM 1 reduced serum medium (Opti-MEM, Thermo
Fisher Scientific) for 15 min at room temperature (RT). RECs were
washed with DPBS, and lipoplexes were added. After 4 h of incubation,
lipoplexes were discarded, and 1 mL fresh proliferation medium con-
taining 200 ng/mL B18R was added for further incubation at 37°C
with 5% CO, and 5% O, for 24h. Until day 3, the medinum was replaced
daily, and at day 3,0.8 pg/mL puromydn (Sigma- Aldrich) was added to
the proliferation medium to select stRNA-containing transtected cells.
After 2-3 days of incubation, untransfected cells were eliminated.
Thereafter, B18R-containing proliferation medium was changed every
day. At day 7 of reprogramming, medium was changed to E8 stem cell
medium (Essential 8, Thermo Fisher Sdentific) supplemented with
200ng/mLB18R. Afterthe firstappearanceof iPSC colonies (beginning
on day 21), B18R was withdrawn from the medium. iPSC colonies,
which were positively stained with DyLight 550-labeled mouse anti-hu-
man StainAlive SSEA -4 antibody (Stemgent) were picked manually and
seeded on 0.5 pgfc m” vitronectin (Thermo Fisher Scientific)-coated tis-
sue culture plates and expanded in E8 medium.

Cultivation of iPSCs Derived from RECs

After reaching confluence, iP5Cs were washed once with DPBS and
incubated for 5-10 min at RT with DPBES containing 0.5 mM
EDTA (Sigma-Aldrich). After the detachment, cells were suspended
in E8 medium containing 10 pg/mlL ROCK inhibitor Y-27632
(Enzo Life Sciences, Lausen, Switzerland) and passaged at a split ratio
of 1:10 o1 5 x 10 cells per vitronectin-coated well of a 6-well plate or
in T25 culture flasks. iPSCs were cultivated at 37°C and 5% COs, and
E& medium was changed daily.

Flow Cytometry

Cells were washed with 1 mL DPBS and detached using 0.04%
trypsin/0.03% EDTA, and the reaction was stopped by adding TNS
({PromoCell). The cells were then centrifuged (5 min at 400 x g),
washed with DPBS, and fixed for 10 min at RT in 0.5 mL fixation
solution (R&D Systems). After washing with DPBS, cells were sus-
pended in washing buffer (Permeabilization/ Wash Buffer I, R&D Sys-
tems), and 5 pL fluorescently labeled antibody was added and incu-
bated for 45 min at RT. Afterward, cells were washed with 0.5 mL
washing buffer, suspended in 200 pL 1 BD CellFIX solution (Becton
Dickinson, Heidelberg, Germany), and measured using a BD FACS-
can flow cytometer (Becton Dickinson) and Flowing Software ( Turku
Centre for Biotechnology, Turku, Finland).

gRT-PCR
To perform gRT-PCR analysis, 300 ng RNA was reverse transcribed
into complementa DNA (¢DNA) using the iScript Kit (Bio-Rad). The
primers used for the specific amplification of transcripts are listed in
Table 51, and they were ordered from Ella Biotech (Martinsried, Ger-
many) and used at a final concentration of 300 nM. Real-time gqRT-
PCR reactions were performed in a CFX Connect Real-Time PCR

Molecular Therapy: Mudleic Acids Vol 17 September 2019 917

116



Publikation 1V

Detection System (Bio-Rad) using IQ) SYBR Green Supermix (Bio-
Rad). Expression of constitutively expressed gene GAPDH (glyceral -
dehyde 3-phosphate dehydrogenase) was used as an internal control
for the amount of RNA input. Primers were designed by using the
Primer-Blast tool from NCBIL" Melting temperatures and self-com-
plementarities were checked using the Oligonucleotide Properties
Calculator from Northwestern University Medical School.™

The gRT-PCR amplification of cDNA was performed under the
following conditions: 3 min at 95°C for one cyde, followed by 40 oy-
cles of 95°C for 155, 60°C for 30 s, and 72°C for 10 s. After 40 cycles,
melt curve analysis was performed to ensure the specificity of the
products. The gRT-PCR reactions were run in triplicate with a total
volume of 15 pL per well. Levels of mRNA for each gene were normal -
ized to GAPDH, and the results are shown relative to control mRNA
levels.

Characterization of iPSCs Derived from RECs

Detection of Pluripotency Markers

Immunocytochemistry of iPSCs. 5 x 10° iPSCs (passages 4-5) were
seeded on vitronectin-coated glass slides in 12-well plates and
cultured for 2-3 days in cell culture medium until reaching
50%-70% confluency. Cells were washed 2x with 1 mL DPBS and
fixed for 10 min at RT with 0.5 mL fixation solution (R&D Systems,
Minneapolis, MN, USA). After washing with 0.5 mL washing buffer,
the cells were incubated for 1.5 h at RT in washing buffer containing
5% BSA. Then, cells were incubated 3 h at RT with fluorescently
labeled antibodies in washing buffer containing 1% BSA or overnight
at 4°C with primary antibodies. After washing 3x with 0.5 mL
washing buffer, the staining of the cells with fluorescently labeled sec-
ondary antibodies was performed for 1 hat RT in washing buffer con-
taining 1% BSA. Afterward, the cells were washed 3 x with washing
buffer, DPBS, and then water. Subsequently, the coverslips were
mounted using Fluoroshield mounting medium with DAPI { Abcam,
Cambridge, UK). Rabbit anti-human POUSF1 (OCT4) (Sigma-Al-
drich Chemie), rabbit anti-human SOX2 (Stemgent, Cambridge,
MA, USA), and mouse anti-human LIN28 A (6D 1F9) (Thermo Fisher
Scientific) antibodies were used as primary antibodies. Fluorescein
isothincyanate (FITC)-labeled sheep anti-mouse immunoglobulin G
(IgG) (whole molecule; Sigma-Aldrich) and Cy3-labeled goat anti-
rabbit IgG cross-adsorbed secondary antibody (Thermo Fisher
Sdentific) were used according to the manufacturer’s instructions.
Furthermore, phycoerythrin  (PE)-labeled mouse anti-human
NANOG antibody (BD, Franklin Lakes, NJ, USA), DyLight 488-
labeled mouse anti-human StainAlive TRA-1-60 antibody (Stem-
gent), and DyLight 550-labeled mouse anti-human StainAlive
SSEA-4 antibody (Stemgent) were used. Fluorescence images were
taken using an Axiovert 135 microscope and AxioVision 4.8.2 soft-
ware (Carl Zeiss, Oberkochen, Germany).

Gene Expression Analysis of iPSCs. RNA from 1 x 10° iPSCs
(passages 3-6) was isolated using the Aurum Total RNA Mini Kit
(Bio-Rad, Munich, Germany) according to manufacturer’s instruc-
tions, and qRT-PCR analysis was performed to detect the expression
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of OCT4, SOX2, NANOG, LIN28, E-cadherin, KLF4, and c-MYC.
Levels of mRNA for each gene were nommalized to that of GAPDH,
and the results are shown relative to control mRNA levels in RECs.
The commerdally available iPSC line WTSli020-A (referred to as
WTO02 and generated from dermal fibroblasts using Sendai virus vec-
tor by the delivery of OCT4, SOX2, KLF4, and ¢-MYC; Furopean
Bank for induced pluripotent Stem Cells; Babraham, UK]) was used
as iPSC control.

Trilineage Differentiation of iPSCs

To analyze the ability of the obtained iPSCs to differentiate into the
three embryonal germ layers the directed differentiation of iPSCs (at
passages 3-7) info meso-, endo-, and ectoderm was tested using the hu-
man StemMACS Trilineage Differentiation Kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) according the manufacturer’s instructions.
Therefore, optimized cell numbers were seeded per well of a vitronec-
tin-coated 12-well plate: mesoderm differentiation (1 x 10° iPSCs),
endoderm differentiation (2 » 107 iPSCs), and ectoderm differentiation
(1.5 % 10°iPSCs). At day 7, the differentiated cells were analyzed using
flow cytometry.

The mesodermal differentiation capacity was analyzed by the forma-
tion of endothelial cells, using PE-labeled mouse anti-human CD31
antibody (BD Biosciences, Franklin Lakes, NJ, USA), and the forma-
tion of smooth muscle cells, using Alexa Fluor 483-labeled anti-hu-
man z-smooth muscle actin (SMA) antibody (R&D Systems). The
endodermal differentiation capacity is characterized by the presence
of definitive endoderm cells using PE-labeled anti-human o-fetopro-
tein (AFP) antibody (R&D Systems) and PE-labeled anti-human C-
K-C chemokine receptor type 4 (CXCR4) antibody (R&D Systems).
Ectodermal differentiation potential was assessed through the pres-
ence of neurcectoderm cells using PE-labeled anti-PAX6 antibody
(Miltenyi Biotec) and Alexa Fluor 488-labeled anti-human neuron-
specific TUBB3 antibody { BD Biosciences).

Teratoma Formation of iPSCs Using Chicken Embryo CAM
Assay

To confirm the trilineage differentiation potential of iPSCs, the in vivo
formation of teratomas was analyzed using CAM assay. Fresh fertil-
ized chicken eggs of the Lohmann White x White Rock breed
chicken variety were obtained from the breeding facility Matthias Sit-
tig (Buchholz, Germany). The eggs were incubated for 3 days at 37°C
and 60% relative humidity in an egg incubator (Heka-Brutgerite,
Rietberg-Varensell, Germany) and completely rotated twice a day.
At day 3 of incubation, 2-3 mL albumin was aspirated by inserting
an 18G needle at the tip of the egg without harming the yolk. Subse-
quently, a semi-permeable adhesive tape, Suprasorb F (Lohmann &
Rauscher, Rengsdorf, Germany), was stuck to the eggshell. A circular
window (@ 1-1.5 cm) was cut into the shell Unfertilized eggs
showing no vasculature or heart beating were removed. Then, using
the adhesive tape, the window was sealed to prevent dehydration
and to minimize the risk of infection. Afterward, the eggs were incu-
bated without rotation. At day 7, 2 = 10%iPSCs (passages 8-11) were
suspended in 50 pL cell culture medium and mixed with 50 pL
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Matrigel (hECS gualified, Corning). A silicone ring with an inner
diameter of 0.8 cm (neolLab, Leonberg, Germany) was carefully placed
ontothe CAM, and 100 puI. Matrigel-containing cells was applied into
the inner circle of the ring. The eggs were then sealed and further
incubated. At day 17, the CAMs were exdsed around the application
area and fixed overnight at 4°C with 4% paraformaldehyde (Merck,
Darmstadt, Germany). After washing with DPBS, the specimens
were dehydrated using ascending ethanal series and embedded in
paraffin for sectioning. Sections were cut at 8-pm thickness and
stained with H&E (Morphisto, Frankfurt, Germany).

Genomic Stability of iPSCs

The genomic stability of iPSCs was analyzed by karyotyping at
the Institute of Medical Genetics and Applied Genomics, University
of Tibingen, Tibingen, Germany. Therefore, RECs and RE-
derived iPSCs (at passages 4-7) were treated for 1 h with Colcemid
(Biochrom), incubated with 0.075 M KCl for 30 min at 37°C,
and fixed with 1:3 addic acidmethanol. Karyotyping was
performed on G-banded metaphase chromosomes (banding quality
of 400-500 bp) using standard cytogenetic procedures. An intact
genome was demonstrated by karyotyping (numerical analysis of
15 mitoses and structural analysis of at least 5 mitoses).

Detection of srRNA Elimination after the Reprogramming of
Cells

RNA from 1 x 10° iPSCs (passage 3) was isolated using the Aurum
Total RNA Mini Kit according to manufacturer’s instructions. Using
nsP2- and nsP4-specific primers (Table 51) and qRT-PCR, the pres-
ence of sRNA in generated iPSCs was analyzed. RNA levels were
nomalized to GAPDH, and the results are shown relative to control
RNA levels in RECs. In addition, to obtain a positive contraol, cells
were transfected with 1 pg stRNA, and the RNA was isolated after
2 days of cultivation.

Differentiation of iPSCs into Cardiomyocytes

The differentiation of iPSCs from 4 different donors into cardiomyo-
cytes was performed using the PSC Cardiomyocyte Differentiation
Kit (Thermo Fisher Scientific) according to the manufacturer's in-
structions. Therefore, 2 x 10° iPSCs (passages 4-12) were seeded
on Geltrex LDEV-Free hESC-Qualified Reduced Growth Factor Base-
ment Membrane Matrix (Thermo Fisher Scientific) (1:100 diluted in
CMM) or on 0.5 pg/cm” vitronectin coated wells of a 6-well plate. Af-
ter 3-4 days cultivation in E8 medium, the differentiation protocol
started. The cells were incubated for 2 days with cardiomyocyte dif-
ferentiation medium A and then for 2 days with cardiomyocyte differ-
entiation medium B. On the fifth day of differentiation, CMM was
added to the cells for the following days of differentiation.

After 7-12 days, when contracting cardiomyocytes were observed
(passage 0), the medium was changed to cardiomyocyte enrichment
medium (CEM): RPMI 1640 medium without glucose (Thermo
Fisher) containing 0.25% BS A (Fraction V, Sigma- Aldrich), 4 mM so-
dium lactate (Fisher Chemicals), 4 mM HEPES ( Thermo Fisher), and
6.5 uMascorbic acid (Acros Organics, Geel, Belgium). After 4-6 days,

cardiomyocytes were passaged using 1 mL TrypLE solution (Thermo
Fisher), and the reaction was stopped by adding an equal volume of
TNS (PromoCell). Cell suspension was filtered through a 100-um
cell strainer (Greiner Bio-One, Frickenhausen, Germany) and centri-
fuged at 200 x gfor 5 min. The cells were suspended in CMM, seeded
onto Geltrex- or vitronectin-coated cell culture plates with a density
of 1 x 107 cells per square centimeter (passage 1), and cultivated in
a humidified atmosphere at 37°C and 5% C0,. After 4-6 days of
enrichment procedure, the yield of differentiated cardiomyocytes
was determined by flow cytometry using FITC-labeled mouse anti-
human ¢TNT antibody from Miltenyi Biotec.

Detection of Cardiomyocyte Markers

Immuneeytochemistry of Cardiomyocytes Derived from iPSCs

1 % 10% iPSC-derived cardiomyocytes (passage 1) were plated on Gel-
trex-coated glass slides in 12-well plates and cultivated for 2 days in
CMM. Rabbit anti-human ¢TNT antibody, mouse anti-human
ACTA2 (both from R&D Systems), and mouse anti-human MYHé
antibody (GeneTex, Irvine, CA, USA) were used as cardiomyocyte-
specific primary antibodies. NL637-conjugated donkey anti-mouse
IgG (R&D Systems) and Cy3-labeled goat anti-rabbit IgG (Thermo
Fisher Scientific) were used as secondary antibodies. Primary and sec-
ondary antibodies were applied as recommended by the manufac-
turer. Nuclei were stained using a final concentration of 5 uM
SYTO 9 Green Fluorescent Nucleic Acid Stain (Thermo Fisher Scien-
tific) in DPBS. Fluorescence images were taken after washing with
DBEPS using a Leica TCS SP5 confocal laser scanning microscope
and the Leica Application Suite Advanced Fluorescence (2.7.3.9723)
software (Leica, Wetzlar, Germany). To obtain fluorescence micro-
scopic overview images of cardiomyocytes derived from iPSCs, cells
were stained using FITC-labeled anti-human ¢TNT and PE-labeled
anti-human (sarcomeric) o-actinin (ACTN2) antibodies from
Miltenyi Biotech and Fluoroshield Mounting Medium with DAPI
(Abcam). Fluorescence images were taken using an Axiovert 135 mi-
croscope and AxioVision 4.8.2 software (Carl Zeiss).

Gene Expression Analysis of Cardiomyocytes Derived from
iPSCs

RNA from 1 x 10° iPSC-derived cardiomyocytes (12-16 days after
starting the differentiation; passage 0) was isolated using the Aurum
Total RNA Mini Kit according to manufacturer’s instructions, and
qRT-PCR analysis was performed to detect the expression of ANP,
cTNT, MYH6, and ot-actinin, cardiac muscle 1 (ACTC1). Levels of
mRNA for each gene were normalized to GAPDH, and the results
are shown relative to control mRNA levels in RECs.

Detection of Cardiac Troponin |

1 % 10° iPSCs (passages 4-8) were seeded per well on Geltrex-coated
6-well plates and differentiated for 12-16 days into cardiomyocytes.
The supernatants (CMM) of beating cardiomyocyte cultures (passage
0) were analyzed to measure the TNNI3 content using ADVIA
Centaur XPT (Tnl-Ultra chemiluminescent immunoassay, Siemens
Health care Diagnostics, Eschborn, Germany) according to the man-
ufacturer’s instructions. Additionally, the TNNI3 concentration was
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measured in cell culture supernatants of RECs (REMC medium) and
REC-derived iPSCs (E8 medium) as well as in fresh CMM.

Characterization of Contracting Cardiomyocytes

Video Microscopy

Video recordings of beating cells were performed to analyze the me-
chanical beating behavior of obtained cardiomyocytes from 4 different
donors. Therefore, 7 images per second were taken for 30 s using an
Axiovert 135 microscope and AxioVision 4.8.2 software (Carl Zeiss).
The beating center(s) and the beat rate of obtained cardiomyocytes
were determined using the MATLAB application Motion GUL™'

Analysis of Electromechanical Coupling Using Ca®* Imaging

To analyze the electromechanical coupling of the obtained cardio-
myocytes, calcium imaging was performed. Ca™ oscillations are an
indication of a fully differentiated cardiac phenotype and key regu-
lator in controlling cardiomyocyte relaxation and contraction. To
evaluate the intracellular Ca™ behavior, Ca’™ transients were
measured from spontaneously contracting cardiomyocytes (passage
0, 4 donors) using the Fluo-4 Direct Calcium Assay Kit (Thermo
Fisher Scientific) according to the manufacturer's instructions.
Beating cardiomyocytes were obtained 12 days after the differentia-
tion of iPSCs on Geltrex-coated wells of a 6-well plate. The obtained
cells were incubated for 30 min at 37°C with 1 mL 1 x Fluo-4 Direct
Caldum Assay Reagent Solution and 1 mL CMM. Using a fluores-
cence microscope (Axiovert 135), Ca®* transients were recorded
within the next 30 min at RT with 5 pictures per second and a 30
ms exposure time at 494 nm exdtation wavelength.

Response of Cardiomyocytes to Pharmacological Modulation

To analyze the reaction of the generated REC-iPSC derived cardio-
myocytes on pharmaceutical drugs, the cells were treated with
0.0001, 0,001, 0.01,0.1, 1.0, or 10 pM Ca®* channel blocker nifedipine
or B-adrenoceptor agonist isoproterenal. Stock solutions of 100 mM
nifedipine or 100 mM isoproterenol {both from Sigma Aldrich) were
prepared in DMSO and diluted in CMM. Cardiomyocyte culture me-
dium was replaced 11 or 13 days after starting the differentiation pro-
cess (passage 0) by preheated (37°C) drug dilutions in CMM and
incubated for 5 min at 37°C. Video recordings of 20 s each were per-
formed using AxioCam andan Axiovert 135 microscope, and the beat
rate was analyzed using Motion GUI. After recordings, the medium
was changed to CMM.

Statistical Analysis
Data are shown as mean + 5D or SEM. Paired t test or one-way
ANOVA for repeated measurements followed by Bonferroni's multi-
ple comparison test was performed to compare the means. Two-tailed
statistical analyses were performed using GraphPad Prism 6.01
(GraphPad Software, La Jolla, CA, USA). Differences of p < 0.05
were considered significant.
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Abstract: Jaw periosteal cells (JPCs) represent a suitable stem cell source for bone tissue engineering
(BTE) applications. However, challenges associated with limited cell numbers, stressful cell sorting,
or the occurrence of cell senescence during in vitro passaging and the associated insufficient
osteogenic potential in vitro of JPCs and other mesenchymal stem/stromal cells (MSCs) are main
hurdles and still need to be solved. In this study, for the first time, induced pluripotent stem
cells (iPSCs) were generated from human JPCs to open up a new source of stem cells for BTE.
For this purpose, a non-integrating self-replicating RNA (stRNA) encoding reprogramming factors
and green fluorescent protein (GFP) as a reporter was used to obtain JPC4P5Cs with a feeder-
and xeno-free reprogramming protocol to meet the highest safety standards for future clinical
applications. Furthermore, to analyze the potential of these iPSCs as a source of osteogenic progenitor
cells, JPC-iPSCs were differentiated into iPSC-derived mesenchymal stem/stromal like cells (iM5Cs)
and further differentiated to the osteogenic lineage under xeno-free conditions. The produced
iMSCs displayed MSC marker expression and morphology as well as strong mineralization during
osteogenic differentiation.

Keywords: induced pluripotent stem cells (iP5Cs); jaw periosteal cells (JPCs); self-replicating RNA;
reprogramming; iP5C-derived mesenchymal stem/stromal like cells (iM5Cs); bone-tissue engineering

1. Introduction

Depending on the diagnosis, the perpetual challenge for clinicians in oral and maxillofacial
surgery is to reconstruct and regenerate small as well as large bone defects. In previous studies, we and
others demonstrated that human jaw periosteal cells (JPCs) can be used for the generation of bone tissue
engineering (BTE) constructs [1-3]. For the regeneration of small defects, the use of the patient’s own
jaw periosteal cells can be appropriate and the isolated cell numbers sufficient. The reconstruction of
large bone resections with BTE products, e.g,., for tumor patients, requires extremely high cell numbers.
Unfortunately, the production of adequate cell yields is hampered by the occurrence of cell senescence
and a decreased osteogenic potential of periosteal stem cells at higher passages. Additionally, primary
JPCs, as well as mesenchymal stem/stromal cells (M5Cs) from other tissues exhibit donor variability
concerning their differentiation potential. This variability can be caused by different factors, such as
varying stem cell numbers in heterogeneous starting materials, the tissue of origin, or the isolation
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and maintenance techniques [4,5]. Although surface markers have been identified, which allow the
enrichment of osteogenic progenitor cells from heterogeneous cell populations via fluorescence or
magnetic activated cell sorting (FACS, MACS) [6-8], cell yields are often unsatisfactory because of low
sorting efficiencies and high cell mortality.

The use of patient-specific induced pluripotent stem cells (iPSCs) could solve the above-mentioned
problems. iP5Cs can differentiate into every cell type of the body and their self-renewal capacity
allows the expansion of desired cells to extremely high cell numbers [9]. They can be differentiated
into mesenchymal stem/stromal like cells (iM5Cs), which can serve as an alternative stem cell
source for BTE [10]. Additionally, the directed differentiation of iP5Cs to iM5Cs could result in
more homogeneous populations of osteogenic progenitor cells and therefore might help to standardize
the starting material for clinical BTE products [11].

For the safe clinical applicability of iPSC-derived cells, the use of reprogramming methods
excluding insertional mutagenesis and xeno-contaminations is of crucial importance [12]. Insertional
mutagenesis can be prevented by reprogramming cells using synthetic mENA, which is a safe
and efficient reprogramming technique [13]. However, the transient nature of synthetic mRNAs
requires daily transfections, which decrease the cell viability and make the process laborious and
time-consuming. Yoshioka et al. [14] improved this approach by developing a synthetic polycistronic
self-replicating RNA (srTRNA) consisting of the O5SKM reprogramming factors (OCT4, S0X2, KLF4,
cMYC) and the non-structural proteins (nsP1 to nsP4) encoding sequences of the Venezuelan equine
encephalitis virus (VEE), which enabled the ENA to replicate inside the transfected cells as long as their
innate immune response was suppressed by the use of the interferon inhibitor B18R [14]. Using this
stRINA, a single transfection can be sufficient to reprogram cells, and the removal of B18R leads to the
degradation of the sTRNA and results in the generation of footprint-free iPSCs.

In the present study, we used an optimized srtRNA construct containing a green fluorescent
protein (GFP) encoding sequence to enable the live monitoring of transfected cells and the adaptation
of the reprogramming protocol to the cell types used. For the production of clinically applicable
BTE constructs, animal-derived components have to be excluded from every part of the generation
procedure. Thus, in this study, we established for the first time a continuous xeno-free workflow from
the initial primary JPC isolation to iPSC generation and differentiation into iM5Cs until the final stage
of mineralized tissue.

2. Results

21. srRNA Transfection Efficiency

To generate iPSCs, JPCs were seeded into 12-well plates at a density of 2.5 x 10* cells /well and
transfected with 0.25 ng of sTRNA. After 24 h, transfected cells expressing GFI were detected by
fluorescence microscopy (Figure la—c). An average transfection efficiency of 33 = 2% was determined
by the measurement of GFP-positive cells via flow cytometry (Figure 1d). Significantly higher
(1.67-fold) median fluorescence index (MFI) values were detected in sTRNA transfected JPCs compared
to untransfected JPCs (Figure le).

2.2, JPC Reprogramming

The reprogramming was performed with JPCs from three different patients according to Figure 2a.
To select the stRNA containing cells 24 h after the transfection, 1 pg/mL puromycin was added to
the medium. Furthermore, to enhance reprogramming efficiency, 250 uM sodium butyrate (NaB),
which is a histone deacetylase inhibitor, was added to the medium. Puromyein selection was continued
until day five, when all cells in the untransfected control wells were dead (Figure 2b). In comparison,
Figure 2c shows the surviving cells transfected with stRNA at day five. After puromycin selection,
cells were passaged and seeded in 1:5 ratio into vitronectin coated wells of 12-well plates. The first
iPSC colonies emerged between day 12 and 15 (Figure 2d,e). Single iPSC colonies were picked and
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transferred into vitronectin coated 12-well plates containing E8 medium with 10 uM Y27632 ROCK
inhibitor and were maintained in E8 medium without Y27632 from the next day onward.
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Figure 1. Transfection of jaw periosteal cells (JPCs) with self-replicating RNA (srRNA).
(a—c) Representative (a) brightfield, (b) green fluorescent protein (GFP), and (c) merged images of
JPCs 24 h after srRNA transfection. (d) Representative histogram of flow cytometry measurements
of untransfected (red) and srRNA transfected (green) JPCs 24 h after transfection. (e) Average
normalized median fluorescence index (MFI) values + standard deviation (SD) of srRNA transfected
and untransfected (Co) JPCs relative to MFI values of untransfected (Co) samples were calculated and
compared using Student’s t-test (1 = 3, * p < 0.05).

2.3. Characterization of iPSCs

2.3.1. Pluripotency Marker Expression

To characterize the generated iPSC clones, the expression of pluripotency markers was analyzed
via immunostaining and flow cytometry. Figure 3a shows the strong fluorescence staining of Oct4,
Sox2, Lin28, Nanog, TRA-1-60 and SSEA4 across all cells of the stained iPSC colonies. Furthermore,
the surface marker expression of the generated iPSCs was compared to the initial JPCs using flow
cytometry (Figure 3b). In the obtained iPSCs, the expression of MSC markers CD73 and CD105 was
significantly downregulated, while pluripotent stem cell markers SSEA-4, TRA-1-60, and TRA-1-81
were significantly upregulated. JPCs and iPSCs were both positive for CD90 and negative for SSEA-1,
as expected. Furthermore, the expression of MSC specific (CD73, CD44) and pluripotent stem cell
specific (OCT4, NANOG, ALP, TERT) transcripts were analyzed by qRT-PCR. A significantly increased
expression of pluripotent stem cell markers OCT4, NANOG, ALP, and TERT was detected in iPSCs
compared to JPCs, while the expression of MSC specific transcripts CD73 and CD44 was significantly
downregulated (Figure 3c).
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Figure 2. Reprogramming of JPCs. (a) Timeline of JPC reprogramming. JPCs were transfected (d0)
in hPL5-medium containing 0.2 ug/mL B18R protein. On day one, the medium was changed to
hPL5 containing 25% conditioned medium containing B18R (BcM) and 1.0 ug/mL puromycin (Puro).
Puromycin selection was continued until day five (purple arrow). Cells were passaged on day five,
and on day seven, the medium was changed to Essential 8 (E8) containing 25% BcM. Sodium butyrate
(NaB) was added to the medium from day three to 15. When the first induced pluripotent stem
cell (iPSC) colonies emerged, the medium was changed to E8 containing 0.2 ug/mL B18R protein.
iPSC colonies were picked at day 15 or later. (b—e) Representative bright field images of JPCs during
stRNA-based reprogramming. (b) Untransfected JPCs treated with puromycin at day five. (c) srRNA
transfected |PCs treated with puromycin at day five. (d) srRNA transfected JPCs at day 12 with the
first iPSC—colonies (indicated by a red arrow). (e) srRNA transfected cells at day 15 with iPSC-colonies
(indicated by red arrows).

2.3.2. Differentiation Potential of iPSCs into the Three Germ Layers In Vitro and In Vivo

The differentiation capacity of the generated iPSCs to form all tissues of the three germ layers
is characteristic for pluripotent stem cells and was first assessed invitro by a 7-day trilineage
differentiation protocol. As shown in Figure 4a, endothelial, hepatocyte-like and neural-like cells were
obtained after the differentiation of iPSCs. The mesoderm, endoderm, and ectoderm differentiation
potential was confirmed by tissue specific antibody staining and quantification using flow cytometry.
Mesodermal differentiation resulted in 59 £+ 23% CD31-positive and 89 + 11% SMA-positive
cells. Endodermal induction yielded 96 + 2% AFP-positive and 99 + 1% CXCR4-positive cells.
Ectodermal differentiation was demonstrated by the detection of 94 + 3% Pax6-positive and 89 + 6%

Tujl-positive cells.
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Figure 3. Pluripotency marker expression of JPC-derived iPSCs. (a) Oct4, Sox2, Lin28, Nanog, TRA-1-60
and SSEA4 immunostaining of iPSCs. (b) Surface marker expression of JPCs and [PC-derived iPSCs

o

analyzed by flow cytometry and compared using Student's t-test (1 = 3, ** p < 0.01, *** p < 0.001).

(c) Gene expression analysis of JPCs and JPC-derived iPSCs by qRT-PCR. Gene expression levels were

normalized to levels of GAPDH. Mean values + SD of iPSC and JPC gene expression were displayed

relative to those of JPCs. Statistical significance was calculated using Student’s t-test. (1 = 3, * p < 0.05,
** p<0.01, *** p<0.001).

Using a chicken embryo chorioallantoic membrane (CAM) assay, the in vivo differentiation of

iPSCs was analyzed. 10 days after the application of iPSCs onto the CAM, teratoma formation could
be observed. Subsequently, teratomas were sectioned and stained with hematoxylin & eosin (H&E)

and tissue types of the mesodermal (bone-like tissue), endodermal (gut-like tissue) and ectodermal

(squamous epithelium) lineage could be identified (Figure 4b).
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Figure 4. Trilineage differentiation potential of JPC-derived iPSCs. (a) Microscopic pictures of
mesodermal, endodermal and ectodermal in vitro differentiation showing different morphologies
after six days of germ layer specific differentiation. Flow cytometry analysis of differentiated cells was
performed after staining with specific antibodies compared to untreated controls. Data are shown as
mean + SD. Differences were compared using one-way ANOVA (11 = 3, ** p < 0.01, **** p < 0.0001).
(b) Microscopic images of in vivo teratoma formation of iPSCs using a chorioallantoic membrane
(CAM) assay. H&E stained sections showed mesodermal (bone-like), endodermal (gut-like) and
ectodermal (squamous epithelium) tissue.

2.3.3. Detection of srRNA in iPSCs and Karyotyping of iPSCs

After the successful generation of iPSCs, the presence of srRNA in the cells was analyzed.
Therefore, QRT-PCR was performed with RNA isolated from JPCs and JPC-derived iPSCs and primer
pairs specific to the nsP2 and nsP4 sequences. JPCs transfected with srRNA and cultivated for 48 h,
served as positive control (JPC+). These samples showed high amounts of nsP2 and nsP4 compared
to untransfected JPCs and iPSCs (Figure 5a). In contrast, the nsP2 and nsP4 amount measured in
iPSCs was similar to that of untransfected JPCs, which demonstrates the absence of srRNA in the
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reprogrammed cells. Karyotyping of JPC-derived iP5Cs resulted in normal karyograms without
chromosomal aberrations (Figure 5b).
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Figure 5. Elimination of stRNA after iPSC generation and karyotyping of JPC-derived iP5Cs.
(a) gRT-PCR analysis of nsP2 and nsP4 transcripts in iP5Cs (passage 3), untreated JPCs and stRNA
containing JPCs (JPCs+) 48 h post-transfection. Data are shown as mean + SEM. Differences were
compared using one-way ANOVA (n = 3, * p < 0.05, ns = not significant) (b) Representative karyogram
of JPC-derived iPSCs showing a normal karyotype (46, XX).

2.3.4. Differentiation of iPSCs into iMSCs and Their Characterization

To be able to use iPSCs for BTE, the differentiation potential of iPSCs into the osteogenic lineage
has to be demonstrated. Therefore, iPSCs were first differentiated into iM5Cs (Figure 6a). For this
purpose, iPSCs (Figure 6b) were cultivated without passaging for 10 days to stimulate spontaneous
differentiation. Subsequently, cells were passaged as single cells and incubated in hPL5 medium with
ascorbic acid until their morphology changed to a spindle shaped M5C-like appearance (3-5 passages,
Figure 6c,d). Cells exhibiting M5C morphology (Figure 6e) were expanded in hPL5 medium before
osteogenic differentiation and characterization.

128



Publikation V

Int. . Mol. Sci. 2019, 20, 1648 8of17

a PO +Y27632 P1 P2 P3 P4

iPSCs :o e d:(l v » i iMSCs

@ 3 1 1 1 1 > - 20

) L L) Ll 1 -’ ‘r
E8-medium hPL5-medium
>
+ascorbic acid

J

positive cells [%]
s
x-fold induction
o

SIS ISS FFVESS

Figure 6. Differentiation of iPSCs into iPSC-derived mesenchymal stem/stromal like cells (iMSCs).
(a) Timeline: iPSCs were seeded onto vitronectin coated plates in the presence of the ROCK inhibitor
Y27632 and cultivated for 10 days in E8 medium (light blue line). Thereafter, human platelet lysate
hPL5 medium containing 150 uM ascorbic acid was added to the cells (red line). Cells were passaged
3-5 times until they showed homogeneous MSC-like morphology after approximately 30 days.
(b—e) Change of morphology during the differentiation of iPSCs into iMSCs. (b) iPSC colony before
differentiation. (c) Cells after single cell plating in passage 0. (d) Differentiating iMSCs in passage two
and (e) iMSCs in passage four (scale bars represent 500 um). (f) Surface marker expression of iMSCs
compared to iPSCs detected by flow cytometry. (g) Gene expression levels of iMSCs were normalized to
levels of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and presented
as x-fold induction relative to iPSCs (set to 1). Differences in surface marker, and gene expression were
compared using Student’s t-test. (1 =3, * p < 0.05, ** p < 0.01, *** p < 0.001).
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Using flow cytometry, the surface marker expression of obtained iMSCs was analyzed (Figure 6f).
The expression of MSC markers (CD73 and CD105) was significantly upregulated in iMSCs, while iPSC
markers (SSEA-4, TRA-1-60, and TRA-1-81) were significantly downregulated compared to iPSCs.
iMSCs and iPSCs were both positive for CD90 and negative for SSEA-1 (Figure 6f). In addition,
gene expression of MSC markers (CD73, CD44) and iPSC markers (OCT4, NANOG, ALP, and TERT)
was quantified by qRT-PCR (Figure 6g). iPSC markers were significantly downregulated in iMSCs
compared to iPSCs, while MSC markers were significantly upregulated.

2.3.5. Osteogenic Differentiation of iMSCs

To demonstrate the functionality of iMSCs and their potential to be used for BTE applications,
iMSCs were subjected to osteogenic differentiation. To differentiate the iMSCs under xeno-free
conditions, cells were treated with osteogenic medium supplemented with human platelet lysate (hPL)
instead of fetal bovine serum (FBS). After 15-20 days of differentiation, cells were fixed, and calcium
phosphate precipitation was stained with alizarin red. As displayed in Figure 7, all iMSCs were able to
produce strong mineral deposits.

Figure 7. Osteogenic differentiation potential of iMSCs. iMSCs incubated without osteogenic stimuli

(control, upper panel) and osteogenic medium (lower panel) for 15-20 days, stained with alizarin red
(scale bars represent 500 um).

3. Discussion

Jaw periosteum is an excellent, but limited source of osteogenic progenitor cells. To establish stem
cell based regenerative therapies for large bone defects in oral and maxillofacial surgeries, appropriate
numbers of good quality stem cells are needed. However, it is difficult to obtain sufficient cell numbers
from cell cultures expanded from primary cells. The occurrence of cell senescence and the loss of
differentiation potential are problems to be solved. Thus, iPSCs are a promising alternative cell source
which might help to solve these problems. Unfortunately, the use of iPSC derived cells still has
some safety issues concerning insertional mutagenesis caused by reprogramming vectors, teratoma
formation, and infections or immune responses caused by xenogenic media supplements. In our
study, we established protocols to overcome these issues and to bring therapeutic applications of
iPSC-derived osteogenic progenitor cells closer to the clinic. To generate footprint-free iPSCs and
to address the problem of insertional mutagenesis, sTRNA was used, which combines the safety of
synthetic nRNA-based reprogramming and the convenience of a single transfection.

130



Publikation V

Int. |. Mol 5ci. 2019, 20, 1648 10017

The complete removal of stRNA after B15R withdrawal was demonstrated in the generated iPSCs
at passage three, as also shown by Yoshioka et al. [14]. The additional presence of a GFP encoding
sequence in the srRNA allowed convenient monitoring of stRNA translation and depletion following
termination of immunosuppression by B18R interferon inhibitor. Thus, it allowed the adaptation of
reprogramming/ transfection protocols for [PCs. The reprogramming protocol established in this study
worked reliably for JPCs from all tested patients and could also be successfully applied to human
gingival fibroblasts (data not shown).

The osteogenic differentiation of iP5Cs can be performed with different protocols, however
recently a two-step approach was described, where iP5Cs were first differentiated iM5Cs, and in a
second step subjected to osteogenic differentiation [10,15]. The differentiation of iP5Cs into iM5Cs
has several advantages, e.g., the exclusion of teratoma formation risk [16] and the possibility to
use cell culture and differentiation protocols standardized for M5Cs. Usually, the differentiation of
iPSCs to iM5Cs can either be performed via embryoid body formation or by the incubation of iPSCs
(when growing as colonies or plated as single cells) with differentiation media, followed by several
passaging steps [17].

In this study, we modified a protocol from Luzzani et al. (2015), who also used hPL containing
media for the differentiation of iPSCs into iM5Cs [18]. To improve the yield of iM5Cs, iPSC colonies
were cultivated for extended periods without passaging prior to single cell plating The resulting high
cell densities probably primed the cells towards mesenchymal differentiation.

As shown by flow cytometry and gene expression analysis, the surface marker and gene expression
profile of the obtained iM5Cs were similar to that of typical M5Cs [4]. Subsequent osteogenic
differentiation resulted in strong mineral deposition, which demonstrated the promising potential of
these cells for BTE applications.

In the present work, an important step towards clinical application was made by removing all
xenogenic compounds from the protocols throughout the process. This was possible by replacing
FBS with hPL for medium supplementation. Our attempts to generate iPSCs from JPCs using
commercially available defined M5C-media failed due to low cell viability after the srRNA transfection
or puromycin selection.

The translation of iPSCs from basic research to clinical application has made substantial progress
in the past years. The first clinical trial using iP5Cs to treat macular degeneration has been launched
in Japan in 2014, and was able to demonstrate the safety of iPSC-derived regenerative therapies [19].
Further, a clinical trial using iPSC-derived M5Cs for the treatment of steroid-resistant acute graft
versus host disease (GvHD) has been started in Australia in March 2017 [20]. Preliminary results of
this trial also proved the safety of the iPSC-derived M5Cs and showed an improvement in severity of
GvHD in 14 out of 15 patients.

These trials raise hopes for other iPSC applications to reach the clinical level in the near future
even though it is still a long way for iPSCs to make their way into clinical routine.

4. Materials and Methods

4.1. Xeno-Free Isolation and Culture of JPCs

JPCs derived from three patients were included in this study in accordance with the local ethical
committee (approval number 074 /2016B02, 17.05.2016) and after obtaining written informed consent.
Jaw periosteal tissue was cut in small pieces with a scalpel and incubated in DMEM,/ F12 (Thermo Fisher
Scientific, Waltham, MA, USA) containing 10% hPL (ZKT Tubingen gemeinniitzige GmbH), 100 U/ mL
penicillin-streptomycin (Lonza, Basel, Switzerland), 2.5 ug/mL amphotericin B (Biochrom, Berlin,
Germany), 50 ug/mL gentamicin (Lonza), and 10 pg/mL ciprofloxacin (Sigma-Aldrich, St. Louis,
USA) for 1-2 weeks. Outgrowing cells were passaged using TrypLE Express (Thermo Fisher Scientific)
and expanded and frozen in passage one using Cryo SFM freezing medium (Promocell, Heidelberg,
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Germany). From passage two onward, [PCs were grown in hPL5-medium (DMEM/F12 containing 5%
hPL, 100 U/ mL penicillin-streptomycin, and 2.5 pg/ mL amphotericin B).

4.2. Production of srRNA

The T7-VEE-OK5iM plasmid, a gift from Steven Dowdy (Addgene plasmid # 58972 ), containing
sequences encoding the non-structural proteins (nsP1 to nsP4) for self-replication, the reprogramming
factors Octd, Klf4, Sox2, and cMyc [14] and an additionally added internal ribosome entry site
(IRES)-GFP was amplified in E.coli and plasmids were isolated using QIAPrep (Qiagen, Hilden,
Germany). After the linearization with Mlul restriction enzyme (Thermo Fisher Scientific), 10 pg
template DINA was transcribed in vitro using RiboMAX large-scale production system T7 Kit (Promega,
Madison, W1, USA) according to the manufacturer’s instructions. Afterwards, 2 U TURBO DNase was
added for 15 min at 37 °C. For 5™-end capping, ScriptCap Capl Capping System was used followed by
3-end polyadenylation with A-Plus Poly(A) Polymerase Tailing Kit (both from Cellscript, Madison,
WI, USA) according to the manufacturer’s instructions. Following each reaction step, sTRNA was
purified using RNeasy Kit (Qiagen). The specific lengths of the generated DNA and srRNA products
were analyzed using 1% agarose gel electrophoresis.

4.3. Production of BISR-mENA

The coding sequence for B18R was inserted by Aldevron (Fargo, ND, USA) into the pcDNA
3.3 plasmid. Pseudoruridine-5'-triphosphate (¥-UTP) and 5-methylcytidine-5'-triphosphate (m5CTP)
modified B1SR mENA was generated by in vitro transcription (IVT) as previously described in our
studies [21].

4.4. Generation of Integration-Free iP5Cs from JPCs Using srRNA

4.4.1. Preparation of Conditioned Medium Containing B18R (BeM)

JPCs were expanded in hPL5 medium and passaged into a T75 flask to reach approx.
80% confluency at the next day. To perform B18R-mRENA transfection, the medium was aspirated
and replaced by 6.5 mL Opti-MEM (Thermo Fisher Scientific). The transfection cocktail was prepared
according to the manufacturer’s instructions (500 pL Opti-MEM, 7.5 pg of BISR-mRNA, 15 puL
Lipofectamine 3000 (Thermo Fisher Scientific)), added to the medium and incubated for 4 h at 37 °C.
Subsequently, medium was changed to 15 mL hPL5 medium. After 24 h, medium was collected and
replaced with 15 mL fresh hP’L5. The collected BeM was stored at —20 °C. Medium collection was
repeated until day three and the collected BcM was pooled, sterile filtered with a 0.2 um filter, aliquoted
and stored at —20°C.

4.4.2. Transfection of JPCs with srRNA and Reprogramming

JPCs (2.5-5 x 10* cells) were seeded into 12-well plates to reach 30-50% confluency the next
day. Medium was changed to 0.5 mL hPL5 supplemented with 0.2 pg/mL recombinant B18R protein
(eBioscience, San Diego, CA, USA) 30 min prior to transfection. The transfection cocktail (25 puL
Opti-MEM, 0.25 pg stRNA, 0.5 pL. TransIT mENA Boost Reagent (Mirus Bio LLC, Madison, W1, USA),
and 0.5 pl TransIT mRNA Reagent (Mirus Bio LLC)) was prepared according to the manufacturer’s
instructions and added to the wells,

24 h after transfection, the medium was replaced with hPL5 containing 25% BcM and 1 pg/mL
puromycin (Thermo Fisher Scientific) and changed every other day. To determine the transfection
efficiency, cells were harvested after 24 h using TrypLE Express, resuspended in BD Cytofix/Cytoperm
Solution (BD Bioscience, Franklin Lakes, NJ, USA) and GFP expression was measured by flow
cytometry using the Guava EasyCyte 6HT-2L instrument (Merck Millipore, Billerica, MA, USA).
From day three until day 15, 250 uM sodium butyrate (NaB, Selleck Chemicals LLC, Houston, TX,
USA) was added to the medium. On day five, after successful puromycin selection, sTRNA containing
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cells were passaged using TrypLE Express and split in 1:5 ratio into 12-well plates coated with 0.5 mL
of a 5 ug/ mL vitronectin solution (Thermo Fisher Scientific). Untransfected cells died within the five
days of puromycin treatment. Two days after passaging (day seven), the medium was changed to
Essential 8 medium (E8, Thermo Fisher Scientific) containing 25% BeM and replaced by fresh medium
every day. When first iPSC colonies emerged, medium was changed to E8-medium supplemented
with 0.2 ug/mL recombinant B18R protein. Single iPSC colonies were picked and transferred into
vitronectin coated 12-well plates containing E8 medium supplemented with 10 pM ¥27632 ROCK
inhibitor (Selleck Chemicals LLC). iP5Cs were maintained in E8 medium with daily medium changes
and passaged every 4-6 days.

4.5. Characterization of JPC-Derived iP5Cs

45.1. Immunostaining for Detection of Pluripotency

On vitronectin coated glass slides, 5 x 10° iPSCs were cultivated for 2-3 days and fixed using
fixation solution (R&D Systems, Minneapolis, MN, USA) for 10 min. Afterwards, cells were washed
with wash buffer (Permeabilization/ Wash Buffer [, R&D Systems) and blocked with 5% B5A in wash
buffer for 1-2 h at RT. Antibody staining was performed according to the manufacturer’s instructions
in wash buffer containing 1% BSA. Cells were incubated for 3 h at RT with fluorescently labelled
antibodies (PE-labelled mouse anti-human Nanog antibody (BD Bioscience), DyLight™ 488 labelled
mouse anti-human StainAlive™ TRA-1-60 antibody (Stemgent, Cambridge, MA, U5A), and DyLight™
550 labelled mouse anti-human StainAlive™ 55EA-4 antibody (Stemgent)). The incubation with
primary antibodies (rabbit anti-human POUSF1 (Oct4) (Sigma-Aldrich), rabbit anti-human Sox2
(Stemgent), and mouse anti-human LIN28A (6D1F9) (Thermo Fisher Scientific)) were performed
overnight at 4°C. After washing with wash buffer, cells were incubated for 1 h in wash buffer
containing 1% BSA with fluorescently labeled secondary antibodies (FITC-labelled sheep anti-mouse
Ig( (Sigma-Aldrich) or Cy3-labelled goat anti-rabbit IgG (Thermo Fisher Scientific)). Finally, the cells
were washed and stained using Fluoroshield mounting medium with DAPI (Abcam, Cambridge,
UK). Fluorescence microscopic images were taken using Axiovert135 microscope and AxioVision 4.8.2
software (Carl Zeiss, Oberkochen, Germany).

4.5.2. Tri-Lineage Differentiation of iPSCs In Vitro

The ability of iPSCs to differentiate into the three germ layers was analyzed using the human
StermMACS™ Trilineage Differentiation Kit (Miltenyi, Bergisch Gladbach, Germany) according the
manufacturer’s instructions. 1 x 10° iPSCs were seeded per well of a 12-well plate for mesoderm
differentiation, 2 » 10° cells for endoderm differentiation, and 1.5 x 10° iPSCs for ectoderm
differentiation. The cells were analyzed after seven days of differentiation using flow cytometry:

Therefore, cells were detached, fixed for 10 min at RT in fixation solution (R&D Systems) and
washed with DPBS. Then, the cells were incubated for 45 min at RT with wash buffer (Wash Buffer
I, R&D Systems) containing 5 ul of each of the following antibodies: Mesoderm differentiation:
Alexa Fluor 488 labelled anti-human x-smooth muscle actin (x-SMA) antibody (R&D Systems) and PE
labelled mouse anti-human CD31 antibody (BD Biosciences), Endoderm differentiation: PE-labelled
anti-human C-X-C chemokine receptor type 4 (CXCR4) antibody and PE-labelled anti-human
o-fetoprotein (AFP) antibody (both from R&D Systems, Minneapolis, USA), Ectoderm differentiation:
Alexa Fluor 488 labelled anti-human neuron-specific class Il p-tubulin (Tuj1) antibody (BD Biosciences)
and PE-labelled anti-human paired box gene 6 (Pax6) antibody (Miltenyi). After washing with wash
buffer, cells were fixed using CellFIX solution (BD Biosciences) and analyzed using FACScan flow
cytometer (BD Biosciences) and Flowing Software (Turku Centre for Biotechnology, Turku, Finland).
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4.5.3. Teratoma Formation on Chicken Embryo Choricallantoic Membrane (CAM)

To confirm the differentiation potential of iPSCs into the three germ layers, an in vivo teratoma
formation was performed using CAM assay. After three days of incubation at 37 °C, 2-3 mL albumen
was aspirated from fertilized chicken eggs (Lohmann White x White Rock) and a window was cut
into the shell and sealed with semi-permeable adhesive tape. After seven days of incubation at 37 °C,
a silicone ring was placed onto the CAM and 2 » 10° iPSCs mixed with 50 pL. E8 medium and 50
ul Matrigel (Corning, New York, NY, USA) were transferred into the inner circle of the silicone
ring. The eggs were then sealed again and further incubated at 37 “C. After 10 days (day 17 of
incubation), the teratoma cell mass with the surrounding CAM was excised and fixed at 4 °C with 4%
paraformaldehyde (Merck, Darmstadt, Germany) overnight. After washing with DPBS and ethanol
dehydration, the samples were embedded in paraffin for sectioning and H&E (Morphisto, Frankfurt,
Germany) staining,.

4.5.4. Detection of Residual stRNA in the Reprogrammed iPSCs

The presence of srRINA in the generated iP5Cs was analyzed by gRT-PCR using primers specific
for sequences encoding the non-structural proteins nsP2 and nsP4: nsP2 (fw: 5-TCC ACA AAA GCA
TCT CTC GCC G-3', rev: 5-TTT GCA ACT GCT TCA CCC ACC C-3') and nsP4 (fw: 5'-TTT TCA AGC
CCC AAG GTC GCA G-3, rev: 5-TGT TCT GGA TCG CTG AAG GCA C-3'). For RNA isolation,
1 % 107 iPSCs at passage three were used (Aurum™ Total RNA Mini Kit (Bio-Rad, Hercules, CA, USA)
and 300 ng RNA was reverse transcribed into complementary DNA (cDNA) using iScript Kit (Bio-Rad).
qRT-PCR reactions with 40 cycles were performed in CEX Connect Real-Time PCR Detection System
(Bio-Rad) using IQ™ SYBR®™ Green Supermix (Bio-Rad) and 300 nM primer with following conditions:
3 min at 95 °C (1 cycle); 95 °C for 15 s, 60 °C for 30 5, and 72 °C for 10 s. The mRNA expression levels
were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The results are shown
relative to the initial JPCs.

4.5.5. Karyotyping of iP5Cs

iPSCs were grown to 60-80% confluency in a 6-well plate and incubated for 90 min with
0.15 pg/mL KaryoMAX colcemid solution (Therme Fisher Scientific). Then, cells were detached using
Accutase (Thermo Fisher Scientific) and inactivated with DMEM/F12 containing 10% FB5. The cell
suspension was centrifuged (300« g for 5 min), the supernatant was discarded and 1.5 mL of 0.075 M
KaryoMAX KCl solution (Thermo Fisher Scientific) was added and incubated at 37 °C. After 30 min,
100 pL fixative (3:1 methanol/acetic acid) was added and incubated for 10 min. After centrifugation,
the cells were resuspended in fixative, incubated for 1 h at RT, and then stored over night at 20 °C.
Chromosome analysis was performed by the Institute of Medical Genetics and Applied Genomics of
the University Hospital Ttubingen.

4.6. Differention of iP5Cs into iM5Cs

Very low concentrations of iPSCs (< 10% confluency) were seeded into vitronectin coated (0.5 mL
of 5 ug/mL solution) 12-well plates and cultivated without passaging for 10 days to stimulate
spontaneous differentiation. After this period, the cells were detached using Accutase and transferred
into vitronectin coated 6-well plates containing E8-medium and 10 uM ROCK inhibitor Y27632
(passage 1). The next day, the medium was changed to hPL5 supplemented with 150 pM L-ascorbic
acid 2-phosphate (Sigma-Aldrich) and medium was replaced every other day. After reaching 80%
confluency, cells were passaged into vitronectin coated &-well plates (split ratio 1:3) using Accutase
and ROCK inhibitor was added to the medium. For following cell passages TrypLE Express was used
and no further ROCK inhibitor or vitronectin was used. Cells were passaged until the morphology
of the cells had changed to a spindle shaped M5C-like appearance (3-5 passages). Cells exhibiting
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MS5C morphology were expanded in hPL5 medium before using the cells for osteogenic differentiation
and characterization.

4.7. Osteogenic Differentiation of iM5Cs

For osteogenic differentiation, iM5Cs were cultivated in osteogenic medium (DMEM/F12
containing 10% hPL, 100 U/mL penicillin-streptomycin (Lonza), 2.5 pg/mL amphotericin B, 0.1 mM
L-ascorbic acid 2-phosphate (Sigma-Aldrich), p-glycerophosphate (AppliChem, Darmstadt, Germany),
and 4 uM dexamethasone (Sigma-Aldrich)) with medium changes every 2-3 days. After 15-25 days,
cells were fixed with 4% formalin and stained for 20 min with 1 mL of 40 mM Alizarin red solution
(pH 4.2, Sigma-Aldrich). Unbound dye was removed by washing with deionized water and images
were taken using an inverted microscope (Leica, Wetzlar, Germany).

4.8. Flow Cytometric Analysis of JPCs, iP5Cs, and iM5Cs

The expression of pluripotency markers (SSEA-1, SSEA-4, TRA-1-60, TRA-1-80) and M5C-markers
(CD73, CD90, CD105) was analyzed by flow cytometry. Cells were detached using TrypLE Express
and 1 x 10 cells per sample were incubated on ice for 15 min in 20 uL blocking buffer (PBS, 0.1%
B5A, 1 mg/mL sodium azide (Sigma-Aldrich), and 10% Gamunex (human immune globulin solution,
Talecris Biotherapeutics GmbH, Frankfurt, Germany)). Then, 50 ulL FACS buffer (PB5, 0.1% BSA,
1 mg/mL sodium azide) as well as phycoerythrin (PE) and allophycocyanin (APC) conjugated
antibodies (for individual volumes see Table 1) were added and incubated on ice for 20 min. After two

washing steps with 200 uL. FACS buffer, flow cytometry measurements were performed using the
Guava EasyCyte 6HT-2L (Merck Millipore, Billerica, MA, USA).

Table 1. List of antibodies used for flow cytometry.

. Volume per .
Human Antigen Sample (ul) Isotype Conjugate Company
S5EA1 5 FE
S5EA4 5 human FE
TRA-1-60 5 recombinant PE Miltenyi, Bergisch Gladbach, Germany
TRA-1-81 5 antibody (REA) FE
REA-Isobype 5 FE
CD73 5 FE BD Biosciences, Franklin Lakes, NJ,
CDao 1 PE USA
CD105 10 mouse IgiGl APC . .
IgG1- Tsotype 10 APC BioLegend, San Diego, CA, USA
IgG1-Isotype 5 PE Ré&D Systems, Minneapolis, MN, USA

4.9, Gene expression Analysis of [PCs, iP5Cs, and iM5Cs by gRT-PCR

RNA isolation from JPCs, iPSCs and iMSCs (1 x 10° cells per sample) was carried out using the
NucleoSpin RNA kit (Macherey-Nagel, Diren, Germany) following the manufacturer’s instructions.
The amount of isolated RNA was quantified with a Qubit 3.0 fluorometer and the corresponding
RNA BR Assay Kit (Thermo Fisher Scientific). The first-strand ¢DNA synthesis was performed
with 0.5 pg of RNA using the SuperScript Vilo Kit (Thermo Fisher Scientific). The quantification of
mBENA expression levels was performed using the real-time LightCycler System (Roche Diagnostics,
Mannheim, Germany). For the PCR reactions, commercial OCT4, NANOG, ALP, CD4, and CD73
primer kits (Search LC, Heidelberg, Germany) and DNA Master SYBR Green I kit (Roche, Basel,
Switzerland) were used. The amplification was performed with a touchdown PCR protocol of 40 cycles
(annealing temperature between 68-58 “C), following the manufacturer’s instructions. GOI (gene of
interest) transcript levels of each sample were normalized to those of the housekeeping gene GAPDH,
divided by the corresponding control samples and displayed as x-fold induction indices.
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4.10. Statistical Analysis

For the statistical evaluation of data, means + standard deviation (SD) or standard error of
mean (SEM) were calculated. Student’s Ftest or one-way analysis of variance (ANOVA) for repeated
measurements followed by Bonferroni's multiple comparison test was used. All statistical analyses
were performed double-tailed using GraphPad Prism 6.01. A p-value < 0.05 was considered significant.

5 Conclusions

In this study, we generated for the first time, footprint- and xeno-free iP’SCs from JPCs by the
transfection of stRNA encoding the reprogramming factors. We conclude that JPCs can function as
starting material for the generation of clinical grade autologous iPSCs. The differentiation of JPC-PSCs
to iMSCs leads to the generation of cells with a high osteogenic potential, which are a promising source
of osteogenic progenitor cells for BTE. Using cGMP grade hPL as a medium supplement, clinically
applicable osteogenic progenitor cells can be obtained.
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Abbreviations

ANOVA analysis of variance

APC allophycocyanin

BeM conditioned medium containing B18R
BSA bovine serum albumin

BTE bone tissue engineering

CAM choricallantoic membrane

cGMP current good manufacturing practice
cDNA complementary DINA

DMNA deoxyribonucleic acid

DPBES Dulbecco's phosphate buffered saline
FACS fluorescence-activated cell sorting
FBS fetal bovine serum

GFP green fluorescent protein

GOl gene of interest

Hé&E haematoxylin and eosin

hPL human platelet lysate

IgG immunoglobulin G

iMSC iPSC-derived mesenchymal stem/ stromal like cell
iPsC induced pluripotent stem cell

IRES internal ribosome entry site

JPC jaw periosteal cell

msCTP F-methyloytidine-5"-triphosphate
MACS magnetic-activated cell sorting

MFI median fluorescence index

mBEMNA messenger RNA

MSC mesenchymal stem/ stromal cell

MaB sodium butyrate

OSKM OKT4, SOX2, KLF4, cMYC

136



Publikation V

Inmt. |. Mol. 5ci. 2019, 20, 1648 160f17
PBS phosphate buffered saline

PCR polymerase chain reaction

PE phycoerythrin

Puro puromycin

qRT-PCR  quantitative real-time polymerase chain reaction

RNA ribonucleic acid

ROCK rho-associated protein kinase

sD standard deviation

SEM standard error of mean

stRINA self-replicating ribonucleic acid
¥-UTP pseudoruridine-5-triphosphate
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