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Zusammenfassung

Pluripotente Stammzellen besitzen die Fahigkeit, sich in alle Zellarten zu differenzieren,
und ermoglichen somit auf neue Art und Weise humane Krankheiten zu behandeln.
Wahrend die Anwendung von embryonalen Stammzellen (ESCs) ethische Fragen
aufwirft, bieten induzierte pluripotente Stammzellen (iPSCs) die Chance und neue
Einblicke auf die Herstellung autologer Zellprodukte. Diese sind genetisch identisch
zur Ausgangszelle und verhindern somit eine mogliche AbstoRung der Zellimplantate.
Die Generierung Patienten-spezifischer iPSCs ist jedoch mit hohen Kosten verbunden
und far akute Krankheiten, wie nach einem Myokardinfarkt, nicht anwendbar. In
unserer Arbeit haben wir mittels Maus und humanen iPSCs untersucht wie anfallig die
Zellen durch Re-Programmierung und Differenzierung fur mitochondriale Mutationen
sind. Alle untersuchte Zellinien haben mitochondriale Mutationen entwickelt, die in vivo

in einigen Transplantationsmodellen zur AbstoRung geflihrt haben.

Unser Ziel ist es iPSCs so zu modulieren, dass sie als hypoimmunogene Stammzellen
fur eine universelle Transplantation (allogen) ohne die zusatzliche Gabe von
Immunsuppressiva, anwendbar sind. Daflr wurden zunachst bei murinen iPSCs einer
C57BL/6 Maus die Oberflachenmolekile B2m und Ciita durch die CRISPR-Cas9
Technologie ausgeknockt und Cd47 lentiviral Gberexprimiert. Sowohl bei in vivo als
auch in vitro Experimenten zeigten die transplantierten Zellen ein 100%iges Uberleben
im allogenen Setting. Basierend auf diesen Ergebnissen wurden dieselben Verfahren
mit den gleichen Modulierungen in humanen iPSCs durchgefihrt. Modifizierte humane
iPSCs zeigten in vivo, im humanisierten Mausmodell, ein Langzeitiberleben ohne
AbstoRung der transplantierten Zellen. Da undifferenzierte Stammzellen das Potential
einer Teratombildung besitzen, werden fur klinische Anwendungen die gewunschten
Zelltypen vor der Transplantation ex vivo generiert. So wurden murine und humane
hypoimmunogene iPSCs erfolgreich in Zellen der mesodermalen Linie
(Herzmuskelzellen, Endothelzellen, und glatten Muskelzellen) differenziert und
transplantiert, und zeigten ebenfalls ein 100%iges Uberleben im allogenen Modell.
Diese Arbeit liefert Ergebnisse flur die Generierung einer hypoimmunogenen Zelllinie
und bietet somit eine Grundlage fur ihre mdoglichen Anwendungen in der klinischen

Stammzelltherapie.



Abstract

Pluripotent stem cells have the ability to differentiate into all cell types and thus enable
a new strategy of treating human diseases. While the use of embryonic stem cells
(ESCs) still raises ethical questions, induced pluripotent stem cells (iPSCs) offer the
opportunity to produce autologous cell products. These are genetically identical to the
donor and not affected by possible rejections after transplantation. The generation of
patient-specific iPSCs is, however, associated with high costs and cannot be used for
acute diseases, such as after a myocardial infarction. Furthermore, iPSCs were
thought to be beneficial and suitable for autologous transplantation; however, our work
demonstrated that iPSCs have a high likelihood to develop mitochondrial mutations

which can lead to rejection of the cells even when transplanted autologous.

We then aimed to modulate iPSCs to become hypoimmunogenic to make them
suitable for universal transplantations without the additional administration of
immunosuppressive drugs. For this purpose, mouse iPSCs with a C57BL/6
background underwent knockout of the surface molecules B2m and Ciita using the
CRISPR-Cas9 technology and transduced lentivirally to overexpress Cd47. Both in
vivo and in vitro experiments showed 100% survival of the modulated cells in an
allogeneic setting. Based on these results, the same methods and modulations were
used to create human hypoimmune iPSCs, which also showed complete long-term
survival in vivo in the humanized mouse model. Since undifferentiated stem cells have
the potential to form teratoma, differentiated cells were generated for clinical
applications. Mouse and human hypoimmunogenic iPSCs were successfully
differentiated into the mesodermal lineage (cardiac, endothelial and smooth muscle
cells) and transplanted into allogeneic models. All cells showed 100% survival. This
work provides results for the generation of a hypoimmunogenic cell line and advances

a foundation for its applications in clinical stem cell therapy.



1. Einleitung

1.1. Stammzellen als Zelltherapie

Das grofdte Problem bei Organtransplantationen ist der Mangel an Spenderorganen
(Patel and Abt, 2019). Eine mdgliche Alternative zur Organtransplantation bietet die
Stammzelltherapie. Das Ziel ist dabei, das geschadigte Gewebe zu reparieren oder zu
ersetzen. Es werden also differenzierte Zellprodukte aus Stammzellen bendtigt, die fur
eine Zelltherapie bereitstehen. Dennoch sind sich Wissenschaftler weltweit noch nicht
einig, wie Stammzellen fur klinische Anwendungen eingesetzt werden konnen. Adulte
Stammzellen sind multipotent und kénnen sich somit nur in Zellen innerhalb ihrer
eigenen Keimbahn differenzieren. Die Behandlung von Herzerkrankungen mit
Stammzellen aus dem Knochenmark zeigte nahezu keinerlei Effekt nach einem akuten
Herzinfarkt oder bei der chronischen Kardiomyopathie (van der Bogt et al., 2009).
Vielversprechender sind pluripotente Stammzellen: Sie sind in der Lage sich in alle
Zelltypen zu differenzieren und kénnen somit in der Stammzelltherapie im gro3em
Spektrum eingesetzt werden. Die Differenzierung kann ex vivo erfolgen, so dass das
Verfahren Uberwacht werden kann und nur die gewinschte Zellpopulation eingesetzt
wird. Undifferenzierte Stammzellen sollten aufgrund ihres Potenzials der

Teratombildung vermieden werden (Doss and Sachinidis, 2019).

1.1.1. Embryonale Stammzellen (ES-Zellen)

Im Jahr 1981 wurde zum ersten Mal die Isolierung und in vitro Kultivierung von murinen
ES-Zellen beschrieben (Evans and Kaufman, 1981; Martin, 1981) und spater im Jahr
1998 auch von humanen ES-Zellen (Thomson et al., 1998). Embryonale Stammzellen
werden aus dem Embryoblast, ein frihes Stadium einer befruchteten Eizelle,
gewonnen. Diese Zellen sind pluripotent und besitzen die Fahigkeit, sich in Zellen der
drei Keimblatter Ektoderm, Mesoderm und Endoderm zu differenzieren. Obwohl die
Idee der Stammzelltherapie bereits mit der Beschreibung der ersten humanen
embryonalen Stammzellen beschrieben wurde ist die Generierung dieser Zellen mit

ethischen Bedenken verknlpft und streng kontrolliert. Dennoch werden embryonale



Stammzellen in der Forschung eingesetzt, um ihr Potenzial in der Stammzelltherapie

zu untersuchen.

Anfanglich wurde vermutet, dass ES-Zellen immunprivilegiert seien, weil sie eine sehr
niedrige Expression an MHC | aufweisen (Drukker et al., 2002). Dies wurde jedoch
schnell widerlegt, da die ES-Zellen nach in vivo Transplantationen abgestoflien wurden.
Aulerdem wurde die Geschwindigkeit der AbstoRung nach wiederholter
Transplantation schneller, was auf eine Aktivierung des adaptiven Immunsystems
hindeutet (Deuse et al., 2011). Obwohl die MHC Oberflachenmolekile nur niedrig
exprimiert sind, scheinen sie auszureichen, um das Immunsystem zu aktivieren und

eine AbstoRungsreaktion auszuldsen.

1.1.2. Somatischer Zellkerntransfer (SCNT)

Um Abstol3ungsreaktionen zu vermeiden, wurde die Generierung von autologen ES-
Zellen in Betracht gezogen. Bei dem somatischen Zellkerntransfer (engl. somatic cell
nuclear transfer; SCNT) wird ein Zellkern in eine kernlose ES-Zelle transferiert. Die
daraus resultierende pluripotente Stammzelle beinhaltet die identische genetische
Information wie der Zellkernspender. Diese Methode wurde zuerst in der Maus
etabliert und spater im Jahr 2013 wurde die erste humane SCNT generiert (Tachibana
et al., 2013). Dennoch beinhalten SCNT-Zellen allogene mtDNA aus der Oozyte, die
eine AbstolRungsreaktion durch die Minor Histokompatibilititsantigene (miHA)
ausloésen kann (Deuse et al., 2015). Somit bleibt ein Risiko vorhanden, dass aus SCNT

differenzierte Zelltransplantate abgestolden werden.

1.1.3. Induzierte pluripotente Stammzellen (iPS-Zellen)

Induzierte pluripotente Stammzellen (iPS-Zellen) wurden zum ersten Mal im Jahr 2006
von Yamanaka und seinem Team beschrieben (Takahashi et al., 2007). Somatische
Zellen, wie zum Beispiel Fibroblasten, werden durch eine in vitro Reprogrammierung
durch die Expression von einer Kombination aus spezifischen Transkriptionsfaktoren
(Oct4, Sox2, c-Myc, KIf4, Nanog und Lin28) wieder pluripotent (Aasen et al., 2008;
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Takahashi et al., 2007; Yu et al., 2007). Der gréRte Vorteil hierbei ist die Generierung
von patientenspezifischen iPS-Zellen, die genetisch identisch zur Ausgangszelle sind
und somit nicht vom syngenen Empfanger abgestof3en werden.

iPS-Zellen ahneln embryonalen Stammzellen in vielen Eigenschaften, jedoch ist bis
heute umstritten, ob sie sich identisch verhalten (Yu and Thomson, 2008). Viele
Studien beschreiben jedoch eine Abstolung von iPS-Zellen nach einer syngenen
Transplantation (Zhao et al., 2011). Zudem ist die Generierung patienten-spezifischer
iPS-Zellen sehr kostspielig. Eine Garantie fur die erfolgreiche Reprogrammierung ist
nicht gewahrleistet und die Qualitat der Zellen ist stark vom Alter des Patienten
abhangig (Medvedev et al., 2010). Fur die Generierung, Validierung, Differenzierung
und Purifizierung der Zellen wird viel Zeit bendtigt, wodurch ihr Einsatz bei akuten
Erkrankungen, wie z.B. nach einem Myokardinfarkt, nicht moglich ist.
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1.2. Das Immunsystem

Das Immunsystem stellt einen komplexen Abwehrmechanismus dar, der den eigenen
Organismus vor koérperfremden Substanzen und Pathogenen schitzt. AuRerdem ist

es in der Lage, korpereigene Zellen zu erkennen und fehlerhafte auszusortieren.

Es kann grundsatzlich zwischen zwei verschiedenen Mechanismen der Immunabwehr
unterschieden werden: der angeborenen und der adaptiven Immunabwehr, welche
stets zusammenarbeiten und sich gegenseitig erganzen (Borghans et al., 1999). Die
angeborene Immunabwehr ist unspezifisch. Die Grundlage daflr bilden die
Phagozyten, wie Makrophagen und Granulozyten, welche in der Lage sind,
korperfremde Substanzen unspezifisch zu erkennen und sie durch Phagozytose zu
eliminieren. Desweiteren sind NK-Zellen ebenfalls in der Lage, abnormale Zellen zu
erkennen und sie gezielt abzutoten. Dagegen ist die adaptive Immunabwehr von hoher
Spezifitat gezeichnet und entwickelt sich im Laufe der Jahre. Sie ist in der Lage, ein
immunologisches Gedachtnis auszubilden, indem die Antigene koérperfremder
Strukturen erkannt werden und gezielt zellulare Abwehrmechanismen gegen sie
aktiviert und Antikdrper gebildet werden. Dabei spielen die T- und B-Lymphozyten eine
grol’e Rolle, wobei die T-Lymphozyten die Grundlage fur die zellvermittelte
Immunantwort bilden, wahrend die B-Lymphozyten fir die humorale Immunantwort
verantwortlich sind. Beide Zellarten besitzen Rezeptoren auf ihrer Zelloberflache,
welche hochspezifisch Antigene erkennen und entsprechend auf diese reagieren

konnen.

Nach einer primaren spezifischen Immunantwort treten einige Lymphozyten in einen
rezirkulierenden Status Uber und bleiben als Gedachtniszellen im Organismus erhalten.
Bei einem erneuten Kontakt mit demselben Antigen kann die Immunreaktion viel
schneller und effektiver ablaufen, was auch als Booster-Effekt beschrieben wird
(Mackay et al., 1990).

Die Bildung und Reifung von B- und T-Lymphozyten finden in den primaren

lymphatischen Organen statt; dazu gehdren der Thymus und das Knochenmark. Die

Lymphozyten wandern daraufhin in die sekundaren lymphatischen Organe, wo der
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Antigenkontakt und die klonale Vermehrung stattfinden. Zu den sekundaren

lymphatischen Organen gehdren die Milz oder auch die Lymphknoten.

1.2.1. Haupthistokompatibilititskomplex (MHC)

Der Haupthistokompatibilitatskomplex (MHC von engl. Major Histocompatibility
Complex) umfasst eine Reihe von Genen, die fur Zelloberflachenproteine codieren,
welche fur die Immunerkennung bei allen Wirbeltieren auftreten. Die exprimierten
Antigene werden vom korpereigenen Immunsystem als zugehorig erkannt und sind
somit vom Immunsystem geschutzt. Die MHCs gehdren zur Immunglobulin-

Superfamilie.

Die MHC-Proteinkomplexe kdnnen in die Klassen | und Il unterteilt werden (Kelley et
al., 2005) MHC-Proteinkomplexe der Klasse | werden auf der Oberflache nahezu aller
kernhaltigen Zellen exprimiert und haben die Aufgabe der Prasentation von
intrazellularen Antigenen flr zytotoxische T-Zellen. Zudem dienen sie zur
Selbstmarkierung korpereigener Zellen, um sie vor einer Zerstorung durch
zytotoxische Zellen, wie NK-Zellen, zu schitzen (Karre, 2002). Die Struktur von MHC
Klasse | Molekulen besteht aus einer schweren, polymorphen o-Kette mit drei
Immunglobulin-ahnlichen Abschnitten, unterteilt in die Domanen a1, a2 und o3, und
einer monomorphen p2-Mikroglobulin Domane. MHC-Proteinmolekile der Klasse Il
findet man auf B-Zellen und anderen antigenprasentierenden Zellen (APC). Sie haben
die Funktion, extrazellulare Antigene den T-Helferzellen zu prasentieren und somit
eine zellulare oder humorale Immunantwort zu induzieren (Muhlethaler-Mottet et al.,
1997). Sie bestehen aus einer polymorphen o-Kette und einer polymorphen B-Kette

mit jeweils zwei extrazellularen Domanen.
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Abbildung 1.1: Die schematische Struktur von MHC Klasse | und Klasse Il Molekiilen. Links: MHC
Klasse | Molekll, bestehend aus einer polymorphen a-Kette mit drei Immunglobulin-dhnlichen
Abschnitten und einer monomorphen 2-Mikroglobulin Domane. Rechts MHC Klasse Il Molekil,
bestehend aus einer polymorphen a-Kette und einer polymorphen [-Kette mit jeweils zwei

extrazellularen Domanen (Abbas et al., 2012).

Bei der Maus werden MHC-Proteinkomplexe als H-2-Complex bezeichnet und werden
von Genen des Haupthistokompatibilitatskomplexes, die auf dem Chromosom 17
lokalisiert sind, codiert. Beim Menschen werden sie als HLA-System (HLA von engl.
Human Leucocyte Antigen) bezeichnet und ihre Gene sind auf dem p-Arm des
Chromosoms 6 lokalisiert und enthalten zahlreiche eng gekoppelte Genloci mit
multiple Anllelen. Ein extremer genetischer Polymorphismus flhrt zu einer grof3en
Anzahl verschiedener HLA-Phanotypen. Dabei werden bei HLA-I die Isotypen HLA-A,
HLA-B und HLA-C und bei HLA-II die Isotypen HLA-DR, HLA-DQ und HLA-DP
unterschieden. Die Domane p2-Mikroglobulin wird als einziges auf dem Chromosom

15 codiert und ist monomorph.

In der Transplantationsmedizin tragen die HLAs erheblich zur Abstoflung des
Transplantates bei. Die fremden HLA-Antigene werden von korpereigenen
Lymphozyten erkannt und als Folge wird im Korper des Empfangers eine Alloreaktion
ausgelost, welche die akute AbstolRung darstellt (Murphy et al., 2012; Sijpkens et al.,

1999). AuRerdem kann es zur Bildung von praformierten Antikdrpern beim Empfanger
14



gegen die HLA-Antigene der Spender durch Bluttransfusionen, Schwangerschaften
oder vorherige Transplantationen kommen (Terasaki, 2003). Dies kann durch ein HLA-
Crossmatch vor der Transplantation bestimmt werden. Vorsensibilisierte Patienten mit
HLA-Antikérper der Klasse | und |l gegen die Antigene der Spender zeigen ein

erhdhtes Risiko flr Transplantatrejektion (Susal et al., 2009).

1.2.2. Minor Histokompatibilitatsantigene (miHA)

Die TransplantatabstoBung durch die Minor Histokompatibilitdtsantigene (miHA)
wurde bereits vor 60 Jahren zum ersten Mal beschrieben. Damals wurde eine
AbstoRung allogener Hauttransplantate zwischen MHC-identen Mausen festgestellt
(Snell, 1948). In der Transplantation ist sie haufig die Ursache fur Graft-Versus-Host
(GvH) oder Graft-versus-Leukemia (GvL) Reaktionen, die in bis zu 40% der Falle nach
einer allogenen Transplantation von hamatopoetischer Stammzellen (HSCT) auftreten,
trotz HLA-Ubereinstimmung mit dem Spender (Bortin et al., 1991). Nach einer T-Zell-
Depletion wurde das GvH-Risiko nach einer Transplantation signifikant reduziert (Hale
et al., 1988). Die erhdhte Inzidenz von GvH und GvL Reaktionen konnte somit mit T-
Zellen in Zusammenhang gebracht werden. Ein Drittel aller beschriebenen miHA sind
auf das H-Y Antigen zurlckzufihren (Hirayama et al., 2012), welches auf dem Y-

Chromosom codiert ist und dementsprechend nur beim mannlichen Geschlecht auftritt.

Als miHA werden kurze prozessierte Peptidsequenzen bezeichnet, die in der
Antigenbindungsfurche eines passenden MHC Klasse | Molekuls gebunden und in der
Lage sind, eine alloreaktive T-Zell Reaktion auszulésen. Die Generierung der miHA

erfolgt durch die polymorphen Regionen und ist unabhangig von den MHC-Merkmalen.

1.2.3. Fetomaternale Toleranz

Als Immuntoleranz werden Vorgange beschrieben, die zur Vermeidung einer
Immunreaktion gegen ein fremdes Antigen fiihren. Ein Beispiel aus der Natur bietet
die fetomaternale Toleranz: Wahrend der Schwangerschaft generiert der Fetus,

dessen genetisches Material aus einer Kombination der maternalen und paternalen

15



DNA besteht, eine immunotolerante Umgebung, welche ihn vor dem maternalen
Immunsystem schuitzt (Guleria and Sayegh, 2007). Einige Mechanismen davon sind
bereits gut erforscht (Arck and Hecher, 2013). Oft sind jedoch die individuellen Rollen

von einzelnen Enzymen und Molekulen noch unklar.

Die Syncytiotrophoblasten, welche das Interface zwischen dem maternalen
Blutsystem und fetalem Gewebe bilden (Vento-Tormo et al., 2018), weisen eine sehr
niedrige Expression von MHC-I und MHC-II Oberflachenmolekulen auf. MHC-I und
MHC-II spielen die grofte Rolle bei der Erkennung von Fremdantigenen. In mehreren
Studien wurde beobachtet, dass eine verminderte MHC-| Expression zu einer stark
verminderten Aktivierung von zytotoxischen T-Zellen beitragt. Durch das Fehlen von
MHC-II ist die Antigenprasentation und somit die Aktivierung der CD4+ T-Zellen nicht
mehr moglich (Clark et al., 2010; Guleria and Sayegh, 2007; Rapacz-Leonard et al.,
2014).

Studien belegen zudem, dass eine Schwangerschaft mit einer erhéhten Frequenz von
regulatorischen CD25"CD4+*T-Zellen (Tregs) einhergeht und die Zellen somit eine
wichtige Rolle in der fetomaternalen Toleranz einnehmen (Aluvihare et al., 2004). Das
Fehlen von Tregs kann im Mausmodell in einer Fehlgeburt enden und fihrt zur
Akkumulation von Th-1 Zellen in der Dezidua, die gegen die paternalen Antigene

gerichtet sind (Zenclussen et al., 2005).

Das Enzym Indoleamine-2,3-dioxygenase (IDO) spaltet Tryptophan, eine essenzielle
Aminosaure, welche fur die T-Zell Proliferation bendtigt wird, in N-formyl-L-kynurenine.
Dieses Protein wird wahrend der Schwangerschaft hochreguliert und scheint durch
den beschriebenen Mechanismus die T-Zellproliferation der Mutter zu verhindern,
indem Tryptophan aus der Serotonin-Synthese entzogen wird. Die Inhibierung von IDO
in dem ersten Trimester der Schwangerschaft bei der Maus fuhrte zu einer T-Zell

basierten AbstoRung der Feten durch die maternalen T-Zellen (Spinelli et al., 2019).
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Die Syncytiotrophoblasten zeigen zudem eine hohe Expression von HLA-G und HLA-
E, welche eine immunregulatorische Funktion haben, durch ihre Bindung zu den
zytotoxischen T-Zellen und NK-Zellen. Zusatzliche Molekule, wie CCL22 oder CEA
scheinen lokal regulatorische T-Zellen anzuziehen, um die Aktivierung des

Immunsystems zu unterdriicken (Finkenzeller et al., 2000; Guleria and Sayegh, 2007).

Aulierdem zeigen Syncytiotrophoblasten eine Uberexpression des
immunregulatorischen Proteins CD47, welches als ,don’t-eat-me® Signal bekannt ist
und den Fetus vor dem maternalen Immunsystem schutzt (Mawby et al., 1994). Dabei
bindet CD47 an seinen Ligand SIRPa, der vor allem auf Makrophagen exprimiert ist,

um den Vorgang der Phagozytose zu unterdricken.
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1.3. Genmodifizierung

Als Genmodifizierung werden Methoden und Verfahren bezeichnet, die gezielte
Eingriffe in das Erbgut und somit auch auf die biochemischen Steuervorgange von
Lebewesen ermdglichen. Dies umfasst Techniken von viralen Vektoren als
Transportvehikel, die zusatzliche Gene in das Genom einschleusen, bis hin zu der
CRISPR/Cas9 Technologie, die aufgrund ihrer einfachen Anwendung und Effizienz
viele Aspekte der Genmodifizierung revolutioniert hat. Andere Methoden wie die
Zinkfinger Nukleasen (ZFN) und TAL-Effektor-Nukleasen (TALEN) sind in ihrer
Konstruktion und Herstellung sehr aufwendig und wurden inzwischen fast komplett
durch die CRIPSR/Cas9 Technologie ersetzt (Boch, 2011; Kim et al., 1996).

1.3.1. Lentivirale Uberexpression

Zur Uberexpression von bestimmten Genen werden oft virale Vektoren eingesetzt.
Dieser Prozess wird als Transduktion bezeichnet. Die gewinschte DNA Sequenz wird
dabei in das Genom des Virus kloniert. Dabei werden Viren verwendet, die nicht mehr
replikationskompetent sind. Die DNA wird per Zufall ins Genom der Zielzelle eingebaut.
Die Selektion erfolgt meistens durch ein Antibiotikumsresistenzgen, welches im Vektor
integriert wurde (Blesch, 2004).

1.3.2. Engineering mit der CRIPSR/Cas9 Technologie

Die CRISPR/Cas9 Technologie leitet sich von einem Mechanismus ab, mit dem sich
Bakterien vor eindringenden Viren schitzen (Jinek et al., 2012). Dabei spalten die Cas-
Proteine die DNA der Viren in kleine Fragmente auf und flgen diese als ,Spacer” im
CRISPR-Abschnitt des Bakterien-Erbguts ein. Die Zelle transkribiert die CRISPR-
Abschnitte in ein RNA Molekll (CRISPR-RNA, crRNA), welches zusammen mit der
Tracr-RNA an das Enzym Cas9 bindet. Kommt es erneut zu einem Virenbefall, kann
das Enzym CRISPR/Cas9 das DNA-Virus erkennen und es durch gezieltes

Fragmentieren unschadlich machen.
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Abbildung 1.2: Das Cas9-Protein. Die GuideRNA hat eine Spacer-Sequenz und geht komplementare
Basenpaarungen mit der Ziel-DNA ein. Das Nukleotid “G” vor Beginn des Spacers ist wichtig fur die
Erkennung durch den Promotor. Dem Protospacer in der Zielsequenz folgt PAM. Die katalytischen

Einheiten schneiden jeweils einen der gegenilberliegenden DNA-Strange (Mali et al., 2013).

Far die Gentechnik kann die CRISPR-RNA Sequenz beliebig ausgetauscht werden.
Im Jahr 2013 wurde erstmals das CRISPR/Cas9 System gezielt fir genomische
Modifikationen in Mauszellen und humanen Zellen eingesetzt. Dabei wurden die Zellen
mit einem Vektorkonstrukt aus Genen flr die Tracr-RNA, CrRNA und Cas9 aus dem
Bakterium  Streptococcus pyogenes transfiziert und erfolgreich  multiple
Doppelstrangbriche erzeugt (Cong et al., 2013). Die Selektion transfizierter Zellen
erfolgt mithilfe einer Koexpression von GFP oder einem Antibiotikaresistenzgen. Das
Screening der positiven Klone kann demnach anschlielend mit der

Durchflusszytometrie oder Antibiotikaselektion durchgefuhrt werden.

Mit der crRNA lasst sich die genaue Stelle bestimmen, wo CRISPR/Cas9 die DNA
durchtrennt und im Zuge der anschlieBenden Reparatur einzelne DNA-Bausteine
ausschneidet, austauscht oder auch neu einfugt. DNA-Doppelstrangbriiche werden
vom zelleigenen Reparaturmechanismus beseitigt. Dabei wird zwischen der Non-
homologous end joining (NHEJ) und der homology-directed repair (HDR)
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unterschieden. NHEJ ist weniger prazise und eher ein ,Notfall-
Reparaturmechanismus® der Zelle. Sie kann zur Bildung von Indels, kleinen
Insertionen oder Deletionen, fuhren und kommt in allen Zellzyklusphasen vor (Lieber,
2008). Indels als Folge der NHEJ-Reparatur kdonnen zu Basenaustausch oder
Leseraster-Verschiebungen fuhren, die jedoch nicht zwingend zu einem Gen-

Knockout fihren missen.

Der Reparaturmechanismus HDR ist dagegen zwar praziser, jedoch wird ein DNA-
Template bendtigt. AuRerdem ist der Prozess zellzyklusabhangig und hat die héchste
Aktivitat in der frihen S-Phase (Capecchi, 2005; Cui et al., 2011). Fur Insertionen wird
neben den CRISPR-Konstrukten ein DNA Template kotransfiziert, das bei der HDR

als Vorlage genutzt werden kann.

Abbildung 1.3: Nuklease induzierte Reparaturmechanismen von DNA-Doppelstrangbriichen
Non-homologous end joining (NHEJ) ist ein fehleranfalliger endogener Reparaturmechanismus, der zu
Insertionen oder Deletionen fiihren kann. Homology-directed repair (HDR) ist ein praziser DNA-

Reparaturmechanismus, der ein Donor Template benétigt (Sander and Joung, 2014).
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1.4. Mitochondrien

Mitochondrien sind Organellen, die ausschliellich in eukaryotischen Zellen
vorkommen und als ,Kraftwerke“ der Zelle fungieren. Sie besitzen eine
Doppelmembran und eine eigene Erbsubstanz, die mitochondriale DNA, welche zum
ersten Mal im Jahr 1963 von Margit und Sylvan Nass (Nass and Nass, 1963)
beschrieben wurde. Sie ist zirkular organisiert und besteht aus einem zu einem Ring
geschlossenen DNA-Doppelstrang. Bei Saugetieren hat die mtDNA eine Grofe von
etwa 16,5 Kilobasen und exprimiert 13 mRNAs, welche alle fur die Codierung von
Protein-Untereinheiten der Atmungsketten zustandig sind (Taanman, 1999). Die

Vererbung der mtDNA ist stets maternal Gber die Eizelle.
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2019)
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Mitochondrien befinden sich in nahezu allen Zellen. lhre Anzahl wird dem
Energiebedarf der Zelle angepasst und steigert sich bei hohem Energieverbrauch. In
den Kardiomyozyten nehmen sie ca. 30% des Zellvolumens ein (Piquereau et al.,
2013). Zu ihren Aufgaben gehort vor allem die Generierung von ATP durch die
oxidative Phosphorylierung. Aul3erdem sind sie an Reaktionen des Citratzyklus und
der Beta-Oxidation beteiligt. Ebenfalls sind sie der Ort fir die Generierung von Eisen-
Schwefel-Clustern und fir die intrazellulare Speicherung von Kalium. Zudem sind sie
an der Regulation des programmierten Zelltods beteiligt und produzieren reaktive

Sauerstoffspezies (ROS), die der Signaltransduktion dienen.

In den Mitochondrien findet mehr als 90 % der bendtigten Energiegewinnung zur
Aufrechterhaltung der Lebensfunktionen einer Zelle statt. Mitochondriale
Dysfunktionen haben demnach eine starke Auswirkung auf die Funktion und das
Wachstum einer Zelle (Shoffner et al., 1989).

Die Mutationsrate der mitochondrialen DNA ist im Vergleich zur genomischen DNA
deutlich erhoht, da unter anderem unzureichende Reparaturmechanismen flr
mitochondriale DNA-Schaden existieren (Shigenaga et al., 1994). Ein Einzelnukleotid-
Polymorphismus (engl. single-nucleotide polymorphismus, SNP), was eine Variation
eines einzelnen Basenpaares in der DNA beschreibt, kdnnte in der mtDNA (ber die
Zeit akkumulieren. Diese genetischen Varianten sind meistens geerbt und kénnen
auch vererbt werden. Haufig entstehen SNPs auch durch Spontanmutationen und
kdnnen sowohl in den Introns als auch in den Exons auftreten. In den Exons werden
zwischen synonyme SNPs und nicht-synonyme SNPs unterschieden: Synonyme
SNPs haben zwar eine Punktmutation, jedoch bleibt die davon abgeleiteten
Aminosauresequenz unverandert. Bei nicht-synonymen SNPs kommt es durch den
Austausch des Nukleotids zu einem Aminosaurewechsel, welcher somit Auswirkungen

auf die Gen-Transkription und die damit verbundene Translation hat.
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Mutationen in mitochondrialen Genen sind meist heteroplasmatisch. Als
Heteroplasmie wird das Auftreten von Mitochondrien mit unterschiedlichen mtDNA
Sequenzen innerhalb einer Zelle bezeichnet. Die unterschiedlichen Varianten sind
meistens auf eine Mutation, wie zum Beispiel Replikationsfehler, zurlckzufihren
(Stewart and Chinnery, 2015). Der Prozentanteil von Heteroplasmie kann in
unterschiedlichen Gewebeproben variieren und durch eine mtDNA Sequenzierung

bestimmt werden.
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1.5. Zielsetzung

Das Ziel der vorliegenden Arbeit war die Entwicklung neuer Strategien fur die
Zelltransplantation als Therapieoption in der klinischen Anwendung. Hierfur war es
zunachst erforderlich, die unterschiedlichen Stammzelltypen auf ihre Immunogenitat
zu untersuchen und Mechanismen zu erforschen, die zur ZellabstoRung flihren. Durch
Modulationen mithilfe der CRISPR/Cas9 Technologie an murinen und humanen iPS-
Zellen wurden die Oberflachenmolekule MHCI und MHCII inaktiviert und das
tolerogene Molekul CD47 Uberexprimiert. Diese ,hypoimmunogenen® iPS-Zellen
wurden anschlieRend in Zellderivate der mesodermalen Linien differenziert und durch
unterschiedliche in vivo und in vitro Methoden erneut auf ihre Immunogenitat

untersucht.
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2. Publikationen

2.1 Hypoimmunogenic derivatives of induced pluripotent stem cells evade

immune rejection in fully immunocompetent allogeneic recipients

In diesem Kapitel wird die Publikation ,Hypoimmunogenic derivatives of induced
pluripotent stem cells evade immune rejection in fully immunocompetent allogeneic
recipients” vorgestellt, welche im Jahr 2019 in Nature Biotechnology publiziert wurde.
Mein Anteil der Publikation beinhaltet die Durchfiihrung von allen immunologischen
sowie molekularbiologischen Experimenten, die Zelldifferenzierung und Zellkultur,
sowie In-vivo Imaging Studien und Datenanalysen. Meine Mitwirkung an dem Paper

resultierte in einer Erstautorenschaft.

Titel: Hypoimmunogenic derivatives of induced pluripotent stem cells evade immune

rejection in fully immunocompetent allogeneic recipients

Autoren: Xiaomeng Hu*, Tobias Deuse*, Alessia Gravina, Dong Wang, Grigol
Tediashvili, Chandrav De, William O. Thayer, Angela Wahl, J. Victor Garcia, Hermann
Reichenspurner, Mark M. Davis, Lewis L. Lanier, Sonja Schrepfer

*geteilte Erstautorenschaft

Journal: Nature Biotechnology,

DOI: 10.1038/s41587-019-0016-3
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Hypoimmunogenic derivatives of induced
pluripotent stem cells evade immune rejection in
fully immunocompetent allogeneic recipients

Tobias Deuse'’, Xiaomeng Hu"#37, Alessia Gravina', Dong Wang'?, Grigol Tediashvili"23, ChandravDe?,

William O. Thayer?, Angela Wahl*, J. Victor Garcia*,

Lewis L. Lanier@¢ and Sonja Schrepfer@ '™

Autologous induced pluripotent stem cells (iPSCs) constitute
an unlimited cell source for patient-specific cell-based organ
repair strategies. However, their generation and subsequent
differentiation into specific cells or tissues entail cell line-
specific turing challenges and form a lengthy process
that precludes acute treatment modalities. These shortcom-
ings could be overcome by using prefabricated allogeneic cell
or tissue products, but the vig i resp gainst
histo-incompatible cells has prevented the successful imple-
mentation of this approach. Here we show that both mouse
and human iPSCs lose their immunogenicity when major his-
tocompatibility complex (MHC) class | and Il genes are inac-
tivated and CD47 is over-expressed. These hypoimmunogenic
iPSCs retain their pluripotent stem cell potential and differ-
entiation capacity. Endothelial cells, smooth muscle cells, and
cardiomyocytes derived from hypoimmunogenic mouse or
human iPSCs reliably evade immune rejection in fully MHC-

ismatched all ic recipients and survive long-term with-
out the use of i pp These findi suggest
that hypoimmunogenic cell grafts can be engineered for uni-
versal transplantation.

Treatment of heart disease with adult multipotent, bone mar
row-derived stem cells has shown marginal efficacy in patients with
acute myocardial infarction' or chronic ischemic cardiomyopathy?®.
This has been attributed to thelimited plasticity of adult hematopoi-
etic stem cells, which do not differentiate into cardiomyocytes and
thus cannot replace contractile elements*. Pluripotent stem cells are
more promising cell sources for regenerative strategies as they can
produce an unlimited amount of progeny cells that can be differenti-
ated into functional tissue cells. Although reprogramming technol-
ogy allows the generation of autologous iPSCs fer patient-specific
treatments, this is laborious, costly, associated with uncertain qual-
ity and efficacy of individual cell products and is only practical fer
chronic diseases® ”. Thus, most regenerative approaches relying on
autologous iPSC generation have been abandoned. Allogeneic cell
therapies targeting large patient populations could be more eco-
nomically feasible®”, but are subject to ferceful immune rejection®.

Hermann Reichenspurner?3, Mark M. Davis?®,

The use of allogeneic iPSC- or embryonic stem cell (ESC)-based
products would require strong immunosuppression.

We envisioned engineering hypoimmunogenic pluripotent stem
cells as a source for universally cempatible cell or tissue grafts not
requiring any immunosuppression. During pregnancy, the maternal
immune system is tolerant of allogeneic paternal antigens although
it would reject cells from the baby later in life''. We examined syn-
cytiotrophoblast cells, which form the interface between maternal
blood and fetal tissue, and found low MHC class I and II expres-
sion (Supplementary Fig. 1) as well as strong expression of CD47,
a ubiquitous membrane protein that can interact with several cell
surface receptors to inhibit phagecytosis'2. We used this knowledge
to design hypoimmunogenic mouse iPSCs (miPSCs).

C57BL/6 wild type (WT) miPSCs" give rise to classical tera-
tomas with ectodermal, mesodermal and endodermal features in
SCID-beige mice (Supplementary Fig. 2). To achieve hypoimmuno-
genicity, these miPSCs underwent a threestep gene-editing process
(Supplementary Fig. 3a). First, CRISPR guide RNAs targeting the
coding sequence of the mouse #2-microglobulin (B2m) gene were
ligated into vectors containing the Cas9 expression cassette and sub-
sequently transfected into miPSCs. B2m is a structural component
of MHC class I. Second, B2m~"~ miPSCs were transfected with a
CRISPR Cas9 vector targeting Ciita, the master regulator of MHC
class IT molecules™. Third, the Cd47 gene sequence was synthesized
and cloned into a lentivirus with blasticidin resistance, which was
used to transduce B2m=-Ciita”’~ miPSC clones followed by anti-
biotic selection and expansion of B2m~~Ciita"~ Cd47 transgene
(tg)-expressing miPSCs. WT miPSCs had interferon-y (IFN.y)-
inducible MHC class I surface expression, low but detectable MHC
class IT expression and negligible Cd47 expression (Supplementary
Fig. 3b-d). We confirmed that the miPSC lines we generated lacked
MHC class 1 and II expression, and overexpressed Cd47 roughly
4.5-fold in flow cytometry All three lines maintained their expres-
sion of pluripotency genes (Supplementary Fig. 3e-h).

Next, we transplanted WT miPSCs or engineered miPSCs into
syngeneic C57BL/6 (H2") and allogeneic (H2?) BALB/c recipients
without immunosuppression. As expected, WT miPSCs showed

'Department of Surgery, Division of Card othoracic Surgery, Transplant and Stem Cell Immunobiology-Lab, University of California San Francisco, San
Francisco, CA, USA. 2Department of Cardiovascular Surgery, University Heart Center Hamburg, Hamburg, Germany. 3Cardiovascular Research Center
Hamburg and DZHK (German Center for Cardiovascular Research), Partrer Site Hamburg/Kiel/Luebeck, Hamburg, Germany *Division of Infectious
Diseases, UNC Center for AIDS Research, University of North Carelina School of Medicine, Chapel Hill, NC, USA, *Heward Hughes Medical Institute,
Institute for Immunity, Transplantation and Infection, and Department of Microbiology and Immunology, Stanford University School of Medicine, Stanford,
CA, USA. ®Department of Microbiology and Immunology and the Parker Institute for Cancer Immunotherapy, University of California San Francisco,

San Francisco, California, USA. "These authors contributed equally: Tobias Deuse, Xiaomeng Hu. *e-mail: Sonja.Schrepfer@ucsf.edu
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100% teratoma growth in syngeneic recipients, but all cell grafts
were rejected in allogeneic BALB/c mice (Fig. la,b). After 5days,
splenocytes from allogeneic BALB/c recipients showed a strong
IFN-y and a moderate 1L-4 response relative to baseline responder
cell activity (not shown); syngeneic mice showed no responsive
ness (Fig. Ic). Only allogeneic BALB/c recipients mounted a strong
IgM antibody response against the WT miPSCs relative to baseline
MFI (not shown) (Fig. 1d). Engineered miPSCs developed com-
parable teratomas to WT miPSCs in syngeneic recipients, with
enhanced survival in allogeneic recipients that depended on their
level of hypoimmunogenicity and increased with every engineer-
ing step (Supplementary Fig. 4a-h). Our final B2m~" Ciita’ Cd47
tg miPSC line showed 100% teratoma formation and induced no
IFN-v or antibody responses (Fig. le-h).

We turther evaluated the contribution of Cd47 overexpression
by comparing B2m’ Ciita’ miPSCs to B2m’ Ciita’ Cd47 tg
miPSCs in natural killer (NK) cell toxicity assays. Gene editing did
not enhance the expression of stimulatory ligands for the mouse NK
cell NKG2D or NKp46 receptors (Supplementary Fig 4i), which
are constitutively expressed in the NK cell-sensitive target cell line
YAC-1". B2m’ Ciita” miPSCs induced IFN-y release that was
significantly elevated when compared to unchallenged NK cells,
but lower than IFN-y release triggered by YAC-1 (Supplementary
Fig. 4j). This suggested that Cd47 overexpression completely pre-
vented any miPSC-induced NK cell IFN-y release in vitro. To further
assess innate miPSC clearance in vivo, a I:1 mixture of CFSE-labeled
WT miPSCs and either B2m’ Ciita’ miPSCs or B2m ’ Ciita '~
Cd47 tg miPSCs were injected into the innate immune cell-rich
peritoneum of syngeneic C57BL/6 mice (Supplementary Fig 5a).
Using a syngeneic host for this assay precluded relevant T cell-medi-
ated cytotoxicity After 48h, the peritoneal fluid was aspirated and
CFSE-labeled cells were analyzed by flow cytometry B2m” Ciita™’
Cd47 tg miPSCs, but not B2m’ Ciita " miPSCs, were resistant to
innate immune clearance and the 1:I ratio with WT miPSCs could
be maintained We observed the samepattern of cell clearance when
mice were pretreated with clodronate to eliminate macrophages
(Supplementary Fig. 5b). Notably, a blocking antibody against
mouse Cd47 completely abolished the protective effect of Cd47 in
macrophage-depleted mice and B2m™-Ciita”’- Cd47 tg miPSCs
were rapidly eliminated (Supplementary Fig. 5¢). Collectively, these
data suggest an inhibitory effect of Cd47 on NK cells in vivo.

To test whether hypoimmunogenic B2m~"-Ciita”’- Cd47 tg miP
SCs could give rise to hypoimmunogenic cardiac tissue, they were
differentiated into endothelial cells (miECs), smooth muscle cells
(miSMCs) and cardiomyocytes (miCMs) with WT miPSC deriva-
tives serving as controls (Supplementary Fig. 6). All derivatives
showed the morphologic appearance, cell marker immunofluores
cence and gene expression characteristic of their mature target tis
sue cell lines, and cultures achieved >90% purity of VE-Cadherin*
miECs, Sma* miSMCs and troponin I* miCMs. The expression of
MHC class 1 and II molecules in WT derivatives markedly varied
by cell type (Supplementary Fig. 7a-c) but, as expected, miECs had
by far the highest expression of IFN-y induced MHC class I and II,
miSMCs had moderate MHC class I and I expression'* and miCMs
had moderate MHC class I but very low MHC class II expression?”.
All B2m~"-Ciita~’- Cd47 tg derivatives appropriately showed a com-
plete lack of MHC class I and 11 and significantly elevated Cd47
compared to their WT counterparts. None of the B2m~~Ciita~'-
Cd47 tg derivatives showed upregulation of NKG2D or NKp46
ligands (Supplementary Fig 7d.e).

We next assessed the in vivo immunogenicity of WT and hypo-
immunogenic miPSCderivatives. miECs, miSMCs or miCMs
derived from WT or B2m’ Ciita’~ Cd47 tg were transplanted
intramuscularly into syngeneic C57BL/6 or allogeneic BALB/c mice
and adaptive immune responses were assessed after 5days. All allo-
geneic recipients mounted a strong cellular [FN-y response, as well
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as a strong IgM antibody response against all differentiated WT cell
grafts (Supplementary Fig. 8a-c). In contrast, neither of the cor
responding B2m~-Ciita~~ Cd47 tg derivatives showed detectable
increases in IFN-y Elispot frequencies or IgM antibody production
(Supplementary Fig. 8d-f). To assess the etficacy of Cd47 to miti-
gate the susceptibility to innate immune killing, we performed NK
cell Elispot assays with antibody-coated magnetic bead-enriched
BALB/c NK cellsand B2m~'-Ciita~"- or B2m™~'-Ciita”~ Cd47tg deriv-
atives (Supplementary Fig. 8g-i). While B2m~"-Ciita~"~ derivatives
triggered NK cell IFN-y release, none of the B2m’- Ciita’~ Cd47 tg
derivatives produced IFN-y spot frequencies significantly exceed-
ing those of unchallenged NK cells. Accordingly, in vivo innate
immuneassays showed rapid clearance of all B2m~/ Ciita’ deriva-
tives, but confirmed that none of the B2m’ Ciita~" Cd47 tg deriva-
tives showed susceptibility to innate elimination (Supplementary
Fig. 8j-1). To confirm an inhibitory effect of Cd47 on NK cells,
we next performed real-time in vitro killing assays with contluent
miECs and highly purified NK cells Both allogeneic (BALB/c) and
syngeneic (C57BL/6) NK cells rapidly killed B2m / Ciita  miECs,
but not WT and B2m~ Ciita / Cd47 tg miECs (Supplementary
Fig. 5d,e). However, antibody blocking of mouse Cd47 resulted in
the rapid killing of B2m~-Ciita~ Cd47 tg miECs (Supplementary
Fig. 5f). The effect of CD47 is species-specific as human NK cells
rapidly killed both B2m~-Ciita”- and B2m™-Ciita”- Cd47 tg
miECs (Supplementary Fig. 5g).

We next examined survival of WT and hypoimmunogenic
miPSC derivates in vivo. WT and B2m / Ciita '~ Cd47 tg deriva-
tives were transduced to express firefly luciferase, and Matrigel
plugs containing differentiated cells were transplanted into synge-
neic C57BL/6 or allogeneic BALB/c mice. All three WT derivatives
showed long-term (50days) survival in syngeneic C57BL/6 recipi-
ents, but were rejected in allogeneic mice (Fig 1i-k). In contrast, all
three B2m* Ciita”” Cd47 tg derivatives showed 100% long-term
survival in both syngeneic and allogeneic recipients (Fig 11-n).

Matrigel plugs containing WT or B2m” Ciita * Cd47 tg miECs
were transplanted into allogeneic BALB/c recipients (Supplementary
Fig. 9a). ECs are the most immunogenic cardiac cell type due to
their high expression of MHC class I and II, which allows them
to function as antigen-presenting cells. We observed infiltrating
immune cells containing mostly T and B lymphocytes, but also
some NK cells and macrophagesin WT miEC plugs. B2m=-Ciita-"-
Cd47 tg miEC-containing plugs had almost no immune cell infil-
tration (Supplementary Fig. 9b). In the WT plugs, cytokine arrays
on day 10 revealed an inflammatory milieu that included upregu-
lated T helper cell (T,)-1 cytokines (IFN-y and IL2) and T)-2
cytokines (1L-4, IL-5, IL-10 and IL 13). In contrast, in plugs con-
taining B2m~"-Ciita~~ Cd47 tg miECs, the cytokine milieu was
very similar to that of cell-free plugs containing only Matrigel,
with no indication of immune activation (Supplementary Fig. 9¢).
Over time, transplanted B2m~-Ciita’~ Cd47 tg miECs organized
in circular structures and formed primitive vessels that contained
erythrocytes (Supplementary Fig. I0a). Similarly transplanted
B2m~~Ciita”~ Cd47 tg miSMCs (Supplementary Fig. 10b) or
miCMs (Supplementary Fig. 10c) did not form three-dimensional
structures, and their in vivo maturation and integration potential in
cardiac tissue remains to be studied.

We next applied our engineering strategy to human iPSCs (hiP
SCs) using a human episomal iPSC line derived from CD34* cord
blood that showed a normal human XX karyotype and features of
pluripotency (Supplementary Fig. 1la-c,g-h). The gene-editing
process included two steps (Fig 2a). First, both the human B2M and
human CIITA geneswere simultaneously targeted for CRISPR/Cas9-
mediated disruption. Second, these edited hiPSCs were transduced
with a lentivirus carrying human CD47 complementary DNA with
an EFS promotor and puromycin resistance. Antibiotic-resistant
B2M’ CIITA” CDA47 tg hiPSC colonies maintained their normal
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human karyotype and pluripotency (Supplementary Fig. 11d-f,i-j)
and successful depletion of HLA T and IT surface expression, along
with overexpression of CD47, was confirmed by flow cytometry
(Fig. 2b). Both WT hiPSCs and B2M~-"-CIITA-~ CD47 tg hiPSCs
were differentiated into endothelial-like cells (hiECs) and cardio-
myocyte-like cells (hiCMs) (Fig. 2c). All derivatives showed the
morphologic features and protein expression of the differenti

ated target cells and lost their pluripotency genes (Supplementary
Fig. 12a,b). Cultures showed >95% purity for VE-Cadherin* hiECs
and troponin I* hiCMs. There were no alterations in the expression of
stimulatory NK cell ligands with gene engineering (Supplementary
Fig. 12c-i). WT hiECs and hiCMs upregulated IFN-y induced HLA
I expression roughly three- and two-fold, respectively, compared to
WT hiPSCs and hiECs also showed roughly 11-fold elevated HLA
11 (Fig. 2d—e). B2M * CIITA/ CD47 tg hiECs and hiCMs exhibited
HLA T and II depletion and significant CD47 upregulation com-
pared to their WT counterparts.

We next performed transplant studies in humanized CD34*
hematopoietic stem cell-engrafted NSG-SGM3 mice'®, which were
allogeneic to the hiPSC, hiEC and hiCM grafts. Since no syngeneic
controls are available in this humanized mouse model, background
measurements were collected in naive mice. After Sdays, recipi-
ents of WT hiPSCs (Fig. 2f) showed a high splenocyte IFN-y spot
frequency (Fig. 2g) and elevated IgM levels (Fig. 2h). Recipients of
B2M~"-CIITA~- CD47 tg hiPSCs did not mount any detectable cel-
lular IFN-y response or antibody response. NK cell activation was
assessed using in vitro incubation with human enriched CD56* NK
cells. B2M " CHITA / hiPSCs resulted in an IFN-y release reach-
ing roughly one-third of the spot frequency of the highly NK cell
susceptible K562 line, whereas B2M " CIITA  CD47 tg hiPSCs
did not provoke any measurable response (Fig 2i). The allogeneic
transplantation of WT hiECs (Fig. 2j) and WT hiCMs (Fig 2n)
resulted in strong systemic IFN-y reactions (Fig 2k,0) and IgM anti-
body increases (Fig. 21,p) of similarintensity as WT hiPSCs, whereas
hypoimmunogenic hiECs and hiCMs did not induce any cellular or
humoral immune response. Moreover, in vitro, hypoimmunogenic
derivatives did not trigger NK cell activation (Fig. 2m, q) or NK cell
killing (Supplementary Fig. Sh). As with the miPSCs, a blocking anti-
body specific for human CD47 completelyabolished NX cell protec-
tion of B2M~-CIITA~"- CD47 tg hiPSCs (Supplementary Fig. 5i).

We also assessed the survival of hiPSCs, as well as their deriva-
tives in allogeneic humanized NSG-SGM3 mice. All cell lines
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were transduced to express Fluc to enable tracking by BLI. There
was no significant difference in HLA- A mismatch between groups
(Supplementary Fig. 12j). As expected, all WT hiPSC grafts in
Matrigel plugs underwent rejection (Fig. 3a) and all B2M~-CIITA~"~
CD47 tg hiPSCs formed teratomas. Similarly, WT hiECs (Fig. 3b)
and WT hiCMs (Fig. 3c) were rejected, although at slightly slower
rate than in the corresponding miPSC derivative experiments. This
difference may be based on the reduced number, diversity and func-
tion of human immune cells in mouse recipients', although the
triple transgenic NSG-SGM3 mice specifically express human cyto-
kines® to minimize these limitations. All B2M~/-CIITA*/~ CD47
tg hiEC and hiCM grafts showed long-term survival (50days) and
stable BLI signal levels over time. The hiECs gradually organized
inte structures resembling primitive vascular structures, which
occasionally contained erythrocytes, and the hiCMs acquired a lim-
ited polarized architecture (Fig. 3d.e).

hiECs, the most immunogenic derivatives, were further tested
in the humanized BLT mouse model. BLT humanized mice are
bioengineered by implantation of human fetal liver and thymic tis-
sue under the kidney capsule follewed by intravenous transplanta-
tion with autologous CD34* HSCs' (Fig. 3f). This allows for T cell
maturation in human thymic tissue and permits HLA restricted
T cell responses. WT hiEC grafts in Matrigel plugs triggered a
roughly 40% stronger IFN-y response but 40% weaker IgM antibody
response than in the previous NSG-SGM3 mice. No measurable
immune activation was detected in recipients of B2M=~ClITA"~
CD47 tg hiEC grafts (Fig. 3g,h). All WT hiEC grafts underwent
rapid rejection while four out of five B2M’ CHTA-" CDA47 tg
hiEC grafts achieved survival (Fig. 3i). We assume a non-immune-
related reason for the failure of the fifth graft since no immune
activation could be detected in this specific recipient. We thus
demonstrated that the combination of MHC class I and IT deple-
tion and CD47 overexpression renders both mouse and human
stem cells, as well as their differentiated derivatives, hypoimmuno-
genic. In the models studied here, engineered differentiated deriva-
tives achieved long-term survival in fully allogeneic hosts without
any immunosuppression and retained basic cell-specific features
afier transplantation.

The initial concept of hypoimmunogenic pluripotent stem cells
was based on an MHC class [ knockdown and showed encouraging
early results®. However, according to the ‘missing-self theory, MHC
class I-deficient mouse and human PSCs become susceptible to NK

>

Fig. 2 | Immune response against hiPSC derivatives. a, WT hiPSCs first underwent 82M and CIITA gene disruption and then CD47 transgene
overexpression b, Gene editing of hiPSCs was confirmed by flow cytometry (box 25th to 75th percentile with median, whiskers min-max, four independent
experiments per graph, analysis of variance (ANOVA) with Bonferroni s post-hoc test). €, WT and 82M / C/{TA" CB47 tg hiPSCs were d fferentiated
into both hiECs and hiCMs. d-e, The immune phenotype of WT and 82M/ CIITA #* CD47 tg hiECs (d) and hiCMs (e) is shown (box 25th to 75th
percentile with median, whiskers min-max, four independent experiments per graph, two-tailed Student’s t-test). § WT or 82 M7 CHTA™/~ CD47 tg hiPSC
grafts were injected into allogeneic humanized NSG-SGM3 mice. g, IFN-y Elispots were performed after Sdays (mean+s.d., n=7 per group, two-tailed
Students t-test), the background spot frequency in naive mice is shown (mean +s.d., four animals per group, two-tailed Student’s t-test). h, MF| of IgM
binding to either hiPSCincubated with recipient serum after 5 days(mean + s.d., five animals per group, two-tailed Student'st-test), the background
fluorescence in naive mice is shown (mean +s.d., three animals per group, Student’s t-test). i, IFN-y Elispots with human NK cells were performed with
B2M’ CIITA “ hiPSC or 82M~-CHTA” CD47 tg hiPSC (box 25th to 7Sth percentile with median, whiskers min-max, six independent experiments,
ANOVA with Bonferroni's post-hoc test). j, WT or B2M” CIITA 7 CD47 tg hiEC grafts were injected into allogeneic humanized NSG-SGM3 mice. k, IFN-y
Elispots were performed after 5 days (mean +sd., three animals per group, two-tailed Student’s t-test), the background spot frequency in naive mice is
shown (mean + s.d., four animals per group, two-tailed Student s t-test). I, MFI of IgM binding to either hiEC incubated with recipient serum after 5 days
(mean +s.d., three animals per group, twotailed Student's t-test), the background fluorescence in naive mice is shown (mean + s.d., three animals per
group, Student’s t-test). m, IFN-y Elispots with human NK cells were performed with 82M/ CIITA~~ hiECs or B2M~-CIITA CD47 tg hiECs (box 25th to
75th percentile with median, whiskers min-max, six independent experiments, ANOVA with Bonferroni's post-hoctest). n, WT or B2M~-CliTA~~ CD47
tg hiCM grafts were injected into allogeneic humanized NSG-SGM3 mice. o, IFN y Elispots were performed after 5days (mean+s.d , three animals per
group, two tailed Student's -test), the background spot frequency in naive mice is shown (mean +s d, four animals per group, two-tailed Student's ¢
test). p, MFl of IgM binding to either hiCM incubated with recipient serum after Sdays (mean+s.d, three animals per group, two-tailed Student’s ¢ test),
the background fluorescence in naive mice is shown (mean+ s.d., three animals per group, Student's t test). q, IFN-y Elispots with human NK cells were
performed with 82M~/~CIITA~~ hiCMs or B2M~/~CITA~/~ CD47 tg hiCMs (box 25th to 75th percentile with med an, whiskers min-max, six independent

experiments, ANOVA with Bonferroni’s post-hoc test).
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hurdle for clinical use. Even with fully MHC class [- and [[-matched
allogeneic iPSC-derived CM grafts, macaque recipients required
substantial and highly toxic immunosuppression to prevent cell
rejection”*. Thus, the generation of universal hypoimmunogenic
iPSCs that can be differentiated into the main components of cardiac
tissue and achieve long-term survival in a fully allogeneic recipient
without any immunosuppression may help to develop universal cell
productsto treatheart failure.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
541587-019-0016-3.
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Methods

SyncytiotrophoDlast cells of mouse placenta. On isolated mouse
syncytiotrophoblast cells, expression of MHC class I, MHC class II and Cd47
was performed using PCR RNA was isolated with the RNeasy Plus Mini kit
(Qiagen) according to the manufacturer’s protocol. RT-PCR was performed

to generate the cDNA (Applied Biosystems). The following primers were used:
mouse MHC class I: 5-AGTGGTGCTGCAGAGCATTACAA 3/, reverse:
5'-GGTGACTTCACCTTTAGATCTGGG-3', MHC class II forward:
5'-GATGTGGAAGACCTGCG-3', reverse 5'-TGCATCTTCTGAGGGGTTTC-3";
nsuse Cdd7 forward: '-GGCGCAAAGCACCGAAGAAATGTT-3', reverse:
5"-CCATGGCATCGCGCTTATCCATTT-3". PCRs were performed on
Mastercycler nexus (Eppendorf) and the amplification products were visualized
by 2% agarose gel electrophoresis (Thermo Fisher).

Derivation of mouse iPSCs. Mouse tail tip f broblasts of mice were dissociated
and isolated with collagenase type IV (Life Technologies) and maintained with
Dulbecco’s modif ed Eagle medium (DMEM) containing 10% fetal bovine serum
(FBS), 1% glutamine, 4.5 g1~ glucose, 100U mI* penicillin, and 100 pgml-*
streptomycin (penstrep) at 37°C, 20% O_, and 5% C@®, in a humidified incubator
I % 10® mouse fibroblasts were then re-programmed using a mini-intronic
plasmid carrying sequences of Oct4, KIf4, Sox2 and c-Myc as well as short hairpin
RNA against p53 (1 0 12uM of DNA) using the Neon Transfection system®.
After transfection, fbroblasts were plated on mitomycin-inhubited CF1 mouse
embryonic fibroblasts (MEF, Applied Stemcell) and kept in fibroblast media with
the addition of sodium butyrate (0.2 mM) and 50pgm1' ascorbic acid. When
ESC-like colonies appeared, media was changed to mouse iPSC media containing
DMEM + GlutaMax 31966 (Gibco) with 10% heat-inactivated fetal calf sera (FCS
hi), 1% MEM-NEAA and 1% pen-strep (all Gibco). With every passage. the iPSCs
were sorted for the mouse pluripotency marker SSEA-1 using antibody-coated
magnetic bead based cell sorting

Mouse iPSC culture Afterthe MEF feeder cells attached and were 100%
confluent, miPSCs weregrown on MEF in knockout DMEM 10829 with 15%
knockout Serum Replacement, 1% glutamine, 1% MEM-NEAA, 1% pen-strep

(all Gibco), 02% beta-mercaptoethanol and 100 units LIF (both Millipore). Cells
were maintained in 10cm dishes, medium was changed daily and the cells were
passaged every 2-3 days using 0 05% trypsin-EDTA (Gibco). miPSCs were cultured
on gelatin (Millipore) without feeders before experiments using the standard
media. Cell cultures were regularly screened for mycoplasma infections using the
MycoAlert Kit (Lonza)

Pluripotency amalysis by RT-PCR and immunofluorescence. miPSC were
platedin confocal dishes (MatTek) for immunof uorescence analysis 48h after
plating using the miPSC Characterization kit (Applied Stemcell). BrieLy, cells were
fixed, permeabilized, and stained overnight at 4°C with the primary antibodies
tor Sox2, SSEA-1 and Oct4. After several washes the cells were incubated witha
secondary antibody and DNA staining solution. Alkaline phosphatase activity
assay was performed (Applied Stemcell) Stained cells were imaged using a
fluorescent microscope

For RT-PCR,RNA was extracted using the RNeasy Plus Mini Kit (Qiagen).
Genomic DNA contamination was removed using the gDNA spin column.
cDNA was generated using Applied Biosystems High-Capacity cDNA Reverse
Transcription Kit. Gene-specif ¢ primers ofthe miPSC Characterization Kit (Applied
Stemcell) were used to amplify target sequences. Actin was used as housekeeping
gene, which encodes a cellular cytoskeleton protein. PCR reactions were performed
onMastercycler nexus (Eppendorf) and visualized on 2% agarose gels.

Pluripotency analysis by in vivo teratoma assay. Ten million miPSCs were
injected intramuscular into the hind limb ofimmunodeficient SCID-beige mice
and teratoma development was observed within 14days. Teratomas were recovered
and fixed in 4% paraformaldehyde in PBS, dehydrated, embedded in paraffin, and

through the presence of aberrant sequence from the CRISPR cleavage site. Third,
the Cef47 gene sequence was synthesized and the DNA was cloned into a lentiviral
with blasticidin resistance B2m~/-Cuta~"- miPSCs were transduced with the
resulting lentivirus and grown in the presence of blasticidin. Antibiotic-selected
pools were tested for Cd47 overexpression and B2m~"Ciita~' Cd47 tg miPSCs
were expanded.

Generation of B2nr - miPSCs. CRIPSR technology was used for disruption of
the B2m gene. For targeting the coding sequence of mouse B2m gene, the CRISPR
sequence 5 TTCGGCTTCCCATTCTCCGG(TGG)-3" was annealed and ligated
into the All-In One (AIO) vectors containing the Cas9 expression cassette as per
the kits instructions (Gene Art CRISPR Nuclease Vector Kit, Thermo Fisher).
miPSC were transtected with the AIO vectors using Neon electroporation with two
1,200V pulses of 20 ms duration. The transfected iPSC cultures were dissociated
to single cells using 0.05% trypsin (Gibco) and then sorted with FACSAria cell
sorter (BD Bioscience) for removing doublets and debris by selective gating on
forward and side light scat:er properties. Single cells were expanded to full size
colonies and tested for CRISPR editing by screening for the presence of the

altered sequence from the CRISPR cleavage site. Briet'y, the target sequence was
amplified via PCR using AmpliTaq Gold Master Mix (Applied Biosystems) and

the primers B2m gDNA forward: 5-CTGGATCAGACATATGTGTTGGGA 3',
reverse: S'-GCAAAGCAGTTTTAAGTCCACACAG-3'. After cleanup of the
obtained PCR product (PureLink Pro 96 PCR Puriflcation Kit, Thermo Fisher),
Sanger sequencing was performed. The [on Personal Genome Machine (PGM)
Sequencing was used for the identif cation of the homogeneity, through sequencing
of a PCR amphified 250base pair region of the B2m gene usingprimers B2m gDNA
PGM forward: 5" TTTTCAAAATGTGGGTAGACTTTGG 3’ and reverse: 5'-
GGATTTCAATGTGAGGCGGGT-3'. The PCR product was purif.ed as described
above and prepared using the lon PGM Hi-Q Template Kit (Thermo Fisher).
Experiments were performed on the Ion PGM System with the Ion 318 Chip Kit
v.2 (Thermo Fisher).

Generation of B2m - Ciita~~ miPSCs. CRIPSR technology was used for the
further disruption of the Ciita gene. For targeting the coding sequence of mouse
Ciita gene, the CRISPR sequence 5~ GGTCCATCTGGTCATAGAGG (CGG)-

3’ wasannealed and ligated into the All-In-One (AIO) vectors containing the
Cas9 expression cassette as per the kit\ instructions (Gene Art CRISPR Nuclease
Vector Kit, Thermo Fisher). miPSC were transfected with the AIO vectors using
the same condition for B2m disruption. The transfected miPSC cultures were
dissociated to single cells using 0.05% trypsin (Gibco) and then sorted with
FACSAria cell sorter (BD Bioscience) for removing doublets and debris by selective
gating on forward and side light scatter properties. Single cells were expanded to
full-size colonies and tested for CRISPR editing by screening for the presence of
an altered sequence from the CRISPR cleavage site Briefly, the target sequence
was amplified via PCR using AmpliTaq Gold Master Mix (Applied Biosystems)
and the primers Ciita gDNA forward: 5'-CCCCCAGAACGATGAGCTT 3',
reverse: 5-TGCAGAAGTCCTGAGAAGGCC3'. After cleanup of the obtained
PCR product (PureLink Pro 96 PCR Purification Kit, Thermo Fisher), Sanger
sequencing was performed. Using the DN A sequence chromatogram, edited clones
were then identified through the presence of altered sequence from the CRISPR
cleavage site Indel size was calculated using the TIDE tool. PCR and ICC were
performed again to verify the plunipotency status of the cells.

Generation of 82nr~Ciita”~ Cd47 tg miPSCs. Cd47 transgene overexpression
was generated using lentivirus- mediated delivery of a Cd47-expressing vector
containing the antibiotic resistance cassette blasticidin. The Cd47 cDNA was
synthesized and cloned into the lentiral plasnud pLenti6/V'5 (Thermo Fisher)
with a blasticidin resistance Sanger sequencing was performed to verify that no
mutation had occurred. Lentivirus generation was performed with a stock titer
of [ x 10" TU per ml. The transduction was performed into 2 x 10° B2m~" Ciit a*
miPSCs, grown on blasticidin-resistant MEF cells for 72 h with a M@l ratio of
1:19 followed by antibiotic selection with 12.5pgm 1" blasticidin for 7 days.

cut into sections of 5 um thickness. For histop sections were drated
and stained with hematoxylin and eosin (Carl Roth). Images were taken with an
inverted light microscope.

Immunofluorescence staining demonstrated diflerentiation into ectodermal,
mesodermal, and endodermal cells using antibodies against brachyury (ab20680,
Abcam), cytokeratin 8 (ab 192467) and GFAP (GAS3, Cell Signaling). For
visualization, secondary antibodies conjugated with Alexa Fluor 555, 488 and
647 (all Invitrogen) were used, respectively Cell nuclei were counterstained with
4 6-diamidino-2-phenylindole (DAPI) and imaging was performed with a Leica
SP5 laser confocal microscope (Leica)

Gene editing of mouse iPSCs. miPSCs underwent three gene modification
steps. First, CRISPR guides targeting the coding sequence of mouse B2m gene
were annealed and ligated into vectors containing the Cas9 expression cassette.
"[ransfected miPSCs were dissociated to single cells, expanded to colonies,
sequenced and tested for homogeneity. Second, these B2ni~"= miPSCs were
transfected with vectors containing CRISPR guides targeting Ciita. Expanded
single cell colonies were sequenced and B2m~"-Cuta~~ clones were 1dentified
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Antibiotic-selected pools were tested by RT-quantitative PCR amplification of
Cd47 mRNA and f ow cytometry detectien of Cd47 on the surface of the cells.
After the conf rmation ofCd47, cells were expanded and validated by running
pluripotency assays.

Transduction to express firefly luciferase. iPSCs were transduced to express Fluc.
One hundred thousand miPSCs were plated in one gelatin coated six well plates
and incubated overnight at 37°C at 5% CQ.. The next day. media was changed

and one vial of Fluc lentiviral particles expressing luciferase 11 gene under re-
engineered EF1a promotor (GenTarget) was added to I.5ml media. After 36h,

1 ml of cell media was added. Afier further 24h, complete media change was
performed. After 2days, luciferase expression was confirmed by adding D-luciferin
(Promega). Signals were quantified with I VIS 200 (Perkin Elmer) in maximum
photonss~*cm=3sr

Karyotyping. Cell collection, slide preparation and G-banded karyotyping were
performed using standard cytogenetics protocols optimized for human pluripotent
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cells, Cells were incubated with ethidium bromide and colcemid (Gibco) and then
trypsinized to detach the cells from the plate The cells were placed in hypotonic
solutton (0.075M potassium chloride, 0.559g KCl in 100 ml water Millipore),
followed by fixation Metaphase cell preparations were stained with Leishmans
stain. Karyotype analysis consisted of chromosomes counted in twenty cells with
band by band analysis of eight cells.

Mice. BALB/c (BALB/cAnNCrl, H2), C57BL/6 (C57BL/6], H2") and SCID beige
(CBySmn CB17-Prkdcscid/]) (all 6 12 weeks) were used as recipients for different
assays. The number of animals per experimental group is presented in each figure,
Mice were purchased from Charles River Laboratories (Sulzfeld) and received
humane care in compliance with the Guide for the Principles of Laboratory
Animals. Animal experiments were approved by the Hamburg ‘Amt tiir Gesundheit
und Verbraucherschutz or the University of California San Francisco (UCSF)
Institutional Animal Care and Use Committee and performed according to local
and EU guidelines.

‘Teratoma assays to study niPSC survival in vivo. Six to eight-week old
syngeneic or allogeneic mice were used for transplantation of WT miPSCs or
hypoimmunogenic miPSCs. Two million cells were injected in 60 pl saline into the
right thigh muscle of the mice. Tumor growth was measured with a caliper every
other day until day 30 and from day 30 to day 80 every tenth day They were killed
after development of tumors larger than 1.5cm? or following an observation period
of 80days.

Perivation and characterization of miPSC-derived endothelial cells (miECs).
miPSC were plated on gelatin in six-well plates and maintained in mouse iPSC
media. After the cells reached 60% conf uency, the differentiation was started and
media was changed to RPM1-1640 containing 2% B 27 minus Insulin (both Gibco)
and 5pM CHIR-99021 (Selleckchem). On day 2, the media was changed to reduced
media: RPM 11648 containing 2% B 27 minus Insulin (both Gibco) and 2uM
CHIR 99021 (Selleckchem). From day 4 to day 7, cells were exposed to RPMI-1640
EC media, RPMI-1640 containing 2% B-27 minus Insulin plus 50 ngmf~* mouse
vascular endothelial groswth factor (mVEGF; R&D Systems), 10ngml™' mouse
’broblast growth factor basic (mFGFb; R&D Systems), 10uM Y- 27632 (Sigma-
Aldnch)and 1M SB 431542 (Sigma- Aldnich) Endothelial cell clusters were
visible from day 7 and cells were maintained in EGM-2 Single®uots media (Lonza)
plus 10% FCS hi (Gibco), 25ngm ' mVEGF, 2ngml~' mFGFb, 10pM Y 27632
(Sigma Aldrich)and 1 1M SB 431542. The differ process was completed
after 21 days and undifterentiated cells detached during the differentiation process.
For purif cation, cells went through magnetic-activated cell separation (MACS)
purification according the manufacturer’s protocol using anti-CD15 mAb-coated
magnetic microbeads (Miltenyi) for negative selection.

The highly purified miECs in the flow t hrough were cultured in EGM-2
Single®uots media plus suppl and 10% FCS hi. TrypLE was used
for splitting the cells 1:3 every 3- 4days. Their phenotype was confirmed by
immunofluorescence for CD31 (ab28364, Abcam) and VE-Cadherin (sc 6458,
Santa Cruz Biotechnology). Briefly, cells were fixed with 4% paraformaldehyde
in PBS for 15 min. Cell b were per ilized with Permeabilization
solution (ASB-0102, Applied StemCell), followed by Blocking solution (ASB.0103,
Applied StemCell) and incubation with the primary antibodies. For visualization,
cells were incubated with secondary antibody conjugated with AF488 or AF555
(Invitrogen). After nuclei staining with D AP, images were obtained and analyzed
with a Leica SP5 laser confocal microscope (Leica).

Tube formation assay was performed for miEC charactenization: 2.5x 10°
miECs were stained with 5uM CFSE and 0.1 pgmI'* Hoechst (both Thermo Fisher)
for 10 min at room temperature and plated on 10 mgm!* undiluted Matrigel
(356231, Corning) in 24-well plates After 48h, tube formations were visualized
by immunofluorescence. PCR was performed as described above. The following
primers were used: VE Cadherin forward: 5 GGATGCAGAGGCTCACAGAG-3',
reverse: 5'-CTGGCGGTTCACGTTGGACT 3'.

Derivation and characterization of miPSC-derived smooth muscle cells
(miSMCs). The resuspended miPSCs were cultivated on six-well. 0.1% gelatin-
coated plastic petri dishes (Falcon, Becton-Bickinson) at 2 x 10° cells per well

at 37°C, 5% CO, in 2ml of differentiation medium with the presence of 10 uM
all-trans-retinoic acid The differentiation medium was made of DMEM, 15%
FCS, 2mM L-glutamine, 1| mM methyl thioglycolate (MTG) (Sigma- Aldrich), 1%
non-essential amino acids and pen strep Theculture was continued for 10days
with daily media changes Starting from the 11 th day, the ditferentiation medium
was replaced by serum-free culture medium, which was composed of knock out
DMEM, 15% knock-out serum replacement,2 mM L glutamine, | mM MTG,

1% non-essential amino acids and pen strep. The cultures were continued for
another 10days with daily change of the serumfree medium. For purification,
cells were enriched according the manufacturer's protocol using anti-CD15
mAb-coated magnetic microbeads (Miltenyi) for negative selection. The flow-
through containing enriched miSMCs were cultured in RMPI-1640 Glutamax
plus 20% FCS hi and 1% pen strep (all Gibco)- Their phenotype was confirmed by
immunofluorescence and PCR for both Sma and Sm22.
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Immunof uorescence staining was performed as described above. Primary
antibodies were used against smooth muscle actin (ab21027, Abcam) and sm22
(ab14106, Abcam), followed by the corresponding secondary antibody conjugated
with AF488 or AF555 (lnvitrogen).

PCR was performed as described above. The following primers
were used: SMA forward: 5'-CGGCTTCGCTGGTGATGAT 3’,
reverse: 5’-CATTCCAACCATTACTCCCTGAT-3's SM22
forward: 5’-AACAGCCIG TACCCTGATGG-3', reverse:
5-CGGTAGTGCCCATCATTCTT-3".

Perivation and characterization of miPSC-derived cardiomyocytes (miCMs).
Before differentiation, miPSCs were passaged two times on gelatin coated f.asks

to remove the feeder cells. At day 0, ditferentiation was started with 80,000 cells
per mlin IMEM/Hams F12 (3/1, both Cerning) +0.5% N2-Supplement, 1% B27
retinoic acid, 005% BSA, 1% pen strep, 1% glutamine (Gibco), 5mgm1* ascorbic
acidand 40 ngm~' MTG (both Sigma Aldrich) for 2days in uncoated 10cm plates
At day 2, cells were transferred in IMEM/Ham’s F12 (3/1, both Corning) with 0.5%
N2-Supplement, 1% B27 retinoicacid,0 5% BSA. 1% pen strep, 1% glutamine (all
Gibco), 5mgml-* ascorbic acid and 40ng m ' MTG (Sigma Aldrich) for 2days in
uncoated 10¢m plates. On day 4, cells were plated in gelatin-coated six-well plates
in SP34 media containing 1% glutamine, 50 pgml-* ascorbic acid, 5 ngml-! VEGE
500 pgml~' hFGFb and 25 ngml* hFGF10 (R&D Systems) Media was changed

on day 7 to SP34 media containing 1% glutamine and 50 pgm ' ascorbic acid

and was changed every other day. Beating of cells started around days 11-14and
demonstrated their function.

For enrichment, cells separated by MACS according the manufacturer’s
protocol using anti- CB15 mAb-coated magnetic microbeads (Miltenyi) for
negative selection. The flow-through containing enriched miCMs were replated
and used fer different assays.

Immunofluorescence staining was performed as described above to confirm
their phenetype. Primary antibedies were used aganst «-sarcemeric actinin
(EA-53, Abcam) or troponin I (ab47003, Abcam) followed by the corresponding
secondary antibody conjugated with AF488 or AF555 (lnvitrogen).

PCR for Gata4 forward: 5'-CTGTCATCTCACTATGGGCA-3,
reverse: $'-CCAAGTCCGAGCAGGAATTT 3’ and Mhyé
forward: 5-ATCATTCCCAACGAGCGAAAG-3', reverse:
5-AAGTCCCCATAGAGAATGCGG 3" was performed as described above.

Flow cytometry analysis. For the detectien of MHC class 1 and 11 surface
molecules on miPSCs, miECs, miSMCs and miCMs, cells were plated on gelatin-
coated six-well plates in medium containing 100ngm ' of [EN y. After collection,
cells were labeled with antibodies. For MHC class I: PerCP eFlour710-labeled
anti-MHC class 1 antibody (clone AF6-88.5.5.3, eBioscience) or PerCP eFlour710-
labeled mouse IgG2b isotype-matched control antibody (clone eB149/I0HS,
eBioscience). The anti-MHC class | antibody reacts with the H-2K* MHC class
T alloantigen. For MHC class II: PerCPeFlour71# labeled anti MHC class [1
antibody (clone M5/114.15 2, eBioscience) or PerCP eFlour710-labeled mouse
IgG2a isotype-matched control antibody (clone eBM2a, eBioscience). The MHC
class [T antibody reacts with the mouse MHC class I1, both 1-A and I-E subregion
encoded glycoproteins. Cd47: Alexa Fluor 647-labeled anti-mouse Cd47 antibody
(clone miap301, BD Biosciences) or Alexa Fluor 647-labeled mouse lgG2a
isotype-matched control antibody (clone R35.95,BD Biosciences). The anti-
Cd47 antibody specifically binds to the extracellular domain of mouse Cd47, also
known as Integrin Associated Protein Cells were analyzed by f ow cytometry
(B Bioscience) and results were expressed as fold change to isotype-matched
control Ig staining.

For the assessment of purity of miPSC derivatives, antibodies against
SSEA-1 (Thermo Fisher), VE-Cadherin (Sigma), SMA (Abcam) and Troponin [
(Santa Cruz) were used. The miECs, miSMCs and miCMs were generated with a
purity of >90%

Elispot assays. For uni directional Elispot assays, recipient splenocytes were
isolated from spleen 5 days after cell injection and used as responder cells. Donor
cells were mitomycin treated (50 ygml® for 30min) and used as stimulator cells.
One hundred thousand stimulator cells were incubated with 1x 10¢ recipient
responder splenocytes for 24h and 1FN-y and 11 -4 spot frequencies were
enumerated using an Elispot plate reader.

Donor-specific antibodies. Sera from recipient mice were de-complemented by
heating to 56°C for 30min. Equal amounts of sera and cell suspensions (5 10°ml)
were incubated for 45min at 4 °C. Cells were labeled with FI'TC-conjugated goat
anti-mouse IgM (Sigma- Aldrich) and analyzed by flow cytometry (BD Bioscience).

Mouse NK cell Elispot assays in vitro. NK cells were isolated from fresh BALB/c
spleen 18 h after poly I:C injection (150ng poly L:C in 200l sterile saline,
intraperitoneally, Sigma- Aldrich). After red cell lysis, cells were purified by anti-
CD49b mAb-coated magnetic bead sorting and were used as responder cells.
This cell population was >99% CD3- and contains NK cells (>90%) and other
cells including myeloid cells (<10%). Using the Elispot principle, NK cells were
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co-cultured with B2m~/-Ciita-~ or B2m~-Citta~" Cd47 tg miPSCs in the presence
of IL-2 (L ngml!, Peprotech) and their IFN-y release was measured. YAC-1 cells
(Sigma Aldnich) served as positive control. Mitomycin-treated (50 pygm 1'* for

30 min) stimulator cells were incubated with NK cells (1:1) for 24 hand 1N y spot
frequencies were enumerated using an Elispot plate reader.

Mouse in vivo innate cytotoxicity assay Five million WT miPSCs and 5x 10¢
B2m~"-Cuta~- miPSCs or 5x 10° B2m~"-Cuta~"- Cd47 tg miPSCs were mixed
and stained with 5pM CFSE. Cells in saline with 11-2 (1 ngml-', Peprotech)
were injected intraperitoneally into syngeneic C57BL/6 mice. After 48h, cells
were collected from the abdomen and stained with PerCP eFlour710 labeled
anti-MHC class I mAb for 45min at 4°C. The CFSE positive and MHC class
1-negative population was analyzed by flow cytometry (BD Bioscience) and
compared between the WT and the engineered miPSC group. The assay was
performed with miPSCs, miECs, miSMCs and miCMs. Some animals were
pretreated with clodronate (200 pl intraperitoneally 3 days before the experiment;
Liposoma) to eliminate macrophages and make the assay more specitic for NK
cells. Some animals were pretreated with in vivo Cd47 blocking antibody (BE0270,
100 ug intraperitoneally, 7 days and 3 days befure the experiment; BioXCell) to
eliminate Cd47.

NK cell stimulatory ligands. For the detection of NK cell stimulatory ligands on
miPSCs, miECs, miSMCs and miCMs, cells were blocked with mouse FcR blocking
reagent (Miltenyi) according to manufacturer’s protocol. WT cells, B2m~~Ciita™~
cells and B2m~"-Ciita~'~ Cd47 tg cells were then incubated with the recombinant
mouse NKp46 or NKG2D human Fc chimera protein or the recombimant control
I1gG1 Fc protein (R&D systems) for 45min at 4°C. FITC-conjugated anti-human
IgGl antibody (Invitrogen) served as secondary antibody YAC-1 cells were

used as positive control. Data analysis was carried out using flow cytometry (BD
Bioscience) and FlowJo sof:ware, and results were expressed as fold change to the
isotype-matched control Fe fusion protein.

Survivalanalysis of differentiated derivatives using BLI. For BLI, D-luciferin
firefly potassium salt (375mgkg™’; Biosynth) was dissolved in PBS (pH7.4)
(Gibco, Invitrogen) and was injected intraperitoneally (250 1l per mouse) into
anesthetized mice Animals were imaged using the [VIS 200 system (Xenogen).
Region of interest (RO1) bioluminescence was quantified in units of maximum
photons per second per centimeter square per steradian (ps ’cm=*sr-'). The
maximum signal from an ROI was measured using Living Image software
(MediaCybernetics). Mice were monitored on day 0, day | and every other day
until day 30 and every 10 days afterwards.

Matrigel plugs: cell morphology for miECs, miSMCs or miCMs. Eight hundred
thousand B2m’ Ciit ¢/~ Cd47 tg miECs, miSMCs or miCMs in 1:1 diluted
Matrigel (Corning) were injected into allogeneic BALB/c mice. Matrigel plugs were
recovered after 1,2, 3, 4, 5,6 and 8 weeks and fixed in 4% paraformaldehyde in PBS
with 1% glutaraldehyde for 24h. Samples were dehydrated, embedded in paraffin
and cut into sections of 5 pm thuckness. For histopathology, sections were stained
with hematoxylinand eosin (Carl Roth) and images taken with an inverted light
microscope. Origin of cells was demonstrated with immunofluorescence staining.
Sections were rehydrated. and underwent antigen retrieval and blocking Samples
were incubated with antibodies against luciferase (ab21176), SMA (ab21027,
Abcam), VE-Cadherin (SC-6458) or a-sarcomeric actinin (EA-53,Abcam)and a
corresponding secondary antibody conjugated with AF488 or AF555 (hawvitrogen).
Cell nuclei were counterstained with DAPI and images taken with a Leica SP5 laser
confocal microscope (Leica).

For co-staining experiments of miECs and immune cells, primary antibodies
were used against VE-Cadherin (SC 6458, Sigma) and CD3 (ab16669, Abcam),
followed by the corresponding secondary antibody conjugated with AF488 or
AF555 (Invitrogen).

Generation of human iPSCs (hiPSCs). The Human EpisomaliPSC Line was
derived flom CD34* cord blood using a three-plasmid, seven-factor (SOKMNLI
SOX2, OCT4 (POUSF1), KLF4, MYC, NANOG, LIN28 and SV40L T antigen)
EBNA-based episomal system by Thermo Scientific. This cell line has been shown
to be free of all reprogramming genes. These hiPSCs have a normal XX karyotype
and endogenous expression of pluripotent markers including @ct4, SOX2 and
NANOG (as shown by RT-PCR) and OCT4, SSEA4, TRA-1-60 and TRA-1-81

(as shown by immunofluorescence).

Gene editing ofhiPSC. hiPSC underwent two gene-modification steps.

In the first step, CRISPR technology was used for a combined targeting

of the coding sequence of human B2M gene with the CRISPR sequence

5’- CGTGAGTAAACCTGAATCTT-3' and the coding sequence of human
CIITA gene with the CRISPR sequence 5-GATATTGGCATAAGCCICCC-3".
Linearized CRISPR sequence with T7 promoter were used to synthesize gRNA
as per the kit's instructions (MEGAshortscript T7 Transcription Kit, Thermo
Fisher). The obtained in vitro transcription (IVT) gRNA was then purified via
the MEGAclear Transcription Clean-Up Kit. For IVT gRNA delivery, cells were
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electroporated with 300ng IVT gRNA using a Neon electroporation system and
the conditions 1,200 V, 30 ms, I pulse inte hiPSC stably expressing Cas9. After
electroporation, edited hiPSC were expanded for single cell seeding: hiPSC
cultures were dissociated into single cells using 'TrypLE Express (Gibco) and
stained with Alexa Fluor 488-conjugeted anti TRA 160 mAb and propidium
iodide. A FACSAria II cell sorter (BD Biosciences) was used for the sorting
and doublets and debris werc excluded f rem seeding by selcctive gating on
forward and side light scatter properties. Viable pluripotent cells were selected
on the absence of propidium iodide and presence of Tral-60 staining. Single
cells were then expanded into full-size colonies, after which the colonies were
tested for CRISPR editing by sequencing. CRISPR mediated cleavage was
assessed using the GeneArt Genomic Cleavage Detection Kit (Thermo Fisher)
for testing of the initial edited pools. For screening of the isolated clones,
genomic DNA was isolated from 1 x10° hiPSCs and the B2M and CIITA
genomic DNA regions were PCR amplified using AmpliTaq Gold 360 Master
Mix and the primer sets forward: 5'-TGGGGCCAAATCATGTAGACTC
-3' and reverse: 5’“ICAGI'GGGGGTGAATTCAGI'G1-3' for B2Mas
wellas forward: 5 CTTAACAGCGATGCTGACCCC-3" and reverse:
5'-TGGCCTCCATCTCCCCTCTCTT 3’ for CIITA. For TIDE analysts, the
obtained PCR product was cleaned up (PureLink PCR Purif cation Kit, Thermo
Fisher) and Sanger sequencing was performed for the prediction of indel
frequency. After the confirmation of B2M and CIITA disruption, cells were further
characterized through karyotype analysis and the TagMan hiPSC Scorecard Panel
(Thermo Fisher). The hiPSCs were found to be pluripotent and maintained a
normal (46,XX) karyotype during the genome editing process

In thesecond step, the CD47 cDNA was synthesized and the DNA was
cloned into a lentiviral plasmud with an EFS promotor and puromycin resistance
cassette Cells were transduced with lentiviral stocks and 8 pgml~* of Polybrene
(Thermo Fisher). Media was changed daily after transduction. ‘Ihree days after
transduction, cells were expanded and selected with 0.5 pgm!~' of puromycin.
Afler 5days of antibiotic selection, antibiotic-resistant celenies emerged and were
further expanded to generate stable pools. The expression of CD47 transcripts
was confirmed by quantitative PCR. Pluripotency assay (TagMan hPSC Scorecard
Panel, Thermo Fisher) and karyotyping was performed again to verify the
pluripatent status of the cells.

Teratoma assays to study iPSC survival in vivo. Six to eight week-old
immunodeficient SCID beige mice were used for transplantation of WT hiPSC
or B2M* CIITA" CD47 tghiPSCs. Here 1 x 107cells were resuspended in 100 pl
saline solution and injected into the nght thigh muscle of the mice. ‘leratomas were
recovered, f.xed in 4% paratormaldehyde, dehydrated, embedded in paraftin and
cut into sections of Spm thickness. For histopathology. sections were rehydrated
and stained with hematoxylin and eosin. Images were taken with an inverted light
microscope. For immunofluorescence, slides underwent heat-induced antigen
retrieval in a steamer with Dako antigen-retrieval solution (Dako), followed by
antigen blocking with Image-iT FX signal enhancer solution (Invitrogen). Tissue
sections were incubated with a primary antibody against brachyury (Ab20680,
Abcam), followed by a goat anti-rabbit IgG secondary antibody conjugated

with Alexa Fluor 555 (Invitrogen). Subsequently, sections were incubated with
primary antibodues against cytokeratin 8 (EP1628Y, Abcam) and GFAP (GA5,
Cell Signaling) conjugated with AF488 or AF647, respectively DAPI was used to
counterstain cell nuclei and images were acquired with a Leica SP5 laser confocal
microscope (Leica).

Pluripotency analysis by RT-PCR and immunofiuorescence. hiPSCs were plated
in confocal dishes (MatTek) for immunoflucrescence analysis 48 h after plating
using the hiPSC Characteriaation Kit (Applied Stem Cell). Briefly. cells were fixed,
permeabilized and stained overnight at 4 °C with the primary antibodies tor OC1'4,
SOX2, SSEA4, TRA-1-60 and TRA-1-81 (Applied Stem Cell). After several washes,
the cells were incubated with a secondary antibody and DNA staining solution.
Alkaline phosphatase activity assay was performed (Applied Stem Cell). Stained
cells were imaged using a fluorescent microscope.

For RT PCR, RNA was extracted using the RNeasy Plus Mini Kit (Qiagen).
Genomic DNA contamination was removed using the gDNA spin column.
cDNA was generated using Applied Biosystems High-Capacity cDNA Reverse
Transcription Kit. Gene specific pumers of the mPSC Characterization Kit
(Applied Stem Cell) were used to amplify target sequences Actin was used as
housekeeping gene PCR reactions were performed on Mastercycler nexus
(Eppendorf) and visualized on 2% agarose gels.

Humanized mice. Humanized NSG-SGM3 mice (18-30weeks) were purchased
from Jackson Laboratories Human CD34* h ic stem cell fted
NSG-SGM3 mice develop multi-lineage human immune cells, and demonstrate
a functional human immune system displaying T cell-dependent immune
responses with no donor cell immune reactivity towards the host Animals

were randomly assigned to experimental groups. The percentage of CD3* cells
among the human CD457 cell population was assessed in every animal and CD3
percentages were never significantly different between WT and B2M~/-CIITA-*~
CD47 tg groups (Supplementary Fig 13a). The number of animals per
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experimental group is presented in each figure. All humanized NSG-SGM3 mice
were HLA A typed and the number of mismatchesto the cell graft calculated
(Supplementary Fig 13b). In the Elispot assays with hiPSCs, there were 1.6 £0.5
and 1.7+0.5(P=061), with hiCMs 1.3+ 06 and 1 3+0 6 (P= 1) mismatches for
WT and B2M ™' CIITA /- CD47 tg, respectively, and in the hiEC groups there were
always two mismatches. The mismatches for the BLI experiments are shown in
Supplementary Fig. 10j.

All BLI' mice were approved by the University of North Carolina at Chapel
Hill Institutional Animal Care and Use Committee and were generated with the
same human tissue using NSG mice (NOD Cg-Prkdc*™ [12rg"+"4/S¢], Jackson
Laboratories) and there were five out of six HLA class [ and 4 out of 4 class 11
mismatches to the transplanted hiPSCs or derivatives. The percentage of CD3*
cells among the human CD45* cell population was never significantly different
between WT and B2M~'-CHTA-- CD47 tg groups (Supplementary Fig. 13c). The
percentage of CD3* cells among the human CD45* cell population was typically in
the 15-65% range

Human iPSC differentiation into hiECs. hiPSC were plated on diluted Matrigel
(356231, Corning) in six-well plates and maintained in Essential 8 Flex media
(Thermo Fisher). The differentiation was started at 60% confluency and media

was changed to RPMI-1640 containing 2% B-27 minus insulin (both Gibco) and
5pM CHIR 99021 (Selleckchem). On day 2, the media was changed to reduced
media: RPMI- 1640 containing 2% B-27 minus insulin (Gibco) and 2uM CHIR
99021 (Selleckchem). From day 4 to 7, cells were exposed to RPMI-1640 EC media,
RPMI-1640 containing 2% B 27 minus insulin plus 50ngm!* human vascular
endothelial growth factor (VEGF; R&D Systems), 10ngml-' human fibroblast
growth factor basic (FGFb; R&D Systems), 10 uM Y-27632 (Sigma-Aldrich), and
1uM SB 431542 (SigmaAldrich). Endothelial cell clusters were visible from day

7 and cells were maintained in EGM-2 Single®uots media (Lonza) plus 10% FCS
hi (Gibco), 25ngml-’ VEGF. 2ngml=' FGFb, 10uM Y-27632 (Sigma-Aldrich) and
1uM SB 431542 (Sigma-Aldrich). The differentiatian process was campleted after
14days und undifferentiated cells detached during the differentiation process. For
purification, cells were treated with 20uM PluriSin 1 (StemCell Technologies) for
48h. The high'y purificd ECs were cultured in EGM-2 SingleQuots media (Lonza)
plus supplements and 10% FCS hi (Gibco). TrypLE Express was used for p
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For the assessment of purity of hiPSC derivatives, antibodies against TRA-1-60
(Thermo Fisher), VE-Cadherin (Santa Cruz) and Troponin I (Santa Cruz) were
used. The hiECs and hiCMs were generated with a purity of >95%.

Human NK cell Elispotassays. Human NK cells were co cultured with
B2M--CIITA-" or B2M-"-CIITA-"~ CD47 tg hiPSC and their [FN-y release was
measured. Human NK cells were purchased from StemCell Technologies and were
>99% CD3- and 95% CD56*. Flow cytometry revealed >95% NK cells and <5%
other cells including myeloid cells Donor cells were mitomycin-treated and used as
stimulator cells. K562 cells (Sigma-Aldrich) served as positive control. Stimulator
cells were incubated with NK cells (1:1) in RPMI-1640 containing 1% pen-strep
and 1 ngml™' human IL 2 (Peprotech) for 24 h and IFNy spot frequencies were
enumerated using an Elispot plate reader.

T cell Elispot using humanized mice. Fer uni-directional Elispot assays, recipient
splenocytes were isolated trom humanized mice 5 days afier cell injection and
used as responder cells. Cells were incubated for 24h in vitro with 1ugml !
anti-CD3 and 1 pgml~* antiCD28 befere plated for Elispot Assay Donor cells
were mitomycin-treated (50 pgml~! for 30 min) and used as stimulator cells. One
hundred thousand stimulator cells were incubated with 1x 10 recipient responder
splenocytes for 48h and IFN y and IL-5 spot frequencies were enumerated using
an Elispot plate reader

DSA. Sera from recipient mice were de-complemented by heating to 56°C for

30 min. Equal amounts of sera and cell suspensions (5 x 10¢ per ml) were incubated
for 45min at 4°C. Cells were labeled with FITC-conjugated goat anti-human IgM
(BD Bioscience) and analyzed by flow cytometry (BD Bioscience)

Matrigel plugs: cell morphology. One million B2M-*-ClITA~"~ CD47 tg hiECs or
hiCMs in 1:1 pro survival scaffold, consisting of 50% (vol/vol) Matrigel (Corning),
100pM ZVAD (Millipore), 50 nM Bcl-XI BH4 (Millipore), 208 nM cyclosporine

A (Sigma-Aldrich), 100ngm] ! IGF 1 (Peprotech) and 50 uM Pinacidil (Sigma-
Aldrich) were injected into humanized NSG-SGM3 mice. Matrigel plugs were
recovered after 2, 4, 6 and 8 weeks, fixed in 4% paraformaldehyde in PBS with 1%

the cells 1:3 every 3-4 days.

Immunof.uorescence staining was performed as described above to confirm
their phenotype. Primary antibodies were uscd against CD31 (ab28364, Abcam)
and VE-Cadherin (sc-6458, Santa Cruz Biotechnology), followed by the
corresponding secondary antibody conjugated with AF488 or AF555 (Invitrogen).
Cell nuclei were stained with DAPI. Imaging was performed using a Leica SP5 laser
confocal microscope (Leica).

PCR for VE-Cadbherin (forward: 5'-AAGATGCAGAGGCTCATG 3, reverse:
5-CATGAGCCTCTGCATCI'I-3") was performed as described above.

Human iPSC differentiation into hiCMs. hiPSCs were plated on diluted Matrigel
(356231, Corning) in six-well plates and maintained in Essential 8 Flex media
(Thermo Fisher) Differentiation was started at 90% conf.uency and media was
changedto Sml of RPMI-1640 containing 2% B 27 minus Insulin (Gibco)and
6uM CHIR-99021 (Selleckchem). After 2days, mediawas changed to RPMI-1640
containing 2% B 27 minus insulin without CHIR. On day 3, 5pl IWR1 was added
to the media for two further days. At day 5, the media was changed backto RPMI
1640 containing 2% B-27 minus insulin medium and left for 48 h. At day 7, media
was changed to RPMI-1640 containing B27 plus insulin (Gibco) and replaced every
3 days thereafter with the same media. Spontaneous beating of cardiomyocytes
was first visible around day 10. Purification of cardiomyocytes was performed
on day 10 postdifferentiation. Briefly. media was changed to low glucose media
and maintained for 3 days. At day 13, media was changed back to RPMI 1640
containing B27 plus insulin. This procedure was repeated on day 14

Immunof uorescence staining was performed as described above to confirm
their phenotype. Primary antibodies were used against « sarcomeric actinin
(EA-53, Abcam) and troponin I (ab47003, Abcam), followed by the corresponding
secondary antibody conjugated with AF488 or AF555 (lnvitrogen). Cell nuclei
were stained with DAPI. Imaging was performed using a Leica SP5 laser confocal
microscope (Leica).

PCR for troponin (¢cTNT. forward: 5-GAGGCACCAAGTTGGGCATGAACG
A 3, reverse: 5'-GGCAGCGGAAGAGGATGCTGAA’) was performed as
described above.

Flow cytometry analysis Human iPSCs, iCMs and iECs were plated in six well
plates in medium containing 100ngml * of IEN 7. Cells were harvested and labeled
with antibodies. APC conjugated anti-HLA-A,B.C antibody (clone G462 6,BD
Biosciences) or APC-conjugated IgGl1 isotype-matched control antibody (clone
MOPC-21,BD Biosciences). Alexa flour647-labeled anti-HL A DR.DP DQ
antibody (clone Tu3a, BD Biosciences) or Alexa-f.our647-labeled IgG2a isotype-
matched control antibody (clone G155178, BD Biosciences). PerCP-Cy5-
conjugated antt CD47 (clone B6H 12, BD Biosciences) or PerCP Cy5-conjugated
IgG1 isotype-matched control antibody (clone MOPC-21, BD Biosciences). Results
were expressed as fold change to isotype-matched control Ig staining

gl de, dehydrated and embedded in parafin. Sections of 5jtm thickness
were cut. For immunof uorescence, sectiens were rehydrated and underwent
antigen retrieval, followed by antigen blocking Af:er incubation swith a primary
antibody ageinst luciferase (ab21176), VE. Cadherin (SC 6458) or « sarcomeric
actinin (EA 53, Abcam), sections were incubated with a corresponding secondary
antibody conjugated with AF488 or AF555 (Invitrogen). DAPI was used to
counterstain cell nuclei and images svere obtained with a Leica SP5 laser confocal
microscope (Leica).

BLI. For BLI, D-luciferin firefy potassium salt (375 mgkg™) (Biosynth) dissolved
in sterile PBS (pH7.4) (Gibco, Invitrogen) was injected intraperitoneally (250

ul per mouse) into anesthetized mice. Animals were imaged using the ami H'l'
(Spectral Instruments Imaging) ROI bioluminescence svas quantified in units of
maximum photons per second per centimeter square per steradian (ps’c m?sr~).
The maximum signal from an ROI was measured using Living Image software
(MediaCybernetics). Humanized mice were injected with 5% 10 or 1x 10° cells in
pro survval scaffold as described above. Mice were monitored on day 0, day 1 and
every 4 days until cells were rejected or up to 50days.

In vitro NK cell killing. Mouse NK cells were 1solated from fresh BALB/c

or C57BL/6 spleens 18h afer poly I C injection (100 pg intraperitoneally).

After red cell lysis, NK cells were purified with MagniSort Mouse NK cell
Enrichment Kit (Invitrogen), followed by CD49b MACS sorting (Miltenyi).

This cell population was highly selected for NK cells with a purity of >9%. Human
NK cells from PBMCs were purchased from StemCell Technologies consining
>99% NK cells.

NK cell killing assays were performed on the XCelligence SP platform (ACEA
BioSciences). 96-well E-plates (ACEA BieSciences) were coated with collagen
(Sigma-Aldrich) and 4 X 10° W'I'. B2m~~Ciita™"~, or B2m~"~Ciita”’~ Cd47 tg miECs
or WT. B2M~ CIITA™ or B2M / CHITA " CD47 tg hiECs were plated in 100l
cell-specif c media containing 1 ngml ' mouse or human IL-2 (Peprotech). After
the Cell Index value reached 0.7, NK cells were added with an effector cell / target
cell (E/1') ratio ot 0.5/1,0.8/1 or 1/1. As a negative control, cell treated with 2%
Triton X100 was used Some wells were pretreated with mouse Cd47 or human
CD47-blocking antibody (BioXCell) with 10 gm|* media for 2 h. Data were
standardized and analyzed with the RTCA software (ACEA).

NK cell stimulatory ligands For the detection of N KG2D, NKp80, NKp46,
NKp44 and NKp30 on hiPSCs, hiECs and hiCMs, cells were plated on gelatin-
coated sixwell plates. K562 cells were plated in six-well plates as suspension cells.
After harvesting, cells were blocked with human FcR blocking reagent (Miltenyi)
according to manufacturer’s protocol. Cells were labeled with recombinant human
NKG2D, Nkp80, Nkp46, Nkp44 or Nkp30 Fc chimera protems or the recombinant
control 1gG1 Fc protein (all R&D Systems) for 45min at 4°C, followed by the
secondary antibody 1gGl conjugated with FITC (Invitrogen). Data analysis was
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Isupplementary Figure 1
i

l‘l‘he immune phenotype of syncytiotrophoblast cells.
, The syncytiotrophoblast is the immediate interface between maternal blood and the fetal side of the placenta. b, Mouse
yncytiotrophoblast cells were isolated and cultured (representative picture of two independent experiments). ¢, RT-PCR showed
epleted MHC class | and Il expression, but positive Cd47 expression (representative gel of three independent experiments). d-f, Thel
|surface expression of MHC class | (d), MHC class Il (e), and Cd47 (f) was assessed by flow cytometry (mean #s.d., 4 independent
lexperiments per group). Representative histograms are shown.
|
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Supplementary Figure 3
Immune phenotype and pluripotency of engineered miPSCs.

, Mouse iPSCs underwent three editing steps to disrupt B2m, Ciifa, and over-express Cd47 to achieve a hypo-immunogenid
phenotype. Every step included rigorous testing for quality control. b-d, MHC class | (b), MHC class Il (c), and Cd47 expression (d) by
flow cytometry is shown for each engineering step, confirming successful gene editing (box 25th to 75th percentile with median
vhiskers min-max, 4 independent experiments per graph, ANOVA with Bonferroni’s post-hoc test). e-g, During the engineering
process, all edited miPSCs maintained expression of the pluripotent gene expression signature (representative gel of two independent
PCR experiments). h, B2m” Ciita’ Cd47 tg miPSCs exhibited Sox2, Oct4, and SSEA-1 expression in confocal immunofluorescencel
|stainings, as well as alkaline phosphatase in immunohistochemistry (representative pictures of three independent experiments).
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|Supp|ememary Figure 4
|

|Surviva| of gene-engineered miPSCs.

|

la, C57BL/6 B2m” miPSCs were transplanted into either syngeneic C57BL/6 (blue) mice or allogeneic (red) BALB/c mice. b, The thighl
Ivolume of all five C57BL/6 and ten BALB/c animals is shown over time. The overall percentage of cell grafts that survived and formed
Jeratomas in BALBI/c was 60%. ¢, IFNy Elispots and IL4 Elispots are shown with splenocytes recovered 5 days after the
yransplantation and 82m” miPSCs stimulator cells (box 25th to 75th percentlle with median, whiskers min-max, 8 animals per group,
fwo-tailed Student's t-test). d, Mean fluorescence (MFI) of IgM binding to B2m” miPSCs incubated with recipient serum after 5 day<\
‘box 25th to 75th percentile wnh median, whiskers min-max, 6 animals per group, two-tailed Student's t-test). e, C57BL/6 B2m” Ciita”|
miPSCs were transplanted into syngeneic C57BL/6 or allogeneic BALB/c mice. f, The thigh volume of all 5 C57BL/6 and 12 BALB/c
nimals is shown over time. The overall percentage of cell grafts that survived and formed teratomas in BALB/c was 91.7%. g, IFNy
[Elispots and IL-4 Elispots are shown with splenocytes recovered 5 days after the transplantation and 82m™ Ciita” miPSCs stimulatorf
cells (box 25th to 75th percentile with medlan whiskers minmax, 6 animals per group, two-tailed Student's t-test). h, Mean
Muorescence (MFI) of IgM binding to B2m” Ciita” miPSCs incubated with recipient serum after 5 days (box 25th to 75th percentile with
median, whiskers minmax, 6 animals per group, two-tailed Student’s t-test). i, The expression of stimulatory NKG2D ligands and
NKp46 ligands on miPSC lines and YAC-1 was assessed using receptor Fc chimera proteins in flow cytometry (mean + sd., 3
independent experiments per group, ANOVA with Bonferroni's post-hoc test). j, IFN-y spot frequencies of miPSC lines and YAC-1 in

Elispot assays with BALB/c NK cells (box 25th to 75th percentile with median, whiskers minmax, 6 independent experiments, ANOVA
fwith Bonferroni's post-hoc test)
|
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Eupplementary Figure 5
Interaction between CD47 and NK cells.

@, /n vivo innate immune clearance was assessed by injecting a 1 : 1 mixture of CFSE-labeled wt miPSCs and either B2m” Ciita” oj
B2m™ Ciita™ Cd47 tg miPSCs into the peritoneum of syngeneic C57BL/6 mice. After 48 h, CSFE-labeled peritoneal miPSCs wers
recovered and the percentages of both fractions assessed by flow cytometry (mean % s.d., 4 animals per group). While B2m™ Ciita”]
miPSCs were rapidly cleared, B2m™Ciita” Cd47 tg miPSCs were spared. b, Mice were pre-treated with clodronate to deplete!
imacrophages, making this model more specific to NK cell killing and again only B2m™ Ciita” Cd47 tg miPSCs were spared from NK cel
killing (mean + s.d., 4 animals per group). ¢, When a Cd47 blocking antibody was co-injected into the peritoneum, the protection wa
labolished and B2m™Ciita™ Cd47 tg miPSCs were kiled (mean + s.d., 4 animals per group). d, /n vitro realtime NK cell kiling wa
lassessed on confluent wt, B2m” Ciita”, and B2m” Ciita’ Cd47 tg miECs in three different effector : target cell ratios. Using allogenei
BALB/c mouse NK (mNK) cells, B2m™ Ciita” miECs were rapidly killed, and wt and B2m™ Ciita™ Cd47 tg miECs permanently survived
mean + s.d., 3independent experiments per group). e, Similarly, using syngeneic C57BL/6 mNK cells, B2m” Ciita” miECs were rapidl
killed, and wt and B2m” Ciita” Cd47 tg miECs permanently survived (mean + sd, 3 independent experiments per group). f, When a
ICd47 blocking antibody was added to syngeneic C57BL/6 mNK cells, B2m™ Ciita” Cd47 tg miECs were swiftly killed (mean # s.d.,
independent experiments per group). @, When human NK (hNK) cells were used, both B2m” Ciita” and B2m” Ciita” Cd47 lyc] miEC:
were rapidly killed (mean % s.d., 3 independent experiments per group). h, When hNK cells were used with human wt, B2M”C//TA™,
land B2M”C/ITA”* CDAT tg hiECs, only B2M” CIITA” hiECs were rapidly killed and wt and B2M™CIITA” CDA47 tg hiECs were spared
mean + sd , 3 independent experiments per group). i, With a CD47 blocking antibody, B2M’ CIITA” CDAT tg hiECs were then swiftl
.b.i\led {mean % s.d., 3 independent experiments per group).
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Isupplementary Figure 6

Differentiation of miPSCs into miECs, miSMCs and miCMs.

b, B2m™ Ciita’ Cd47 tg miPSCs (a) and wt miPSCs (b) were successfully differentiated into corresponding miEC, miSMC, and miCM

erivatives (representative pictures of three independent experiments). miECs were positive for Cd31 and VE-cadherin, miSMCs were|
positive for Sma and Sm22, miCMs were positive for Troponin | and Sarcomeric alphaactinin by confocal immunofluorescence. All
derivatives lost their expression of pluripotency genes (representative pictures of two independent PCR experiments).
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ith median, whiskers min-max, 6 animals per group, two-tailed Student's t-test). There was a markedly stronger IgM response in all
lallogeneic recipients. d-f, Similarly, B2m™ Ciita” Cd47 tg miPSC-derived miECs (d), miSMCs (e), or miCMs (f) were injected ints
IC57BL/6 or BALB/c recipients and |F Ny Elispots were performed after 5 days (box 25th to 75th percentile with median, whiskers min
imax, 6 animals per group, two-tailed Student’s t-test). Mean fluorescence (MFI) of IgM binding to B2m™ Ciita® Cd47 tg miPSC-derived
MiECs (d), miSMCs (e), and miCMs (f), incubated with recipient serum after 5 days (box 25th to 75th percentile with median, whiskers
min-max, 6 animals per group, two-tailed Student’s t-test). There was no measurable IFN-y response or IgM response in allogenei
recipients. g-i, To assess the inhibitory effect of Cd47 over-expression on NK cell killing, [FN-y Elispots with NK cells were performea

ith miECs (g), miSMCs (h), or miCMs (i) derived from B2m” Ciita” miPSC or B2m” Ciita” Cd47 tg miPSC (box 25th to 75th percentil

ith median, whiskers min-max, 6 independent expetiments, ANOVA with Bonferroni’s post-hoc test) Only derivatives from B2m” Ciita™}
miPSC were susceptible for NK cell killing. j-I, /n vivo innate immune clearance was assessed by injecting a 1 1 mixture ofvj
derivative engineered derivative into the peritoneum of C57BL/6 mice. After 48 h, peritoneal miECs (j), miSMCs (k), and miCMs (|) wer=!
yecovered and the percentage assessed by flow cytometry (mean + s.d., 4 animals per group).
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|Supplementary Figure 11

}Pmripotency of wt and B2M™CHTA™ CD47 tg hiPSCs.

@, wt hiPSCs showed a normal human 46, XX karyotype in one analysis. b, wt hiPSCs were positive for TRA-1-60, TRA-1-81, SOX 2,
OCT4, and SSEA-4 in confocal immunofluorescence and positive for alkaline phosphatase in immunohistochemistry (representative
pictures of three independent experiments). ¢, wt hiPSCs expressed typical pluripotency genes (representative gel of two independent
PPCR experiments). d, B2M”CIITA” CD47 tg hiPSCs maintained the normal human 46, XX karyotype in one analysis. e, B2M’ CHITA™
(cD47 tg hiPSCs were also positive for TRA-1-60, TRA- 181, SOX 2, OCT4, and SSEA-4 in confocal immunofiuorescence and positive
¥or alkaline phosphatase in immunohistochemistry (representative pictures of three independent experiments). f, B2M’ CHTA” CD4T tg
|hiF'SCs continued to express the typical pluripotency genes (representative gel of two independent PCR experiments). g-j, wt hiPSCs
(g, h) and B2M-/ CIITA / CD47 tg hiPSCs (j, j) gave rise to cell types of all 3 germ layers after transplantation into SCID-beige mice.
[Endodermal (cytokeratin 8), mesodermal (brachyury), and ectodermal lineages (GFAP) were also demonstrated by confocal
ymmunofluorescence microscopy (representative pictures of three independent experiments).
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|Supplementary Figure 12

}Differentiation of hiPSCs into hiECs and hiCMs.

|a-b, wt hiPSCs (a) and B2M’ CIITAY CD47 tg hiPSCs (b) were successfully dfferentiated into corresponding miEC and miCM
derivatives (representative pictures of three independent experiments). miECs were positive for CD31 and VE-cadherin and miCMs
were positive for Troponin | and Sarcomeric alpha-actinin by confocal immunofluorescence. All derivatives lost their expression of
|p\uripotency genes (representative pictures of two independent experiments). c-g, The expression of stimulatory NK cell ligands was
assessed on hiPSCs and their derivatives using receptor Fc chimera proteins in flow cytometry (mean + s.d., 3 independent
experiments per group, ANOVA with Bonferroni’s post-hoc test (hiPSCs) or two-tailed Student’s t-test (hiECs and hiCMs)). Ligands for
NKG2D (c), NKp30 (d), NKp4d4 (e), NKp46 (f), and NKp80 (g) were compared between wt and engineered hiPSCs, hiECs, hiCMs, and
K562. h-i, The expression of specific human natural cytotoxicity receptor ligands was evaluated by flow cytometry (mean * s.d., 3
independent experiments per group, ANOVA with Bonferroni’'s post-hoc test (hiPSCs) or two-tailed Student’s t-test (hiECs and
}hiCMs)), Surface expression of B7-H6 (h), and AICL (i) was compared between wt and engineered hiPSCs and derivatives, and K562.
i, The HLA-A mismatches in transplant expenments with wt and B2M” CIITA? CD47 tg hiPSCs, hiECs, and hiCMs in allogeneic
|humanized NSG-HGM3 recipients (mean * s.d., 5 animals per group, two-tailed Student’s t-test).
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2.2 De novo mutations in mitochondrial DNA of iPSCs produce immunogenic

neoepitopes in mice and humans

In diesem Kapitel wird die Publikation ,De novo mutations in mitochondrial DNA of
iPSCs produce immunogenic neoepitopes in mice and humans* vorgestellt, welche im
Jahr 2019 in Nature Biotechnology publiziert wurde. Mein Anteil der Publikation
beinhaltete die Durchfiihrung von immunologischen sowie molekularbiologischen
Experimenten, die Zelldifferenzierung und Zellkultur, sowie In-vivo Imaging Studien
und Datenanalysen. Meine Mitwirkung an dem Paper resultierte in einer

Erstautorenschaft.

Titel: De novo mutations in mitochondrial DNA of iPSCs produce immunogenic

neoepitopes in mice and humans

Autoren: Xiaomeng Hu*, Tobias Deuse*, Sean Agbor-Enoh, Martina Koch, Matthew
H. Spitzer, Alessia Gravina, Malik Alawi, Argit Marishta, Bjoern Peters, Zeynep
Kosaloglu-Yalcin, Yangin Yang, Raja Rajalingam, Dong Wang, Bjoern Nashan, Rainer
Kiefmann, Hermann Reichenspurner, Hannah Valantine, Irving L. Weissman, Sonja
Schrepfer

*geteilte Erstautorenschaft
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Denovo mutations in mitochondrial DNA of
iPSCs produce immunogenic neoepitopes in

mice and humans

Tobias Deuse'', Xiaomeng Hu'>3'¢, Sean Agbor-Enoh© 4%, Martina Koch®, Matthew H. Spitzer’®?,
Alessia Gravina'?, Malik Alawi', Argit Marishta®, Bjoern Peters", Zeynep Kosaloglu-Yalcin",

Yangin Yang®, Raja Rajalingam™, Dong Wang"?3, Bjoern Nashan®, Rainer Kiefmann®,

Hermann Reichenspurner?3, Hannah Valantine®, Irving L. Weissman©' and Sonja Schrepfer® '2315*

The utility of autologous induced pluripotent stem ceII (IPSC)
therapies for tissue regeneration depends on reli
tion of immunologically silent functional iPSC derlvatlves
However, rejection of autologous iPSC-derived cells has been
reported, although the mechanism underlying rejection is
largely unknown. We hypothesized that de novo mutations
in mitochondrial DNA (mtDNA), which has far less reliable
repair mechanisms than chromosomal DNA, might produce
neoantigens capable of eliciting immune recognition and
rejection. Here we present evidence in mice and humans that
nonsynonymous mtDNA mutations can arise and become
enriched during reprogramming to the iPSC stage, long-term
culture and differentiation into target cells. These mtDNA
mutations encode neoantigens that provoke an immune
response that is highly specific and dependent on the host
major histocompatibility complex genotype. Our results
reveal that autologous iPSCs and their derivatives are not
inherently immunologically inert for autologous transplan-
tation and suggest that iPSC-derived products should be
screened for mtDNA mutations.

iPSCderived grafts can be immunogenic and rejected by the
host even though they are derived from host cells. Several factors
relating to the reprogramming of somatic cells, expansion of iPSCs
in culture and differentiation of iPSCs into tissue cells are thought
to contribute. Suppression' and overexpression® of pluripotency
factors are known to establish de novo antigenicity that diminishes
with differentiation"**. However, differentiation of iPSCs can lead
to the expression of immunogenic antigens not usually expressed in
corresponding somatic cells causing rejection.® In addition, muta-
tions acquired during reprogramming and expansion may generate
mutant proteins that can act as neoantigens.

Mutation rates during reprogramming have been reported to be
up to ninefold higher than the background mutation rate in culture.
Furthermore, the mutation rate for mtDNA is 18- to 20-fold higher
than that of nuclear DNA’ °. Both mutated and wild-type mtDNA
can coexist in the same cell, a phenomenon called heteroplasmy'.
Nonsynonymous mtDNA mutations can impact both the function
of proteins' and its antigenicity mtDNA-encoded mitochondrial
minor antigens'? have been described as transplant barriers”, and
our group has shown that individual single nucleotide polymor
phisms (SNPs) are sufficient to create immunogenic neoantigens'.
However, the extent to which neoantigenic SNP enrichments affect
autologous immune responses are not known. Here we sought to
characterize the immunogenicity of mtDNA SNPs and assess their
immunologic relevance for iPSC-based regenerative therapies.

First, we assessed the sensitivity and specificity of the mouse
immune system to respond to isolated mtDNA SNPs. Using the tech-
nique of somatic cell nucleus transfer, embryonic stem cells (ESCs)
with BALB/c (B/c) nuclear DNA and C57BL/6 (B6) mtDNA were
generated (these cells are referred to as NT ESCs throughout). In
comparison to B/c, these NT ESCs showed only two homoplasmic
nonsynonymous SNPs in the mt Co3 and m t Cytb genes, and gen-
erate cytochrome C oxidase III (Co3) or cytochrome b (Cytb) pro-
teins with one amino acid substitution each (Supplementary Table
1). NT-ESCs were used for immunization against these two epitopes
in B/c mice (Fig. 1a). To confirm that mitochondrial proteins with
a single amino acid substitution can function as neoantigens, B/c
fibroblasts were transfected to transiently overexpress either the B/c
or B6 forms of Co3 or Cytb (Fig. la,b). Splenocytes recovered after
5d were used for enzyme-linked immunospot (ELISpot) assays
against either of the four fibroblast preparations. ELISpot assays for
interferon-y (IFNY) and interleukin-4 (IL-4) were performed. Spot
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well as alterations to natural killer cells and dendritic cells in ani-
mals challenged with allogeneic Co3 or Cytb (Supplementary Figs.
1 and 2). Taken together, these results are consistent with the notion
that single mtDNA SNPs are sufficient to trigger a broad systemic
immune response.

To verify that the T cell epitopes span the SNP, B/c mice were
again immunized with NTESC grafts, but this time, spleno-
cytes were directly challenged with 20-residue oligomer peptides
designed around the SNP (Fig. 1i). Two 20-residue oligomer pep
tides per epitope were generated with the amino acid variation
from the SNP at position 6 or 15 (thus, overlapping by 11 residues;
Supplementary Table 1). Splenocytes specifically recognized all
four allogeneic 20-residue oligomers and showed marked IFN-y
and 1L 4 release (Fig. 1j). No immune activation was observed in
non-immunized B/c animals (Fig. 1k,}). To assess the possibility of
cross-reactivity against fetal nuclear-gene-derived antigens present
in ESCs, B/c mice were immunized with B/c ESCs (Supplementary
Fig. 3). Splenocytes did not recognize any of the four allogeneic
20-residue oligomers, confirming the specificity of the immune
response and identifying the sequence covering the SNP as minor
histocompatibility antigens (MiHAs).

The relevance of MiHAs may weaken in the allogeneic trans-
plant context in the presence of multiple major histocompatibility
complex (MHC) antigens owing to antigen competition. To test
this, we immunized B/c mice (H2¢) with fully allogeneic B6 spleno-
cytes (H2®), which carry the same B6 mitochondriaas the NT-ESCs
but are MHC mismatched. Recipient splenocytes were challenged
with the same peptides representing the four syngeneic and allo-
geneic 20-residue oligomers (Fig. 1m), and the observed immune
responses (Fig. 1n) were similar in intensity to those obtained after
NT-ESC immunization (see Fig. 1j). Twenty-residue oligomers
designed on the basis of allogeneic Co3 and Cytb from uncon-
nected third-party strains (Supplementary Table 2 and Fig. 10)
did notevoke an immune response (Fig. 1p). This highlights the
strong antigenicity of mitochondrial MiHAs, which elicited strong
and specific immune activation despite abundant competing mis-
matched MHC burden.

We wanted to assess the immunologic relevance of mtDNA
SNPs in human allogeneic transplantation. Patients undergo-
ing allogeneic kidney or liver transplantation were screened for
homoplasmic mtDNA differences to their donors (>99% hetero-
plasmy; Supplementary Fig. 4a). In 15 donor-recipient pairs, we
found a tota] of 81 nonsynonymous SNPs, varying from 1-12 per
pair with higher numbers between more distant ethnic groups
(Supplementary Fig. 4b-d). Twenty-residue oligomer peptides
were again designed around the autologous and allogeneic SNP
(Supplementary Table 3). Three months after transplantation, blood
was drawn from the 15 immunosuppressed recipients and periph-
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eral blood mononuclear cells (PBMCs) were isolated and underwent
in vitro reactivation (Supplementary Fig. 5). Thereby, PBMCs from
recipients with adequate immunosuppression (mean tacrolimus
trough level =9.6 £ 2.7ngml"') regained their activity within 24 h.
Reactivated PBMCs were challenged with autologous or allogeneic
20-residue oligomers (Fig. 2a) and immune responses were observed
for every allogeneic 20-residue oligomer in all patients (Fig. 2b and
Supplementary Fig. 6). Toconfirm the specificity of these results, we
studied samples from patients (#=6) with blood drawn 6 months
after transplantation. Reactivated PBMCs were challenged with
autologous and allogeneic 20-residue oligomers from both their
organ donor and an unconnected donor (Supplementary Fig. 7 and
Supplementary Table 4). Again, immune responses were observed
against 20-residue oligomers from every donor Immune responses
were not observed against 20-residue oligomers from unconnected
donors, but when SNPs were also present in the patient's donor
immune responses were observed. However, despite the specificity,
we noticed that the degree of immune activation varied between
patients and between 20-residue oligomers.

We next assessed whether the strength of the immune response
to mutated mtDNA-derived MiHAs depended on the ability of the
mitochondrial epitope to bind to host human leukocyte antigens
(HLAs). Two volunteers underwent four-digit HLA typing, and in
silice antigenicity prediction was performed for proteins harbor-
ing one of 232 annotated human missense SNPs from Ensembl*®
(Supplementary Table 5). Twenty-residue oligomers were generated
for the five top and the five bottom SNPs based on the HLA type of
each individual, as well as for the corresponding autologous epitope
(Supplementary Table 6). PBMCs from those volunteers were then
used in extended 14-d naive in vitro immunization ELISpot assays,
allowing in vitro antigen presentation and lymphocyte priming
(SupplementaryFig. 8a). Aspredicted, the five top SNPs were mark-
edly moreimmunogenicthan the five bottom SNPs (Supplementary
Fig. 8b), confirming that the antigenicity of mtDNA SNPs depends
on the host HLA repertoire for presentation.

To screen fer the occurrence of de novo mutations or SNP
enrichments, we generated B6 and FVB iPSCs from fibroblasts
and serially sequenced their mtDNA during culture (Fig. 3a,b
and Supplementary Tables 7 and 8). On the basis of our sequenc-
ing depth of 4,000-10,000 per base pair, we defined the threshold
for detection at 1% variant heteroplasmy. De novo mutations were
regarded as candidates for neoantigens when the non-dominant
SNP heteroplasmy increased from <1% to >5%, which corresponds
to a drop from >99% to <95% in positions where the dominant SNP
differs from the reference genome. SNP enrichments were regarded
as potential neoantigens when low-level heteroplasmies of <5% in
the source parental cell increased to >15% (or heteroplasmies >95%
dropped below 85%) during cell culture. Both high-passage iPSC

>

Fig. 3 | Antigenicity of low and high-passage iPSCs and their iEC derivatives in mice. a,b, B6 (a) and FVB (b) iPSCs were generated from fibreblasts and
expanded in vitro. The source fibroblasts, |ow passage iPSCs and high-passage iPSCs underwent mtDNA sequencing, and the variant SNP heteroplasmy
according to the GRCm38 mouse reference genome is shown in heat maps. Automated clustering of nonsynonymous SNPs with >1% variation in
heteroplasmy over time is shown with the corresponding amino acid substitutions. SNPs that increased in heteroplasmy from <1% in fibroblasts (below
the detection threshold) to >1% in iPSCs were defined as de novo mutations and are marked in green. SNPs that were present in the parental fibroblast

(>1% heteroplasmy) and were diluted or enriched over time are marked in black. Candidate SNPs for neoantigens are outlined (mutagenc SNPs increasing
in heteroplasmy from <1% to >5% or enriched SNPs increasing from <5% to >15%; alternatively SNPs decreasing in heteroplasmy from >99% to <95%
or from >95% to <85% in positions where the dominant SNP differs from the reference genome). c¢-e, Bé mice received different amounts of autologous
low-passage (P7) or h gh-passage (P37) iPSCs grafts injected into the thigh muscle and were followed for immune response and teratoma development
{c). d, After Sd, splenocytes were recovered for ELISpot assays. Data are mean +s.d. of quadruplicates from five animals per group, two-tailed Student's
t-test e, Teratoma growth is shown for every animal and the percentage of teratoma formation for each group is shown in a separate bar graph. Data are
from five mice per cell amount and iPSC group. f-h, iECs derived from P7 or P37 iPSCs were transplanted into B6 mice and cell survival was followed by
BLI(f). g, After Sd, splenocytes were recovered for ELISpot assays. Data are mean + s.d. of quadruplicates from five animals per group. Significance was
assessed by two-tailed Student’s t test. h, The survival of iEC (P7) and iEC (P37) grafts was assessed by BLI and the percentage of graft survival for each
group is shown in a separate bar graph. Cells were considered rejected when their BL| signals fellto background levels. Individual animals are shown, n=5
per iEC group; dashed lines indicate background.
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challenged with 20-residue oligomers 5d later (Supplementary
Fig. 8d-f). As predicted, in B6 mice we observed IFN-y and IL-4
responses against the Col neoantigen but not the mutant Nd3.
Immunogenicity was also demonstrated for the 20-residue oligomer
of the Atp8 neoantigen in FVB (Supplementary Fig. 8g-i).

B6 (Fig. 3c-e) and FVB mice (Supplementary Fig. 9) then
received subcutaneous grafts of either | o w passage or high-passage
iPSCs to assess whether the neoantigens could provoke an immune
response and diminish cell survival in vivo. Varying cell numbers
were used, as the survival and teratoma formation of pluripotent
cell grafts depends on the everall cell load™. Acress graft sizes, we
observed an increased immune response and a cerrespondingly
reduced survival of high-passage iPSC grafts.

Next, we sought to confirm the immunogenic nature of the
reduced survival of B6 passage 37 (P37) iPSCs as compared to P7
iPSCs. Both P7 and P37 iPSCs showed similar proliferative capac-
ity in vivo and in vitro (Supplementary Fig. 10 and Supplementary
Video 1). P37 grafts showed more dense immune cell infiltrations
than P7 in immunocompetent B6 mice (Supplementary Fig. 11a-d).
Transplantation of low-dose P37 iPSCs in immunosuppressed or
immunocompromised recipients did not cause substantial immune
activation and resulted in 100% survival (Supplementary Fig 11e-j).
To assess whether this newly developed immunogenicity would per-
sist after differentiation into functional tissue cells, B6 P7 and P37
iPSCs were differentiated into endothelial cells (iECs). We observed
immune activation and markedly reduced survival ofiEC P37 grafts,
demenstrating that the acquired antigenicity persists after differen-
tiation and is net associated with the pluripotency state (Fig. 3f-h).

We next aimed to assess whether MHC presentatien of mtDNA
neoantigens is required for T cell activation. We inactivated B2m
and Ciita genes in P7 iPSCs using CRISPR-Cas9 and the derived
MHC double knockout (dKO) iECs lacked expression of MHC class
I and II, both of which were expressed in P7 iECs (Supplementary
Fig. 12a—c). P7 and dKO iECs were then transfected to overexpress
either B/c or B6 forms of Co3 and Cytb and used to immunize B6
mice (Supplementary Fig. 12d). Overexpression of syngeneic B6
Co3 and Cytb did not induce an IFN-y response against eitheriEC
population (Supplementary Fig. 12e). Overexpression of allogeneic
B/c Co3 and Cytb induced an IF Ny response in P7 iECs expressing
MHC but did not induce a response in dKO iECs (Supplementary
Fig. 12f). These results thus show that immunogenicity of mtDNA
neoantigens requires MHC presentation.

Next, we evaluated the emergence of neeantigens during repro-
gramming and extended culture of human iPSCs (Fig. 4a). Feur
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human iPSCs created from fibroblasts were sequentially sequenced
up to 2P60 (Fig. 4b-e and Supplementary Table 12). Fer nonsyn-
onymous SNPs, the protein harboring the amino acid variation is
listed. In al] cases, unsupervised clustering automatically arranged
the passages in the correct ascending order The data show that, while
the heteroplasmy of variant SNPs can drift in cell culture over time,
the likelihood for de novo mutations and enrichment of rare SNPs
increases with an increase in passages. The heteroplasmies quanti-
fied in bulk culture represent the mean of a more heterogeneic clonal
distribution of cells with different degrees of heteroplasmy revealed
by single cell sequencing (Supplementary Table 13). Applying our
previous definition, two ef the four cell lines developed candidates
for neoantigens (bexed SNPs). Te assess whether mtDNA neeanti
genssimilarly occur in vivo, blood was taken fromsix healthy volun-
teers over a 6- to 12-month period and PBMCs, a cell type with high
turnover, were sequenced (Supplementary Table 14). Of note, all het-
eroplasmic SNPs in protein-coding regions were maintained at a rela-
tively constant level in vivo, and we did not find a single neoantigen
candidate (Supplementary Fig. 13). We assume mechanisms to scav-
enge neoantigenic cells are effective in vivo but ineffective in vitro,
potentially owing to the lack of immune surveillance in cell culture.

To assess whether neoantigens in autologous human iPSC
derivatives could induce rejection, PBMCs from healthy volunteers
were reprogrammed to iPSCs, differentiated into endothelial cells
(iECs) and expanded in culture to P35 (Fig 4f). mtDNA sequenc-
ing revealed one neoantigen candidate mutation each in two of
the three iECs (Fig 4g and Supplementary Table 15). Extended
naive in vitro immunization ELISpet assays with 20-residue oligo-
mers for the predominant and nen-dominant proteins (Fig. 4h)
showed a specific immune response against the two neoantigenic
non-dominant peptides, but not any of the other peptides (Fig.
4i). To test whether these mtDNA neoantigens were immunogenic
on a cellular level, parental PBMCs and iPSCs were differentiated
into macrophages, a possible target cell type for both PBMCs and
iPSCs (Fig. 4f). Autologous ELISpot assays (Fig. 4j) confirmed that
only neoantigen carrying iPSC-derived macrophages induced an
immune response (Fig. 4k). To examine whether such an immune
response would suffice to reject autologous iEC grafts, fresh volun-
teer PBMCs were primed with iECs in vitro for 7d (Fig. 41) and then
transferred to iEC layers for real time impedance measurements.
Primed PBMCs killed neoantigen-expressing autologous iECs from
volunteers 1 and 2, but not the iECs from volunteer 3 (Fig. 4m).
This suggests that autelogous iPSC-based cell products expressing
mtDNA neoantigens can be subject to rejection.

>

Fig. 4 | Occurrence and antigenicity of mtDNA-derived neoantigens in human iPSCs and iECs. a, Human iPSCs were generated from adult fibroblasts and
were culture expanded over >60 passages. b-e, During this process, serial mt DNA sequencing was performed and heat maps showing the heteroplasmies
of the variant SNPs versus the Cambridge reference sequence are presented. SNPs in the non-coding D loop are marked in red. Non-dominant SNPs with
<1% heteroplasmy in parental fibroblasts that increased to >1% in iPSCs were cansidered de novo mutations and are marked in green. SNPs that were
present in the fibroblasts and changed their heteroplasmy >1% over time are marked in black. Cand date SNPs for neoantigens are boxed (mutagenic
SNPsincreasing in heteroplasmy from <1% to >5% or enriched SNPs increasing from <5% to >15%; alternatively, SNPs decreasing in heteroplasmy from
>99% to <95% or from >95% to <85% in positions where the dominant SNP differs from the reference genome). For nonsynonymous SNPs, the protein
with the amino acid substitution is listed. f PBMCs from three volunteers were reprogrammed to iPSCs, differentiated to iECs and culture expanded to
P35. PBMCs and iPSCs were also differentiated into macrophages (a cell type that both source cells can reliably be differentiated into) to assess the
immunogenicity of mtDNA neoantigens on a cellular level. g, mtDNA from PBMCs, iPSCs and iECs was sequenced and in two of three volunteers iPSCs
and iECsshowed one neoantigenic SNP candidate. h, For all coding SNPs that changed their heteroplasmy by >1% over time, fresh PBMCs from volunteers
were incubated with 20-residue oligomers from the volunteer's predominant (blue) or non-dominant mtDNA SNPs (yellow). i, IFN-y and IL-5 responses
were assessed in extended naive in vitro immunization ELISpot assays. Data are mean % s.d. of quadruplicates per 20-residue ol gomer. Significance

was assessed by two-tailed Student's  test. j, Fresh PBMCs from volunteers were incubated with the autologous PBMC-derived macrophages (PBMC-
Mac) or iPSC-derived macrophages (iPSC-Mac) generated in f. k, The autologous IFN-y and IL-5 immune responses were assessed in extended in vitro
immunization ELISpot assays. Data are mean + s.d. from eight replicates per group. Significance was tested by two-tailed Student's t test. I, Fresh PBMCs
from volunteers were incubated with the autologous P35 iECs generated in f toimmunize T cells in vitro for 7d. PBMCs were then collected and transferred
to P35 iEC layers grown on electrodes for a real-time in vitro impedance cytotoxicity assay m, The integrity of the autologous iEC layers over 48 h was
expressed as normalized cell index. Data are mean +s.d. from triplicates per group. Subsequently, the IECs were collected and the percentage of living cells
was assessed by flow cytometry. Data are mean + s.d. of quadruplicates per group.”*P < 8.01.
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SNP-derived peptide (or the corresponding 20-residue oligomer) if
it became sufficiently enriched to meet our definition of a neoanti-
gen. Although the thresholds for changes in SNP heteroplasmy to
qualify as neoantigen were set arbitrarily, we asswned the immune
systemwould require a certain burden of mutant peptide to induce
aresponse. A signaling threshold for the magnitude and duration of
T cell-receptor signaling required for T cell activation has recently
been described’. If an immune response was induced, it depended
on MHC presentation, and we were able to predictimmunogenicity
on the basis of the host MHC genotype.

Presumably, most mtDNA heteroplasmies feund in healthy tis-
sue in vivo have been present since embryogenesis, and mtDNA
SNP enrichments or de novo mutations are not regularly observed.
We believe that this phenomenon is due to constant immune sur-
veillance. Malignant tumors, which evade immune clearance,
show a much higher incidence of cancer specific somatic mtDNA
mutations in protei ncoding or RNA-coding regions'. Long-term
in vitro iPSC expansion resembles tumor growth, as it takes place
in the absence of immune regulation and cell clones with growth
advantage, whether attributed to their mtDNA or not, will pro-
mote their mtDNA composition within the overall expanding
cell population. Reprogramming eliteness and clonal fitness have
been shown to drive such cellular dynamics and poised clones are
destined to dominate'®. Most DINAS®-2, as well as mtDNA, muta-
tions" feund in iPSCs were shown to be derived from pre-exist-
ing mutations in donor cells, while de novo mutations were rather
uncommon. However, no connection has so far been made with
neoantigenicity of enriched SNPs. Extended iPSC culture, as shown
herein, increases the risk ofamplifying neoantigenic SNPs on a large
scale. This acquired immunological barrier may become an inher-
ent shortcoming of autologous iPSC-based regenerative strategies.
Screening and assessment of neoantigenic mtDNA SNPs in indus-
trial processes will be challenging. For the near future, unless such
screening and assessments have been done, immunosuppression
protocols for ‘near match’ iPSC products may be warranted.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of code and data availability and
associated accession codes are available at https://doi.org/10.1038/
541587 019-0227-7.
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Methods

Mice. Male 6 to 8-week old BALB/c (BALB/c AnNCrl, H2¢), C57BL/6 (C57BL/6I,
H2%), FVB (FVB/NCrl), SCIP-beige (CB17.Cg-Prkdc“Lyst* '/Crl), and CP4-
knockout (B6.12952-Cd4™™¢/]) mice were purchased from Charles River
Laboratories or lackson Laboratory. received humane care in compliance with the
Guide for the Principles of Laboratory Animals,and experiments have complied
with all relevant ethical regulations. Mouse studies were approved by the Hamburg
Amt fiir Gesundheit und Verbraucherschutz or the University of California, San
Francisco Institutional Animal Care and Use Committee. Some B6 animals were
immunosuppressed with tacrolimus (Prograf, Astella Pharma) at a concentration
of0.5mgkg=‘d*

Generation and culture of ESCs. NT-ESCs were generated as previously described
using F1 enucleated BDF1 oocytes (C57BL/6] X PBA/2NCrl) and somatic cell
nucleus from BALB/c (B/c) fibroblasts*’. N'T ESCs were cultured on y-irradiated
CF1 feeders (Millipore) using standard ESC medium (Gibco) containing leukemia
inhibitory factor (LIF; Millipore). Before being used in experiments, NT-ESCs were
cultured on gelatin (Millipore) without feeders using standard medium containing
LIE Cell cultures were regularly screened for mycoplasma infections (Lonza).

Mouse iPSC rep; and modifi FVB iPSCs were a gift from

J. Wu (Stanford University, Stanford, CA). C57BL/6 iPSCs were generated by
reprogramming mouse-tail-tip fibroblasts using a codon-optimized minicircle
(CoMiC) construct as previously described®. CRISPR-Cas9 technology was used
for the generation of B6 B2m~"-Cuta~'~ iPSCs*". Please see Supplementary Note 1
for details

Mouse iPSC-derivedi ECs. For endothelial cell differentiation, mouseiPSCs were
plated on gelatin in six-well plates. After the cells arrived at 60% conf uence, the
differentiation was started and medium was changed to RPMI-1640 containing
2% B-27 minus insulin (both Gibco) and 5puM CHIR 99021 (Selleckchem). On
day 2, the medium was changed to reduced RPMI-1640 containing 2% B-27 minus
insulin and 2uM CHIR 99021 (Selleckchem). From day 4 to day 7, cells were
exposed to RPMI-1640 containing 2% B-27 minus insulin plus 50ngml ! mouse
vascular endothelial growth factor (mVEGE; R&D Systems), 10ngml~' mouse
f'broblast growth factor (mEGF; R&D Systems), 10uM Y 27632 (Sigma Aldrich)
and 1M SB 431542 (Sigma Aldrich). Endothelial cell clusters were visible from
day 7 and cells were maintained in EGM-2 Single®uots medium (Lonza) plus

10% heat-inactivated FCS (Gibco), 25ngm]-' mVEGF, 2ngmi~' mFGF, 16 uM

Y 27632 (Sigma Aldrich) and 1 uM SB 431542. The differentiation process was
completed after 21d and undifferentiated cells detached during the d
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serum, 1% gl p ol and 1% RevitaCells (all Gibco)
and were cultured in six-well low-attachment plates (Corning) for 4 d for embryoid
body formation. Embryoid bodies were transferred to gelatin-coated six- well plates
in macrophage medium containing DMEM 11965, supplemented with 10% heat-
inactivated FCS, 1% glutamine, 0 | mM 2-mercaptoethanol (all Gibco), 50ngm1'
human macrophage colonystimulating factor (M-CSF) and 25ngml ' human

IL 3 (both Peprotech). Medium was changed every second day and non-adherent
macrophages were collected on day 8. Macrophages were replated in macrophage
medwm with 100 ngml human M-CSF for another 24 h before the cells were used
for assays.

Human PBMC-derived macrophages. PBMCs were isolated by Ficoll separation
(GE Healthcare) from fresh blood from healthy volunteers and were resuspended
in RPM1-1640 with 10% heat-inactivated FCS, 1% penicillin-streptomycin (all
Gibco) and 10ngml~' human M CSF (Peprotech). Cells were plated in 24 well
plates at a concentration of 1x 10° cells per milliliter (1 milliliter per 24 well
plate) and medium was changed every second day until day 6. Macrophages were
stimulated trom day 6 with | pgml~' human I1L-2 (Peprotech) for 24h before the
cells were used for assays.

Protein overexpression in fibroblasts or endothelial cells for Co3 and Cytb. For
transfection experiments, 1.5 X 10° B/c fibroblasts or B6 iECs were plated per well
into six-well plates and incubated overnight at 37°C in a cell incubator. Next day,
transfection experiments were performed using Fugene (Promega) and 6 6 pg of
Co3 PNA or Cyth BNA (Eurofins) in a 3:2 ratio The transfection reagent solution
was pipetted to OptiMEM (Gibco), mixed and incubated for 18 min at room
temperature. The PNA transfection complex was added to 2 ml of cell medium.
After 24h, the transfection was stopped and cells were grown for another 48h in
cell-specific medium until they were used far experiments. Successful transfection
was confirmed by immunoblots. Proteins were separated on SDS-PAGE gels
(Invitrogen) and immunoblots were conducted with specif'c antibodies to Cytb
(ab81215, Abcam), Co3 (ABIN223366, antikoerper online de) or actin (ab3280,
Abcam). Membranes were digitized using BLI and quantified using the N1H
Image] software v 1.46r Actin served as a housekeeping control.

Human transplant study. Patients listed for kidney or liver transplantation gave
consent to participate in this study. The study was approved by the External Review
Board of the Arztekammer Hamburg (PV5100) and complied with all relevant
ethical regulations A total of nine patients underwent kidney transplantation
(panents 4,7,9,10, 12,13, 14, 15 and 16) and six patients underwent liver

process. For purification, cells went through MACS purification according to the
manufactures’ protocol using anti-CD15 monoclonal-antibody-coated magnetic
rmucrobeads (Miltenyi) for negative selection.

Human iPSC reprogramming. PBMCs were isolated from healthy volunteers and
iPSCs were generated by the Yale University stem cell core laboratory using Sendai
viral expression of @®CT4, S@X2. KLF4 and MYC gcnes. The experiments were
approved by the University of California, San Francisco Institutional Review Board.
Human iPSCs were plated on diluted Matrigel (356231, Corning) in six-well plates
and maintained in Essential 8 Flex medium (Thermo Fisher Scientific). All human
iPSC culture was feeder-layer free and cuitures were clump passaged every 2-3d.
Cell cultures were regularly screened for mycoplasma infections (Lonza),

Human iPSC derived iECs. For the differentiation to endothelial cells, iPSC
cultures were grown to 60% confluence and medium was changed to RPMI-1640
containing 2% B-27 minus insulin and 5uM CHIR-99021 (Selleckchem). On day 2
of the differentiation, the medium was changed to reduced RPMI-1640 containing
2% B 27 minus insulin and 2pM CHIR 99021 (Selleckchem). From day 4 to day 7,
cells were exposed to RPMI-1640 containing 2% B-27 minus insulin plus 50ngm1®
human vascular endothelial growth factor (VEGF: R&D Systems), 10 ngml-*
human fibroblast growth factor (FGF; R&D Systems), 10 pM Y 27632 (Sigma
Aldrich) and 1 uM SB 431542 (Sigma Alds ich). Endothelial cell clusters were visible
from day 7 and cells were maintained in EGM-2 SingleQuots medium (Lonza)

plus 10% heat-inactivated FCS (Gibco), 25ngml~' VEGE, 2ngm!~' FGE, 10pM
Y-27632 (Sigma Aldrich) and 1 uM SB 431542 (Sigma Aldrich). The differentiation
process was completed after 14d and undifferentiated cells detached during the
differentiation process. For purification, cells were treated with 20 pM PluriSln-1
(StemCell Technologies) for 48 h. The highly enriched iECs were cultured in
EGM-2 SingleQuots medium (Lonza) plus supplements and 10% heat inactivated
FCS (Gibco). Trypl.E was used for passaging the cells ata 13 ratio every 3-4d.

Human fibroblast-derived iPSCs. Human iPSCs and their parental fibroblasts
from four different individuals were provided by the Cardiovascular Institute at
Stanford School of Medicine and the Stem Cell Core at the Gladstone Institutes
HLA typing confirmed that the cell lines had no common onigin.

Human iPSC-derived macrophages. To d fferentiate iPSC-derived macrophages,
2x10°iPSCs were resuspended in BPMEM 11965, supplemented with 10% K®-
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ion (pati 5,6, 11,17, 18and 21). Buring the transplant operation,
ablood sample from the recipient and some discarded fat tissue from the donor
organ was collected and mtDNA sequencing was performed. Homoplasmic
mismatches (heteroplasmy >99%) were identified. Twenty-residue oligomer
peptides were designed and generated to cover the donor SNP and the recipient’s
own autologous SNP, respectively Patients received standard immunosuppression,
which included tacrolimus, cyclosporine A or co-stimulation blockers according
to center specific protocols. At 3 and 6 months afier the transplantation (only at 6
months for patient 4), blood was drawn from the recipients during regular follow
up Visits.

Ethylenediami raacetic-acid-treated blood was drawn and tacrolimus was
quantified using liquid ct phy mass spec ry (Aesculabor).

To verify the in vitro PBMC reactivation protocol, PBMCs from kidney or
lwver transplant recipients were isolated with Ficoll centrifugation (GE Healthcare).
‘These PBMCs then served as responder cells either directly after cell isolation or
after 24h of in vitro cell culture with 1 pgml=' anti-CD3 and anti-CP28 antibodies
{Sanaquin) in IMEM medium supplemented with 1% penicillin- streptomycin
(all Gibco) (Supplementary Fig 4). Recipient responder PBMCs (5 x 10° cells)
were incubated with phorbol myristate acetate (PMA; 1ngml-') and ionomycin
(500 ngmI~') (both Sigma Aldrich) for 24 h and IFN ¥ spot frequencies were
automatically enumerated using an ELISpot plate reader (AID).

For quantitative PCR analysis of IL-2, PBMCs from patients after kidney or
liver transplantation were isolated as described above and were stimulated either
directly after cell isolation or after 24h in vitro culture with 1 pgml~' anti-CB3
and antiCP28 antibodies (Sanquin) with PMA (1 ngml~') and ionomycin
(500 ngml-?) (both Sigma Aldrich) for 4 h (Supplementary Fig. 4). Total RNA
was isolated with a TR1zol-based RNA isolation protocol (Invitrogen). RNA
was quantified by NanoBrop (Agilent Technologies). Samples required 260/280
ratios of >1.8. RNA was reverse-transcribed with the high-espacity cDNA
reverse transcription kit (Applied Biosystems) according to the manufacturer’s
instructions Quantitative determination of cDNA was performed by quantitative
PCR with reverse transcription with SYBR Premix Ex taq 11 ( [akara Bio),
according to the manufacturer’s instructions. IL-2 RNA was amplified using the
following primers: forward, 5'-GTCACAAACAGTGCACCTAC-3; and reverse,
5-CCCTGGGTCTTAAGTGAAAG-3'. Experiments were performed on the
Mx3000p (Agilent lechnologies). The RNA amount was estimated according to
the comparative C, method using the 2-43¢ formula.

For the human ELISpot assays, PBMCs were isolated using Ficoll centrifugation
(GE Healthcare), washed to eliminate immunosuppressive agents and cultured in
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the presence of anti CD3 and anti-CD28 antibodies (Sanquin) in IMEM medium
supplemented with 1% penicillin-streptomycin (all Gibco) to reactivate their
responsiveness. IFN-y ELISpot assays were performed against the recipient and
donor 20-residue oligomers One hundred thousand responder PBMCs were
incubated with each peptide ata concentration of 40pugml-' for 48h and IFN-y
spot frequencies were automatically enumerated as described before.

mtDNA sequencing and analysis. For human kidney or liver transplant donor
recipient pairs, genomic DNA was extracted from adipose tissue or 1 x 10*

cells (Qiagen DNeasy Blood and Tissue kit, Qiagen). mtDNA was enriched by
depletion of nuclear genomic DNA (depiction of methylated genomic DNA using
anti-methylated-DNA-coated beads (Next Microbiome DNA Enrichment kat,
New England Biolabs) and exonuclease digestion to remove the linear genomic
DNA (New England Biolabs)) and targeted amplif cation of mtDNA sequences
using mtDNA-specific primers and multiple-displacement technology (REPLIg
Mitochondrial DNA kit, Qiagen). Enzymatic fragmentation and tagmentation were
used to prepare the mtDNA libraries (Nextera XT DNA Libraiy Prep kit, lllumina).
The quality of mtDNA libraries was analyzed by electrophoresis (Bioanalyzer 2100
High Sensitivity DNA, Agilent) before sequencing (HiSeq 2500, 2x 50, lllumina).
Raw sequencing data were cleaned up by Trimmomatic® (v0.36) to remove
lllumina adaptor sequences and unpaired reads. ‘The trimmed paired reads were
aligned to the revised Cambridge ref (rCRS; number
NC_012920)" using Bowtie2 (v2.2.9)®. Alter marking PCR duplication reads

in Picard (v.2.9.0; http://broadinstitute.github.io/picard/), the paired donor and
recipient mapped reads were piled up by Samtools (v 1 4)®. The variants between
each pair of donor and recipient samples were called in Varscan (v 2.4 3)* with
the following customized parameters: --min coverage 500 --min reads 10 --min
avgqual 26 --min var freq 0.02 --min freq for hom 0.95. The ditferences in
mutation frequency between donor and recipient were computed for selection. A
mismatched homoplasiny was selected if the difference in paired {requencies was
greater than 95%. Differences in the frequencies in the range of 5% to 95% were
grouped as mismatched hete y mutations. The of variants was
performed using ANNOVAR® and the UniProt IDs of nonsynonymous mutations
were input into the UniProtKB database™ to retrieve their amino acid sequence

in fasta format.

The same pipeline and parameter settings were applied for analyzing mouse
iPSC mitochondrial sequencing data referencing the chrMT genome retrieved
from the GRCm38 mouse genome. Residual genetic material originating from
mouse embryonic feeder cells (Supplementary Table 16) was excluded from further
analysis. For sequential sequencing data of human and mouse mtDNA, SNPs were
filtered out if their change in heteroplasmy was < 1%. Heat maps showing the
heteroplasmy of the variantSNP were generated Our mtDNA sequencing method
was confirmed using two established techniques (targeted sequencing and dlgllal
droplet quantitative PCR) focusing on individual SNP positions (Suppl
Table 17). For targeted sequencing, we designed primer sets to amplify both alleles
of the SNP of interest. Using DNA from iPSC passages, the region of interest was
amplified by PCR. Amplified sequences were used to make DNA libraries that
were then pooled and sequenced on the lllumina MiSeq platform. Sequence reads
were then aligned to the reference genome sequence to identify individual alleles
The percentage ofthe alleles were then computed and compared to the percentage
derived from unbiased mtDNA sequencing. For single-cell targeted mtDNA
sequencing, please see Supplementary Nete 2,

Design of 20residue oligomers. The amino acid sequences around the SNPs were
obtained from the NCBI protein database (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Peptides were synthesized as crude material on a small (1-mg) scale (A and A) and
were prepared at 20 mgml~" in 100% DMSO for assays. Two 20 residue oligomer
peptides per epitope were generated with the amino acid variation of the SNP at
position 6 or 15, thus overlapping by 11 residues. if the amino acid corresponding
to the SNP was located 8- 14 positions from the start or end of the peptide, then the
SNP in one of the 20-residue oligomers was displaced accordingly Ifit was located
less than 8 positions from the start or end of the peptide, then only one 2 0 residue
or 21-residue oligomer was generated ‘The peptide sequences are provided in
Supplementary Tables 1-4, 6. 11 and 15.

ELISpot assays. Human IFN y ELISpot assays (BD Bioscience) were performed
against 20-residue oligomers using 10° responder PBMCs incubated with 40 pgml-*
peptide for 48 h and IFN-y spot frequencies were automatically enumerated using
an ELISpot plate reader (AID).

‘When using non stimulated responder cells, extended naive in vitro
immunization EL1Spot assays were performed. One hundred thousand PBMCs
from human volunteers were incubated in vitro for 14d in IMEM medium
supplemented with 10% heat-inactivated FCS with 40 pgm]* of peptide and
1ptmi ?ofanti CD3 and anti-CD28 antibodies (Sanquin). If macrophages
were used as stimulator cells, 10° responder PBMCs were incubated with 10°
macrophages in RPMI medium containing 10% heat inactivated FCS (Gibco).
Macrophages were inhibited with mitomycin. Medium was changed on days 3,7
and 10. 1FN y (BD Bioscience) and IL-5 (Mabtech) spot [requencies were analyzed
as described befere
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For mouse ELISpot assays, recipient splenocytes wereisolated from fresh
spleen 5d after cell injection and used as responder cells. When cells were used as
stimulators, they were mitomycin-inhibited One hundred thousand stimulator
cells were incubated with 5x 10° recipient responder splenocytes for 24 hand
IFNyand IL 4spot frequencies (both BD Bioscience) were automatically
enumerated using an ELISpot plate reader (AID). When peptides were used as
stimulators, isolated splenocytes from [resh spleen 5d after cell injection or from
untreated mice were preincubated in vitro (or 24 h with 40 pgml-' peptide in RPMI
medium containing 10% heat-inactivated FCS (all Gibco). Peptide (40 pgml-*)
was incubated with 10° rectpient responder «plenocytes for 48h and IFN ¥ spot
frequencies were automatically analyzed using an ELISpot plate reader (A1D)

When using non-stimulated responder cells, extended naive in vitro
immunization ELISpot assays were performed. One mullion splenocytes were
incubated in vitro for 14d in RPMI-1640 medium supplemented with 10% heat-
inactivated FCS with 40 pgml-' peptide or 10° cells. Medium was changed on days
3,7 and 10. IFN-y spot [requencies were analyzed as described before.

ELISpot frequencies are displayed in bar graphs directly comparing
two experimental conditions. The positive x axis shows the allogeneic or
neoantigenic condition and the negative x axis shows the autologous, reference
or control condition.

In vitro T cclhnediated rejection. T cell-mediated rejection was assessed with the
real-time in vitro impedance XCelligence SP platform (ACEA BioSciences). Fresh
PBMCs from volunteers and autologous 1ECs derived from the same volunteer
were co-cultured with | plml-* anti-CDD3 and anti-CD)28 antibodies (Sanquin)
in six-well platesat a 1:1 ratio for 7d. PBMCs were collected while iECs were
discarded In parallel, 96-well E-plates (ACEA BioSciences) were coated with
gelatin (Millipore) and 4 107 iECs were plated in 100 ul of cell specif:c medium.
After the cell index value reached 0.7, PBMCs were transferred to the E-plates at an
effector cell:target cell ratio of 1:1. Asa control, iECs were grown in the absence of
PBMC:s. Data were standardized and analyzed with the RTCA software (ACEA).
After 90h, iECs were collected and stained for the live/dead assay
(LifeTechnologies). In brief, cells were stained with 2l of 50 1M calcein AM
and 4 pl of 2mM ethidium homodimer 1 for 45 min at 4°C. The analysis was
performed by flow cytometry (BD Bioscience) and results were expressed as a
percentage of live cells. Please see Supplementary Note 3 for details on gating

Mass cytometry (cytemetry by time of ffight). A summary of all mass cytometry
antibodies, reporter isotopes and concentrations used for analysis can be foundin
Supplementary Table 18. Please sce Supplementary Note 4 for details

Teratema development of meuse iPSCs in vive. Before transplantation, iPSCs
were cultured off feeder for two passages to avoid contamination with feeder
cells. Cells were trypsinated. resuspended in sterile saline and directly injected
into the thigh muscles using a 27-gauge syringe (cell numbers as indicated in

the figures). Cell survival leading to teratoma formation was monitored using a
digimatic caliper (Mitutoyo). Animals were killed once the thigh volume exceeded
L50Omm’,

Bioluminescence imaging of iECs and fibroblasts. Lucifer: xpressing iECs
(5% 10%) were injected into the right thigh muscle of 86 animals using a 27-gauge
syringe. Imaging was perforined on days 8 and 1, every secend day until day 30
and on day 40. Luciferaseexpressing fibroblasts (5x 10°) overexpressing Co3

and Cytb were mixed ata 1:1 ratio with BI) Matrigel high concentration (B
Biosciences) and 500 pl was injected subcutaneously into the right lower abdomen
of B/c mice using a 23-gauge syringe. Imaging of the animals was performed on
days 0, 3 and 6. BLI was performed on the amiHT bioimaging platform (Spectral
Instruments Imaging). 0-lLuciferin potassium salt (Biosynth AG) dissolved in
PBS, pH 7.4 (Gibco) was injected intraperitoneally (375 mgkg™*) into anesthetized
mice (2% isoflurane). Region of interest (ROI) bioluminescence was quantified in
units of maximum photons per second per square centimeter per steradian. The
maximum ROI signal was measured using AmiView Image Analysis Software
(Spectral Instruments).

iPSC graft inflitration A total of 1 X 10° B6 P7 or P37 iPSCs were injected below
the kidney capsule of syngeneic B6 mice. After 5d, the kidneys were recovered,
embedded in paraffin and the injection sites were sectioned at 5-um thickness.
Slides were stained with antibodies against C®3 (Ab16669, Abcam), CD335
(16-3351-81, Thermo Fisher Scientific) and F4/80 (ab6640, Abcam) and were
counterstained with DAPI (Thermo Fisher Scientific)

Epitope prediction The Immune Epitope Database (IEDB) analysis resource™,
was used to perform predictions of MHC class I and MHC class Il binding. We
used the standalone versions of the MHC class I and MHC class 11 predictors with
the default setting ‘IEIDB_recommended, which is usually a consensus method
combining different prediction methods”, and performed predictions for each
MHC-peptide combination.
For the human prediction based on the velunteers' HLA type (see

Supplementary Note 5), only the 232 annotated human missense SNPs with SIFT
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background. i, Elispot assays with splenocytes recovered after 5 days are shown (mean + s.d., quadruplicates of 5 anima's per group).
j, Teratoma growth is depicted for every animal and the percentage of teratoma fonnation for each group 's shown in a separate bar
graph (n =5 animals per group).
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Supplementary Note 1

Mouse iPSC reprograming and modification

Briefly, B2m and Ciita were disrupted consecutively by the transfection of All-In-One (AlO) vectors (GeneArt CRISPR Nuclease Vector
Kit, Thermo Fisher Scientific, Waltham, MA) with gene specific CRISPR sequences. Single clones were isolated and expanded ta
colonies before Sanger sequencing was peirformed. Using the DNA sequence chromatogram, edited clones were identified through the|
presence of altered sequence from the CRISPR cleavage site. RT-PCR and FACS analysis were performed to verify the cell knockout.

For RT-PCR, RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, Hikden, Germany) according to the manufactures protocol.
Genomic DNA contamination was removed using the gDNA spin column. cDNA was generated using Applied Biosystems High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). The following primers were used: mouse MHC class |
forward: 5°AGT GGT GCT GCA GAG CAT TAC AA3Z', reverse: 5-GGT GAC TTC ACC TTT AGA TCT GGG3', MHC class Il forward:
5-GAT GTG GAA GAC CTG CG3, reverse: 5~TGC ATC TTC TGA GGG GTT TC-3' and GapDH forward: 5>TCA CCA CCA TGG
AGA AGG C-3', reverse: 5-GCT AAG CAG TTG GTG GTG CA-3'. PCRs were performed on Mastercycler nexus (Eppendorf AG

Hamburg, Germany) and the amplification products were visualized by 2% agarose gel electrophoresis (Thermo Fisher Scientific).

For the detection of MHC class | and |l surface molecules, cells were plated on gelatin-coated 6-well plates in medium containing 100
ng/ml IFNy (Peprotech, Rocky Hill, NJ). After harvesting, cells were labeled with antibodies. For MHC class |: PerCP-eFlour7 10-labelec!
anti-MHC class | antibody (clone AF6-88.5.5.3, eBioscience, Santa Clara, CA) or PerCPeFlour710-labeled mouse IgG2b isotype-
matched control antibody (clone eB149/10HS, eBioscience). The anti-MHC class | antibody reacts with the H-2Kb MHC class |
alloantigen. For MHC class Il: PerCPeFlour710labeled anti-MHC class |l antibody (clone M5/114.152, eBioscience) or PerCP

eFlour710-labeled mouse IgG2a isotype-matched control antibody (clone eBM2a, eBioscience). The MHC class |l antibody reacts with
*he mouse MHC class Il, both I-A and I-E subregion-encoded glycoproteins. Cells were analyzed by flow cytometry (BD Bioscience

San Jose, CA) and results were expressed as fold-change to isotype-matched control Ig staining.

Pluripotent cells were cultured on MEF in KO DMEM 10829 with 15% KO Serum Replacement, 1% glutamine, 1% MEM-NEAA, 1%
penstrep (all Gibco, Darmstadt, Germany), 0.2% beta-mercaptoethanol, and 100 units LIF (both Millipore, Billerica, MA). Cells were
maintained in 10 cm dishes, medium was changed daily, and the cells were passaged every 2-3 days using 0.05% trypsin-EDTA,
{Gibco). iPSCs were sorted for the mouse pluripotency marker SSEA-1 using antibody-coated magnetic-bead based cell sorting (130~
094-530, Miitenyi, Bergisch-Gladbach, Germany).
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’Supplementary Note 2

ISingle cell targeted mtDNA sequencing
ISingle cell analysis was done to determine the distribution of heteroplasmy frequencies at a single cell resolution. We analyzed this in|
cell line 1 P61 and in one mtDNA position (mtDNA11226). For controls, several positions that showed homoplasmy in bulk culture were
ladded. To validate the PCR primers, we aliquoted known quantities of DNA from bulk iPSC culture and used quantitative PCR to
iquantitate the DNA of interest; the expected and measured DNA were similar. We then sorted individual cells into individual wells and
used the designed PCR primers to amplify both variants of the SNP by PCR. The amplified sequences were used to make libraries thaf]
were then sequenced and analyzed. Sequences were aligned to the reference sequence to identify the SNP and the frequency of
heteroplasmy was then computed. We only analyzed single cell data in experiments that showed adequate amplification defined as|
icoverage at the position of interest of >150x accompanied by >150x coverage on the bulk DNA sample.
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Supplementary Note 4

Mass cytometry (cytometry by time of flight, CyTOF)

A summary of all mass cytometry antibodies, reporter isotopes and concentrations used for analysis can be found in Supplementa
Table 18. Primary conjugates of mass cytometry antibodies were prepared using the MaxPAR antibody conjugation kit (Fluidigm, Sout
iSan Francisco, CA) according to the manufacturer's protocol. Following labeling, antibodies were diluted in Candor PBS Antibod
iStabilization solution (Candor Bioscience GmbH, Wangen, Germany) supplemented with 0.1% NaNz to between 0.1 and 0.5 mg/ml an
stored long-term at 4°C. Each antibody clone and lot was titrated to optimal staining concentrations using primary murine samples. On
antibody cocktail was prepared for the staining of all samples for mass cytometry analysis.

IMass-tag cellular barcoding was performed as previously described (Zunder, ER. Nat Protoc 10, 316-333, 2015). Briefly, 1x10% cells
from each animal were barcoded with distinct combinations of stable Pd isotopes chelated by isothiocyanobenzyl-EDTA in 0.02%
saponin in PBS. Samples from any given tissue from one mouse per treatment group were barcoded together, with at least 3 biological
replicates per treatment group across different plates. Cells were washed two times in PBS with 0.5% BSA and 0.02% NaN3 and
pooled into a single FACS tube (BD Biosciences). After data collection, each condition was deconvoluted using a single-cell
debarcoding algorithm (Zunder, ER. Nat Protoc 10, 316-333, 2015).

Cells were resuspended in PBS with 0.5% BSA and 0.02% NaNs and metal-labeled antibodies against CD16/32 were added at 20
ug/ml for 5 min at room temperature on a shaker to block Fc receptors. Surface marker antibodies were then added, yielding 500 pi
final reaction volumes and stained at room temperature for 30 min at RT on a shaker Following staining, cells were washed 2 mors
times with PBS with 0.5% BSA and 0.02% NaN3 then permeabilized with 4°C methanol for at 10 min at 4°C. Cells were then washed
twice in PBS with 0.5% BSA and 0.02% NaN3 to remove remaining methanol, and then stained with intracellular antibodies in 500 ul for
30 min on a shaker. Cells were washed twice in PBS with 0.5% BSA and 0.02% NaNz and then stained with 1 ml of 1:4000 191/193I¢
DNA intercalator (Fluidigm) diluted in PBS with 1.6% PFA overnight. Cells were then washed once with PBS with 0.5% BSA and 0.02%
NaN3 and then two times with double deionized (dd)H-O. Care was taken to assure buffers preceding analysis were not contaminated
with metals in the mass range above 100 Da. Mass cytometry samples were diluted in (dd)H.O containing bead standards (see below}
to approximately 10° cells per ml and then analyzed on a CyTOF™ 2 mass cytometer (Fluidigm) equilibrated with (dd)HoO. Wes
analyzed 1-5x10° cells per animal, consistent with generally accepted practices in the field.

Just before analysis, the stained and intercalated cell pellet was resuspended in (dd)H.C containing the bead standard at a
concentration ranging between 1 and 2x10° beads per ml as previously described (Finck, R. Cytometry A 83, 483494, 2013). The
bead standards were prepared immediately before analysis, and the mixture of beads and cells were filtered through a filter cap FACS|
tube (BD Biosciences). All mass cytometry files were normalized together using the mass cytometry data normalization algorithm|
Finck, R. Cytometry A 83, 483-494, 2013), which uses the intensity values of a sliding window of these bead standards to correct for|
nstrument fluctuations over time and between samples.

Total live leukocytes (excluding erythrocytes) were used for all analyses. Cells from all animals were clustered together rather than
performing CLARA clustering on each file individually as originally implemented (Spitzer, MH. Science 349, 1259425, 2015). Cells werg|
then deconvolved into their respective samples. Cluster frequencies or the Boolean expression of Ki67 or PD-L1 for each cluster wers
passed into the Significance Across Microarrays algonthm (Bair, E. PLoS Biol 2, E108, 2004; Bruggner, RV. Proc Natl Acad Sci U S A
111, E2770-2777, 2014), and results were tabulated into the scaffold map files for visualization through the graphical user interface,
Cluster frequencies were calculated as a percent of total live leukocytes (CD45" cells).

Scaffold maps were then generated as previously reported (Spitzer, MH. Science 349, 1259425, 2015). Briefly, we chose the spleen
data to spatialize the initial scaffold map because all major, mature immune cell populations are present in that tissue. A graph was|
constructed by first connecting together the nodes representing the manually gated landmark populations and then connecting to them|
the nodes representing the cell clusters as well as connecting the clusters to one another. Each node is associated with a vector
containing the median marker values of the cells in the cluster (unsupervised nodes) or gated populations (landmark nodes). Edgel
weights were defined as the cosine similarity between these vectors after comparing the results from the implementation of several
distance metrics. Edges of low weight were filtered out. We experimented with different threshold values for the weights and we found
values of 0.8 for the initial subgraph of landmark nodes, and 0.7 for the complete graph to produce satisfying results. The graph was|
then laid out using an in-house R implementation of the ForceAtlas2 algorithm from the graph visualization software Gephi. To overlay
the additional samples on the spleen map, the position and identity of the landmark nodes was fixed and the clusters of each sample|
\were connected to the landmark nodes as described above. Once again, the graphs were laid out using ForceAtlas2 but this time only|

the unsupervised nodes were allowed to move. All analyses were performed using the open source Scaffold maps R package available!
st github.com/nolanlab/scaffold.
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Supplementary Note §

HLA typing

Genomic DNA was extracted from cell lines using the (Q/Aamp DNA isolation kit, Qiagen). DNA was quantified with NanoDrop (Thermo
Fisher) and adjusted to a concentration of 30 ng/pl. Quality of DNA was assessed by measuring absorbance at Azzp, Azso, and Azeo.
DNA samples were amplified by long-range PCR using the Omixon Holotype HLA genotyping kit, generating full-length gene amplicons|
for HLAA, B, C, DRB1, DRB3, DRB4, DRBS, DQA1, DQB1, DPA1, and DPB1 loci. Following PCR, amplicons were cleaned with Exo+{
SAP (Affymetrix, Santa Clara, CA), quantified with QuantiFluor dsDNA system (Promega, Madison, WI), and normalized tci
approximately 70 ng/pl.

Sequencing libraries were generated for each sample using the Omixon Holotype HLA Genotyping Kit (Omixon, Budapest, Hungary). In
brief, libraries from individual HLA amplicons were prepared by enzymatic fragmentation, end repair, adenylation, and ligation of
indexed adaptors. The indexed libraries were pooled and concentrated with Ampure XP beads (Beckman Coulter, Brea, CA) prior ta
fragment size selection using a PippinPrep™ (Sage Science, Beverly, MA), selecting a range of fragments between 650 and 1300 bp.
[The size-selected library pool was quantified by quantitative PCR (Kapa Biosystems, Wilmington, MA) and adjusted to 2 nM. The library
was then denatured with NaOH and diluted to a final concentration of 8 pM for optimal cluster density and 600 ul was loaded into the|
MiSeq reagent cartridge (v2 500 cycle kit). The reagent cartridge and flow cell were placed on the lllumina MiSeq (lllumina, San Diego
CA, USA) for cluster generation and 2x250 bp paired-end sequencing. Samples were demultiplexed on the instrument and the resulting
FASTQ files were used for further analysis. HLA genotyping was assigned using TwinTM version 2.0.1 (Omixon) and IMGT/HLA
database version 3.24.0_2, using 16000 read-pairs.
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3. Diskussion

Im Laufe der Jahre wurden verschiedene Strategien untersucht, um die Aktivierung
des Immunsystems nach einer Transplantation zu verhindern und somit die AbstoRung
des Transplantats zu vermeiden. Um die beste Stammzelle fir die Anwendung in der
Stammzelltherapie zu bestimmen, wurden sie auf ihre Eigenschaften und
Immunogenitat untersucht. Basierend auf den Ergebnissen von vorherigen Studien
wurden zunadchst adulte Stammzellen ausgeschlossen (Biehl and Russell, 2009).
Diese Zellen sind multipotent und bieten daher nicht die gewunschte Palette an
Zellderivaten, welche fir den Einsatz der Stammzelltherapie fir unterschiedliche
Anwendungen notwendig ware. Embryonale Stammzellen (ESC) sind zwar pluripotent,
jedoch ethisch bedenklich und ihr Einsatz in der Medizin bleibt kontrovers. Anfangliche
Vermutungen, welche den ESCs eine immunotolerante Eigenschaft zusprechen,
wurden schnell widerlegt (Deuse et al., 2011). Ihre Anwendung ist mit der Gabe von
Immunsuppressiva begleitet, was mit starken Risiken und Nebenwirkungen verbunden
ist. Patientenspezifische Stammzellen, hergestellt durch den somatischen
Nukleustransfer (SCNT), tragen zwar die gleichen genetischen Informationen wie der
Patient, jedoch fiihren darin enthaltene allogene Mitochondrien-Proteine zu einer
AbstoRung des Transplantats durch die Nebenhistokompatibilitdtsmerkmale (miHA).
Induzierte pluripotente Stammzellen (iPS-Zellen) sind zwar autologe Stammzellen,
jedoch ist ihre Reprogrammierung nicht bei jedem Patienten zu gewahrleisten. Bis zum
fertigen Endprodukt dauert die Generierung mehrere Wochen bis Monate, was fur eine
akute Anwendung, zum Beispiel nach einem Myokardinfarkt, nicht praktikabel ist. In
dieser Arbeit wurde zudem gezeigt, dass autologe iPS-Zellen auch das eigene

Immunsystem durch eventuelle Mutationen in der mtDNA aktivieren kénnen.

Trotz dieser Herausforderungen gab es bereits mehrere klinischen Pilotstudien, in
denen allogene pluripotente Stammzell-Derivate (PSC-Derivate) transplantiert wurden.
Dies umfasst unter anderem retinale Pigmentepithelzellen bei Makuladegeneration
(Mandai et al., 2017; Schwartz et al., 2012; Schwartz et al., 2015), sowie kardiale
Vorlauferzelle bei Herzerkrankungen (Miller, 2018). Die Transplantationen verliefen in
den meisten Fallen in Begleitung mit einer immunsuppressiven Therapie, welche das

Uberleben der allogenen Zelltransplantate zwar fordert, jedoch in lebensbedrohlichen
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Folgen fur den Patienten resultieren kann (Gorantla et al., 2000). Aus diesem Grund
ist verheiBungsvoll, universelle hypoimmunogene Spenderzellen herzustellen, die
nach einer Transplantation nicht abgestoRen werden und keine immunsuppressive
Therapie bendtigen. Die genetische Modifizierung ist eine vielversprechende Strategie

zur Erstellung dieser universeller Spenderzellen.

Die vorliegende Arbeit vorfolgte das Ziel der Generierung einer hypoimmunogenen
Stammzelllinie, die fur eine klinische Anwendung in der Zelltherapie in Betracht
gezogen werden kann. Damit soll die Stammzelltherapie als Option fur die
Regenerierung von Zellen und Gewebe gefordert werden. Sie kann als Alternative zu
einer Organtransplantation angewendet werden und somit den Mangel an

Spenderorganen kompensieren.

3.1 Die Immunogenitat von iPS-Zellen

Induzierte pluripotente Stammzellen werden von kérpereigenen somatischen Zellen,
wie z.B. Fibroblasten, durch die Ruckprogrammierung ex vivo generiert und sind
,ethisch korrekte“ Stammzellen (Moradi et al., 2019). Dabei wird die Expression von
Pluripotenzgenen in der Zelle kunstlich eingeleitet. Sie scheinen das Problem der
TransplantatabstoBung zu lésen durch die Generierung autologer Transplantate,
welche Patienten-spezifisch hergestellt werden kénnen. iPS-Zellen werden nicht
dieselben Eigenschaften wie embryonalen Stammzellen zugesprochen, stattdessen

werden sie nur als ,embryonic stem cell-like“ bezeichnet.

Erste Erfahrungen mit Transplantationen autologer Epithelzellen in der Netzhaut
zeigten die technischen Schwierigkeiten bei der Erzeugung autologer
Transplantatzellen (Mandai et al., 2017). Es erfordert eine umfangreiche und
langwierige Generierung der iPS-Zellen und in vielen Fallen erfillen sie nicht die
definierte Qualitatskontrolle, welche fur eine erfolgreiche Differenzierung dieser
pluripotenten Zellen in ihre Derivate gewahrleistet. Wahrend die Standards noch
angepasst werden konnten, berichteten viele Studien Uber den Verlust von
transplantierten Zellen aus dem Gewebe, womit diese Therapie wirkungslos bleibt

(Todorova et al., 2016). Die genauen Mechanismen daflr sind bis dato weitgehend
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ungeklart. Zhao et al. beschrieb im Jahr 2011, dass wahrend des
Ruckprogrammierungsprozesses autologer iPS-Zellen die Expression bestimmter
Gene hoch- bzw. herunterreguliert wird. Diese Anderungen kénnten vom
Immunsystem des Empfangers erkannt und die Zellen als kdrperfremd markiert
werden, so dass es zur AbstoRung des Transplantats kommt (Zhao et al., 2011).
Andere Studien berichteten von Teratomformationen nach einer Injektion humaner
iPSCs in humanisierten Méausen, die von T-Zell-Infiltraten und Gewebenekrose
begleitet wurden (Zhao et al., 2015).

Auch der Zelltyp der Ausgangszelle fur die Generierung von iPS-Zellen scheint ihre
einhergehende AbstoRung zu beeinflussen (Zhao et al., 2015). Zudem wurde auch
berichtet, dass sich die Immunogenitat pluripotenter Stammzellen mit der
Differenzierung in ihre Zellderivate verringert (Araki et al., 2013; de Almeida et al.,
2014; Guha et al., 2013).

Wahrend der Ruckprogrammierung entstehen neue Mutationen bis zu neun Mal
haufiger als in Zellkulturen und koénnten dabei als Neoantigene fungieren (Ji et al.,
2012). In den codierenden DNA-Sequenzen kdnnen Spontanmutationen durch den
Austausch einzelner Nukleinbasen zwar stumm verlaufen, jedoch auch zu ,nonsense®,
,missense” und ,readthrough“ Mutationen fihren. Die Funktion des Proteins und auch
dessen Antigenitat kann demnach verandert werden. Die mitochondrielle DNA
(mtDNA) ist mit einer 10- bis 20-fach erhéhten Mutationssrate noch anfalliger als die
genomische DNA, bei der sie nur 7- bis 9-fach erhoht ist (Brown et al., 1979; Yakes
and Van Houten, 1997; Zastawny et al., 1998).

In dieser Arbeit wurde die Integritdt der mtDNA in iPS-Zellen als moglicher Ausloser
fur die AbstoBung von autologen Transplantaten untersucht. Die Grinde einer
erhohten Mutationsrate in der mtDNA konnten unter anderem durch eine geringere
Funktion der mtDNA-Reparaturmechanismen, das Fehlen von Histonen, welche die
chromosomale  DNA  schitzen, die Schadigung der mtDNA  durch
Sauerstoffintermediate oder auch die hohe Replikationsgeschwindigkeit der mtDNA
begrindet sein (Croteau et al., 1999). Obwohl die 16.569-Basenpaare umfassende
humane mtDNA nur flir 13 Proteinuntereinheiten der Elektronentransportkette codiert,

kann sie in bestimmten Geweben zu fast 30% der gesamten mRNA beitragen (Mercer
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et al., 2011). Die Entstehung von Heteroplasmie in der mtDNA und ihre Anreicherung
kann die zellularen Eigenschaften der iPS-Zellen stark verandern und somit eine
Immunbarriere fur die autologe iPS-Transplantation bilden. mtDNA codierte Minor-
Antigene sind bereits als Transplantationsbarrieren bekannt (Deuse et al., 2015),
wobei das Auftreten eines einzelnen Einzelnukleotidpolymorphismus (engl. Single

Nucleotide Polymorphismus, SNP) fir die Immunaktivierung ausreichend ist.

Fir die Untersuchung der Ergebnisse wurden mtDNA Sequenzierungen von murinen
und humanen iPS-Zellen durchgefuhrt. Das Auftreten von Neoantigenen, ausgelost
durch SNPs, wurde dabei haufig beobachtet. Basierend auf mtDNA-Mutationen und
Heteroplasmie-Anreicherung, validiert in unterschiedlichen Versuchen, konnte ein
Schwellenwert fur Neoantigene definiert werden. Das Erreichen dieser Schwelle an
prozentualem Heteroplasmie-Anteil scheint essenziell fir das Auslésen einer
Immunantwort zu sein. Diese Neoantigene, die durch die Amplifikation von Zellen
entstehen, wiirden normalerweise in vivo eine ,immune clearance“ untergehen (He et
al., 2010). Da bei der Reprogrammierung und Kulturexpansion keine
Immuniberwachung stattfindet, kommt es zu einer ,kunstlichen® Anreichung der
Heteroplasmie. Ob ein Neoantigen, das ausschliellich auf der mtDNA-Veranderung
basiert, zu einem immunologisch relevanten Antigen wird, hangt davon ab, wie gut die

MHC/HLA Proteine des Empfangers dieses Epitop prasentieren kénnen.

Anhand von unterschiedlichen Immunassays wurde validiert, dass das humane und
murine Immunsystem bestimmte Neoantigene erkennt, die durch die SNPs in der
mtDNA hervorgerufen wurden. Dabei ist es unerheblich, ob diese durch allogene
Transplantation eingefuhrt wurden oder ob sie in autologen Zellen wahrend der

Reprogrammierung und der in vitro Kulturexpansion aufgetreten sind.
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3.2 Die hypoimmunogene Stammazelle

Die Natur gibt uns mit dem Beispiel der fetomaternalen Toleranz wahrend der
Schwangerschaft ein gutes Vorbild, wie das Immunsystem zwar allogene Zellen als
fremd erkennt, jedoch diese nicht aktiv abstofit. Um eine hypoimmunogene Zelle zu
konzipieren ist es wichtig, dass sie sowohl gegen die adaptiven als auch gegen die
angeborenen Abwehrmechanismen geschitzt ist bzw. der Immunabwehr des
Empfangers aktiv entgegensteuern kann. Die Generierung einer solchen
hypoimmunogenen Stammzelle kann als eine universell kompatible Zellquelle dienen.
Die Differenzierung zu unterschiedlichen Zellderivaten kann direkt von Forschern ex
vivo in groflen Mengen und standardisiert durchgeflhrt werden. Somit werden nicht
nur Kosten gespart, sondern auch eine bessere Qualitdt gewahrleistet. Fur akute
Krankheiten kénnen diese ,gebrauchsfertigen Zellderivate direkt, ohne die Zugabe

von Immunsuppression, eingesetzt werden.

In dieser Arbeit wurde die Generierung einer solchen hypoimmunogenen Stammzelle
durch das Knockout von MHCI (B2m-/-) und MHCII (Ciita-/-) mittels der CRISPR/Cas9
Technologie, sowie die lentivirale Uberexpression des Oberflachenmolekiils Cd47,
durchgeflihrt. Als Ausgangszelle im Mausmodell diente zunachst eine C57BL/6 iPS-
Zelle (miPSC). Die Modifizierung der miPSC verlief dabei schrittweise und ihre
Immunogenitat wurde nach jedem Modifikationsschritt Uberpruft. Die miPSCs wurden
syngen in C57BL/6 (H2b-Haplotyp) oder allogen in BALB/c (H2d-Haplotyp)
transplantiert. Wie erwartet wurden die unmodifizierten miPSCs in BALB/c Mausen
abgestoRen und zeigten 100% Uberleben im syngenen Modell. Zudem wurde im
allogenen BALB/c Modell eine starke Immunaktivierung beobachtet und keine
Immunaktivierung im syngenen C57BL/6 Modell. Mit jedem Modifikationsschritt wurde
das Uberleben der miPSC im allogenen Setting gesteigert mit einer gleichzeitigen
Verminderung der Immunantwort Die hypoimmunogene Zelle mit allen drei
Modifikationen zeigte keine Immunaktivierung in vitro und 100% Langzeittberleben in

vivo.

Mit dem ersten Modifikationsschritt wurde die MHCI vermittelte T-Zell Immunantwort

durch das Knockout von beta-2 Microglobulin (B2m) schon deutlich geschwéacht. Das
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Langzeitiberleben der B2m-/- miPS-Zellen in vivo in allogenen BALB/c Mausen ist von
0% auf 60% gestiegen. Dennoch wurden funf Tage nach der Zelltransplantation
Donor-spezifische IgM-Antikdrper im Serum nachgewiesen, welche hochsignifikant zu
der syngenen Kontrolle angestiegen sind. Dieser Anstieg wurde mit der zweiten
Modifizierung, dem Knockout von Ciita, deutlich reduziert. Auch das in vivo Uberleben
der B2m-/-Ciita-/- miPSCs in den BALB/c Mausen ist auf 90% angestiegen. Die dritte
Modifikation mit der Uberexpression von Cd47 verfolgte das Ziel, die Zelle gegen die
unspezifische Immunantwort durch die NK-Zellen und Makrophagen zu schutzen. Um
die NK-Zellen vermittelte Immunantwort zu erforschen, wurden B2m-/-Ciita-/- und
B2m-/-Ciita-/-Cd47tg miPSCs vergleichend in spezifischen Assays untersucht.
Wahrend die B2m-/-Ciita-/- miPSC eine NK-Zellaktivierung zeigten, konnte bei der
B2m-/-Ciita-/-Cd47tg miPSC keine Aktivierung der NK-Zellen festgestellt werden.

Abbildung 3.1: Die Immunaktivierung durch Immunzellen einer unmodifizierten iPSC versus der
hypoimmunogenen iPSC durch das Knockout von MHC Klasse | und Klasse Il sowie die
Uberexpression von CD47 (Shani and Hanna, 2019).

Die Modifikationsstrategien wurden danach auf humane iPS-Zellen (hiPSCs)
Ubertragen, wobei die hypoimmunogenen hiPSCs in zwei Schritten generiert wurden:
Im ersten Schritt wurden die Gene fir B2M und CIITA gleichzeitig ausgeknockt und in

einem zweiten Schritt das Oberflachenmolekil CD47 Uberexprimiert. Die
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Immunogenitdt von B2M-/-CIITA-/-CD47tg hiPSCs wurde anschliefend in
humanisierten Mausen untersucht. Die B2M-/-CIITA-/-CD47tg hiPSC zeigte dabei in
vivo eine hundertprozentige Uberlebensrate und auch in vitro keine Aktivierung des

Immunsystems.

In der Zelltherapie ist die Verwendung von Stammzellen aufgrund des Risikos einer
Teratombildung nicht mdglich. Daher ist es notwendig, diese pluripotenten Zellen in
ihre Zellderivate, die bendtigten Zelltypen, zu differenzieren. Sowohl miPSCs als auch
hiPSCs wurden in Zellen der mesodermen Zelllinie differenziert, unter anderem in
Endothelzellen, glatte Muskelzellen und Herzmuskelzellen. Die differenzierten Zellen
aus unmodifizierten iPS-Zellen zeigten in der Durchflusszytometrie eine erhdhte
Expression von MHCI und MHCII, was auf einer Steigerung der Immunogenitat
gegenuber ihrer Ausgangszelle hinweist. Zusammenfassend kann die Aussage
getroffen werden, dass alle drei Modifikationsschritte notwendig sind, um eine allogene

Immunantwort zu inhibieren.
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3.3 Risiken und Nebenwirkungen

Das Verwenden von Zellen ohne die Expression von MHC-Molekilen auf ihrer
Zelloberflache ist in vielerlei Hinsicht bedenklich. Ein grofes Problem kdnnte die
maligne Transformation darstellen (Hicklin et al., 1998). Studien belegen, dass MHCI
und MHCII Knockouts bei Mausen an sich zwar nicht die Onkogenese férdern, jedoch
kénnte die Transplantation von Zellen ohne MHC Expression, welche von der
malignen Transformation betroffen sind, die Bekampfung durch das Immunsystem des
Empfangers erschweren. In der Theorie ist es sogar mdglich, dass Tumorzelllinien
unter verschiedenen Individuen Ubertragbar waren. Ein extremes Beispiel bieten
Tumorzelllinien, die bei Hunden oder auch bei den Beutelteufeln auftreten und die
Ubertragung dieser Zellen z.B. lber Geschlechtskontakt erméglichen (Pearse and
Swift, 2006). Charakteristisch flr diese Tumorzelllinien ist die reduzierte Expression
von MHCI und MHCII, welche unter anderem durch TAP2 und RFXAP reguliert werden
(Decker et al., 2015).

Far die klinische Anwendung sollte daher die zu transplantierende Zellpopulation auf
onkogenetische Mutationen gescreent werden, um das Risiko der malignen
Transformation zu minimieren. Dennoch wird immer ein Restrisiko verbleiben:
onkogenetische Zellen, die nicht durch das Screening identifiziert wurden, oder
Tumorzellen, die nach der Transplantation entstehen. Als zusatzlichen Mechanismus
ware der Einbau eines Suizidgens in die hypoimmunogenen Zellen denkbar, dessen

Expression bei Bedarf induziert werden kann (Gargett and Brown, 2014).

Die Wirkungsweise eines solchen Sicherheitssystems ist unterschiedlich und hangt
von vielen Faktoren ab, letztlich auch davon, wie das Suizidgen in das Genom
integriert ist. In den meisten Anwendungen, wie der ,induzierbaren Caspase 9
(iCasp9)“ oder der ,Herpes simplex virus thymidine kinase®, wurden die Genkopien
zufallig im Genom integriert (Straathof et al., 2005). Die Expression und somit auch
die Wirksamkeit des Suizidgens ist stark von den integrierten Kopienzahl abhangig
(Ramos et al., 2010). Bei der iCasp9 wird die Zellapoptose durch eine Dimerisation

mithilfe von small molecules wie AP1903 oder AP20187 eingeleitet. Zellen, die
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dagegen das Protein ,Herpes simplex virus thymidine kinase® exprimieren, gehen

durch die Zugabe von Ganciclovir, einem Virostatikum, in die Apoptose.

Die Suizidgene kdnnen auch in den hypoimmunogenen Zellen so transkribiert sein,
dass sie nur in sich schnell teilenden Zellen aktiviert werden. Dies wirde eine selektive
Eliminierung von Zellen ermdéglichen, die eventuell von der malignen Transformation

betroffen sind.

Ein anderes Bedenken ist die virale Infektion von MHC negativen Zellen, die
normalerweise vom Immunsystem erkannt und eliminiert werden. Dennoch haben
Studien gezeigt, dass MHC-defiziente Mause die Inokulation mit vielen Pathogenen
durch die Aktivierung des unspezifischen Immunsystem umgehen und eine mégliche
Infektion durch MHC-unabhangige Mechanismen limitieren (Hou et al., 1992; Spriggs
et al., 1992).
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3.4 Strategien zur Generierung von hypoimmunogenen Zellen

Die Anwendung einer hypoimmunogenen Zelllinie fur die klinische Zelltherapie
erfordert, dass sie als Spenderzellen das Immunsystem des Patienten autonom
manipulieren. Ein entscheidendes Element wird daher die Fahigkeit sein, bestimmte
Gene, die eine AbstoBung hervorrufen, auszuschalten und gleichzeitig

immunmodulatorische Gene zu Gberexprimieren.

3.4.1 Modifizierung von MHC |

Das MHCI-Molekul besteht aus einer polymorphen, schweren Kette, die mit einer
Mikroglobulin (82M) Untereinheit verbunden ist. Es ist seit langem bekannt, dass MHC-
Molekule eine entscheidende Rolle bei der Abstof3ung allogener Zellen und Gewebe
durch die T-Zellaktivierung spielen. Wahrend bei der hamatopoetischen
Zelltransplantation die Ubereinstimmung der HLA Merkmale zwischen dem Spender
und dem Empfanger besonders wichtig ist (Petersdorf, 2008), kdnnen Patienten bei
einer soliden Organtransplantation einen HLA-Mismatch besser tolerieren (Zachary
and Leffell, 2016).

Das B2m-Gen war eines der ersten Gene, die in der Maus ausgeschaltet wurden. Bei
diesen Mausen fehlt die Oberflachenexpression von MHC [-Molekilen. Sie zeigen
keine groben Anomalien, aul3er einem Mangel an CD8+ T-Zellen (Koller et al., 1990;
Zijlstra et al., 1990). Ebenso weisen Menschen mit Mutationen in den Transporter-
Molekulen TAP1 oder TAP2 eine geringe Oberflachenexpression von HLA-Klasse-I-
Molekulen auf und sind nahezu gesund (Zimmer et al., 2005). Auch in humanen Zellen
fuhrt das Knockout von B2M zu einer fehlenden Expression von HLA-I auf der
Zelloberflache (Mattapally et al., 2018). Einige Studien berichteten von einer
Chromosomenanomalie, welche durch das Knockout von B2M hervorgerufen wurde
und sich somit letztendlich auf den therapeutischen Nutzen dieser Strategie auswirken
konnte (Gornalusse et al., 2017). Eine der moglichen Ursachen flir die
Chromosomenanomalie konnte die Technik zur Generierung der Knockout-Zelle sein.

Dieses Phanomen konnten wir in unserer Arbeit nicht bestatigen.
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Der B2m-/- Mausstamm stellte die ersten universellen Spenderorgane bereit fir
allogene Transplantationen im Mausmodell. In einigen Studien war ein signifikant
besseres Uberleben des Spendergewebes gezeigt worden (Coffman et al., 1993;
Prange et al., 2001; Qian et al., 1996). Knochenmarktransplantationen mit Zellen der
B2m-/- Mause zeigten, dass die fehlende MHCI Expression das Killing durch die NK-
Zellen férderte und es zu einer Abstof3ung der Spenderzellen kam (Bix et al., 1991).
Es ist ebenso bekannt, dass NK-Zellen beim Menschen eine komplexe Rolle bei
allogenen Organtransplantation spielen (Benichou et al., 2011). Man spricht dabei von
der sogenannten ,missing-self‘ Theorie (Karre et al., 1986), welche besagt, dass MHCI
auf NK-Zellen eine inhibierende Wirkung haben und im Umkehrschluss somit die

Zellen ohne MHCI durch NK-Zellen lysiert werden.

Ein mdglicher Ansatz zur Generierung universeller hypoimmunogener Stammzellen
konnte auch die Modifikation von HLAI-Molekilen darstellen, wie die Moleklle der
Klasse Ib HLA-E und HLA-G. Wird nur die Expression dieser nicht polymorphen
Oberflachenmolekule gefordert, kann die NK-Zell-abhangige Lyse inhibiert werden,

ohne dabei eine allogene Immunantwort zu triggern (Navarro et al., 1999).

HLA-E ist ein Ligand fur den CD94 / NKG2A-Rezeptor und hat einen inhibierenden
Effekt auf NK-Zellen (Braud et al., 1998; Lee et al., 1998). HLA-G wird normalerweise
auf der Oberflache von Zellen in den Trophoblasten der Plazenta exprimiert, die kein
HLA-A, HLA-B oder HLA-C aufweisen, und schitzt sie somit vor der NK-Zell-
vermittelten Lyse durch die Wechselwirkung mit den inhibierenden Rezeptoren
KIR2DL4 und ILT2. In einigen Studien wurde auch gezeigt, dass HLA-I negative
Tumorzellen HLA-G exprimieren, um sich vor der NK-Zell Lyse zu schutzen (Gonen-
Gross et al., 2010; Pazmany et al., 1996; Rajagopalan and Long, 1999). Uber die

Funktion ist weniger bekannt.

Die Uberexpression von HLA-E und HLA-G fiihrte zu einer reduzierten Immunogenitat
von humanen Stammzellen und ihren Zellderivaten, einschlief3lich einer verminderten
NK-Zell Aktivierung (Zhao et al., 2017; Zhao et al., 2014). Gornalusse et al. berichteten
von der Uberexpression eines Fusionsproteins aus B2M und HLA-E auf einer
ansonsten B2M-/- ESC-Linie. HLA-E war somit das einzig exprimierte HLA-I Molekul

auf der Zelloberflache (Gornalusse et al., 2017). In vitro Experimente wiesen eine
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signifikante Reduzierung von CD8+ T-Zellen, NK-Zellen und B-Zellen auf. Letztlich ist
es unwahrscheinlich, dass die alleinige Uberexpression von HLA-E eine allogene
Immunantwort komplett inhibieren kann, da humane NK-Zellen ein besonders diverses

Rezeptorrepertoire aufweisen (Horowitz et al., 2013).

3.4.2 Modifizierung von MHC I

HLA Klasse Il Proteine (HLA-DP, HLA-DQ und HLA-DR) sind Heterodimere mit
polymorphen a -Ketten und B -Ketten, die auf Antigen-prasentierenden Zellen, wie z.
B. B-Zellen, Makrophagen und dendritischen Zellen exprimiert werden. Therapien, die
auf diesen Zelltypen basieren, erfordern ein kombiniertes Engineering von HLA Klasse
I und Klasse II, um eine allogene AbstoRung zu verhindern. Da HLA-II Proteine nicht
wie HLA-I Proteine auf fast jeder Zelle exprimiert sind, wurde das Engineering von
HLA-II oft als optional angesehen. Die vorliegende Arbeit zeigt jedoch, dass durch eine
Stimulierung durch TNFa sowohl die iPSCs als auch ihre Zellderivate (Kardiomyozyten,
glatte Muskelzellen und Endothelzellen) MHC-II als Oberflachenmolekil exprimieren.
Andere Studien belegen ebenfalls die HLA-II Expression nach Zytokinstimulierung bei
Stromazellen und B-Islet-Zellen (Hematti, 2008; Soldevila et al., 1990; Sugimoto et al.,
1989).

Im Gegensatz zum HLA-I Knockout, flihrt ein Knockout von HLA-II nicht zur Aktivierung
von NK-Zellen. Anstatt einzelne polymorphe HLA-Klasse-lI-Gene auszuschalten, ist
es deutlich einfacher, einen der Transkriptionsfaktoren zu modifizieren, der fur die
Expression aller HLA-II Gene erforderlich ist. Bei Menschen mit ,bare
lymphocyte® Syndrom fehlt die HLA-II Expression aufgrund von Mutationen in einem
von vier verschiedenen Transkriptionsfaktor-Genen: CIITA, RFX5, RFXAP oder
RFXANK (DeSandro et al., 1999). Ciita-/- Mause wurden bereits erfolgreich auf die
Abwesenheit der MHC-II Oberflachenmolekile getestet und das Mausmodell wurde
bereits etabliert (Chang et al., 1996). Trotz fehlender Expression von HLA-Il beim
Menschen und MHC-II bei der Maus zeigen Betroffene eine nahezu normale
Entwicklung mit der Ausnahme von einer T-Zell-Defizienz und Immunschwache
(Cosgrove et al., 1991; Ouederni et al., 2011). Sowohl CIITA als auch RFXANK

konnten in humanen pluripotenten Stammzellen ausgeknockt werden und zeigten kein
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HLA-II auf der Zelloberflache (Chen et al., 2015). Mattapally et al. haben bereits im
Jahr 2018 ein kombiniertes Knockout von B2M und CIITA beschrieben (Mattapally et
al., 2018).

3.4.3 Weitere Strategien

Neben dem gezielten Knockout der polymorphen HLA-Expression bietet die Natur
vielerlei Strategien von ,immune cloaking“, welche eventuell fir das Design weiterer
Versionen von Universalzellen herangezogen werden kdnnen. Krebszellen sind ein
gutes Beispiel dafur: Sie exprimieren einzigartige Antigene, die von T-Zellen erkannt
werden kdnnen, und missen daher Wege finden, um das Immunsystem zu umgehen
(Coulie et al., 2014).

Ahnlich wie die Plazenta wahrend einer Schwangerschaft, haben einige Krebszellen
die Fahigkeit entwickelt, die Expansion und Aktivitadt von Effektor-T-Zellen durch die
Induktion und Aktivierung regulatorischer T-Zellen (Tregs) zu verhindern. Klinische
Daten zeigen, dass ein geringer Anteil von Tregs unter den tumorinfiltrierenden
Lymphozyten bei Krebserkrankungen entscheidend ist und sich positiv auf die
Heilungschancen auswirkt (Gooden et al., 2011). Tumorzellen haben ebenfalls ein
sehr hohes Expressionslevel der Checkpoint-Molektle PDL1 (engl. programmed cell
death ligand 1) und CTLA4 (engl. cytotoxic T-lymphocyte-associated protein 4), welche
T-Zellen und kostimulatorische Zellen hemmen (Pardoll, 2012). Andere T-Zell-
Inhibitoren wie das Enzym IDO (Indoleamin-Pyrrol-2,3-Dioxygenase) oder das
Oberflachenmolekll FASL27 werden ebenfalls exprimiert (Balachandran et al., 2011;
Peter et al., 2015).
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Abbildung 3.2: Mechanismen zur Unterdriickung der Immunaktivierung. Die AbstolRung von
allogenen Zellen durch das angeborene Immunsystem (a) und durch das adaptive Immunsystem (b)
(Lanza et al., 2019)

Es wurde auch gezeigt, dass Krebszellen die Fahigkeit besitzen, die von NK- und T-
Zellen produzierten Granzyme zu inhibieren durch die Expression von Protease-
Inhibitoren wie SERPINB9 (Medema et al., 2001), weiterhin den Angriff von
Makrophagen durch die Expression von CD47 zu inhibieren (Matlung et al., 2017) und
ebenso die Differenzierung der Monozyten zu entzindungshemmenden M2
Phanotypen zu férdern (Gajewski et al., 2013). Diese Signalwege werden vor allem
durch immunsuppressive Zytokine wie CCL21 (engl. CC-chemokine ligand 21), oder
auch TGFp (engl. transforming growth factor beta) unterstitzt (Bierie and Moses, 2006;
Shields et al., 2010). Eine weitere Studie zeigte, dass die Uberexpression von acht
lokal wirkenden immunmodulatorischen Transgenen, einschlief3lich PdI1, FasL, Cd47,
Cd200, Ccl21, Mfge8, H2-M3 und Spi6 in C57BL/6 ESCs, das Langzeitiberleben

dieser Zellen in diversen allogenen Mausmodellen bewirkt (Harding et al., 2020).
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3.5 Ausblick

Die Ergebnisse dieser Doktorarbeit haben gezeigt, dass autologe iPSC und iPSC-
abgeleitete Zellprodukte nicht automatisch immunologisch inert sind. Fir die autologe
Zelltransplantation sollten Mutationen in der mtDNA unbedingt als Ursache fir eine

mogliche Immunaktivierung in Betracht gezogen werden.

Das allogene Uberleben der hypoimmunogenen Zellen und ihrer Zellderivate konnte
sowohl im Mausmodell fur Mauszellen als auch im humanisierten Mausmodell fur
humanen Zellen gezeigt werden. Die Kombination der drei beschriebenen Molekule
scheint vielversprechend zu sein um universale iPSCs zu generieren die jederzeit fur

allogene Transplantationen in der regenerative Medizin verwendet werden kénnen.
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