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Fur meine Eltern



~Zwei Dinge sind zu unserer Arbeit notig: Unermudliche Ausdauer und
die Bereitschaft, etwas, in das man viel Zeit und Arbeit gesteckt hat,

wieder wegzuwerfen.”

Albert Einstein
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ZUSAMMENFASSUNG

Gen- und immuntherapeutische Anwendungen ricken zunehmend in den Mittelpunkt der
modernen Onkologie und werden immer haufiger zur Behandlung von Patienten eingesetzt,
bei denen die Standardtherapie versagt hat. Insbesondere autologe T-Zellen, die chimare
Antigenrezeptoren (CARs) exprimieren, zeigen eine vielversprechende anti-tumorale
Wirksamkeit bei Patienten mit CD19+ B-Zell-Neoplasien, weshalb es fur die diese Erkrankung

bereits sechs zugelassene CAR-T-Zelltherapien gibt.

Bislang konnte der erstaunliche Erfolg der CAR-T-Zelltherapie bei B-Zell-Malignomen
noch nicht auf die Behandlung solider Tumore Ubertragen werden. Denn eine der grofdten
Herausforderungen bei soliden Krebserkrankungen st die Heterogenitdt der
Zielantigenexpression auf den Tumorzellen, die haufig zum Entkommen/Uberleben
antigen-negativer Tumorzellen nach der Verabreichung der CAR-T-Zellen fiihrt. Aus diesem
Grund verfolgte ein Ziel dieser Dissertation, hochaffine CARs gegen Zielantigene zu
entwickeln, die auf Plattenepithelkarzinomen des Kopfes und Halses (HNSCC) moglichst
homogen exprimiert werden. Der epidermale Wachstumsfaktor-Rezeptor (EGFR) und die
CD44-Variante 6, eine onkogene Spleildvariante von CD44, wurden als solche Zielkandidaten
identifiziert, da sie auf der Uberwiegenden Mehrheit der getesteten HNSCC-Zelllinien
exprimiert wurden. CARs gegen beide Antigene, die auf klinisch verwendeten hochaffinen
einkettigen variablen Fragmenten (scFvs) der monoklonalen Antikérper Cetuximab bzw.
BIWAS basieren, wurden in lentiviralen Vektoren etabliert und ihre Funktionalitat sowie ihre

Spezifitat an Zellen aus verschiedenen Tumorentitaten validiert.

Jedoch sind die immunsuppressiven Effekte der Tumormikroumgebung (TME) von
soliden Tumoren ein weiteres grof3es Problem fir die CAR-T-Zelltherapie, da die TME haufig
die Immuneffektorzellen des Patienten inhibiert und ihre Zytotoxizitdt dadurch erheblich
einschrankt. Deshalb wurde in dieser Arbeit versucht, maligne Zellen durch epigenetische
Modulation fir die CAR-T-Zelltherapie zu sensibilisieren. Als Beispiele fur Proof-of-Principle-
Studien wurden Plattenepithelkarzinom-Zelllinien der Blase mit zwei epigenetischen
Inhibitoren, dem DNA-Methyltransferase-Inhibitor (DNMTi) Decitabin und dem Histon-
Deacetylase-Inhibitor (HDACi) Romidepsin, vorbehandelt und anschliefend mit EGFR- und
CD44v6-CAR-T-Zellen koinkubiert. Diese epigenetische Vorbehandlung wirkte sich stark auf
das Uberleben und die Apoptose der Tumorzellen aus: Decitabin verbesserte und Romidepsin
reduzierte die lytische Aktivitdt der CAR-T-Zellen im Vergleich zu den unbehandelten
Kontrollzellen. Genexpressionsanalysen mit anschliellender Validierung zeigten eine

Korrelation zwischen der Zytotoxizitdt der CAR-T-Zellen und der Expression von zwei
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Mitgliedern der BCL2-Genfamilie, wobei eine Erhdhung der BID- und ein Rickgang der

BCL2L1-Expression mit einer effektiveren Lyse der Tumorzellen einherging.

Alle in dieser Arbeit genutzten CAR-Konstrukte erhielten zusatzlich eine neuartige, aus
humanem CD34 abgeleitete C6-hinge, die von dem CD34 Antikdrper Qbend-10 gebunden
werden kann. Somit war es moglich CAR-T-Zellen sowohl direkt im Durchflusszytometer zu
detektieren als auch mit Hilfe des magnetisch aktivierten Zellsortiersystems (MACS) von
Miltenyi Biotec anzureichern; diese Verfahren kdnnen wahrscheinlich unter Einhaltung der
good manufacturing practice standards durchgefihrt werden. Zu betonen ist, dass die
zusatzlichen Funktionen der C6-hinge keine Auswirkungen auf die Zytotoxizitat der

CAR-T-Zellen in vitro und in vivo in Leukdmiemodellen bei Mausen hatten.

Zusammenfassend wurden in dieser Arbeit erfolgreich hochaffine CAR-Konstrukte
gegen zwei auf soliden Tumorzellen exprimierte Schllisselantigene EGFR und CD44v6
etabliert, um CAR-positive T-Zellen, die die neuartige hinge-Region enthalten, effizient
anzureichern und gleichzeitig solide Tumorzellen fir die CAR-T-Zelltherapie durch die

Vorbehandlung mit epigenetischen Inhibitoren zu sensibilisieren.
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ABSTRACT

Gene and immunotherapeutic approaches are increasingly becoming the focus of modern
oncology and are being applied more and more frequently in the therapy of patients failing
standard treatment. In particular, autologous T-cells expressing chimeric antigen receptors
(CARs) show promising anti-tumor efficacy in patients with CD19+ B-cell neoplasms.

Currently, there are six approved CAR T-cell therapies, all against B-cell neoplasms.

To date, the amazing success of CAR T-cell therapy for B-cell malignancies could not
be reproduced in the treatment of solid tumors. One of the major challenges in solid cancers
is the heterogeneity of target antigen expression levels on tumor cells, which often leads to
escape/survival of antigen-negative tumor cells after CAR T-cell administration. Therefore,
one goal of this dissertation was to develop high-affinity CARs against target antigens
expressed as homogeneously as possible on head and neck squamous cell carcinomas
(HNSCCs). The epidermal growth factor receptor (EGFR) and the CD44 variant 6, an
oncogenic splice variant of CD44, were identified as such target candidates, as they were
expressed on the vast majority of the HNSCC cell lines tested. CARs against both antigens,
based on clinically used high-affinity single chain variable fragments (scFvs) of the
monoclonal antibodies cetuximab and BIWAS, respectively, were established in lentiviral
vectors and the specificity and functionality of the CAR constructs validated on cells from

different tumor entities.

The immunosuppressive effects of the tumor microenvironment (TME) are another
major problem for CAR T-cell therapy of solid tumors, as the TME often inhibits the patient's
immune effector cells and significantly limits their cytotoxicity. Consequently, this work
attempted to sensitize malignant cells to CAR T-cell therapy by epigenetic modulation of
gene expression. As examples for proof-of-principle studies, squamous cell carcinoma cell
lines of the bladder were pre-treated with two epigenetic inhibitors, the DNA
methyltransferase inhibitor (DNMTi) decitabine and the histone deacetylase inhibitor
(HDACIi) romidepsin, and then incubated with EGFR and CD44v6 CAR T-cells. This
epigenetic pre-treatment strongly affected tumor cell survival and apoptosis in the co-
cultures: Decitabine improved and romidepsi reduced the lytic capacity of the CAR T-cells
in comparison to the untreated control cells. Gene expression analyses with subsequent
validation revealed a correlation of the CAR T-cell cytotoxicity with the expression of two
members of the BCL2 gene family, an increase in BID and a decrease in BCL2L1

expression with a more effective tumor cell lysis.

All CAR constructs used in this work contained a novel human CD34-derived C6-hinge,
which can be bound by the CD34 antibody Qbend-10. This made it very easy to detect CAR
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T-cells directly in the flow cytometer and to enrich them via the magnetic-activated cell
sorting (MACS) microbeads system from Miltenyi Biotec; these procedures can probably be
performed in compliance with good manufacturing practice standards. Importantly, these
additional C6-hinge functions had no effect on CAR T-cell function and cytotoxicity in vitro

and in vivo in leukemia models in mice.

In this thesis, high affinity CAR constructs against key antigens expressed on solid
tumor cells, EGFR and CD44v6, were successfully established to efficiently enrich
transduced CAR-T cells with a novel hinge region, and at the same time make solid tumor

cells more sensitive towards CAR T-cell therapy by pre-treatment with epigenetic inhibitors.



Einleitung

1.FEINLEITUNG

PLATTENEPITHERLKARZINOM DES KOPF-HALS-BEREICHS

EPIDEMIOLOGIE, ATIOLOGIE UND PATHOLOGIE

Plattenepithelkarzinome (SCC, Engl.: squamous cell carcinoma) sind maligne Tumore, die
sich aus den Epithelien der Haut oder der Schleimhaut entwickeln. Mikroskopisch werden
SCCs an einer polygonalen Zellstruktur und nestartigem Wachstum mit klar erkennbaren
Zellgrenzen erkannt. Falls die Strukturen mikroskopisch nicht eindeutig sichtbar sind
(Metastasen oder kleine Biopsien), geben immunhistologische Untersuchungen
Anhaltspunkte zur Identifizierung *.

Kopf-Hals-Plattenepithelkarzinome (HNSCCs, Engl.: head and neck squamous cell
carcinoma) treten in den Schleimhauten des oberen Schluck- und Atemtraktes, vornehmlich
in der Mundhoéhle, dem Oropharynx, dem Hypopharynx oder dem Larynx, auf. Eine
Entstehung in Nase, Nasenrachen, den Nasennebenhdhlen oder auch Epithelien der
Speicheldrisen ist ebenfalls mdglich. Insgesamt stellen sie den siebthaufigsten malignen
Tumor weltweit dar; allein im Jahre 2019 wurden ca. 700.000 neue Falle weltweit
diagnostiziert 2, wovon 380.000 Patienten verstarben 3. Die Mortalitatsrate liegt somit
insgesamt bei 40-50 % 2 und steht hiermit an achter Stelle der tumorbedingten

Todesursachen.

Tabak- und Alkoholkonsum gehéren zu den Hauptrisikofaktoren fir die Entstehung von
HNSCCs und kénnen in 70-80 % der Falle mit der Erkrankung assoziiert werden “. Laut
Hunter et al. (2005) fuhrt Tabakabusus zu einer um 20-fach erhdhten Wahrscheinlichkeit
fur die Ausbildung von HNSCCs im Vergleich zu Nichtrauchern; bei ausgepragtem
Alkoholkonsum ist die Wahrscheinlichkeit nur 5-fach erhoht, wobei sich diese bei einem

kombinierten Abusus um ca. 50-fach erhoht .

Seit den 80er Jahren ist bekannt, dass ein weiterer Risikofaktor fir die Entstehung von
HNSCCs, vor allem im Bereich des Oropharynx, eine Infektion mit onkogenen humanen
Papilloma-Viren (HPV), vor allem des Subtyps 16 und 18, darstellen 5. Obwohl Gber 100
verschiedene Serotypen von HPVen bekannt sind, lasst sich der HPV-Typ 16 in 90 % aller
HPV-positiven HNSCCs nachweisen 87. Die HPV-assoziierten Karzinome unterscheiden
sich dabei auf molekularer Ebene von Tumoren ohne HPV-Befall und bilden daher in der
neusten TNM-Klassifizierung eine eigene Entitdt 8. Klinisch zeigen Patienten mit
HPV-positiven Tumoren nicht nur ein deutlich verbessertes Ansprechen auf Radio-

(Chemo)-Therapie, sondern auch ein besseres 5-Jahres-Uberleben ©.
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Einleitung

Die Metastasierung von HNSCCs erfolgt primar in die lokalen Lymphgefalle des
Halses, eine hamatogene Metastasierung vor allem bei groRen Tumoren oder in der
Rezidiv-Situation ist ebenfalls moglich, so dass insgesamt 50 % der Patienten ein Rezidiv

entwickeln ® und somit systemische Therapieansatze benétigt werden.

THERAPIE UND PROGNOSE

Kopf-Hals Karzinome werden derzeit klinisch aufgrund Ihrer Lokalisation und der
TNM-Klassifikation eingeteilt. ,T“ beschreibt die Tumorgrofle unter Bericksichtigung der
Infiltration von Nachbarstrukturen, ,N“, das Ausmal der Lymphknotenmetastasierung und
,M“ das Vorhandensein von Fernmetastasen. Aufbauend auf der TNM-Klassifikation kann
zusatzlich eine Einteilung in 'union for international cancer control' (UICC)-Stadien bei
Vorliegen eines Tumorpraparates nach einem chirurgischen Eingriff durch den Pathologen
vorgenommen werden. Bei Tumoren in frihen UICC-Stadien | und Il kdnnen Heilungsraten
von 90 % erzielt werden "°. Jedoch werden 70 % aller Tumore meist in den hoheren Stadien
Ill oder IV diagnostiziert ' und zeigen dann eine oft deutlich niedrigere 5-Jahres-
Uberlebensrate von ca. 50 %, die meistens durch fortgeschrittene Tumorstadien bei

Diagnose und die haufig auftretenden lokalen Rezidive oder Metastasen verursacht werden
11

Zusatzlich zur TNM-Klassifikation und UICC-Stadium, werden histopathologisch der
Grad der Entartung ,Grading®, die Infiltration von assoziierten Lymphbahnen, Nerven und
Gefalen und das Vorliegen von extrakapsularem Wachstum bei Lymphknotenmetastasen
bestimmt. Bei Oropharynxkarzinomen erfolgt weiterhin die HPV-Bestimmung mittels
p16'"4a dessen verminderte Expression als Surrogate-Marker fir eine HPV-Infektion

verwendet wird, oder den direkten Nachweis von HPV-assoziierter DNA durch PCR 2.

Diese Risikoklassifizierung schafft die Basis fur Risiko-adaptierte multimodulare
Therapieansatze, die als Behandlungsoptionen lokale Chirurgie, meist Platin-basierte
Chemotherapie, Radiotherapie und Immuntherapie sowie Kombinationen daraus
beinhalten. Das letztendliche therapeutische Vorgehen erfolgt jedoch nach interdisziplinar
erarbeiteten Richtlinien (ESMO Guidelines) unter Beachtung der Patienten-individuellen
Besonderheiten, der Patientenwinsche und auf Basis einer interdisziplinar getroffenen

Empfehlung eines Tumorboards.

In den letzten Jahrzehnten hat die Immuntherapie die traditionelle Tumorbehandlung
bei fast allen Entitaten - auch bei HNSCCs - erganzt. Zunachst wurde 2006 der monoklonale
Antikérper (mAB, Engl.: monoclonal antibody) Cetuximab von der US-amerikanischen Food
and Drug Administration (FDA) zugelassen. Cetuximab blockiert die intrazellulare

Signallbertragung des epidermalen Wachstumsfaktor-Rezeptors (EGFR, Engl.: Epidermal
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Einleitung

growth factor receptor) auf Tumorzellen, so dass das Wachstum des Tumors und die
Invasion karzinogener Zellen in gesundes Gewebe verringert wird 3. EGFR wird bei
80-90 % aller HNSCCs Uberexprimiert, so dass Cetuximab inzwischen zur Behandlung von
rezidivierten und/oder metastasierten Karzinomen zusammen mit Chemotherapie als
Erstlinienstandard klinisch angewendet wird '*. In Kombination mit Bestrahlung (medianes
OS 49 vs. 29 Monate im Vergleich zu Bestrahlung alleine) oder mit Chemotherapie
(medianes OS 10,1 vs. 7,4 Monate im Vergleich zu Chemotherapie) kann eine
Verbesserung des Gesamtuberlebens (OS, Engl.: overall survival) durch den Einsatz von
Cetuximab erreicht werden '5. Nichtdestotrotz sprechen nur 36 % der Patienten auf eine mit
Chemotherapie kombinierte Behandlung an, wahrend die Ansprechrate bei einer
Cetuximab-Monotherapie bei nur 13 % liegt - méglicherweise bedingt durch Heterogenitat

des Tumors und Resistenzmechanismen 8.

Fast zehn Jahre nach der Zulassung von Cetuximab zeigten die KEYNOTE-12-Studie
und die CheckMate-14-Studie, dass die Gabe der PD-L1-Checkpoint-Inhibitoren,
Nivolumab (Zulassung fur HNSCC: 2017) und Pembrolizumab (Zulassung fir HNSCC:
2019), bei der Behandlung von rezidiviertem und metastasiertem HNSCC signifikante
Verbesserungen fiir das Gesamtiiberleben und die Lebensqualitat herbeifiinren kann 718,
Ahnlich gute Ergebnisse konnten auch mit den anti-PD-L1 mABs Duralumab und
Atezolizumab erzielt werden '9%. Insgesamt profitieren jedoch nur 15-20 % der
HNSCC-Patienten von einer Behandlung mit mABs gegen PD-L1 2'. Der Checkpoint-
Inhibitor Ipilimumab gegen CTLA-4 wurde bereits 2011 von der FDA zur Behandlung
metastasierter Melanome zugelassen, aber erst spater in Kombination mit Cetuximab und
Radiotherapie in einer Phase-Ib-Studie (NCT01935921) fir Stadium IIl HNSCCs getestet
22 Derzeit werden weitere Studien zum Einsatz von Checkpoint-linhibitoren allein oder in
Kombination mit Chemotherapie, Radiotherapie, Chirurgie, anderen Therapeutika (z.B.
small molecules, andere Checkpoint-Inhibitoren, weitere immun-modulierende
Substanzen) in unterschiedlichen klinischen Situationen (z.B. Adjuvanz, Neoadjuvanz,

variante Studiendesigns der Checkpoint-Inhibitoren) durchgefuhrt.

Im Gegensatz zu Protein- oder small molecule Therapeutika starkt eine adoptive
Immuntherapie die Fahigkeit des Immunsystems, Tumorzellen zu erkennen und zu lysieren,
indem dem Patienten spezifisch gegen die Tumorzellen gerichtete autologe oder auch
allogene Immuneffektorzellen, wie z.B. T- oder NK-Zellen, verabreicht werden. Aus diesem
Grund kann eine adoptive Zelltherapie mit CAR-positiven Immuneffektorzellen allein oder
in Kombination mit anderen Therapeutika ein neues Feld von Therapiemdglichkeiten flr
HNSCCs eroffnen.
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T-ZELLIMMUNTHERAPIE MIT CHIMAREN ANTIGENREZEPTOREN

T-ZELLREZEPTOR-VERMITTELTE AKTIVIERUNG

T-Lymphozyten erkennen und binden mithilfe eines spezifischen Rezeptors, der im
Wesentlichen aus zwei, durch eine Disulfidbricke miteinander verknipften
Polypeptidketten, TCRa und TCRp, besteht, fremde Antigene, wodurch eine Antigen-
spezifische Immunantwort eingeleitet werden kann. Die Bindung des T-Zell-Rezeptors
(TCR, Engl.: T-cell receptor) erfolgt jedoch nur dann, wenn ein Stlick des erkannten
Antigens auf Proteinen des Haupthistokompatibilitaitskomplexes (MHC-Komplexes, Engl.:
major histocompatibility complex), beim Menschen auch als humane Leukozytenantigene
(HLA) bezeichnet, den T-Zellen prasentiert wird 23. Diese HLA-Antigene sind Glykoproteine,
die auf der Zelloberflache lokalisiert sind und eine peptidbindende Furche formen, die
mehrere Peptide zeitgleich binden/prasentieren kann. Die entsprechenden Peptidantigene
werden intrazellular prozessiert und als Teil des MHC-Komplexes auf dem Spalt mit hoher
Affinitat gebunden und an die Oberflache gebracht 2*. Wahrend MHC-Klasse-I-Molekiile
Peptide prasentieren, die im Zytosol aus viralen oder zytosolischen Erregern prozessiert
werden, kdnnen MHC-Klasse-lI-Molekiile Peptide von phagozitierten Erregern oder auch
malignen Zellen aus dem Endosol aufnehmen. Die Erkennung dieser Peptide ist jedoch
nicht nur allein von den beiden MHC-Klassen abhangig, sondern auch von deren allelischen

Varianten, was zu einer individuellen MHC-Restriktion von Peptiden fihrt 25,

Ein zentrales Charakteristikum flr das Immunsystem des Menschen ist, dass die
beiden groRen MHC-Klassen von verschiedenen T-Zell-Subtypen erkannt werden.
CD4-Lymphozyten nehmen MHC-Klasse-Il prasentierende Zellen wahr und aktivieren
unterschiedliche Effektorzellen, die die Peptid-prasentierenden Zellen letztlich eliminieren.
CD8-T-Zellen hingegen beseitigen nach Erkennung des Peptids auf dem MHC-Klasse-I-

Komplex jede Zelle, die ein als fremd erkanntes Peptid prasentiert 2.

Nach der Erkennung der Peptide durch den TCR erfolgt die Signalweiterleitung tber
den mit dem TCR verbundenen CD3-Komplex, der aus den drei Heterodimeren CD3 ye,
CD3 8¢ und CD3 (¢C besteht. Da die zytosolischen Domanen des TCR zu kurz sind,
vermitteln die Domanen von CD3 die intrazellulare Signallbertragung Uber ihre insgesamt
zehn Immunrezeptor-Tyrosin-basierten-Aktivierungsmotive (ITAM, Engl.: immunoreceptor
tyrosine-based activation motif) . Nach der Interaktion zwischen Rezeptor und Ligand
erfolgen eine Dimerisierung der TCRs und die Phosphorylierung der ITAMs. Die dadurch
aktivierte Kinasekaskade induziert verschiedene nachgeschaltete Signalwege, die unter
anderem die Proliferation und Differenzierung der T-Zelle begtinstigen. Fir eine produktive

T-Zellaktivierung benétigt die T-Zelle ein weiteres obligates Signal, das von der
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antigenprasentierenden Zelle ausgeht. Die auf der antigenprasentierenden Zelle
exprimierten B7-Molekiile, die als Kostimulator an der Aktivierung von T-Zellen beteiligt
sind, werden von CD28-Rezeptoren der T-Zelle gebunden, so dass die Differenzierung und
Proliferation der T-Zelle erfolgen kann 2. Ein drittes Signal - in Form von Zytokinen -
beeinflusst den Differenzierungsgrad der T-Zelle und stimuliert ihre Entwicklung zur

T-Responderzelle.

Ist die T-Zelle zu einer T-Effektorzelle ausdifferenziert, kann sie nach ihrer Aktivierung
zytotoxische Proteine sezernieren. Programmierter Zelltod wird z.B. durch eine
Apoptoseinduktion tber zellularen Kontakt oder auch durch die Ausschittung von Perforin
und Granzym B ausgelost: Perforin perforiert die Membran, so dass das Granzym B

einfacher in die Zelle eindringen kann 2,

Allerdings kénnen Tumorzellen sich vor dem induzierten Zelltod schitzen, indem sie
z.B. die MHC-Klasse-I-Molekiile auf ihrer Oberflache herunterregulieren. Dadurch werden
die Erkennung des Zielantigens bzw. der Zielzellen und damit die Aktivierung der T-Zelle
vermieden. Damit autologe oder auch allogene Immuneffektorzellen trotzdem zur
Behandlung von Krebserkrankungen effektiv eingesetzt werden kénnen, werden zurzeit

zahlreiche Ansatze zur adoptive Zellimmuntherapie entwickelt.

ADOPTIVE T-ZELLIMMUNTHERAPIE

Die adoptive zelluldare Immuntherapie erganzt die konventionelle Behandlung von malignen
Erkrankungen, indem ex vivo expandierte immunologische Effektorzellen, wie im Falle der
adoptiven T-Zellimmuntherapie autologe T-Lymphozyten, nach Stimulation mit
Interleukinen (IL) in den Patienten infundiert werden, so dass eine spezifisch, gegen den
Tumor gerichtete Immunantwort, im Patienten induziert wird. Die dazu genutzten
Immunzellen kénnen entweder von Spendern (z.B. allogene NK-Zellen oder auch TCRyd

T-Zellen) oder auch vom Patienten selber stammen 2°.

Das Konzept, Immunzellen therapeutisch fir die Krebsbehandlung zu nutzen, wurde
erstmals in den 80er Jahren Kklinisch eingesetzt. Um die Anti-Tumor-Reaktion des
Immunsystems zu verstarken, wurde zunachst versucht die Anzahl der tumorspezifischen
T-Zellen im Blutkreislauf und im malignen Gewebe zu erhéhen. Die Gruppe von Rosenberg
zeigte 1988 erstmalig, dass die ex vivo Expansion von Melanom-Metastasen infiltrierten
T-Lymphozyten (TILs, Tumor-infiltrierende-Lymphozyten) mittels IL-2 moglich ist und diese
TILs nach autologer Reinfusion bei Patienten mit metastasierenden Melanomen eine
Tumorregression bewirken koénnen 3°. Die dennoch schlechten Ansprechraten der
Patienten konnten mithilfe einer nicht-myeloablativen Lymphodepletion vor dem TIL-

Transfer - wahrscheinlich aufgrund der Eliminierung immunregulatorischer Zellen,
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verringerter Konkurrenz um Wachstumsfaktoren und Erhdhung der
Interleukinkonzentration im Serum - verbessert werden. Letztendlich fihrte die in vitro
Inkubation der TILs mit IL-2 in Kombination mit einer Lymphodepletion vor der Gabe an den
Patienten bei der Behandlung des metastasierendem Melanoms zu einer Kklinischen
Ansprechrate von 40-50 % 3'-%. Die hohen Kosten und die begrenzte klinische Wirksamkeit
limitierte jedoch diese zeitaufwendige Therapie, so dass es notwendig wurde, die adoptive

Immuntherapie weiterzuentwickeln.

Um die Tumorspezifitdit von TlLs auf Lymphozyten aus dem peripheren Blut zu
Ubertragen, wurden T-Zellen durch Transfervektoren mit einem TCR, der spezifisch gegen
ein definiertes Antigen auf der Tumorzelloberflache gerichtet war, ausgestattet 3°. So konnte
die Affinitdt der TCR-modifizierten T-Zellen gegenlber des Tumors wesentlich gesteigert
werden %. Durch die Expression von TCRs auf T-Zellen wird auch der physiologische Weg
der T-Zell-Erkennung beibehalten, weshalb neben Oberflachenantigenen auch

prozessierte intrazellulare Antigene erkannt werden konnen *°.

Die TCR-basierte Therapie zeigt jedoch auch Nebenwirkungen in Form von
Autoimmunreaktionen, denn Fehlpaarungen zwischen den endogenen und rekombinanten
TCR-Ketten zu Heterodimeren kann zu neuen unerwiunschte Rezeptorspezifitaten gegen
korpereigene MHC-Peptidkomplexe fiihren *. In vivo-Studien demonstrierten ebenfalls,
dass TCR-modifizierte T-Zellen nicht in jedem Fall eine autoimmune Gewebeinfiltration
oder —schadigung vermitteln ¥’. Ein weiterer Nachteil der Therapie besteht darin, dass

Tumorzellen der T-Zellerkennung durch Reduktion der MHC-Molekiile entgehen kénnen 3'.

Um auch eine MHC-unabhangige Erkennung durch nicht-MHC-restringierte
Immuneffektorzellen beim Menschen einsetzen zu kénnen, wurden chimarer Antigen-
Rezeptoren (CARs) entwickelt, bei denen die auf der Tumorzelle exprimierten Zielantigene
direkt erkannt werden. Dieser Ansatz ist im Folgenden beschrieben und ein zentrales

Thema meiner Arbeit.

AUFBAU UND FUNKTION CHIMARER ANTIGENREZEPTOREN

Im Vergleich zur TCR-basierten Erkennung von Antigenen durch prozessierte und im
MHC-Kontext prasentierte Peptide erkennen CAR-T-Zellen spezifische Epitope in
Oberflachenantigenen Uber eine von einem Antikdrper abgeleitete Bindedomane, so dass
die Elimination der Zielzellen in MHC-unabhangiger Weise funktioniert *8. Bei einem TCR
wird nach erfolgreicher MHC-Peptidbindung ein Multiproteinkomplex, bestehend aus
mehreren Ketten, aufgebaut, wohingegen die Antigenbindung und Signalweiterleitung
eines CARs durch funktionelle Einheiten in einem einzigen Polypeptid miteinander

verbunden sind .
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CARs sind artifizielle Konstrukte, die prinzipiell aus einer extrazellularen
antigenbindenden Domaéane, einer hinge (oder auch spacer genannt), einer
Transmembrandomane und mindestens einer intrazellularen Signalkette (Abbildung 1A)

bestehen.

Die extrazellulare Antigenbindedomane setzt sich aus einer schweren (Vu, Engl.:
variable heavy) und einer leichten (V., Engl.: variable light) Kette eines murinen oder
humanen mAB, die durch einen flexiblen Linker zu einem Einzelkettenfragment (scFv)
fusioniert sind, zusammen und ist flr die spezifische Bindung des CARs an das
idealerweise tumorspezifische Zielantigen, welches meist extrazellular auf der Tumorzelle
vorliegt, zustandig “°. Neben der Spezifitat des CARs zum Zielantigen beeinflusst die Wahl
der Antigenbindedomane auch die Affinitat des CARs. Bei der Wahl der scFv muss beachtet
werden, dass eine sehr hohe Affinitdt mit Dauerstimulation (haufig) zu einem
aktivierungsbedingten Zelltod der CAR-T-Zelle oder zu einer on-target/off-tumor-Toxizitat
fuhren kann. Bei der on-target/off-tumor Toxizitat bindet der CAR sein Antigen aulerhalb
des Tumors, wenn dieses - in der Regel in geringerer Dichte - auf anderen korpereigenen
Zellen ebenfalls vorkommt. Eine zu geringe Affinitdt der scFv begunstigt eine ineffektive
Bindung an das Zielantigen, eine unzureichende Aktivierung der Zytotoxizitat der

CAR-T-Zelle und somit einen mangelnden therapeutischen Effekt 4143,

Die hinge und die Transmembrandomidne (TM) verknipfen die
Antikdrperbindedomane mit den intrazellularen Signaldomanen. Die Charakteristika der
hinge mussen dabei so an das Zielantigen angepasst werden, dass dieses ohne sterische
Einschrankungen gebunden werden kann. FUr eine optimale Antigenbindung und
Signalweiterleitung gehoéren hierzu sowohl eine ausreichende Flexibilitat als auch eine
adaquate Lange der hinge, wobei letztere ganz wesentlich von der Entfernung der
Binderegion des Antigens zur Oberflache der Zielzelle abhangig ist >4, In der
Vergangenheit wurden Fragmente von menschlichem Immunglobulin G1 (IgG1) oder
Immunglobulin G4 (IgG4) als hinge genutzt, die jedoch durch Kreuzreaktionen mit
Fc-Rezeptoren auf myeloischen Zellen eine unspezifische Aktivierung der T-Zellen
auslosten, wodurch in vitro und auch in vivo off-target-Toxizitat entstand 4545, Die TM-
Domane verankert den CAR in der Zellmembran der Effektorzelle und tragt wesentlich zur
Stabilitat des CARs bei. Dotti et al. konnten z.B. zeigen, dass der Einbau einer CD28 TM,
im Vergleich zur Nutzung einer CD3{ TM, zu einer besseren und stabileren CAR-

Expression fiihrte 4748,

Zu Beginn der CAR-Entwicklung beinhaltete der modular aufgebaute CAR lediglich
eine intrazellulare Signaldomane (Abbildung 1D), die CD3-Kette. Diese stammt aus

einem TCR-Komplex und enthalt drei ITAMs, die durch ihre Phosphorylierung die

|7



Einleitung

Aktivierung der CAR-T-Zelle induzieren. Da dieser CAR der ersten Generation keine
kostimulatorische Doméane enthielt und somit die Aktivierung der CAR-T-Zellen nicht
ausreichte, um eine Expansion der CAR-T-Zellen und eine kontinuierliche
Antitumor-Aktivitat in vivo zu erzeugen *°, wurden in der zweiten Generation der CARs
zusatzliche intrazellulare Signaldomanen, meist CD28 oder CD137 (4-1BB), eingebaut, die

die Aktivierung, Proliferation und Persistenz der CAR-T-Zellen verbesserten *°.

Durch die Nutzung zweier intrazellularer Signaldomanen, CD3¢ und CD137, konnte
erstmals in vivo die vollstandige Aktivierung der CAR-T-Zellen und ihr zytotoxisches
Potential dokumentiert und spater klinisch mithilfe von gegen CD19 gerichtete CARs der
zweiter Generation Patienten mit B-Zell-Malignomen erfolgreich behandelt werden 5154,
Mittlerweile sind CARs mit CD28 oder CD137 als zweite Kostimulationsdomanen aufgrund
der hohen Ansprechraten bei Patienten mit B-Zellneoplasien von der FDA und der EMA

zugelassen *°.

Die dritte Generation der CARs enthalt neben CD3(, zwei weitere intrazellulare
Domane, z.B. CD28 und CD137. Alternative kostimulatorische Domanen, wie z.B. CD134
%5 CD27 % oder ICOS ¥, funktionieren ebenfalls, wurden aber bislang kaum in Phase /Il
klinischen Studien an Patienten getestet, da schwere Zytokine-Release-Syndromen schon
bei den zweite Generationen CARs auftreten und Befirchtungen bestehen, dass die
niedrige Signalschwelle durch die drei Signaldomanen zur Aktivierung der CAR-T-Zellen

auch ohne vorherige Antigenerkennung ausgeldst werden kdnnte.

Als zusatzliche Steigerung wurden die sogenannten TRUCK's (Engl.: T-cells redirected
for universal cytokine-mediated killing) speziell fur die Eliminierung von soliden Tumorzellen
entwickelt; diese Trucks werden auch als vierte Generation CARs bezeichnet. In den
TRUCKS kann die bislang unzureichende Produktion von pro-inflammatorischen Zytokinen
der zweiten und dritten Generation CAR-T-Zellen durch die zusatzliche induzierbare
Freisetzung von transgenen Immunmodifikatoren wie z.B. IL-12 zu einer lokaleren
Produktion von Zytokinen im Tumormikromilieu (TME) fihren und die Proliferation und das
Uberleben der CAR-T-Zellen wahrend der Ansammlung im soliden Tumor begtinstigen 5.
Da die konstitutive Expression von z.B. IL-12 zum Absterben der T-Zellen flihrt, wird in den
TRUCKS prinzipiell ein zusammengesetzter Promotor aus mehreren Nuclear Factor of
Activated T-Cells (NFAT)-Reaktionselementen in Kombination mit einem minimalen
Interleukin-2 Promoter in den CAR-Vektor integriert, so dass die Zytokinfreisetzung erst
nach der Erkennung des TAAs (tumorassoziierte Antigene) und dem Signaling Uber den
CAR induziert wird %°.

Eine flnfte Generation CAR-T-Zellen enthalt zusatzlich eine intrazellulare Domane

eines Zytokinrezeptors (z.B. IL-2R) im CAR-Konstrukt, die die Signaltransduktion tGber den
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STAT/JAK-Weg induzieren. Dadurch kann die CAR-T-Zelle nach Antigenstimulation
zusatzlich die Produktion von entziindlichen Zytokinen induzieren, so dass die Aktivierung

verbessert und die Proliferation erhdht wird €°.
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Abbildung 1: Aufbau und Funktion von CAR-T-Zellen. Ein zweite Generation CAR besteht
prinzipiell aus einem scFv eines mABs und zwei intrazelluldrer Signaldomanen (CD28 und CD30)
eines T-Zellrezeptors, die Uber eine hinge und eine TM-Domane miteinander verbunden sind (A).
Nach Integration des CAR-Vektors (z.B. durch lentiviralen Gentransfer) und Expression auf primaren
T-Zellen (B) kann die gebildete CAR-T-Zelle das Tumorantigen in einer MHC-unabhangigen Weise
binden, wodurch die T-Zelle zur Proliferation und Zytotoxizitat aktiviert wird (C). Insgesamt wurden
bisher finf Generationen von CARs bislang entwickelt, um die Proliferation, die Zytotoxizitat, die
Bestandigkeit und die Aktivierung der CAR-T-Zellen durch die Integration verschiedener
intrazellularer Signaldomanen zu verbessern (D). Diese Abbildung wurde modifiziert nach 6162 und
mit Biorender.com erstellt.

Fur die klinische Anwendung der CAR-T-Zelltherapie werden autologe T-Zellen aus
dem Blut des Patienten isoliert und ex vivo mit dem CAR-Konstrukt ausgestattet. Die
CAR-Sequenz wird mithilfe eines Vektors, meist durch lentiviralen/retroviralen Gentransfer
oder haufiger auch durch Transposons (PiggyBac/Sleeping Beauty) in die in vitro
expandierten T-Zellen des Patienten eingebracht (Abbildung 1B), so dass diese schliellich
den CAR exprimieren ¢3-%. Die Expansion der transduzierten Zellen erfolgt entweder durch
Aktivierung des TCRs und/oder durch Prakonditionierung mit stimulierenden Zytokinen wie
IL-2. Nachdem schlie3lich die CAR-T-Zellen dem Patienten nach Vorbehandlung mit
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Chemotherapie in die peripheren Venen reinfundiert wurden, werden sie durch die Bindung
des scFv an das Antigen auf der Zielzelle durch die intrazytoplasmatischen Signaldomanen
aktiviert und (ben ihre zytotoxischen Funktionen aus ©2. Die Ubertragung der
Aktivierungssignale der CARs in den Zellkern der T-Zelle fihrt dann u.a. zu einer
Ausschittung von Perforin, das die Zelloberflache der Tumorzelle perforiert, so dass
Granzym B in die Tumorzelle eindringen und Apoptose auszulésen kann (Abbildung 1C).
Zusatzlich werden auch pro-inflammatorische Zytokine wie IL-2, Interferon-gamma (IFNy)

oder Tumornekrosefaktor-alpha (TNFa) freigesetzt, um weitere Immunzellen zu aktivieren
66,67

Die Ansprechraten der Neoplasien auf eine CAR-T-Zelltherapie sind, vor allem im
Hinblick auf die Behandlung solider Tumore, von einer Vielzahl unterschiedlicher Faktoren
abhangig: Dazu gehoéren die Expression der tumorassoziierten (TAAs) wie auch -
spezifischen (TSAs) Antigene, die Immuncheckpoint-Expression und die HLA-Expression
auf den Zielzellen, der Apoptose-Bereitschaft der malignen Zellen, dem
immunsuppressiven Signaling im TME und dem Vorhandensein von TILs und von Zellen
im TME (Tregs, TAMs). Hofft man auf einen zusatzlichen unterstiutzenden Effekt des
Immunsystems auf die adoptive zellulare Immuntherapie, so kénnen folgende Faktoren
wichtig sein: das TCR-Repertoire der TILs, die Mutationslast in den malignen Zellen, die
durch unzureichende DNA-Reparatur zur Expression von Neoantigenen fuhrt, die haufig

durch punktuelle genetische Veranderungen entstehen.

Viele dieser Mechanismen stehen unter epigenetischer Kontrolle [71]. Deshalb
untersuchen viele Ansatze und erste klinische Studien zusatzliche Manipulationen der
Tumorzellen mit epigenetischen Substanzen wie Histon-Deacetylase-Inhibitoren (HDACI)
oder auch DNA-Methyltransferase-Inhibitoren (DNMTi), um die malignen Zellen gegentber

den Immuneffektorzellen zu sensibilisieren 87",
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EPIGENETISCHE THERAPIE

Unter dem Begriff Epigenetik versteht man die reversible Modifikation von
Genexpressionsmustern auf mRNA-Ebene, ohne eine Anderung der zugrundeliegenden
DNA-Sequenz herbeizufihren, um die Differenzierung und Physiologie verschiedener
Zelltypen zu beeinflussen. Diese Regulation der Genexpression erfolgt durch
Konformationsanderungen des Chromatins und der damit verbundenen Zuganglichkeit
bestimmter Gene fur die Transkriptionsmaschinerie. Genexpressionsveranderungen
werden  mithilfe unterschiedlicher epigenetischer Prozesse wie DNA-Methylierung,
Auswirkungen von nicht-kodierenden RNAs, posttranslationalen kovalenten Modifikationen

von Histonen und Veranderungen der Chromatinstruktur und erreicht 72

POSTTRANSLATIONALE MODIFIKATION VON HISTONEN

Der Mensch besitzt ungefahr 20.000 bis 25.000 Gene, die auf der chromosomalen
Desoxyribonukleinsdure (DNA) codiert sind. Die Gesamtlange der DNA wird im haploiden
Chromosomensatz auf einen Meter geschatzt, unterlauft wahrend der Metaphase eine
strukturelle Reorganisation und wird schlieBlich um das 10.000-fache verkurzt. Die
Verpackung der DNA erfolgt in Nukleosomen, die aus Histon-Proteinen (Histone) und der
aulen herumlaufenden DNA-Helix bestehen . Histone, die zusammengelagert in Form
eines rundlichen Oktamers auftreten (Abfolge: H2A, H2B, H4, H3, H3, H4, H2B, H2A),
bestehen zu einem grolen Teil aus positiv geladenen Aminosauren (Arginin, Lysin),
wodurch die negativ geladene DNA diese mit einer Sequenzlange von ca. 146
Basenpaaren 1,65-Mal umwinden kann 7. Die vier basischen Kernhistone binden mithilfe
ihrer globularen Struktur das Phosphatdiester-Band der DNA, wodurch das Nukleosom
stabilisiert wird. Die flexiblen Histonschwanze ragen jedoch aus dem Komplex heraus und
konnen Interaktionen mit benachbarten Nukleosomen, DNA und Proteinen im Nukleus
eingehen oder z.B. mithilfe von epigenetischen Enzymen auf unterschiedliche Weise
modifiziert werden; dadurch werden die Bindungseigenschaften und Anordnung der
Nukleosomen im Chromatin beeinflusst 3. Durch die offenen bzw. geschlossenen Zustande
des Chromatins kann die Transkription der gebundenen DNA entweder erleichtert oder
verhindert werden, wodurch der Informationsgehalt des genetischen Codes erhoht wird
(Abbildung 2) 7.

Die genomische Pragung (Engl.: Imprinting) stellt wohl die bekannteste Form der
epigenetischen DNA-Modifikation dar und aktiviert entweder das vaterliche oder miitterliche
Allel eines Gens oder vermittelt die X-chromosomale Inaktivierung durch DNA-Methylierung
5 Fehler wahrend der Pragung beeinflussen die epigenetischen Muster und die Expression

der Gene innerhalb eines gepragten Genclusters und fihren zu Imprinting-Krankheiten, wie
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z.B. Prader-Willi-Syndrom, Angelman-Syndrom, Beckwith-Wiedemann-Syndrom oder

Silver-Russell-Syndrom 7.

Weitere zellulare Prozesse, wie die Entwicklung des Immunsystems 76, die Regulation
von Gehirnfunktionen 77 oder die Aufrechterhaltung der genomischen Integritat ® werden
ebenfalls durch epigenetische Mechanismen beeinflusst, wodurch z.B. unterschiedliche
Verhaltensweisen bei eineiigen Zwillingen erklart werden koénnen 7°. Mithilfe dieser
reversiblen Modifikationen kénnen Organismen also temporar auf interne oder auflere
Reize mit einer Anderung des Phanotyps reagieren und sich anpassen, ohne dass es zu

Veranderungen in der DNA kommen muss &°.

Neben genetischen Mutationen spielen aberrante epigenetische Veranderungen auch
eine wichtige pathophysiologische Rolle bei der Tumorentstehung 7. So ist fiir viele
Krebsarten, inklusive HNSCCs, gezeigt, dass die Krebsentstehung, -erhaltung
und -progression durch Veranderungen der DNA-Methylierungs- und
Histonmodifikationsmuster sowie durch veranderte Expressionsprofile chromatin-
modifizierender Enzyme ausgelost werden 728!, In den meisten Fallen resultieren die
epigenetischen Modifikationen in einer Dysfunktion der Nukleosomdynamik oder
Transkription, wodurch abnorme Zellproliferation, Invasion und Metastasierung sowie
Chemoresistenz entstehen konnen 8. Wenn die Missregulation der epigenetischen
Signalwege zu einem Selektionsvorteil der malignen Zelle fihrt, kann dieser Phanotyp

sogar stabil vererbt werden.

Zu den am haufigsten beschriebenen epigenetischen Mechanismen fur die
Entwicklung von HNSCC gehoren die Histonacetylierung und DNA-Methylierung 8, deren
Reaktionen durch verschiedene Klassen DNA- und Histon-modifizierender Enzyme, wie

Methyltransferasen (DNMT) und Histondeacetylasen (HDACs), katalysiert werden.

Da im Gegensatz zu genetischen Mutationen epigenetische Regulation reversibel ist,
werden immer haufiger Wirkstoffe, die die Aktivitat epigenetischer Enzyme hemmen, in
klinischen Studien eingesetzt, um z.B. epigenetisch stillgelegte Tumorsuppressorgene zu
reaktivieren 8. Demethylierende oder deacetylierende Inhibitoren hemmen dabei Enzyme,
die Methylgruppen an die DNA anfligen bzw. Enzyme, die Acetylgruppen von den Histonen
entfernen, so dass die epigenetischen Modifikationen entfernt wird, das Chromatin seinen

Ausgangszustand annimmt und stillgelegte Gene erneut transkribiert werden kénnen 886,

HDAC-INHIBITION ALS THERAPEUTISCHER ANSATZ

Unter Histonacetylierung versteht man die Ubertragung einer Acetylgruppe von
Acetyl-Coenzym A auf die e-Aminogruppe der Lysinseitenketten am aminoterminalen Ende

der Histonproteine, wodurch die positive Ladung der Lysine neutralisiert wird 8. Die Affinitat
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zwischen den Histonenden und der negativ geladenen DNA nimmt ab, das Chromatin
lockert sich, so dass die Nukleosomstruktur destabilisiert wird; diese leichtere
Zuganglichkeit von z.B. Transkriptionsfaktoren an die DNA flihrt dazu, dass dort lokalisierte
Gene effizienter abgelesen werden konnen &. Die zligige Umkehrung dieses Prozesses ist
jedoch fir die epigenetische Kontrolle der eukaryotischen Gentranskription essentiell und
wird von HDACs ausgefihrt, indem durch die erneute Deacetylierung der Histone die

Zuganglichkeit zur DNA fiir Transkriptionsfaktoren wieder verringert wird 72

Bis heute wurden 18 verschiedene HDACs identifiziert, die aufgrund ihrer
Sequenzahnlichkeit zu Hefe-HDACs in vier Klassen unterteilt werden 8. Klasse | (HDACA1,
2, 3, 8), Klasse Il (HDAC4, 5, 6, 7, 9,10) und Klasse IV (HDAC11) bendétigen Zink fir die
Deacetylierung, wohingegen Klasse IlI-HDACs Nicotinamid-Adenin-Dinukleotid als
Cofaktor fiir inre katalytische Funktion nutzen . Zur Klasse | gehéren die HDACs 1-3 und
8, welche alle im Nucleus und HDAC 8 zusatzlich im Cytoplasma lokalisiert sind. Enzyme
dieser Klasse zeigen erhebliche Ahnlichkeit zu dem Transkriptionsfaktor Rpd-3 der Hefe
und deacetylieren unter anderem p53 oder STAT-3 &, Klasse || HDACs (HDACs 4-7, 9, 10)
weisen Homologien zur HDAC1-Deacetylase der Hefe auf. Besonders HDAC 6 ist aufgrund
der Beteiligung an der Deacetylierung von a-Tubulin, Cortactin, Chaperonen und der
Regulierung der Autophagie und des Leberstoffwechsels von besonderer Wichtigkeit in der
Zelle ¥ . Klasse IlI-HDACs sind ebenfalls an der Deacetylierung von nicht-Histonen beteiligt.
Zu Klasse IV-HDAC gehort zurzeit nur ein Vertreter (HDAC 11), der noch nicht im Detail

untersucht wurde.

Ein exaktes Zusammenspiel zwischen Histonacetyltransferasen (HATs) und HDACs ist
entscheidend fur die exakt regulierte Expression von Genen, die mit der Signaltbertragung,
dem Zellwachstum und dem Zelltod in Verbindung stehen &. Ein Ungleichgewicht dieser
Enzyme kann mit der Proliferation maligner entarteter Zellen in Verbindung gebracht
werden. Bei HNSCCs werden immer haufiger Uberexpressionen von HDACs beschrieben,
die zu einer schlechten Prognose des Patienten fiihren . Eine Uberexpression von HDAC
6 wird hauptsachlich in fortgeschrittenen HNSCCs gefunden und somit mit einer
aggressiveren Erkrankung in Zusammenhang gebracht. Eine HDAC 2 Uberexpression fiihrt
zu einer Stabilisierung des Proteins Hypoxia-induzierbarer Faktor Alpha (HIF-1a), wodurch
die Migration und Invasion von Tumorzellen beglnstigt wird 8. Aufgrund dieser
Zusammenhange wird die Nutzung von HDAC-Inhibitoren immer haufiger zur Behandlung

von malignen Erkrankungen genutzt .

Ein in vielen klinischen Studien verwendeter Kandidat stellt Romidepsin (ROM) dar.
ROM (Istodax ®, auch bekannt als Depsipeptid, NSC 630176, FR 901228, FK228) ist ein

zyklisches Tetrapeptid, das aus dem Fermentationsprodukt des Bakteriums
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Chromobacterium violaceum isoliert wurde und als Prodrug verabreicht wird. Nach
Reduktion seiner Disulfitbindung durch Glutathion ist es schlieBlich in der Lage, HDACs zu
binden . Im niedrigen nM-Bereich werden vorrangig HDACs der Klasse |, bei hoheren
Konzentrationen jedoch auch Klasse II HDACs mithilfe einer besonders starken und

langanhaltenden Bindung im Vergleich zu anderen HDAC-Inhibitoren inhibiert °'.

Der Einsatz vom ROM bei Patienten mit T-Zell-Lymphomen zeigte vielversprechende
initiale Ergebnisse %, so dass die FDA dieses Medikament im Jahr 2009 zur Behandlung
von kutanen T-Zell-Lymphomen (nach Behandlung mit mindestens einer systemische
Behandlung im Vorfeld) und im Jahr 2011 zur Behandlung von peripheren

T-Zell-Lymphomen zulieR3 8.

INHIBITION VON DNMT'S ALS THERAPEUTISCHER ANSATZ

Neben der Histonmethylierung stellt eine Form der Methylierung die durch
DNA-Methyltransferasen (DNMT) vermittelte Addition von Methyl-Gruppen (CH3) an
Cytosinnukleotiden der DNA dar. Dabei findet die Methylierung des Cytosins durch
Ubertragung des S-Adenylmethionin auf den fiinften Kohlenstoff eines Cytosinrestes am
Haufigsten in C-G reichen Stellen (CpG Inseln) statt 3. Diese CpG Inseln befinden sich
primar an Stellen im Genom, die fur die Regulation der Genexpression wichtig sind. Ca.
70 % der humanen Promotoren - vor allem diejenigen, die fUr stabile und ubiquitar
exprimierte Gene (housekeeping Gene) verantwortlich sind - sind in bzw. nahe von CpG
Inseln lokalisiert und liegen in Mensch (und Maus) konserviert vor %-%. Die Methylierung
an diesen Bereichen verhindert entweder die Bindung von Transkriptionsfaktoren an die
DNA oder reguliert die Genexpression mittels Rekrutierung verschiedener Proteine (z.B.
HDACs) *.

Drei Mitglieder der DNMT-Familie spielen bei der DNA-Methylierung eine
entscheidende Rolle und katalysieren diese Reaktion. Die DNMT1 zeigt eine hohe Effizienz
bei der Methylierung hemimethylierter DNA, da diese fur die Erhaltung der Methylierung
wahrend der DNA-Replikation verantwortlich ist %. Im Gegensatz dazu methylieren
DNMT3a und DNMT3Db, die sich in Struktur und Funktion sehr ahneln, DNA unabhangig
vom Methylierungsstatus und werden deshalb auch als de novo-Methyltransferasen

bezeichnet .

In malignen Zellen findet man haufig Abweichungen von den standardmaRigen
Methylierungsmustern, die jedoch nicht immer die Ursache der Tumorentstehung sein
mussen. Diese Methylierungsveranderungen kénnen dabei entweder zu einem spaten
Zeitpunkt der Tumorbildung auftreten oder als frilhes Ereignis, meist durch Hypo- oder

Hypermethylierung, zur Bildung der malignen Zellen beitragen.
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Hypomethylierung bezeichnet die verringerte Gesamt-DNA-Methylierung, die um bis
zu 70 % im Vergleich zum normalen Zelltyp vermindert sein kann, und betrifft hauptsachlich
intergene DNA-Regionen, wie Wiederholungssequenzen oder transponierbare Elemente.
Durch Hypomethylierung wird die konstitutive Transkription von Genen bedingt und die
Genexpression im gesamten Genom erhéht, so dass daraus eine chromosomale Instabilitat

und erhéhte Mutationsereignisse resultieren.

Wenn Promotor-assoziierte CpG-Inseln, die meist wahrend ihrer gesamten
Entwicklung in nahezu allen Geweben unmethyliert bleiben, hypermethyliert werden, wird
die transkriptionelle Stilllegung von z.B. Tumorsuppressorgenen gefordert, die ebenfalls bei
HNSCCs (z.B. CDK-Inhibitor 2A, Tumor Protein 53, Phosphatase and tensin homolog,
association domain-containing protein 1, methylierte-DNA-Cystein-S-methyltransferase)
eine Rolle spielen 2%, Die Stilllegung der Expression von Tumorsuppressorgenen fiihrt,
genauso wie genetische Mutationen, zum Verlust ihrer normalen Funktion 2. Da die
Hypermethylierung jedoch nach jeder Zellteilung von den DNMTs erneuert werden muss,
kann durch Inhibition der DNMTs das urspriingliche Methylierungsmuster wiederhergestellt
werden "2, Dieser Ansatz wird immer haufiger durch die Gabe von DNMT-Inhibitoren wie
Decitabin (DEC) verfolgt .

Bei DEC (Handelsname Dacogen) handelt es sich um ein Cytosin-Analogon, bei dem
das Kohlenstoffatom an Position 5 im Pyrimidinring durch ein Stickstoffatom ersetzt wurde
%  Nach Verabreichung wird es von den Zellen aufgenommen, in das entsprechende
Deoxinukleotid-Triphosphat umgewandelt und wahrend des Zellzyklus an Stelle des
Cytosins in die DNA eingebaut, so dass die DNMTs das fehlende Cytosin nicht mehr
methylieren kdnnen. Urspriinglich wurde eine zytotoxische Wirkung bei Gabe hoher Dosen
beschrieben, jedoch stellte sich anschlieRend heraus, dass durch eine niedrige Dosierung
die aberranten Methylierungsmuster durch die Inaktivierung der Methyltransferase-Aktivitat
nicht mehr auf die Tochterstrange libertragen werden koénnen ®. Denn nach dem Einbau in
die DNA werden DNMTs kovalent an die DNA gebunden, so dass die DNMTs ihre Funktion
nicht mehr ausfiihren kdnnen und die genomweite Abnahme der DNA-Methylierung zur

Reaktivierung der inaktivierten Gene flhrt.

Auf der Basis von positiven Erkenntnissen in klinischen Studien erhielt DEC im Jahr 2010
eine FDA-Zulassung zur Behandlung von myelodysplastischen Syndromen und wird als
Standardbehandlung flur Patienten mit einem myelodysplastischen Syndrom mit héherem
Risiko eingesetzt. 2020 folgte die Zulassung zur Behandlung von chronischen
myelomonozytaren Leukamien; derzeit werden viele klinische Studien zur Behandlung von

akuter myeloischer Leukdmie, Gliomen und soliden Tumoren durchgefiihrt .
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Abbildung 2: Modifikation des Epigenoms mittels Romidepsin (ROM) und Decitabin (DEC).
Die DNA wird im Zellkern mithilfe von Histonen verpackt. Die positiv geladenen Histone binden die
negativ geladene DNA und falten sich zu einer 30 nm groRen Chromatinfaser, die Schleifen bildet.
Epigenetische  Modifikationen  modulieren die  Zuganglichkeit des Chromatins  fur
Transkriptionsfaktoren. Dabei fihrt die Histonacetylierung (Ac) zu einer aufgelockerten
Verpackungsweise der DNA, wodurch die Genexpression gefordert wird. HDACs entfernen diese
Acetylierung und unterdriicken dadurch die Expression bestimmter Gene. Die DNA-Methylierung
(Me) wird mit Hilfe von DNMTs katalysiert und unterdrtickt die Transkription, indem sie die Bindung
von Transkriptionskomplexen an die Promotoren der Gene blockiert. Eine Dysregulierung dieser
epigenetischen Modifikationen kann zu einer abnormen Genexpression fuhren, die das Auftreten
von malignen Zellen beginstigt bzw. verursacht. DNA/Histon-modifizierende Enzyme stellen die
Ziele epigenetischer Substanzen, wie ROM und DEC, dar. Diese Abbildung wurde modifiziert nach
99 und mit Biorender.com erstellt.




Zielsetzung

ZIELSETZUNG

Das Ziel dieser Arbeit war es, innovative und effiziente immunologische Therapieansatze
fur Kopf-Hals-Karzinome mit CAR-T-Zellen zu etablieren. Zur Steigerung der Spezifitat und
Effizienz der CAR-T-Zelltherapie sollten drei kritische Teilbereiche untersucht werden. Im
ersten Teil sollten verschiedene CARs unter Berlcksichtigung folgender Punkte etabliert
werden:

e |dentifizierung und Darstellung von spezifischen Zielantigenen fur die CAR-T-
Zelltherapie bei HNSCC und Verifikation ihrer Anwendbarkeit anhand von
Expressionsstudien.

o Etablierung von hoch-affinen CARs der zweiten Generation gegen primare
HNSCC-Zelllinien sowie Charakterisierung ihrer Spezifitdt und Funktionalitat

anhand von HNSCC-Zelllinien mit unterschiedlicher Zielantigendichte

Der therapeutische Nutzen von CAR-T-Zellen zur Behandlung von soliden Tumoren
konnte bisher, im Vergleich zur Behandlung von hamatologischen Erkrankungen, keine
Durchbruche in der Prognose von Patienten mit fortgeschrittenen Malignomen erzielen, was
u.a. auf das Vorhandensein eines immunsuppressiven TME im soliden Tumorgewebe
zurUckzufuhren ist. Deshalb sollte im zweiten Teil der Arbeit die zusatzliche Behandlung
der Tumorzellen mit epigenetischen Substanzen untersucht werden, um diese fur die
Zytotoxizitdt der CAR-T-Zellen zu sensibilisieren. Durch die Vorbehandlung der
Tumorzellen mit Vertretern von DNMTi (Decitabin) und HDACi (Romidepsin) sollten Gene,
die durch die epigenetische Behandlung variant exprimiert vorliegen und zu einer

Verbesserung der Lyse beitragen identifiziert werden.

Der dritte Teil dieser Arbeit sollte sich mit dem Design der CARs beschaftigen. Mithilfe
verschiedener in vitro und in vivo Untersuchungen sollte die Nutzbarkeit universeller
hinge-Regionen menschlichen Ursprungs, deren Expression sich spezifisch durch mABs
nachweisen lasst und die gleichzeitig Selektion von CAR-exprimierenden T-Zellen in vitro
unter GMP (Engl.: Good Manufacturing Practice) -konformen Bedingungen ermdglichen,
mit der von anderen, klinisch bereits in CAR-Konstrukten eingesetzten hinges verglichen
und ihr Nutzbarkeit fur eine Vielzahl von scFvs gegen membran-nahe und -ferne Epitope

auf den Zielzellen genauer charakterisiert werden.
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2. ERGEBNISSE

Der folgende Ergebnisteil dieser Arbeit umfasst funf Manuskripte, die in enger
Zusammenarbeit mit dem Forschungslabor der Urologie der medizinischen Fakultat der
Heinrich-Heine-Universitat, dem Institut fir pharmazeutische und medizinische Chemie der
Heinrich-Heine-Universitat, dem Institut der experimentellen medizinischen Physik der
Heinrich-Heine-Universitat sowie der Klinik fir Kinderheilkunde Ill des Universitatsklinikums
Essen entstanden sind. Die eigene Leistung wurde unter Berucksichtigung der Folgenden
Aspekte flir jedes Manuskript separat geschatzt: Versuchsplanung / Durchflihrung der
Experimente / Datenanalyse / Verfassen des Manuskripts. Des Weiteren wird der aktuelle
Stand eines jeden vorgestellten Manuskripts und des Journals zum Zeitpunkt der Abgabe

dieser Arbeit angegeben.
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ARTICLE INFO ABSTRACT

Keywords: Immune checkpoint blockade can cause regression of recurrent and/or refractory head and neck squamous cell
Immunotherapy carcinoma (HNSCC). As a second type of immunotherapy, adoptive cellular therapy with genetically modified
SQI‘id tman; patient’s T-cells redirected against the autologous malignant cells by expressing chimeric antigen receptors
?T;:erlc antigen receptor (CARSs) recognizing tumor-associated antigens has been established as highly efficient personalized treatment for
CD44ve hematological malignancies. In solid cancers however, the application of these genetically modified immune
HNSCC effector cells still lacks equal response rates. CD44v6 is an isoform of the hyaluronic receptor CD44 that is almost
exclusively expressed at high levels on solid cancers and has been associated with tumorigenesis, tumor cell
invasion and metastasis. Here, we established a highly specific CAR against CD44v6 on HNSCC cells that can be
expressed on normal T-cells with lentiviral vectors. Using primary human HNSCC cells in combination with
CRISPR/Cas9 and overexpression approaches allowed us to confirm the high specificity of our CAR construct for
the tumor-associated CD44v6 as target antigen and to demonstrate a direct correlation between CD44v6
expression levels and cytotoxicity of the CAR T-cells. Importantly, the design of our clinically applicable lenti-
viral vector facilitates to co-express a second transgene for in vivo control of CAR T-cells, if undesired side-effects
or toxicities occur.
Introduction immune checkpoint inhibitors directed against PD-1 were recently

introduced for the treatment of HNSCC for 1% and 2" line treatment in

More than 600,000 patients are annually diagnosed with head and
neck squamous cell carcinoma (HNSCC), making HNSCC the 6™ most
frequent cancer worldwide |1,2]. Multimodal treatment approaches for
HNSCC include surgery, platinum-based chemotherapy and radiation
[3], however only result in five-year survival rates of approximately
50%, due to high metastasis and recurrence rates [4]. In 2006, the EGF
receptor antibody Cetuximab was approved as the first targeted immu-
notherapy for HNSCC, either as single agent after cisplatin-based ther-
apy or in combination with radiation [5]. While no other specific
targeting reagent proved to be clinically effective for HNSCC patients,
the antibodies Nivolumab [6,7] and Pembrolizumab [8] as general

metastatic and/or recurrent disease.

Chimeric antigen receptors (CARs) are another option to direct
autologous immune effector cells against antigens expressed on the
surface of malignant cells. CARs are synthetic molecules that combine a
single chain variable fragment (scFv), derived from a monoclonal anti-
body, with cytoplasmatic T-cell activation motifs from the zeta-chain of
CD3 and co-stimulatory domains in a single molecule [9]. Expression of
CARs on immune cells results in highly efficient recognition and killing
of any antigen positive cell in an HLA independent manner [10]. While
major clinical breakthroughs have been achieved in recent years for
refractory or relapsed acute lymphoblastic leukemia (ALL) and diffuse
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large B-cell lymphoma using the patient’s autologous T-cells equipped
with CARs against CD19 or CD20 [11,12], the establishment of CAR T-
cell therapy for solid tumors is more challenging [13]. For HNSCCs, only
a handful of target antigens have been described as potential CAR can-
didates, including EGFR, HER2neu/ERBB2 and a specific variant of
CD44 [11,12,14].

CD44 is a cell surface glycoprotein, that serves as hyaluronic acid
receptor and is involved in tumor growth, differentiation and metastasis
[15]. Alternative splicing of the CD44 gene leads to nineteen CD44
isoforms with different variant exons between the constant upstream
(exons 1-5) and down-stream (exons 16-20) regions [16]. The smallest
isoform is CD44s, which lacks all variant exons. CD44v6 additionally
translates exon 11 [15] and is abundantly expressed on various malig-
nancies including squamous cell carcinomas of the head and neck, lung,
skin, cervix and esophagus as well as breast, gastrointestinal, hepato-
cellular and colorectal cancers and some subtypes of acute myeloid
leukemias (AML) [11,15,16]. In normal tissues, CD44v6 is expressed on
keratinocytes in the skin and oral mucosa and on cells of the monocytic
lineage [17,18]. Experimental studies revealed that expression of
CD44v6 on tumors cells is directly associated with tumor progression
and metastatic potential [19] and that administration of CD44v6
monoclonal antibodies inhibits the formation of metastases [20]. Clin-
ically, patients with CD44v6 positive tumors experienced more aggres-
sive tumors with reduced overall survival [21,22].

To immunologically target CD44v6 in humans, murine monoclonal
antibodies were used that bind to overlapping epitopes encoded by exon
11 of CD44 [16,17]. In clinical phase I/1I studies, administration of these
antibodies labeled with radionucleotides demonstrated highly tumor-
specific uptake of the antibodies but only limited tumor responses
were achieved [23,24]. As the murine antibodies led to allergic reactions
in patients, humanized derivatives were developed, among them BIWA4
(bivatuzumab) with medium affinity and BIWA8 with high affinity for
CD44v6 [25]. To date, numerous studies have been conducted with
bivatuzumab conjugated to radionuclides [26] or to mertansine, an anti-
microtubule agent [27,28]. While the combination with radionuclides
showed no severe side effects and at best stable disease, the adminis-
tration of bivatuzumab-mertansine led to specific fatal toxicity and the
closure of all bivatuzumab studies [28]. Recently however, the use of a
CD44v6 CAR became the subject of clinical phase I/II studies for treat-
ment of AML and multiple myeloma as well as solid malignancies such as
breast cancer and HNSCCs.”

In this study, we investigated the specificity and efficiency of a
BIWAS8-derived high affinity CD44v6 second generation CAR against
HNSCC cell lines in vitro as proof-of-principle for in vivo mouse models
and ultimately for human clinical studies.

Material and methods
Cell culture

HEK293T cells were obtained from DSMZ (Braunschweig, Germany),
human oral keratinocytes (HOK) from ScienCell Research Laboratories
(Carlsbad, USA), dysplastic oral keratinocytes (DOK) from Merck KGaA
(Darmstadt, Germany) and primary human HNSCC cell lines (UM-10B,
UM-11B, UM-14C, UM-17A, UT-24A) from the University of Michigan
(UM), USA, or the University of Turku (UT), Norway, respectively. All
adherent cells were cultured in DMEM GlutaMAX with 10% fetal bovine
serum and 1% penicillin/streptomycin (all from Thermo Fisher Scien-
tific, Schwerte, Germany).

Lentiviral constructs and transduction

Standard lentiviral vectors were used for overexpression of CD44s

2 https://clinicaltrials.gov/ct2/show/NCT04097301

and CD44v6 cDNAs [29]. The latter one was synthesized by BioCat
GmbH (Heidelberg, Germany) and the CD44s spliceform generated by
removing exon 11 via overlap PCR. The CD44v6 single-chain fragment
variable (scFv) sequences were derived from the BIWAS sequence [25],
synthesized after optimization for human codon usage by GeneArt
(Regensburg, Germany) and cloned into our CD19 CAR lentiviral vector
[29]. For the CD44s and CD44v6 knockout constructs, DNA oligonu-
cleotides for six different gRNAs were designed, synthesized by Eurofins
Genomics GmbH (Ebersberg, Germany) and cloned into the lentiviral
CRISPR/Cas9 vector LentiCRISPRv2 [30].

VSV-G-pseudotyped replication-deficient infectious lentiviral parti-
cles were produced in HEK293T cells [31]. Primary human T-cells were
obtained from healthy volunteers, as approved by the local institutional
review board/ethics committee (study #4687). After density purifica-
tion, human primary T-cells were prestimulated on CD3/CD28-coated
plates (OKT3, Ortho Biotech, Neuss, Germany,/CD28, BD Biosciences,
Heidelberg, Germany) for two days and then transduced on the fibro-
nectin fragment CH296 (Retronectin®, Takara Bio Inc., Japan) in the
presence of 100 IU/ml IL-2 [29,31]. 72-96 h after transduction, CAR T-
cells were enriched by the CD34 MACS system (Miltenyi Biotec,
Bergisch-Gladbach, Germany) according to the manufacturer’s protocol.
For overexpression of CD44s or CD44v6, 1x10° cells were transduced
with limiting dilutions of supernatants with lentiviral CD44s or CD44v6
expression plasmids and selected with 1 pg/ml puromycin 48 h post
transduction. Lentiviral CRISPR/Cas9 vectors were used in limiting di-
lutions followed by puromycin selection.

Flow cytometry analysis

CD44v6 and CD44 expression was assessed on a MACSQuantX after
staining 1x10% HNSCC cells with the monoclonal antibodies CD44v6-PE-
Vio770 antibody or CD44-APC-Vio770 (Miltenyi Biotec). To analyze the
expression of the CARs on T-cells, staining was performed with a CD34-
PE monoclonal antibody (QBEND/10, Thermo Fisher Scientific) and
analyzed on a FACSCalibur (BD Biosciences).

Cytotoxicity assay

The cytotoxicity of CD44v6 CAR T-cells against HNSCC cells was
determined by the CellTiter96® AQueous One Solution Cell Prolifera-
tion Assay (Promega, Walldorf, Germany). To this end, 2x10* cells were
seeded in 96-well plates and cultured overnight at 37 “C. The next day,
MACS-selected CAR T-cells were added at different effector to target cell
ratios. After 16 h at 37 °C, plates were washed three times to remove
non-adherent T-cells and dead tumor cells, incubated with the Cell-
Titer96® substrate according to manufacturer specifications and the
number of viable cells was determined with a TECAN sunrise analyzer
(Tecan Group AG, Méannedorf, Switzerland). The percent lysis was
calculated as

100% - (absorption of target cells incubated with T-cells/ absorption
of target cellsx100).

Time lapse live video microscopy

For visualization of the interactions between CD44v6 CAR T-cells
and HNSCC cells, 10° UM-17A cells were seeded per well of an 8-well
glass bottom chamber slide (ibidi, Grafelfing, Germany). The next day,
the cells were cultured with 0.5 pl CellEvent Caspase-3/7 Green Detec-
tion Reagent in 200 pl of Leibovitz’'s L-15 imaging medium (both
Thermo Fisher Scientific) and incubated with CD19 or CD44v6 CAR T-
cells in 100 pl Leibovitz’s L-15 medium supplemented with 100 1U/ml
IL-2 on a temperature-controlled stage at 37 °C. Time-lapse videos were
acquired with a 60x (NA 0.65-1.25) oil objective and the CellSense
Dimensions Software (Olympus, Hamburg, Germany) by sequential
imaging of the CellEvent marker (excitation 470/40 nm), the T-cells’
mCherry red fluorescence (excitation 545/30 nm) and phase-contrast

E



Ergebnisse

C. Haist et al.

mode on an IX83 microscope system (Olympus). Frames were acquired
every 5 min over 16 h at multiple positions. Image analysis was per-
formed with the ImageJ open source software, using an intensity-based
threshold to the green channel in order to detect the time of the
emerging CellEvent apoptosis signals in the nuclei.

Results
CD44s and CD44v6 expression profiles of primary HNSCC cell lines

We initially employed flow cytometry to analyze the expression
profiles of CD44 and its splice variant CD44v6 in 31 primary HNSCC cell
lines, which were established from primary tumor lesions or from met-
astatic sites of human patients (Table 1). All cell lines and dysplastic

human oral keratinocytes (DOK) expressed CD44 and CD44v6, while
normal human oral keratinocytes (HOK) and HeLa.P3 were only positive
for CD44 (Figure 1) [32]. 26 out of the 31 HNSCC lines expressed CD44
on more than 80% of cells, while only 12 cell lines showed equally high
CD44v6 expression. We were unable to detect any correlation between
these expression patterns and the tumor and patient characteristics
(Table 1), similarly to others [33,34].

A CD44v6 CAR for efficient targeting of HNSCC cells

Our CD44v6 CAR construct with the BIWAS scFv sequences [25], the
CD28 transmembrane and cytoplasmic regions and the CD3 zeta (g)
-chain was cloned behind the T2A site into our standard lentiviral vector
[29] shown in Fig. 2A. We also included a 99 amino acid stretch from the

Table 1
Main characteristics of the cell lines used in this study.
Cell line Sex Type of lesion HPV P53 Literature
UD-01 M Primary - €.96+1G>A, splice [58-60]
UD-02 M Primary + wT [58-60]
UD-03 M Metastasis - p.Q224X [58-60]
UD-04 M Primary - NT 664 del13 [58-60]
UD-05 M Primary - p-H179Y [59,60]
UD-06 M Primary - p.Y220C [59,60]
UT-02 M Primary = p.C275F [60,61]
UT-04 F Metastasis - p.R248-P250del [60-62]
UT-05 M Primary - p-P151H [60,63]
UT-06B F Metastasis - WT [60,63,64]
UT-07 M Metastasis - p.G266E [60-62,65]
UT-09 M Metastasis - deletion exon 2-9 [60,62,63]
UT-14 M Primary - €.9194+1G>T, splice [60,63,65]
UT-15 M = ¢.560-1G>T, splice [60,65-671
UT-24A M Primary - ¢.673-2A>T, splice [60,63,65-67]
UT-24B M Metastasis - €.673-2A>T, splice [60,63,65-67]
UT-33 F = P.R282W [60,65,68]
UT-34 M - no transcript [60,65,68]
UT-50 M = ¢.919+459del46bp [60,65]
UM-10A M Primary = p.G245C [59,65,67,69,70]
UM-10B M Metastasis - p.G245C [59,60,65,67,69,71]
UM-11B M Primary - p.C2428 [59,60,65,67,69,71]
UM-14A F Recurrent — p.R280S [59,60,65,67,69,71]
UM-14B F Recurrent - p.R280S [59,60,65,67,69,71]
UM-14C F Recurrent - p.R280S [59,60,65,67,69,71]
UM-17A F Primary - WT [59,60,65,67,69,71]
UM-17B F Metastasis = WT [59,60,65,67,69,71]
UM-22B F Metastasis - p.Y220C [59,60,67,69,71]
UM-74A M Primary - WT [60,65,69]
UM-74B M Primary - WT [60,65,69]
UM-104 / Recurrent + WT 2]
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Fig. 1. Screening of CD44 and CD44v6 gene expression in primary HNSCC cell lines. Cells were stained with CD44-APC Vio 770 or CD44v6-PE Vio 770 antibodies
according to manufacturer’s specifications and analysed by flow cytometry. Percent positive cells (y-axis) are indicated for HNSCC cell lines and reference cells (HOK,

DOK, HeLa.P3).
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intracellular domains, and the CD3¢ cytosolic domain.
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cytometry analyses of purification and enrichment
steps via MACS system. Transduced primary T-cells
were sampled for flow cytometry analysis prior to
MACS separation and after MACS from the eluate as
well as from the flow-through fractions. All constructs
were separated with CD34 microbeads. CAR expres-
sion (x-axis) was plotted against the relative cell count
(y-axis). The histograms also showed the percentage
of positive cells as mean + SEM for three different
experiments. C) Identical killing of CD44v6 positive
cell lines UM-14C and UM-10B by CD44v6 CAR with
or without second transgene. Primary human T-cells
were transduced with a CD44v6 and CD19 CAR. After
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three days, the genetically modified primary human
T-cells were selected by MACS, cocultred with target
cells for 16 h and finally lysis of target cells was
determined via CellTiter96® AQueous One Solution

-8~ NO virus -a CD19 - CD44v6

-9- BFP.CD44v6

Cell Proliferation Assay. Data were depicted as mean

human CD34 antigen in the CAR as a hinge region (Bister et al. in
preparation, patent EP3293199"). This region of CD34 is recognized by
the QBEND10 monoclonal antibody and therefore can be used to detect
the expression of the CAR with directly conjugated QBEND10 by flow
cytometry or to enrich CAR expressing T-cells by the MACS technology
(Miltenyi Biotech). As a control, we also generated a second lentiviral
vector, where the CD44v6 CAR was expressed as the sole transgene off
the MPSV promoter (Fig. 2A). For the bi-cistronic CD44v6 and CD19
CAR vectors, the TagBFP fluorescent protein was included as a marker
gene for the detection of transduced cells in front of the T2A site [29].

Lentiviral particles were produced for the three vectors (BFP-T2A-
CD19, BFP-T2A-CD44v6 and CD44v6) and used to transduce peripheral
blood-derived T-cells [29,35]. Three days after transduction, 63.7 +

3 https://data.epo.org/publication-server,/rest/v1.0/publication-dates,/2018
0314/patents/EP3293199NWA1/document.pdf

+ SEM of three independent experiments.

0.8%, 47.7 + 4.8% and 65.4 + 2.4% of the T-cells expressed the three
CARs, respectively (condition: pre MACS, Fig. 2B). After enriching the
transduced T-cells once on standard MS columns with CD34 magnetic
microbeads, the purity of strongly CAR positive T-cells in the eluates
post MACS consistently reached > 98%, while only 14.5 + 1.2%, 17.8 +
2.8% and 32.1 + 4.2% CAR T-cells were present in the flow-through for
the three lentiviral constructs BFP-T2A-CD19, BFP-T2A-CD44v6 and
CD44v6, respectively (Fig. 2B).

To analyze whether the cytotoxicity of the CD44v6 CAR constructs is
affected, if a second transgene is expressed via a T2A site, we incubated
cells of the strongly CD44v6 expressing cell lines UM-14C and UM-10B
with MACS-enriched CD44v6 CAR T-cells with or without BFP as second
transgene. Untransduced or MACS-enriched CD19-CAR transduced T-
cells served as negative controls. As shown in Fig. 2C, the specific killing
of HNSCC cells after 16 h of co-incubation was identical for the two
CD44v6 constructs at all target to effector cell ratios, while both the
CD19 CAR and the untransduced T-cells showed no lysis of the HNSCC
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cells. These experiments confirmed that the CD44v6 CAR facilitated
efficient recognition and killing of cells from both cell lines and that the
cytotoxicity of our CD44v6 CAR was not affected by the presence of a
second transgene in the lentiviral vector.

Killing of HNSCC cells largely depends on the CD44v6 expression level

To determine the correlation between the CD44v6 expression and
the cytotoxicity of CD44v6 CAR T-cells, three HNSCC cell lines with
distinct CD44 and CD44v6 expression patterns were chosen (Fig. 3A-C):
UT-24A cells had low (MFI: 6.5 4 0.3), UM-11B cells intermediate (MFT:
11.2 + 1.2) and UM-14C high (MFI: 14.2 + 3.2) CD44v6 expression.
Analyzing the cytotoxicity of CD44v6 CAR T-cells revealed a clear cor-
relation between the CD44v6 expression levels and the killing of the
target cells (Fig. 3A-C): Less than 40% of UT-24A cells, 60-80% of the
UM-11B and almost 100% of UM-14C cells were killed at effector to

c

target cell ratios of 3:1 and 1:1, respectively. In contrast, the killing ef-
ficiencies did not correlate with the CD44 expression levels detected on
the surface of the target cells with an antibody binding to CD44.

In order to assess the specificity of the CAR, we overexpressed
CD44v6 on the low expressing UT-24A cells with a lentiviral vector [36].
Compared to the UT-24A cells that were transduced with the control
vector and selected in parallel with puromycin (MFI for CD44v6: 4.7 +
0.6, Fig. 3D), the strongly overexpressing UT-24A + CD44v6 cells (MFI
648.2 £ 28.7) were killed much more efficiently (Fig. 3E).

CD44v6 CAR T-cells specifically eliminate CD44v6 expressing cells

The variable exon 11 in the CD44 gene is only 204 base pairs long
and encodes, when included as variant 6 in the CD44v6 transcript, as
little as 68 amino acids. We therefore wanted to prove that the CD44v6
CAR solely and specifically recognized these amino acids.
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Fig. 3. Correlation between antigen density and
killing efficiency. CD44 and CD44v6 expression on the
cell surface of primary HNSCC cell lines UT-24A (A),
UM-11B (B), UM-14C (C), UT-24A transduced with an
empty control vector (D) and UT-24A transduced with
an CD44v6 overexpression plasmid (E) were deter-
mined by binding of CD44-APC-Vio770 or CD44v6-
PE-Vio770 antibodies. Antigen expression in flow
cytometry (x-axis) was plotted against the absolute
cell count (y-axis) for unstained control cells (:recn)
and stained cells (blue). The mean fluorescence in-
tensities (MFIs) of stained cells were shown from three
experiments as mean + SEM. Primary human T-cells
were transduced with a CD44v6 or CD19 CAR. After
three days, CAR-positive T-cells were enriched by
MACS and co-cultured with target cells. After 16 h,
lysis of the target cells was determined via Cell-
Titer96® AQueous One Solution Cell Proliferation
Assay (Promega). Data were depicted as mean + SEM
for three different experiments.
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Fig. 4. CD44v6 CAR T-cells specifically recognized CD44v6 on UM-11B and UM-14C cells. Both cell lines were transduced with the CRISPR/Cas9 control vectors (A,
B) or contain either CD44s (C,D) or CD44v6 guides (E,F). CD44 and CD44v6 expression on the cell surface of HNSCC cell lines was determined by flo cytometry after
staining with CD44-APCVio770 or CD44v6-PE-Vio770 antibodies. Antigen expression (x-axis) was plotted against the absolute cell count (y-axis) for each sample.
Primary human T-cells were transduced with a CD44v6 or CD19 CAR. After three days, CAR-positive T-cells were enriched by MACS and co-cultured with target cells.
After 16 h, lysis of the target cells was determined via CellTiter96® AQ,;.,s One Solution Cell Proliferation Assay (Promega). Data were depicted as mean + SEM for

three different experiments.

For targeting of all CD44 transcripts, we generated three 20-nucleo-
tide guide RNAs (gRNAs) against a common region in CD44 exon 2 using
the chopchop. cbu.uib.no website [37] and then cloned the gRNAs into the
LentiCRISPR V2 vector. To accurately knockout CD44v6, we designed
three different gRNAs that specifically target the variable exon 11. We
used the empty LentiCRISPRv2 (empty vector) and additionally cloned a
gRNA targeting the chicken actin promoter as an off-target control
(gNC) [38]. Lentiviral vector particles were used to transduce the
robustly CD44v6 expressing cells of the HNSCC cell lines UM-11B and
UM-14C at MOIs of less than 0.1. Flow cytometry analysis of the CD44
isoform expression patterns of the CRISPR/Cas9 expressing cells
revealed that, depending on the lentiviral construct used, >80% (—89 to
96%) of cells had clearly diminished CD44 and CD44v6 expression
levels (data not shown).

We subsequently generated single cell clones with either complete
CD44 or CD44v6 knockout and then re-introduced either CD44s or
CD44v6 cDNAs with lentiviral expression vectors [36]. Importantly, the
CD44 and CD44v6 expression levels were largely unaffected after
transduction of the UM-11B and UM-14C cells with the two CRISPR/
Cas9 control vectors. Alsothe cytotoxicity of the CD44v6 CAR T-cells
remained the same (Fig. 4A/B, left/right panels). Transduction with the
CD44 exon 2 CRISPR/Cas9 vector eliminated all CD44 expression;
however, it was specifically restored by re-introducing the CD44s iso-
form (Fig. 4C/D left panels, red curves). Neither the cells without CD44
expression (KO) nor the knockout cells with CD44s overexpression were

killed by the CD44v6 CAR T-cells (Fig. 4C/D right panels). Only when
CD44v6 was re-introduced into CD44v6 KO cells, both the expression of
CD44v6 (Fig. 4E/F left panels, red curves) and the killing of the HNSCC
cells by the CD44v6 CAR T-cells were restored (Fig. 4E/F right panels),
thus proving the high specificity of our CD44v6 CAR construct.

Killing dynamics of CD44v6 CAR T-cells against HNSCC cells

Finally, in order to understand the killing dynamics of the CD44v6
CAR T-cells, we co-incubated UM-17A cells, characterized by high
CD44v6 and CD44 expression (Figure 1), at ratios of 3:1 (red) and 1:1
(yellow) with CD44v6 CAR T-cells and at a 1:1 (blue) ratio with CD19
CAR T-cells for 16 h. The CAR T-cells additionally expressed the red
fluorescent protein mCherry (Fig. 5A/B). The HNSCC cells actively un-
dergoing apoptosis showed a green fluorescence by using the CellE-
vent™ Caspase-3/7 Green Detection Reagent (Fig. 5B). Interestingly,
although CAR T-cells were quickly in contact with the HNSCC cells,
apoptosis of HNSCC cells was not detected in the first two hours of co-
culture (Fig. 5B/C). At an effector:target cell ratio of 3:1, the apoptosis
became clearly visible after 3-5 h of co-culture; within 8 h, the T-cells
had induced apoptosis in > 80% of HNSCC cells (Fig. 5C). Using an
effector:target cell ratio of 1:1 did not delay the induction of apoptosis,
but slowed down the killing. These different apoptosis kinetics for the
two 3:1 and 1:1 cultures were also visualized in Fig. 5D, demonstrating
that the killing of HNSCC cells extends over longer time periods (ratio
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3:1 ©7.6 h, ratio 1:1 ©12.6 h), if less effector cells are present. Impor-
tantly, CD19 CAR T-cells did not exert relevant killing activity during co-
cultivation with the UM-17A cells, demonstrating that activated T-cells
did not express any receptors that recognized the malignant HNSCC
cells.

Discussion

The key for selective targeting of HNSCCs with immune effector cells
requires immunologically recognisable differences between the malig-
nant cells and their normal counterparts [39]. Among the different
classes of target antigens that have been considered for immunotherapy
of HNSCCs are tumor neoantigens, which are derived from somatic
mutations in the malignant cells. However, the two most frequently
mutated gene in HNSCCs, TP53 and RAS, are both not expressed on the
cell surface and can therefore not be targeted by either antibodies or
CARs [39]. Although engineering T-cells to express mutation-specific T-

cells per hour.

cell receptors for altered peptides expressed on HLA class I molecules of
the malignant cells is possible [40], this approach is not widely appli-
cable. Another class of target antigens in HNSCCs are cancer testis an-
tigens, that are only present during embryogenesis and in normal germ
cells in the testis of adults [41,42]. Peptides of these intracellular anti-
gens are presented on the surface of certain HLA class I molecules and
are currently targeted by several immunotherapeutic approaches [39],
including TCR mimics [42,43]. However, data on the clinical outcome in
larger patient cohorts are still missing [42-44]. A number of antigens,
generally not mutated, are overexpressed on HNSSCs. Among those are
EGFR, which is the target for Cetuximab that is not well suited for CAR
therapies, and the human epidermal growth factor receptor 2 (ErbB2),
which has been frequently used in preclinical and clinical trials albeit
not really successful yet [45-47]. Finally, tumor-associated antigens, e
g. the alternatively spliced surface protein EGFRVIIIL, or abnormal gly-
coforms, e.g. avp6 or MUC1TN, are currently evaluated as targets for
CAR T-cell therapy [48-51].
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We decided to focus here on CD44v6, an alternatively spliced surface
protein that is strongly overexpressed on HNSCCs [24], and where
autologous CAR T-cells can be tested in preclinical studies in monkeys
[14]. For early human trials, two different types of therapeutic reagents
were coupled to CD44v6 antibodies, radionuclides and the highly toxic
antimicrotubuli agent mertansine [14]. Phase I clinical studies with
radioimmunotherapeutic CD44v6 antibodies were associated with sta-
ble disease at higher radioactivity dose levels and also with myelotox-
icity and mild oral mucositis [52]. However, the combination of BIWA4/
bivatuzumab with mertansine in a phase I dose escalation study in seven
patients with advanced untreatable HNSCCs led to fatal grade 4 toxicity
in the 7 patient, who experienced loss of the epidermis and defoliation
of the whole skin and died three days after the second infusion [28].
Although similarly severe toxicities were not observed with bivatuzu-
mab in animal studies or in the clinical trial, skin toxicities such as
depigmentation and desquamation were still present in other patients
and in the monkey studies; therefore further clinical testing of CD44v6
antibodies in humans was stopped [52].

For CD44v6 as targeting moiety for autologous CAR T-cells, we chose
the single chain variable fragment (scFv) sequences of the humanized
high-affinity BIWAS8 antibody for our construct [29]. To confirm the
specificity of the CAR for HNSCC cells, we assessed the CD44 and
CD44v6 expression profiles for 31 HNSCC lines and then chose four cell
lines with low to high CD44v6 expression levels as targets in our cyto-
toxicity assays. The cytotoxicity of our CAR was comparable when
lentivirally expressed either as the single transgene or as the second
transgene off the MPSV promoter and the killing efficiency directly
correlated with the CD44v6 expression levels on the target cells. Using
the CRISPR/Cas9-generated HNSCC knock-out cells with overexpression
of CD44s or CD44v6 and a CD19 CAR as control proved the high spec-
ificity of our CD44v6 CAR constructs for the amino acid sequence
encoded by exon 11 of the CD44 gene. Finally, the time course studies
revealed that the apoptosis in the target cells started approximately 2-3
h after contact with the immune effector cells and was clearly influenced
by the target to effector cell ratio.

Based on these results, we expect that expression of our CD44v6 CAR
on T-cells will effectively kill CD44v6 positive HNSCC cells in patients.
However, as T-cells can readily leave the blood stream and recognize an-
tigens present on cells in tissues, the expression of CD44v6 on normal cells
can be a problem. According to the literature, CD44v6 is robustly expressed
on keratinocytes in the skin as well as on epithelium in the cervix, in the
cornea and in tonsils [53], however the expression levels were lower
compared to those on malignant cells [18]. It will be very interesting to see
if the expression of CD44v6 on normal tissues will be a major problem in
the clinical phase I/II CD44v6 CAR T-cell study that has been opened for
AML and multiple myeloma by scientists from Milano and Rome in 20197,
To stop any unwanted T-cell activation in off-target organs, they also
included a modified thymidine kinase (TK) ¢DNA as suicide gene in their
retroviral vector [54]. A second phase I trial for CD44v6 positive cancers
treated with autologous CAR T-cells transduced with a lentiviral vector
opened in 2020 in China”. The information, whether a suicide gene is also
included in the lentiviral vector, has not been disclosed”,

An attractive possibility to avoid cytotoxicity for normal tissues is to
inject multiple doses of CAR T-cells directly into the tumor, similarly as it
was already performed in the T4 clinical trial for HNSCC targeting the ErbB
receptor family”. Although the final results from this phase I trial have not
been published, preliminary results demonstrated that the injected T-cells
hardly ever left the tumor tissues and never caused off-target effects, even
when injecting escalating T-cell doses [55]. Using CARs with lower affin-
ities for the target antigen is another attractive possibility that has been
explored for EGFR and ErbB2 overexpressing tumors [46,56]. The Italian
CD44v6 study also used the BIWAS-derived scFv for their CAR T-cell trials.

2/show/NCT04427449
/show/NCT01818323

4 https:
5 https:

‘clinicaltrials.gov/

‘clinicaltrials.gov.

Therefore, in case of severe toxicity, we can readily engineer a reduced-
affinity CD44v6 CAR by changing two amino acids in the light chain of
BIWAS to residues present in the middle-affinity CD44v6 scFv of BIWA4 at
the corresponding positions [25] and then test the two constructs in
comparison. Other possibilities to change the activation level of our
construct are to include a different co-stimulatory domain (e.g. 4-1BB or
2H4) or to pursue additional strategies for reducing off-target effects of
CAR T-cells in solid tumors [57]. While we will proceed with in vive
xenograft studies in immunodeficient mice for testing the efficacy of
intratumor versus intravenous application of the CD44v6 CAR T-cells, the
clinical results including the toxicity from the two open CD44v6 CAR T-cell
phase I/1I studies in humans will finally guide us which strategy is most
likely be successful for our HNSCC patients.
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Background: Treatment of B-cell malignancies with CD19-directed chimeric antigen
receptor (CAR) T-cells marked a new era in immunotherapy, which yet has to be
successfully adopted to solid cancers. Epigenetic inhibitors of DNA methyltransferases
(DNMTI) and histone deacetylases (HDACI) can induce broad changes in gene expression
of malignant cells, thus making these inhibitors interesting combination partners for
immunotherapeutic approaches.

Methods: Urothelial carcinoma cell lines (UCC) and benign uroepithelial HBLAK cells
pretreated with the DNMTi decitabine or the HDACI romidepsin were co-incubated with
CAR T-cells directed against EGFR or CD44v6, and subsequent cytotoxicity assays were
performed. Effects on T-cell cytotoxicity and surface antigen expression on UCC were
determined by flow cytometry. We also performed next-generation mRNA sequencing
of inhibitor-treated UCC and siBNA-mediated knockdown of potential regulators of CAR
T-cell killing.

Results: Exposure to decitabine but not romidepsin enhanced CAR T-cell cytotoxicity
towards all UCC lines, but not towards the benign HBLAK cells. Increased killing could
neither be attributed to enhanced target antigen expression (EGFR and CD44v6) nor fully
explained by changes in the T-cell ligands PD-L1, PD-L2, ICAM-1, or CD95. Instead, gene
expression analysis suggested that regulators of cell survival and apoptosis were
differentially induced by the treatment. Decitabine altered the balance between survival
and apoptosis factors towards an apoptosis-sensitive state associated with increased
CAR T-cell kiling, while romidepsin, at least partially, tilted this balance in the opposite
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direction. Knockdown experiments with siRNA in UCC confirmed BID and BCL2L.1/BCLX
as two key factors for the altered susceptibility of the UCC.

Conclusion: Our data suggest that the combination of decitabine with CAR T-cell therapy
is an attractive novel therapeutic approach to enhance tumor-specific kiling of bladder
cancer. Since BID and BCL2L1 are essential determinants for the susceptibility of a wide
variety of malignant cells, their targeting might be additionally suitable for combination with
immunotherapies, e.g., CAR T-cells or checkpoint inhibitors in other malignancies.

Keywords: epigenetic inhibitors, bladder cancer, chimeric antigen receptor, immunotherapy, T-cell

INTRODUCTION

In recent years, the field of tumor immunotherapy has evolved
rapidly (1). One of the most exciting approaches is the use of
autologous patient-derived T-cells that have been genetically
modified to express chimeric antigen receptors (CARs). Such
CAR molecules combine the antigen-binding properties of
monoclonal antibodies with the lytic capacity of T-cells (2).
Remarkable remission rates in clinical trials using CAR T-cells
directed against CD19" B-cell malignancies led to FDA approval of
the first CAR T-cell therapies for patients with relapsed/refractory
acute lymphoblastic leukemia (ALL) or diffuse large B-cell
lymphoma (DLBCL) and for patients with primary mediastinal
B-cell lymphoma (PMBCL) in 2017. In addition to Yescarta
(axicabtagene ciloleucel) and Kymriah (tisagenlecleucel), two
other CD19-targeted CAR T-cell therapies, namely, Tecartus
(brexuscabtagene autoleucel) and Breyanzi (lisocatbagene
maraleucel), were approved in 2020 and 2021, respectively.
Finally, the first BCMA-targeted CAR T-cell therapy, Abecma
(idecabtagene vicleucel), for relapsed/refractory multiple myeloma
received approval in March 2021 (3).

The exceptional success in hematological malignancies could not
be transferred to solid cancers, due to issues with T-cell trafficking,
immunosuppressive tumor microenvironment, target antigen
heterogeneity, and intrinsic regulatory mechanisms of T-cells in
these malignancies (4). Although no definite clinical data on CAR
T-cell therapy has been published yet for its use in bladder cancer,
several early phase I/IT clinical trials are ongoing targeting the
prostate-specific membrane antigen (PSMA), the human
epidermal growth factor receptor 2 (HER2), Nectin4/FAP,
NKG2D ligands, and the receptor tyrosine kinase-like orphan
receptor 2 (ROR2), respectively (NCT03185468, NCT03740256,
NCT 03932565, NCT03018405, NCT03960060").

Epigenetic dysregulation caused by DNA hypermethylation
through DNA methyltransferases (DNMTs) and histone
hypoacetylation catalyzed by histone deacetylases (HDACs) leads
to silencing of key genes and thereby determines the phenotype of
urothelial carcinoma of the bladder (UC) with regard to
pathogenesis, tumor biology, and outcome to standard treatment
(5). Novel therapeutic strategies directed towards these epigenetic
drivers include inhibitors of DNMTs (DNMT], e.g., decitabine) and
HDACs (HDACI, e.g, romidepsin). Importantly, both of these
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drugs were already approved for the treatment of certain
hematological malignancies. Besides induction of broad gene
expression changes affecting various cellular processes, epigenetic
inhibitors (epidrugs) can also remodel the differentiation and the
immune phenotypes of both cancer and immune cells (6, 7).
Epidrugs can also influence key components of apoptosis
signaling in cells, e.g, expression of the FAS receptor (CD95) is
regulated by DNA methylation (8). Concurringly, epidrugs have
been shown to resensitize tumors to previously failed therapies
and to affect both the cancer cells as well as the tumor
microenvironment (9). We therefore considered it an interesting
approach to prime UC for immune-oncological approaches like
CAR T-cell therapy, especially as we previously characterized the
functional importance of individual HDAC isoenzymes and their
potential as therapeutic targets in UC (10). So far, only a few clinical
trials evaluate the use of epidrugs in bladder cancer as part of
combination therapies (11).

To determine whether epigenetic pretreatment of UC cell lines
(UCC) might affect their susceptibility towards cytotoxic killing by
CAR T-cells, we developed a combined treatment protocol
involving UCC treatment with either the DNMTi decitabine
(DEC) or the HDACi romidepsin (ROM). We used previously
established treatment conditions of 3 nM ROM for 3 days (10),
whereas DEC was applied in a low-dose/long-term protocol (100
nM DEC for 7 days), following emerging data that administration of
low doses of an DNMTi might enhance the desired epigenetic
effects whilst reducing toxicity (12) being comparably well tolerated
in patients, e.g., with low-risk myelodysplastic syndrome (13). As
target antigens, we chose two different surface molecules on UCC:
The epidermal growth factor receptor (EGFR) is a transmembrane
glycoprotein and member of the ERBB family of surface proteins
that are associated with cell migration, adhesion, and proliferation.
EGFR expression is highly enriched in UC tissues and strongly
associated with certain tumor grades and stages as well as risk of
recurrence (14). Although there is no data for CAR T-cells directed
against EGFR in UC, cetuximab as the most prominent anti-EGFR
antibody is currently discussed as radiosensitizer (15), albeit prior
phase II data on the use of cetuximab in metastatic UC showed
limited activity of the antibody as a single modality treatment (16).
As a second target antigen structure, we selected CD44v®6, a splicing
variant of the cell surface adhesion receptor CD44, that is
overexpressed on a large variety of malignant cells (17). CD44v6
expression is associated with tumor cell invasion, metastasis, and
disease progression and has been correlated with increased tumor
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grade and stage in UC (18). Similar to EGFR, clinically relevant
expression of CD44v6 on normal epithelial tissue has mainly been
reported in skin and oral mucosa (19).

In this study, we identified CD44v6 and EGFR as promising
target antigens for CAR T-cell therapy of UC and demonstrated
that the specific killing capacity of CAR T-cells against malignant
UCC is strongly influenced by expression of pro- and anti-
apoptotic genes in the malignant cells that can be modulated by
epigenetic treatment strategies.

MATERIALS AND METHODS

Cell Culture

We used four UCC, namely, RT-112, BFTC905, VM-CUB-1, and
UM-UC-3 (10). HBLAK was used as normal urothelial control
cell line (20). All cell lines were regularly authenticated by STR
profiling, checked for mycoplasma contamination, and cultured
as described (21). Human embryonic kidney cells (HEK293T)
were obtained from DSMZ (Braunschweig, Germany) and
cultured in DMEM GlutaMAX supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (P/S) (all
Thermo Fisher Scientific, Schwerte, Germany).

Human peripheral blood mononuclear cells (PBMCs) were
isolated from peripheral blood of healthy adult volunteers by
density-gradient centrifugation (Cytiva, Marlborough, MA,
USA). Blood donors gave informed consent according to the
protocol (#2019-623) approved by the local ethics committee/
IRB in Disseldorf. Prior to transduction, T-cells were
prestimulated with immobilized antibodies against CD3
(OKT3, Ortho Biotech, Neuss, Germany) and CD28 (BD
Biosciences Pharmingen, San Diego, CA, USA), as well as 100
IU/ml Interleukin-2 (IL-2, Proleukin, Novartis, Basel,
Switzerland) in IMDM (Sigma, MO, USA) containing 10%
FBS, 1% P/S, 1% glutamine as previously described (22, 23).

In Vitro Treatment of Cell Lines With DEC
or ROM and siRNA Transfection
5-Aza-2’-Desoxycytidin (DEC) was purchased from Sigma-Aldrich
(Steinheim, Germany) and romidepsin (ROM) from Selleckchem
(Houston, TX, USA) and dissolved in DMSQ. Control cells were
treated with corresponding DMSO concentrations. Since DEC is
known to have only an in vitro half-life of 5-16 h at 37°C, 100 nM
DEC was freshly added every 24 h for 3 days during medium
change. Hereafter, cells were cultured for 4 additional days, washed,
and passaged into 96-well plates prior to co-culture with CAR T-
cells (24). For ROM treatment, cells were cultured in the same
medium containing 3 nM ROM for 3 days according to common
ROM treatment protocols (25). ROM solution is stable at room
temperature for about 24 h. Thus, we expected the T-cells not to be
touched by active ROM when these were added to treated UCC for
co-culture after 72 h. As a control, we performed washout
experiments demonstrating no difference between samples with or
without ROM washout 72 h after UCC treatment before adding T-
cells for co-culture.

UCC were transfected with siRNA as described (21) using
Lipofectamine RNAiMAX (Thermo Fisher Scientific) and 8 nM

Frontiers in Immunology | www.frontiersin.org

CAR T-Cells

of the ON-TARGETplus SMARTPool (Dharmacon, GE
Healthcare, Freiburg, Germany), comprising a set of four
individual siRNAs against each of the targets TRADD, DAXX,
BCL2L1, and BID or the non-targeting control pool
(Supplementary Table S1).

Flow Cytometry

Surface expression of antigens was assessed 3 days (ROM) and 7
days (DEC) after treatment by immunofluorescence staining and
flow cytometry (MACSQuant Analyzer 10; Miltenyi Biotec,
Bergisch Gladbach, Germany). Likewise, T-cell phenotype was
determined by immunofluorescence staining with subsequent
flow cytometric analysis. Antibodies and counterstaining are listed
in Supjﬁlementary Table S1. Data were analyzed using the
FlowJo =~ Software (v10.0.7). Results were expressed as percentage
of positive cells and median fluorescence intensity (MFI). Values of
unstained cells were subtracted from values of stained cells.

Generation of Lentiviral Constructs and
T-Cell Transduction, Selection, and
Functional Assays

The CD19 and CD44v6 CAR constructs were described previously
(26-29). The EGFR CAR lentiviral vector contains optimized
sequences for the heavy-chain and light-chain variable region
segments derived from the monoclonal antibody of Cetuximab
(30). In comparison to a Cetuximab-based CAR construct
published previously (31), the light chain of Cetuximab in our
construct was shortened at amino acid (aa) 108 and the heavy chain
at aa 128 (Haist et al. submitted). HEK293T cells were transfected
with polyethylenimine (PEI, Sigma-Aldrich, St. Louis, MO, USA)
using 6 pg HIV1 helper plasmid (gag-pol-rev), 6 pg vesicular
stomatitis virus glycoprotein (VSV-G) envelope, and 6 pg
lentiviral CAR construct plasmid for the generation of
recombinant lentiviral particles (26). The next day, the medium
was changed to IMDM, and then after additional 16-20 h and 0.45
pm filtration, the culture supernatants were directly used
for transduction.

After prestimulation on immobilized CD3/CD28 monoclonal
antibodies, T-cells were transduced with lentiviral particles on
the recombinant fibronectin fragment Retronectin® as described
(26, 32). Subsequently, T-cells were cultured in medium
containing 100 IU/ml IL-2 for 72 h. To obtain >98% pure
CAR T-cells, transduced T-cells were incubated with magnetic
microbeads coupled to the CD34 QBEND10 antibody (Miltenyi
Biotec) (Supplementary Table S1), which recognizes a 99 amino
acid sequence that we have included as novel hinge domain
in our CARs (29) (Bister et al, in press; patent EP3293199).
Subsequently, CD34 microbead-stained T-cells were purified
on MACS MS columns according to the manufacturer’s
instructions (Miltenyi Biotec).

For cytotoxicity assays, UCC were pretreated with DEC or
ROM or cultured in the presence of DMSO and seeded in U-
bottom 96-well plates. On day 3 of ROM and day 7 of DEC
pretreatment or day 2 after siRNA transfection, cells were
counted and CD19, EGFR, and CD44v6 CAR T-cells added at
different effector to target (E:T) cell ratios (3:1, 1:1, 0.3:1, 0.1:1,
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0.03:1, and 0.01:1). Prestimulated non-transduced T-cells served
as additional controls. After 16 h of co-culture at 37°C, the non-
adherent T-cells and the dead tumor cells were carefully removed
by washing steps. Remaining adherent UCCs were incubated
with the CellTiter 96% AQueous One Solution Cell Proliferation
substrate according to manufacturer specifications (Promega,
Fitchburg, WI, USA), and viability was determined on a TECAN
sunrise (Tecan Group AG, Minnedorf, Switzerland). The
percent lysis was calculated as follows:

100 % — (Absorption of targets incubated with
T-cells/ Absorption of reference targets) x 100

For the spheroid model, 1 x 10° untreated or DEC-treated
UM-UC-3 or BETC905 cells were seeded in ultra-low attachment
U-bottom 96-well plates (Corning, Wiesbaden, Germany).
Twenty-four hours later, spheroid formation was confirmed by
microscope, and CD19, EGFR, CD44v6 CAR T-cells or
prestimulated non-transduced T-cells from three different
donors were added at E:T ratios of 1:1, 1:2, or 1:4. After 16 h
of co-culture, CellTiter-Glo® 3D Cell Viability substrate
(Promega) was added according to manufacturer specifications
and viability determined on a Wallac VICTOR 2 (Perkin-Elmer,
Waltham, MA, USA). The percent specific lysis was calculated
as follows:

100 % —(Luminescence of spheroids with CAR T-cells/
Luminescence of spheroids with non-transduced T-cells)

x 100

To analyze cytokine secretion by T-cells, supernatants of the
wells containing the 1:1 E:T ratio of effector to target cells were
harvested and stored at —20°C. Then 50 pl of each supernatant
was analyzed using the MACSPlex Cytotoxic T/NK cell kit
(Miltenyi Biotec) and measured on a MACSQuant Analyzer 10
according to the manufacturer’s instructions.

Next-Generation RNA Sequencing

Total RNA was extracted from BFTC905 and UM-UC-3 cells
treated with 100 nM DEC using the RNAeasy Mini Kit (Qiagen,
Hilden, Germany). DMSO-treated cells were harvested in parallel as
controls. RNA was quantified using Qubit RNA HS Assays
(Thermo Fisher Scientific). Quality was confirmed by capillary
electrophoresis using Fragment Analyzer and Total RNA Standard
Sensitivity Assay (Agilent Technologies, Santa Clara, CA, USA). Library
preparation and next-generation sequencing were performed as
described (21). Multigroup comparisons were calculated using the
Empirical Analysis of DGE (version 1.1, cutoff = 5) after grouping of
samples (three biological replicates each) according to their respective
experimental condition. The resulting p-values were adjusted for
multiple testing by FDR and Bonferroni-correction. A p-value of <
0.05 was considered significant. Cutoff for differential gene expression
was set to 1.5-fold. Further analysis and data visualization were
performed using Microsoft Excel and Graph Pad Prism 8. Venn
diagrams were prepared with the online tool Venny 2.0 (33). GO
group analysis was performed using the online tool DAVID (34).
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Western Blot Analysis

Proteins were extracted 72 h after siRNA transfection and used
for Western Blot analysis as described (21). Expression of
knockdown targets was detected by antibodies listed in
Supplementary Table S1.

Statistical Analysis

All experiments were repeated at least three times. Significance
between groups was analyzed by means of Graph Pad Prism 9
using 2-way ANOVA (analysis of variances) with Dunnett’s
correction for multiple comparison. P-values of < 0.05 were
considered significant and denoted with an asterisk.

RESULTS

The CAR Target Antigens EGFR and
CD44v6 Are Expressed on Urothelial Cells
In order to determine the role of epigenetic treatment for
immunotherapy of bladder cancer, we used a representative set of
human urothelial carcinoma cell lines, RT-112, BFTC905, VM-
CUB-1, and UM-UC-3, which covers the heterogeneity of urothelial
cancer. HBLAK (20), a non-malignant urothelial cell line, was
employed as control. First, we evaluated surface expression of two
potentially suitable target antigens on our cell lines, EGFR and
CD44v6. All UCC expressed high levels of EGFR (MFI 4.2-21.0, 74~
93% positive cells), while the expression level was clearly lower on
HBLAK cells (MFI 1.3, 33% positive cells, Figure 1). In contrast,
CD44v6 expression was similar for all five cell lines (MFI 0.3-1.8,
23-48% positive cells).

High-Level Expression of EGFR and
CD44v6 CARs on Normal Allogeneic
T-Cells After Lentiviral Transduction
Followed by MACS Enrichment

To generate CAR T-cells, we employed previously established CARs
against EGFR, CD44v6, and CD19 (29) (Haist et al. submitted). The
standard lentiviral vectors (26) expressed second-generation CARs
containing the CD8 leader peptide, the single-chain variable
fragments (scFvs) of a EGFR-, CD44v6-, or CD19-specific
monoclonal antibody, an extracellular hinge region using 99
amino acids from human CD34 (29), the CD28 transmembrane
and co-stimulatory domains as well as the CD3 signaling domain
(Figure 2A). Three days after transduction, CAR-expressing T-cells
were purified. Representative samples for the purification steps (Pre
MACS, flow-through, Post MACS) were analyzed by flow
cytometry (Figure 2B), demonstrating transduction efficiencies
between 61.7 and 65.5% prior to enrichment and >98% strongly
CAR positive T-cells after the enrichment step. MACS-selected
CAR T-cells were further characterized for the CD4/CD8 ratio and
the memory phenotype by flow cytometry. While the phenotype of
CD19, EGFR, and CD44v6 CAR T-cells did not differ from the
phenotype of non-transduced T-cells expanded under identical
conditions in parallel (Supplementary Figures S1A, B), it is
noteworthy that the majority of the T-cells were central memory
cells (CM; Supplementary Figure S1B), as defined by co-expression
of CD62L and CD45RO (35).
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FIGURE 1 | Surface expression of EGFR and CD44v6 on untreated UCC and HBLAK. The UCC RT-112, BFTC305, VM-CUB-1, UM-UC-3, and benign HBLAK
were stained with the indicated antibodies and analyzed by flow cytometry. The figure shows representative histograms out of at least three independent
experiments for each cell line. Histogram of unstained cells appear in gray, stained cells in black.

Primary Human T-Cells Expressing EGFR
and CD44v6 CARs Effectively Kill UCC

To assess the specific cytotoxicity, =98% MACS-enriched EGFR and
CD44v6 CAR T-cells were co-incubated with the four UCC and
HBLAK in different E:T ratios (3:1 to 0.01:1). Negative controls in
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these assays were non-transduced T-cells as well as CD19 CAR
T-cells. We initially confirmed that our flow cytometry-based (26)
and our 96-well plate cytotoxicity assay (29) provided similar results
(Supplementary Figure S2A). As the plate cytotoxicity assay
facilitated a much higher throughput of samples, all consecutive
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FIGURE 2 | (A) Schematic design of the lentiviral vector for expression of the second-generation CARs. The constructs contain CD19, EGFR or CD44v6 scFv,
CD34 hinge domain, CD28 transmembrane and intracellular domain, CD3E cytosolic domain and blue fluorescent protein (BFP). (B) Enrichment of CAR-positive
T-cells. Primary human T-cells were lentivirally transduced with constructs expressing CD19, EGFR, or CD44v6 CARs. Three days after transduction, CAR-positive
T-cells were stained with CD34 microbeads (Miltenyi) and finally enriched by magnetic cell sorting. Different fractions (pre, flow-through, post MACS) were analyzed
by flow cytometry using the QBEND-PE antibody (Supplementary Table S$1). CAR expression (x-axis) is plotted against the absolute cell count (y-axis). llustrations
were gated with the percentage of positive cells. Data are depicted as mean + SEM for three different experiments.

cytotoxicity assays were analyzed with this methodology. The lysis
curves obtained with the 96-well plate assay revealed that the EGFR
and CD44v6 CAR T-cells efficiently and specifically killed RT-112,
VM-CUB-1, and UM-UC-3 cells to similar degrees at comparable
E:T ratios (Figure 3). Notably, BFTC905 cells, despite robustly
expressing both target antigens (MFI 10.2 and 1.1, 81% and 27%
positive cells, respectively) were killed less efficiently. HBLAK cells
were killed more efficiently at higher effector-to-target-cell ratios
(I:1 and 3:1), despite having low target antigen expression levels
(MFI 1.3 and 0.45, 33% and 37% positive cells, respectively).
Therefore, these results clearly demonstrated that the degree of
CAR T-cell cytotoxicity is not simply dependent on the expression
level of the target antigens.

Epigenetic Treatment of UCC Influences
CAR T-Cell Cytotoxicity

To investigate whether cytotoxicity of CAR T-cells can be
influenced by treatment of the target cells with epidrugs, UCC
and HBLAK were pretreated with either DEC, ROM, or DMSO as
control and subsequently incubated with CAR T-cells. Viability
analysis revealed that DEC pretreatment (white square) sensitized
all four UCC more towards EGFR and CD44v6 CAR T-cell-
mediated cytotoxicity when compared to DMSO-treated cells
(black rhombus) (Figure 3). Especially BFTC905 cells, which
were insufficiently killed by EGFR and CD44v6 CAR T-cells, were
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considerably better killed after DEC with killing values
augmented from 18 + 5 to 42 + 19% (EGFR) and from 8 £ 2 to
47 + 14% (CD44v6) at the 3:1 ratio, respectively, UM-UC-3 and
VM-CUB-1 cells were also killed considerably more effective
when pretreated with DEC. Cytotoxicity of HBLAK cells was
not clearly affected by pretreatment with neither inhibitor,
suggesting increased tumor-specific killing of CAR T-cells after
DEC treatment. In contrast, ROM treatment (orange circle)
resulted in unchanged (BFTC905, RT-112) or even decreased
(UM-UC-3, VM-CUB-1) specific cytotoxic activity for both CAR
T-cells. Even though ROM is not stable for 72 h incubation time,
we performed additional washout experiments to demonstrate
that reduced cytotoxicity after ROM pretreatment did not result
from negative impact of the compound on CAR T-cells
(Supplementary Figure S2B).

Cancer cell spheroids can partially fill the gap between
conventional 2D in vitro assays and animal models, as these
spheroids better model the infiltration of immune effector cells
into solid cancer tissues (36). To confirm our findings in a more
advanced model, we therefore used DEC-treated and untreated
UM-UC-3 and BFTC905 spheroids and performed subsequent
cytotoxicity assays after co-incubation with EGFR, CD44v6, and
CD19 CAR or non-transduced T-cells, similar to the 2D
experiments described above. As shown in Supplementary
Figures S3A, B, EGFR and CD44v6 CAR T-cells killed cells
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in the spheroids of both cell lines at comparable efficiencies,
as observed in the 2D in vitro cultures (Figure 3). However, the
effects for DEC-pretreated BFTC905 were generally less
pronounced. The secretion profiles for granzyme B, TNFo, and
GM-CSF in the culture supernatants very well reflected the
excellent killing of UM-UC-3 cells and the much lower killing
of BFTC905 cells by EGFR and CD44v6 CAR T-cells, while the
cytokine profiles for CD19 CAR T-cells were similar to those of
non-transduced T-cells (Supplementary Figures S3C, D).
Importantly, the DEC pretreatment of both UC cell lines did
not result in increased cytokine secretions by the CAR T-cells,
suggesting that the increased lysis is more likely due to a tumor-
intrinsic than a T-cell-mediated effect.

Expression Levels of the Target Antigens,
Immune Checkpoints, and Adhesion
Molecules Do Not Correlate Well

With the Killing Efficacy

Increased target antigen expression would provide a straightforward
explanation for enhanced CAR T-cell cytotoxicity following DEC
treatment. EGFR and CD44v6 expression levels increased strongly
in BFTC905 cells after DEC treatment (Figure 4), which correlated
well with the improved killing observed with both CAR T-cells.
However, despite an even stronger increase in CD44v6 expression
and comparable EGFR expression after ROM compared to DEC
treatment, no enhanced killing was detected when using ROM-
treated BFTC905 cells. RT112 cells were killed to similar degrees
after all treatments by both CARs, in correlation to the unaltered
target expression levels. Simultaneously, we observed increases in
EGEFR surface expression after ROM treatment in UM-UC-3 cells,
but reduced cytotoxicity. Therefore, the increased cytotoxicity after
DEC pretreatment cannot simply be explained by increased levels
of target antigen expression.

It is well established that inhibitory immune checkpoints can
regulate CAR T-cell cytotoxicity (37). We therefore analyzed
whether treatment with DEC or ROM led to altered expression
of PD-L1 or PD-L2. As shown in Figure 4, UM-UC-3 cells
showed increased expression of PD-L1 and PD-L2 after ROM
treatment compared to DEC or DMSO. This increase inversely
correlated with the decrease in CAR T-cell cytotoxicity after
ROM treatment. In contrast, DEC pretreatment of BFTC905
cells increased the PD-L1 and PD-L2, and ROM, the PD-L2
expression levels. Therefore, the higher expression of inhibitory
checkpoint molecules did not explain the increased cytotoxicity
observed after DEC but not after ROM pretreatment.

Recent work from Kantari-Mimoun et al. on CAR T-cell
function indicated that the adhesion molecule ICAM-1
(intracellular adhesion receptor-1) might be involved in the
recognition of malignant cells by CAR T-cells (38). ICAM-1
expression was significantly induced in all cell lines by DEC and
in VM-CUBI and BFTC905 cells also by ROM (Figure 4). While
this increase may have contributed to enhanced CAR T-cell lysis,
it did not appear to be an important determinant for the
cytotoxicity, since DEC and ROM pretreatment both caused
increased ICAM-1 expression in BFTC905 cells, whereas killing
was only improved by DEC.
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Finally, the FAS (CD95) and FASL axis is another
mechanistic pathway by which CAR T-cells can mediate tumor
cell killing (39). Accordingly, we detected a significant induction
of CD95 expression after DEC treatment in RT-112, BFTC905,
and HBLAK cells (Figure 4), which only partially explained the
variations in the cytotoxicity curves (Figure 3).

Epigenetic Treatment Alters the Balance
of Survival and Apoptosis Signaling

in UCC

To identify other target cell factors that might contribute to the
differences in CAR T-cell cytotoxicity, we performed next-
generation RNA sequencing of BFTC905 and UM-UC-3 cells
after treatment with DEC. High-throughput data from UM-UC-
3 and VMCUB-1 cells treated with 3 nM ROM for 72 h were
already available from an earlier publication (10) (GEO
accession GSE70120).

Overall, 1,553 genes were differentially expressed in BECT905
cells after 7 days of DEC treatment compared to only 927 genes
in UM-UC-3 cells. A comparable number of genes was
downregulated in both cell lines after DEC treatment
(Supplementary Figures S4A, B). To identify immune
response-associated factors that were altered by epidrugs, we
developed a list of candidate factors (n=143) based on literature
reviews (40). However, only few of these candidate genes
significantly deviated in their expression upon DEC treatment
(1.5-fold change, p < 0.05), and none of the genes with robust
changes could easily explain the altered CAR T-cell killing
efficacy (Supplementary Figure S4C).

To analyze the effect of DEC treatment in an unbiased way, we
determined the overlap of differentially expressed genes between
both cell lines and performed GO analysis on this gene set
(Supplementary Figure $4B, Figure 5A and Supplementary
Tables S2-5). This overlap of genes was surprisingly small, and
enrichment in GOs could not explain differences in CAR T-cell
killing (Supplementary Tables S2-5). However, we found
intrinsic transcriptomic differences between BFTC905 and UM-
UC-3 cells that could affect the balance between cell survival and
apoptosis. Untreated BFTC905 cells had a more pronounced pro-
survival and anti-apoptotic profile compared to UM-UC-3 cells.
These findings could readily explain why untreated UM-UC-3
cells were better killed by CAR T-cells.

Using GSEA gene set analysis, we merged the candidate gene
lists for PI3K-AKT survival and apoptosis signaling (extrinsic
and intrinsic), where genes could be either induced or
downregulated, depending on their pro- or anti-apoptotic
functions, and displayed fold change expression after DEC and
ROM treatment as heatmaps. As shown in Supplementary
Figure 85, many genes that were induced or remained
unchanged by DEC were downregulated by ROM and vice
versa. Especially survival and apoptosis genes were
differentially altered by DEC and ROM, and differences in gene
expression between BFTC905 and UM-UC-3 cells became more
obvious after DEC treatment. We next divided the differentially
expressed apoptosis-related genes into two groups: Genes in the
first group were expressed at lower levels in DMSO-treated
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Statistical significance (p-value < 0.05) is denoted by asterisk.

BFTC905 compared to DMSQO-exposed UM-UC-3 cells. Their
induction by DEC might therefore be responsible for pro-
apoptotic effects associated with the increased killing of UCC by
CAR T-cells after DEC treatment. The second group included
apoptosis genes that were at least twofold higher expressed in
DMSO-treated BFTC905 cells compared to UM-UC-3 and
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therefore might exert anti-apoptotic functions, thus at least
partially providing protection against CAR T-cell-mediated
killing. In order to visualize the differences between the two cell
lines and treatments in a bar diagram, the expression levels were
normalized to the values of BFTC905 DMSO-treated cells. We also
displayed the differentially expressed survival genes in a similar
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FIGURE 5 | Gene expression changes in UCC BFTC805 and UM-UC-3 after DEC treatment determined by RNA sequencing. (A) GO group analysis was performed
for 207 genes commonly induced by DEC in both UCC (d7) using the online tool DAVID (34, 41). Only the GOs with p<0.004 are displayed. (B) Fold change
expression of PIBK-AKT survival genes (shades of gray) in indicated samples relative to BFTC805 DMSO used for normalization. Gene lists were downloaded from
the Broad Institute GSEA gene sets database (https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?collection=CP : KEGG). Genes names and expression
values are given in Supplementary Table S6. (C) Fold change expression of apoptosis genes in indicated samples relative to BFTC805 DMSO. Apoptosis genes
with lower expression in BFTC205 DMSO compared to UM-UC-3 DMSO are displayed. See Supplementary Table S7 for gene names and expression values.

(D) Fold change expression of apoptosis genes in indicated samples relative to BFTC905 DMSO. Apoptosis genes with higher expression in BFTC305 DMSO
compared to UM-UC-3 DMSO are displayed. See Supplementary Table S8 for gene names and expression values. (E) Mean RPKM expression values from RNA
sequencing analysis obtained from three replicates are visualized as bar graphs for the four apoptosis regulators that wers chosen for further functional analysis by
siRNA knockdown. Statistical significance (p-value <0.05) is denoted by asterisk and was determined by two-way ANOVA and Dunnett's correction for multiple comparisons.

ns, not significant.

manner. Our analyses clearly demonstrated a difference between
BFTC905 and UM-UC-3 cells with regard to expression of cell
survival genes (Figure 5B, see Supplementary Table S6 for gene
names and detailed expression levels). Survival genes were more
strongly expressed in BFTC905 cells compared to UM-UC-3 cells
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and only marginally induced by DEC in both cell lines. In contrast,
pro-apoptotic genes, which were weakly expressed in untreated
BETC905 cells compared to UM-UC-3, were indeed upregulated by
DEC treatment in both cell lines (Figure 5C and Supplementary
Table S7), thus providing an explanation why this treatment was
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associated with improved CAR T-cell killing of UCC. In contrast,
ROM treatment of UM-UC-3 cells strongly induced pro-survival
signaling genes (Figure 5B) and reduced some genes from the pro-
apoptotic group (Figure 5C), which would explain the reduced
CAR T-cell killing of ROM pre-treated UCC. The second group of
apoptosis genes (Figure 5D and Supplementary Table $8) was
more strongly expressed in untreated BFTC905 cells compared to
UM-UC-3 cells, presumably protecting them from apoptosis. Many
of them were downregulated by DEC in both UCC, thereby
potentially facilitating cell death induction. These genes
responded conversely to ROM, thus more likely protecting the
cells from the CAR T-cell cytotoxicity.

Based on these in silico analyses, the different killing efficacies
can be explained by differential changes in the balance between
survival and apoptosis induced by the two epigenetic inhibitors.
To mechanistically confirm the functional role of apoptosis
regulators in determining the susceptibility of DEC-treated
UCC toward CAR T-cell-induced cell death, we selected four
candidates from the RNA sequencing data for further
knockdown experiments (Supplementary Tables S7, 8). These
candidates were chosen considering their regulatory function in
intrinsic and extrinsic apoptosis signaling, their expression
differences between untreated BFTC905 and UM-UC-3 cells,
and also their response to DEC treatment. We chose two anti-
apoptotic genes with higher expression in BFTC905 cells
compared to UM-UC-3 that were reduced in expression by
DEC, TRADD and BCL2LI with the latter encoding for BCLX
(Figure 5E). Likewise, we chose two pro-apoptotic genes that
were weakly expressed in BFTC905 compared to UM-UC-3 cells
and that were induced by DEC, DAXX and BID (Figure 5E).

BCL2L1 and BID Are Important Target

Cell Susceptibility Factors for CAR

T-Cell Killing

Next, we performed siRNA knockdown of these four apoptosis
regulators. We transfected UM-UC-3 cells with all four siRNAs
pools as well as a pool of non-targeting control siRNAs.
BFTC905 cells were only transfected with TRADD, BCL2LI,
and the control siRNA pool, as the already low CAR T-cell
cytotoxicity for unmodified BFTC905 (Figure 3) would not have
permitted to reliably detect further diminished cytotoxic activity.
The two siRNA-transfected UCC were submitted to CAR T-cell
cytotoxicity assays and harvested on the same day for Western
Blot analysis.

Cytotoxicity analysis demonstrated that knockdown of anti-
apoptotic BCL2LI mRNA (black rhombus) strongly increased
the killing of UM-UC-3 and BFTC905 cells, while the TRADD
knockdown (white square) had no effect (Figures 6C, D, G, H).
Notably, while the pro-apoptotic DAXX knockdown (white
circle) did not alter cytotoxicity of CAR T-cells towards UM-
UC-3 cells (Figures 6C, D), the BID knockdown (green square)
almost completely abolished the cytotoxicity of CAR T-cells for
UM-UC-3 cells (Figures 6C, D). Negative controls were not
significantly affected by knockdown (Figures 6A, B, E, F).
Hence, two of the four candidate genes, BCL2LI and BID, were
identified as essential determinants for the susceptibility of DEC-
pretreated UCC towards CAR T-cell-induced cytotoxicity, thus
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providing a compelling new approach to influence the
susceptibility of UCC for immunotherapy strategies. Western
blot analysis revealed highly efficient knockdown for TRADD,
BCL2L1, DAXX, and BID (Figure 6I).

DISCUSSION

Epigenetic changes are characteristic for all cancers and essential
for accretion of the 10 properties of malignant cells proposed as
hallmarks of cancer, which also includes anti-apoptotic signaling
(42). Therefore, our main objective here was to investigate
whether pretreatment of cancer cells with epidrugs improves
the cytotoxicity and target specificity of immunotherapy with
CAR T-cells as effector cells.

As the search for ideal target antigens to achieve specific
antitumor activity still is a major challenge for solid cancers, we
evaluated well-established surface molecules, EGFR and CD44v6,
as possible target antigens for CAR T-cell therapy of UC. Both
antigens are overexpressed on solid cancers (17, 19), and we
already had constructed second-generation CARs in lentiviral
vectors that efficiently killed human head and neck squamous cell
carcinomas (29) (Haist et al. submitted). Using a set of UCC we
demonstrated that EGFR was robustly expressed on all malignant
UCC and that the expression levels were higher compared to non-
malignant uroepithelial HBLAK cells. CD44v6 was also expressed
on all cell lines, albeit with comparable levels between UCC and
HBLAK. EGFR and CD44v6 CAR T-cells efficiently killed the
cells of three UCC and also HBLAK, although the killing of cells
of the non-malignant cell line was less efficient and required
higher E:T ratios. We also noted that the cancer line BFTC905,
even though it robustly expressed both target antigens, was only
marginally killed by the EGFR and CD44v6 CAR T-cells from
several donors. In conclusion, the killing efficacy of CAR T-cells
did not correlate well with the target antigen expression patterns
on the UC cell lines and therefore had to be influenced/
determined by other mechanisms.

Multiple lines of evidence demonstrate that epidrugs like
DNMTi (DEC) and HDACi (ROM) can exhibit profound
immune-modulating effects on several levels (40, 43, 44),
including both epigenetic modulation of the immunosuppressive
tumor microenvironment as well as direct modulation of tumor
cells. However, in order to clearly identify the cellular pathway in
the tumor cells responsible for the susceptibility to CAR T-cells,
we pretreated the UCC for several days with the epidrugs and then
only later added the transduced immune effector cells for the
overnight cytotoxic assays. Interestingly, DEC pretreatment
increased the CAR T-cell cytotoxicity towards all UCC, but not
towards the non-malignant HBLAK cells, thus suggesting a
tumor-specific modulation of gene expression in malignant cells.
This malignant cell-specific increased killing is an important
finding here, as on-target off-tumor effects due to expression of
the target antigen on normal cells is a well-recognized problem/
side-effect of CAR T-cell therapy and poses a significant clinical
challenge. Major strategies currently pursued to increase the
tumor specificity of CAR T-cell therapy are the use of CARs
with reduced affinity, which might not kill normal cells with lower
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FIGURE 6 | Kiling efficiency of EGFR and CD44v6 CAR T-cells against UM-UC-3 and BFTCO05 cells after siRNA knockdown of apoptosis regulating genes.

{A) Cytotoxicity of untransduced (no virus), CD19, EGFR, and CD44v6 CAR T-cells against UM-UC-3 (A-D) and BFTC905 (E-H} cells transfected with indicated
siRNA was determined. Graphs depict the mean values ( + SD) of three independent experiments. Values for different effector to target ratios (E:T ratio 3:1-0.01:1)
are given. (I) Western Blot analysis of TRADD (34 kDa), BCL2L1 (26 kDa), BID (22 kDa), and DAXX (110 kDa) protein expression after the respective siRNA
knockdown (si targsting) compared to control cells (si control). Statistical significance (p-value <0.05) is denoted by asterisk and was determined by two-way ANOVA

and Dunnett's correction for multiple comparisons.

target antigen expression levels, or injection of high-affinity CAR
T-cells directly into the tumor tissue (31, 45, 46). The specific effect
of demethylating agents on malignant cells that we describe here
might be another relatively simple way to increase the on-tumor
effects of CAR T-cells. We have confirmed the DEC sensitizing
effects with two different CARs, EGFR and CD44v6, for multiple
UCC in 2D and for two also in 3D cultures, achieving comparable
killing. Noteworthy is also that for some of the DEC-pretreated cell
lines, the control T-cells (no virus, CD19) demonstrated slightly
increased killing efficacy at higher effector-to-target ratios. This
non-specific cytotoxicity most likely occurred due to the
maximum stimulation of T-cells prior to transduction and was
not caused by a direct effect of DEC, as due to passaging of
pretreated UCC and also the short half-life of DEC in culture (24),
the T-cells were never in contact with the compound.
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We next wanted to decipher the mechanism responsible for
the improved killing efficacy after DEC treatment in all UCC and
to understand why untreated BETC905 cells were hardly killed,
despite their strong target antigen expression comparable to the
other UCC. Therefore, we analyzed the expression of molecules
that are known to influence the interaction between T-cells and
cancer cells. Importantly, the expression of the two target
antigens did not consistently increase in the examined cell
lines and therefore could not explain the improved killing after
DEC. Most strikingly, both target antigens increased under the
epigenetic treatments in BFTC905 cells; however, killing was
only improved by exposure to DEC and not to ROM. Although
expression of PD-L1, PD-L2, and ICAM-1 increased after
treatment with DEC, we could not detect a consistent
correlation between CAR T-cell cytotoxicity and changes in the
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protein expression levels as assessed by flow cytometry. T-cell
cytotoxicity is partially mediated by the interaction between FAS
ligand on T-cells and the death receptor FAS (CD95) on the
malignant cells (39). FAS was similarly expressed on all UCC at
baseline and further increased by DEC in individual cell lines. In
particular, BFTC905 cells responded to both epigenetic
inhibitors by increasing the protein expression, but were more
sensitive to CAR T-cells after DEC and less after ROM treatment.

For a more unbiased screening approach to identify factors
determining the susceptibility towards CAR T-cell cytotoxicity, we
performed RNA sequencing analysis of two DEC-treated UCC,
UM-UC-3 as a representative candidate for the effects of DEC and
ROM and BFTC905 as outlier with almost no CAR T-cell killing at
baseline. The GO term analysis demonstrated that DEC shifted the
balance between survival/pro- and anti-apoptotic genes towards
an expression profile that could facilitate the induction of cell
death by cytotoxic CAR T-cells. ROM treatment shifted this
balance into the opposite direction, thus providing a possible
explanation for its poor effects on CAR T-cell killing efficacy.
Although Yang et al. also reported divergent effects of DEC and
ROM on apoptosis-related genes in metastatic human colon
carcinoma cells (47), the impact of these substances on other
cancer entities appeared to be cancer-type specificc ROM
treatment induced G2/M phase arrest and apoptosis via
activation of ERK-MAPK and JNK-MAPK pathways in
hepatocellular cancer (48), while ROM induced apoptosis in
non-small cell lung cancer cells by inhibition of RAF-MEK-ERK
PI3K/AKT signaling and by downregulation of anti-apoptotic
genes and upregulation of the pro-apoptotic BAX (49).

Based on our in silico analysis, we chose four genes that were
strongly deregulated by DEC treatment and performed specific
siRNA knockdown in BFTC905 and UM-UC-3 cells. The co-
culture of treated cells with EGFR and CD44v6 CAR T-cells
identified BCL2L1 and BID, both members of the BCL-2 family
of death regulators, as key cellular factors whose modulation can
ameliorate the T-cell cytotoxicity towards UCC. Mechanistically,
pretreatment of UCC with DEC induced the expression of the
pro-apoptotic BID, which can counterbalance the function of
anti-apoptotic BCL-2 like proteins (50), thus promoting
increased cytotoxicity of CAR T-cells. Concurringly,
knockdown of BID in the target cells by siRNA rendered them
resistant to CAR T-cells. In addition, DEC reduced the
expression of anti-apoptotic BCL2L1 (also known as BCLX),
thereby further altering the balance towards apoptosis induction
by CAR T-cells. Concurringly, siRNA knockdown of BCL2LI
improved the CAR T-cell cytotoxicity similar to DEC
pretreatment of UCC, particularly of BFTC905 cells.

Due to our study design, the CAR T-cells were not exposed to
DEC. This is reflected by the findings that the cytokine profiles in
the supernatants of the spheroid experiments were similar for the
DEC-treated and untreated cells, when using the CAR T-cells with
on-target CARs. Although BFTC905 cells were not efficiently killed,
the induction of granzyme B and TNFa over the control wells
clearly indicated that the EGFR and CD44v6 CAR T-cells
specifically recognized their target antigens. Obviously,
pretreatment of tumor cells with DEC prior to CAR T-cell
therapy does not reflect the in vivo situation in patients, as
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epidrugs will also directly affect the CAR T-cells themselves and
indirectly will alternate the whole tumor microenvironment (TME)
(7). However, based on the mechanistic study performed here,
demonstrating that DEC treatment sensitizes UC tumor cells
towards CAR T-cell cytotoxicity, the combination of both
approaches appears attractive. Importantly, the effects of low-
dose DEC treatment on CAR T-cells were already reported to be
promising, namely, augmenting cytokine production and increased
lytic antitumor activity of CAR T-cells in vitro and in vive. In
addition, DEC induces the expression of memory-related genes
and reduction of exhaustion-related genes. Inhibition of epigenetic
modifiers is also associated with long-persisting CAR T-cells due to
enrichment of a memory-like phenotype (7, 51). Finally, low-dose
DEC treatment may also positively influence the TME via, e.g, the
induction of chemokines like CXCL9 and -10, thereby promoting
T-cell infiltration (52), or via the decrease of immunosuppressive
cells in the microenvironment like myeloid-derived suppressor
cells (MDSCs) (53). Thus, systemic low-dose DEC treatment, such
as already used for MDS treatment (13), will most likely have
benefits in vivo beyond the direct influence on the UC.

In conclusion, our study provides an exciting rationale for
combining DEC with CAR T-cell therapy for bladder cancer. To
our knowledge, only one study using murine solid cancer cells
reported that siRNA interference with BCL-2, BCLXL, or BAX
can determine the sensitivity of solid tumor cells towards
cytotoxicity of T-cells (54). Interestingly, loss of BID, together
with FADD (Fas associated via death domain) and TRAIL
(tumor necrosis factor-related apoptosis-inducing ligand), was
reported to contribute to resistance of lymphoma cells to CD19
CAR T-cells (55). Nevertheless, considering the role of BCL-2
family members in B-cell lymphoma therapy (56), it is not
surprising that combinations of CAR T-cell therapy with
compounds targeting apoptosis regulators, like BH3 mimetics
(e.g., ABT-737) or pan-BCL-2 inhibitors, are currently discussed
for mature B-cell malignancies. Qur results provide a rationale
for extending this combinatorial approach to solid cancers in the
future, especially if members of the BCL-2 family are
dysregulated in the malignant cells (50, 57).
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Supplementary Figure S1. Phenotype characterization of CAR and untransduced T-cells. MACS-
enriched CAR and untransduced T-cells were flow cytometrically analyzed for (A) helper (CDA4),
cytotoxic (CD8), (B) central memory (CM, CD62L+ CD45R0+) and effector memory (EM, CD62L-

CD45R0+) phenotype. Percentage values are represented as mean + SEM.
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Supplementary Figure S2. Validation experiments for experimental setup. (A) To determine the
assay of choice for measuring CAR T-cell induced cytotoxicity results of viability assay (left panel)
were compared with flow cytometry measurements (right panel). Graphs depict the mean values
(xSD) for percentage of lysed cells. Black rhombus represents untransduced control, white square
symbols represent the values CD19 controls, orange circle values for EGFR CAR. (B) To check for any
effects of residual ROM on depicted CAR T- cells, ROM pretreated RT112 were either washed (green
triangle) or not washed (orange circle) prior to co-culture with CAR T-cells. DMSO treated controls
were handled likewise (white square and black rhombus). Graphs depict the mean values (£SD) for

percentage of lysed cells.
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Supplementary Figure S3. CAR T-cell cytotoxicity and cytokine secretion against UM-UC-3 and
BFTC905 spheroids. 100 nM DEC (black) and DSMO (grey) pretreated UM-UC-3 and BFTC905 cells
were seeded in ultra-low attachment U-bottom 96-well plates. After overnight spheroid formation,
CD19-, EGFR- or CD44v6 CAR T-cells or untransduced T-cells were added and cells were co-cultured
for 16 h. Subsequently, (A) lysis was determined by CellTiter-Glo® 3D Viability assay and (B)
Granzyme B, TNF-alpha and GM-CSF secretion of the 1:1 ratio by MACSPlex Cytotoxic T/NK cell
assay. Graphs depict mean values +SEM from at least three independent experiments.
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heatmap. Gene lists were downloaded from the Broad Institute GSEA gene sets database
[https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?collection=CP:KEGG]:

G0:0070098~chemokine-mediated signaling pathway, GO0:0002548~monocyte chemotaxis,
G0:0071356~cellular response to tumor necrosis factor, GO:0048247~lymphocyte chemotaxis,
G0:0071346~cellular response to interferon-gamma, GO0:0034097~response to cytokine,
G0:0042113~B cell activation, G0:0006935~chemotaxis, G0:0071347~cellular response to
interleukin-1. Green colored boxes indicate low expression and red colored boxes indicate high

expression. Genes with expression out of range are marked in yellow.
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Supplementary Figure S5. Heatmap display of differential gene expression between untreated and
epidrug treated UCC with regard to survival and apoptosis signaling. Differentially expressed genes
after indicated treatment (fold-change 21.5) were checked for abundance in gene lists downloaded
from GSEA gene set database associated with PI3K-AKT (A) and apoptosis signaling (B): HALLMARK
APOPTOSIS, REACTOME EXTRINSIC PATHWAY FOR APOPTOSIS, INDUCTION OF APOPTOSIS BY
EXTRACELLULAR SIGNALS, INDUCTION OF APOPTOSIS BY INTRACELLULAR SIGNALS, HALLMARK
PI3K AKT MTOR SIGNALING. Fold change expression values were displayed as a heatmap with green
colored boxes indicating low expression and red colored boxes indicating high expression. Genes
with expression out of range are marked in yellow. Differentially expressed genes in UM-UC-3 and
VM-CUBI cells after treatment with 3 nM ROM for 72 h from our previous study (GEO accession

GSE70120) were included for direct comparison.
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ARTICLE INFO ABSTRACT

Keywords: The monoclonal antibody cetuximab recognizes domain III of the epithelial growth factor receptor (EGFR) with
Immunotherapy high-affinity and is an important element in the treatment of several malignancies that overexpress non-mutated
2‘;1_"1 HUIBOT: wild-type EGER. In order to create an EGFR recognizing chimeric antigen receptor (CAR) for cellular immuno-
ST ANESNRCRpto therapy of head and neck squamous cell carcinoma (HNSCC), we rationally designed single chain fragments of
HNSCC . ) . : R X .
Cetuximab different lengths based on the cetuximab variable heavy and light chains. We then cloned the different cetuximab

fragments into our second generation CAR construct, expressed CARs on primary human T-cells from healthy
donors using mono- or biscistronic lentiviral vectors and tested the stability, functionality and specificity of the
CARs. Our smallest CAR construct was most efficient with greatly improved vector production and T-cell
transduction efficacy. Finally, we demonstrated that the new cetuximab CAR construct expressed on T-cells is
highly reactive against EGFR-positive HNSCCs and also malignant cells from other solid cancer entities. In
conclusion, we generated an optimized high-affinity EGFR CAR construct for the next steps in cancer immu-
notherapy, which need to focus on the development of armored CAR T-cells that will be more resistant and
effective in the hostile microenvironment present in solid cancers.

EGF receptor

Introduction auto-inhibited conformation, which is characterized by an interaction

between domains I and IV. In the active conformation, EGFR binds one

Head and neck squamous cell carcinoma (HNSCC) develops in the
outer layer of the skin and in the mucous membranes and is the 8th most
diagnosed solid cancer worldwide with more than 800,000 newly
diagnosed patients per year [1,2]. 400,000 HNSCC patients still die
annually worldwide, as no major improvement of the overall survival
rate after surgery, platinum-based chemotherapy and radiation has been
achieved within the last 50 years [3.4].

Approximately 80-90% of all HNSCCs overexpress the Epidermal
Growth Factor Receptor (EGFR), a tyrosine kinase receptor with four
extracellular domains [5], that plays a key role in cell survival, prolif-
eration, migration and differentiation of epithelial and other cells [6].
About 95% of the free/non-ligand bound EGFR on cells is present in an

of its seven known ligands in the pocket formed between domains I and
111 [7,8]. The binding of a ligand induces homodimerization of two re-
ceptor proteins and thereby activates the intracellular kinase domains to
trans-phosphorylate each other [5]. Through this signaling, EGFR con-
trols normal cell growth and proliferation. However, when overex-
pressed on malignant cells, the increased EGFR signaling leads to
uncontrolled cell proliferation and thereby promotes the development of
aggressive cancers [9]. Therefore, patients with highly EGFR-positive
tumors, mainly epithelial cancers of head and neck, breast, colon, lung
and pancreas, often face a poor prognosis due to limited efficacy of the
multimodal treatment regimens with decreased overall survival (0OS)
[10].
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To inhibit the rapid cell proliferation of EGFR-positive malignant
cells, monoclonal antibodies such as the immunoglobulin G1 subclass
mouse-human chimeric antibody cetuximab (Erbitux®) were developed
to block EGFR signaling [11]. Cetuximab (Ctx) binds to domain III of
EGFR with a 5- to 10-fold higher affinity than any of its natural ligands,
thereby preventing ligand binding and switching of the receptor to an
active conformation with dimerization and downstream signaling
[11,12]. So far, cetuximab is the only FDA- and EMA-approved mono-
clonal antibody for the treatment of both, locoregionally advanced and
recurrent/metastatic HNSCC, and usually combined with chemo- and/
or radiotherapy, resulting in improved local disease control but only
marginally increased OS [9]. Other antibody-based EGFR inhibitors
(nimotuzumab, panitumumab, zalutumumab) and small molecule
tyrosine kinase inhibitors (erlotinib, gefitinib, lapatinib, afatinib, daco-
mitinib) have also shown efficacy in clinical trials, but in comparison to
cetuximab failed to demonstrate equal or improved benefits for the OS of
patients [13-16].

As EGFR is also strongly expressed on the basal layer of the
epidermis, treatment with EGFR monoclonal antibodies is associated
with typical skin toxicities due to off-tumor on-target binding of the an-
tibodies [12]. Mechanistically, binding of the IgG1 antibodies will direct
the antibody-dependent cellular cytotoxicity of the immune system,
mainly by CD16-positive NK-cells and indirectly also cytotoxic T-cells
(via activation of dendritic cells and macrophages) to both, normal as
well as malignant EGFR expressing cells [17]. Cetuximab has been
widely studied in the treatment of various cancers, thus the side effects
are well established and the therapy is known to be tolerated by the
majority of patients [18]. However, treatment with cetuximab is also
associated with an increased incidence of severe adverse reactions
[19-21], while clinical studies with lower affinity EGFR monoclonal
antibodies such as nimotuzumab revealed less side effects, but also less
anti-tumor cell activity [13].

Chimeric antigen receptors (CARs) present a novel immunothera-
peutic approach to direct autologous T-cells from patients against anti-
gens expressed on the surface of malignant cells [22]. CARs combine a
single chain fragment (scFv) from a monoclonal antibody recognizing a
tumor-associated antigen with the cytoplasmic signaling domain of the
CD3 E-chain and co-stimulatory motifs in a single molecule. T-cells
genetically modified to express a CAR efficiently recognize the tumor-
associated antigen and kill the malignant cell in a non-MHC restricted
manner [23]. For targeting EGFR, Caruso et al. generated two CAR
constructs with scFvs from cetuximab and nimotuzumab variable and
constant regions, which both bind to overlapping epitopes of EGFR, and
validated these constructs against EGFR-positive glioma cells in vitro and
in vivo | 24]. Our focus here was to develop a lentiviral vector for HNSCC
CAR T-cell therapy by re-engineering the relatively long cetuximab scFv
from Caruso et al. [24] for optimal vector production efficacy and
cytotoxic activity.

Material and methods
Cell culture

Human embryonic kidney cells (HEK293T), different HNSCC cell
lines and the human fibrosarcoma HT1080 cells were cultured as pre-
viously published [25]. RT-112, MCF-7, Cal27 and Kyse510 were ob-
tained from the German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). A2780 and HEY cells were purchased
from the European Collection of Cell Cultures (ECACC, UK) and TOV21G
cells from the American Type Culture Collection (ATCC). All cell lines
were grown as recommended. Normal human oral keratinocytes (HOK)
were purchased from ScienCell Research Laboratories (Carlsbad, U.S.A)
and dysplastic oral keratinocytes (DOK) were obtained from Sigma-
Aldrich (Darmstadt, Germany).
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Generation, expansion, transduction and selection of human CAR T-cells

Human primary T-cells were obtained from the peripheral blood of
healthy adult donors after informed consent according to the protocols
approved by the local ethics committee/IRB in Diisseldorf (study num-
ber: 4687) and activated as described previously [25]. 72 h after
expansion and transduction, T-cells were selected and enriched by
magnetic cell sorting (MACS, Miltenyi Biotec, Bergisch Gladbach, Ger-
many) as described in Bister et al. [26] according to the manufacturer’s
protocol.

Lentiviral vectors and transduction

The control CD19 and CD44v6 CAR constructs were previously
published [25,27,28]. The original scFv of the cetuximab antibody
containing both variable and constant regions (Ctxjong) was optimized
for human codon usage and synthesized by GeneArt (Thermo Fisher
Scientific, Regensburg, Germany) according to the description by Caruso
et al. [24]. For construction of modified cetuximab Vi and Vi, sequences
(CtXgmall, Ctsmalive, CtXsmanvh), overlap extension polymerase chain
reaction was used. For the production of EGFR knockout cells, DNA
oligonucleotides for two gRNAs were designed using the chop-chop al-
gorithm [29], synthesized by Eurofins Genomics (Ebersberg, Germany)
and cloned into the lentiviral expressing CRISPR/Cas9 vector Lenti-
CRISPRv2 as described [30].

Vesicular stomatitis virus-G pseudotyped replication-deficient lenti-
viral particles were produced after transfection into HEK293T cells as
described previously [25]. For the production of EGFR knockout clones,
1x10° cells were transduced in limited dilutions of the lentiviral
CRISPR/Cas9 vectors, selected with puromycin and then single-cell
cloned [25]. Primary human T-cells were transduced on the fibro-
nectin fragment CH296 (Takara Bio Inc., Otsu, Japan) as previously
described [27,31]. To determine vector titers, serial dilutions (107 to 10"
6y of viral supernatant were added to 3.5x1 0* HT1080 cells which had
been seeded in six-well plates the day before. The lentiviral vector titers
were determined by flow cytometric analysis using the linear range
between viral concentration and EGFP-positive cells. All transductions
were performed in the presence of 10 pg ml ™! protamine phosphate
(Sigma-Aldrich, Darmstadt, Germany) as previously described [27,31].

Normal human oral keratinocytes (HOK) were immortalized with a
VSV-G-pseudotyped lentiviral vector that expresses the SV40 large T-
antigen (HOK-T) as previously described [32].

Flow cytometry analysis

The expression profiles of EGFR were analyzed by staining 1x10°
cells with an EGFR-PE antibody (REA688, Miltenyi Biotec) according to
the manufacturer’s specifications and measured on a MACSQuant
Analyzer X (Miltenyi Biotec) or a BD Biosciences FACSCalibur (Heidel-
berg, Germany).

To verify the enrichment and selection of CAR T-cells, different
MACS fractions were stained with the CD34-PE antibody (Clone:
QBEND/10; Thermo Fisher) as described in Bister et al. [26]. HT1080
cells transduced with different dilutions of virus-containing superna-
tants were also stained with the CD34-PE antibody and analyzed by flow
cytometry.

Cytotoxicity assay
The cytotoxicity of CAR T-cells was determined by the CellTiter 96®

AQueous One Solution Cell Proliferation assay (Promega, Walldorf,
Germany) as described previously [25].
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Fig. 1. Interaction of EGFR and cetuximab (Cartoon view). A) Amino acids mutated in cetuximab-resistant tumors or critical for cetuximab binding are shown in red

[10,32-34] within the extracellular domains I-IV of EGFR pictured in blue (PDB 1NQL) [62]. Amino acids of the heavy (yellow) and light (orange) chains of
cetuximab (PDB 1YY8) [10] involved in EGFR binding are depicted in red. B) Structure of the extracellular domain of EGFR (blue) in complex with heavy (yellow)
and light (orange) chain of cetuximab (PDB 1YY9) [10] in its unmodified form (cetuximab long = CtXjong, left). Amino acids, which were removed for generating an

optimized cetuximab scFV, are shown in grey (middle). Potential structure of the shortened cetuximab scFv (cetuximab small = Ctxyyap, right). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Design of different cetuximab-based CARs. A) Schematic structure of the different CARs. The constructs contained the four variants of the cetuximab scFv
followed by a ACD34 hinge domain, a CD28 transmembrane and intracellular domain and the CD3{ cytosolic domain. Ctxieng (original VH and VL), CtXgman (short VH
and short VL), CtXymanvu (original VL, short VH), CtXgmanvi (short VL, original VH). B) Schematic structures of the mono- and bicistronic lentiviral vectors for

expression of CARs which we published previously [27].
controls (Fig. 52).

CtxXgmatt CAR T-cells kill normal and dysplastic EGFR-positive oral
keratinocytes

In order to assess the cytotoxicity of Ctxsmaj CAR T-cells for non-
malignant normal tissues, we bought normal human oral keratinocytes
(HOK) and also dysplastic oral keratinocytes (DOK) described by others
[44,45]. However, as the HOK cells grew quite poorly and we did not
want to extend the culture period for more than 8 days, we also used our
lentiviral SV40 large T expression vector [32] to generate immortalized
HOK-T cells. Flow cytometry analysis revealed that EGFR was expressed
at different levels on these three cell types (Fig. 6A). Co-culture of HOK,
HOK-T and DOK cells with our Ctxgpna CAR T-cells was associated with
significant toxicity (Fig. 6A) that did not directly correlate with the
EGFR expression levels on the cells.

Ctxsman CAR T-cells are effective against malignant cells of several entities

Finally, after proving the high sensitivity (Fig. 4) and specificity
(Fig. 5) of the Ctx¢pman CAR for EGFR-expressing HNSCC cell lines and
also non-malignant keratinocytes, we validated our new Ctx CAR
construct for the cytotoxic activity against cancer cell lines of different
origin. Cells of the EGFR-positive OSCC cancer cell line CAL 27 (MFI
2.25) and the EGFR'®" expressing bladder cancer RT-112 cell line [46]

(MFI 2.16) were efficiently eradicated by the Ctxgmay CAR T-cells
(Fig. 6B). The killing pattern for the low EGFR expressing cells (MFI
1.44) of ESCC cancer cell line Kyse-510 (Fig. 6B) [47] confirmed the
high sensitivity of the Ctxgman CAR. Also EGFR-positive cells from
ovarian cancer, HEY and TOV21G, were efficiently eliminated (between
96.2 and 89.2% at 3:1 ratios) by the Ctxsman CAR (Fig. 6B), independent
of their EGFR expression levels (HEY MFI 6.7 and TOV21G MFI 1.84).
Importantly, cells from the EGFR negative ovarian cancer cell line
A2780 were not killed by Ctxgyan CAR T-cells (Fig. 6B).

Discussion

Immunotherapy using autologous T-cells genetically modified to
express CAR constructs has yielded high response and cure rates in pa-
tients with B-cell malignancies, especially with CD19 CAR T-cells for B-
cell acute lymphoblastic leukemia [22]. In contrast, administration of
CAR T-cells to treat solid tumors achieved very limited successes so far
[23], due to a unique set of challenges, including the lack of tumor-
specific antigens that are homogeneously expressed on all malignant
cells, and the presence of an immune-suppressive tumor-tolerant and
metabolically challenging microenvironment [48]. This hypoxic tumor
microenvironment (TME) with altered nutrient availability also contains
stroma cells, fibroblasts and regulatory immune cells that all can pro-
duce immunosuppressive cytokines and chemokines. Importantly, this
hostile microenvironment attenuates CAR T-cell infiltration, survival
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Fig. 3. Shortening of the cetuximab-derived scFv improves lentiviral and titer and transduction efficiency. A) HT1080 cells were lentivirally transduced with serially
diluted vectors encoding cetuximab CAR constructs with or without BFP (Ctxjopg, transduction with 15-fold virus supernatant (*(conc)), CtXsman, CtXsmanvi,
CtXsmanve)- Cells were stained with the CD34-PE antibody and CAR expression was flow cytometrically analyzed to calculate the viral vector titers. B) Primary human
T-cells were transduced with lentiviral vectors encoding the cetuximab CAR constructs with or without BFP. CAR T-cells were enriched via CD34-mediated MACS and
the three fractions (Pre, Flow-through, Post) were flow cytometrically analyzed for CAR expression after staining with CD34-PE antibody. CAR expression (x-axis)

was plotted against the absolute cell count (y-axis). The numbers indicated the percentages of CAR-positive T-cells and representative histograms were used. The
graph showed the CAR-positive cells in % (grey bars) and the mean fluorescence intensity (white bars) of PreMACS fractions. Data were depicted as mean + SEM for

three different experiments/biological replicates.

and anti-tumor activity.

To improve the efficacy of CAR T-cells, our aim here was to develop a
small cetuximab-based CAR for inclusion in bi- or multicistronic lenti-
viral vectors that can also express additional transgenes to armor the
CAR T-cells against immunosuppressive signalling in the TME. By
optimizing the scFv design, we were able to improve the lentiviral vector
production and the transduction efficiency of human primary T-cells
compared to a previously established cetuximab-based CAR [24],
thereby potentially reducing the costs for large-scale productions of
multigene lentiviral vectors in the future. Particularly attractive here is
that the Ctxgman CAR is based on an already clinically approved and
widely used therapeutic antibody, for whom the off-tumor on-target
toxicity is well established [18]. Even MCF-7 cells with very little or no
EGFR on their surface [40-42] were efficiently killed by the Ctx CAR T-
cells. The ultimate proof for the specificity of our Ctx¢yay CAR construct
was the observation that EGFR knockout cells generated by the CRISPR/
Cas9 technology in strongly EGFR-expressing HNSCC cell lines were not

killed at all. Importantly, the high sensitivity of the Ctxgmai CAR
construct increases the risk of on-target off-tumor toxicity in EGFR
expressing tissues like skin, gastrointestinal system and kidney [24]. We
confirmed experimentally that Ctxgynan CAR T-cells exhibit significant
cytotoxicity against human normal (HOK) as wells as dysplastic oral
keratinocytes (DOK) and also against SV40 large T-immortalized HOK-T
cells. This cytotoxicity did not directly correlate with the EGFR
expression levels on the cells, as we also demonstrated for malignant
cells of different cancer entities. It therefore has been suggested that
EGFR CARs with a lower affinity for their target antigens would suffice
to target HNSCC cells due to the strong EGFR overexpression in up to
90% of all HNSCC tumor tissues [9,12,49], thus resulting in a reduced
risk of undesired off-tumor toxicity. Consequently, Caruso et al
compared the killing characteristics of a high-affinity cetuximab-based
CAR with a lower affinity nimotuzumab-derived CAR construct [24].
Both EGFR CAR T-cell constructs efficaciously killed EGFR strongly
expressing HNSCC cell lines, but the nimotuzumab-based CAR spared
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Fig. 4. Ctx-derived CARs eradicated HNSCC cells with high efficacy. EGFR expression was determined by staining with an EGFR-PE antibody. Antigen expression (x-
axis) was plotted against the absolute cell count (y-axis) for unstained control cells (black) and stained cells (blue). Primary human T-cells were lentivirally
transduced with VSVG-pseudotyped CAR vectors. After three days, the CAR-positive T-cells were enriched by MACS and co-cultured with A) the high EGFR
expressing HNSCC cell lines UM-10B, UM-14C and UT-24A or B) cell lines with distinct EGFR expression levels, UM-11B"&", UM-17B™9%™¢ and MCF-7°%, at
different effector to target cell ratios. After 16 h, the lysis of target cells was determined via CellTiter 96® AQueous One Solution Cell Proliferation assay (Promega).
Data were depicted as mean + SEM for three different experiments.
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CRISPR/Cas9 negative control vector (blue), the empty vector (orange) or the two CRISPR/Cas9 gRNA vectors (KO#2 red, KO#4 black). EGFR expression levels were
determined by staining with EGFR-PE antibody. Antigen expression (x-axis) was plotted against the absolute cell counts (y-axis). Human T-cells were transduced with
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CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega). Data were depicted as mean + SEM for three experiments.
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tissues/cells with lower EGFR expression [24]. Similarly, other groups
adjusted the affinities of their scFvs for CARs by mutating parts of the
sequences involved in binding of the target antigen [50] or by using
hybridoma technology for the generation of low-affinity CARs [51,52],
which then enabled the CAR T-cells to better discriminate between
malignant and normal tissues. However, as the target expression on solid
tumor cells within the same patients is highly heterogeneous and
persistence/relapse of target antigen negative cells is the main reason for
the failure of CAR T-cells in glioblastoma clinical trials [23,53], we
believe that, if the off-tumor toxicity can be managed, high-affinity CAR
constructs are better candidates for adoptive cellular immunotherapy of
solid cancers.

In general, off-tumer on-target toxicities against normal tissues can be
associated with severe safety problems that are controllable by modi-
fying the design of the CAR vector, e.g. by including a safety switch or
suicide genes or by using inducible promoters in more complex vectors
[22,23,27,54]. However, we favour the concept of directly injecting the
CAR T-cells into the solid tumor tissues. Several clinical studies in
glioblastoma demonstrated that the repeated injections of CAR T-cells
into the tumors are feasible and well tolerated and not associated with
toxicities of the immune effector cells in other organs [53,55]. As the
residual/recurrent tumors in glioblastoma often show a decrease or
complete loss of the target antigen, the next generation of CAR T-cells in
this tumor entity needs to target at least two antigens simultaneously
[53]. Recently, a phase I/1I dose-escalation trial for locally recurrent or
metastatic HNSCC (NCT01818323)” reported the outcome of using 2nd
generation CAR T-cells with an ErbB-ligand binding moiety recognizing
several receptors of the ErbB family for direct injection into the tumor
site [56]. Stable disease control could be achieved in 9 out of 13 patients
after 6 weeks and one patient achieved a rapid and complete clinical
response, albeit in combination with PD1 check point inhibition and
additional oncolytic therapy [56]. Importantly, no severe adverse events
were noted. In a recent short update, the group in London reported that
up to 1 billion CAR T-cells can be injected safely into the tumor tissues
and that no dose-limiting toxicities occurred, including no clinically
relevant leakage of CAR T-cells into the circulation [57].

With the Ctxgman CAR construct described here, we developed a small
and high-affinity EGFR CAR that can be readily integrated in multi-
transgene lentiviral vectors. Whether the best approach to limit tumor
cell escape is to express two CARs simultaneously via a 2A site or to use
one CAR with two scFvs needs to be tested in preclinical models and
clinical trials [23,58]. Other factors to be addressed in the design of
multi-transgene vectors are the necessity to neutralize immunosup-
pressive factors like TGFp or adenosine, e.g. by shRNA-mediated down-
regulation of their cognitive receptors or by expression of cDNAs for
dominant negative or switch receptors [59]. In addition, secretion of
proteins that neutralize immunosuppressive tumor cell antigens (e.g.
PD-L1) or bispecific antibodies that recruit the immunosuppressive
Treg-cells for killing of the malignant cells are other exciting strategies
[60,61] that can readily be combined with the EGFR CAR construct
developed here.
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Immunotherapy including chimeric antigen receptor (CAR)
T cell therapy has revolutionized modern cancer therapy and
has achieved remarkable remission and survival rates for several
malignancies with historically dismal outcomes. The hinge of
the CAR connects the antigen binding to the transmembrane
domain and can be exploited to confer features to CAR T cells
including additional stimulation, targeted elimination or detec-
tion and enrichment of the genetically modified cells. For
establishing a novel hinge derived from human CD34, we sys-
tematically tested CD34 fragments of different lengths, all con-
taining the binding site of the QBend-10 monoclonal antibody,
in a FMC63-based CD19 CAR lentiviral construct. A final
construct of 99 amino acids called C6 proved to be the best candi-
date for flow cytometry-based detection of CAR T cells and >95%
enrichment of genetically modified T cells on MACS columns.
The C6 hinge was functionally indistinguishable from the
commonly used CD8a hinge in vitro as well as in in vivo exper-
iments in NSG mice. We also showed that the C6 hinge can be
used for a variety of different CARs and mediates high killing ef-
ficacy without unspecific activation by target antigen-negative
cells, thus making C6 ideally suited as a universal hinge for
CARs for clinical applications.

INTRODUCTION

Chimeric antigen receptors (CARs) are part of a novel immunother-
apeutic approach potentially suitable for a wide range of malig-
nancies."”” In CAR constructs, the single-chain variable fragment
(scFv) of a monoclonal antibody (mAb) is linked with a hinge to a
transmembrane region and at least one intracellular T cell activation
motif, thereby combining antigen recognition and T cell activation in
asingle molecule."” Consequently, autologous T cells equipped with a
CAR construct can detect and eliminate the target antigen-expressing
tumor cells in a major histocompatibility complex-independent
fashion."”” In the last decade, major clinical breakthroughs have
been achieved with CARs targeting CD19 and other antigens on
B cell lineage-derived leukemia and lymphoma cells, which led to
several CAR T cell therapies being approved in the United States
and Europe for hematological malignancies.'

In CAR constructs, not only the scFv and the cytoplasmic signaling
domains but also the hinge domain can greatly influence expres-

sion, stability and flexibility of the CAR and can enhance expansion
as well as persistence of T cells.”” Moreover, its length and flexi-
bility are crucial for optimal recognition and binding to the antigen
epitope by the scFv. Longer hinges are needed for recognizing
target motifs, where the epitope is located proximal to the mem-
brane of target cells or embedded within heavily glycosylated struc-
tures; shorter hinges are preferred when the epitope is located distal
to the membrane and easily accessible.” '* Importantly, the hinge
can also bind ligands itself. For example, constant heavy domains
from human immunoglobulin G (IgG) have been used as hinges
in CARs, but caused off-target toxicities due to binding to its nat-
ural receptors, FcyRI, FeyRII and FeyRII, on immune cells, which
led to unspecific T cell activation, exhaustion and activation-
induced cell death, ultimately resulting in insufficient disease con-
1113 Introducing mutations or truncations in
the FcyR binding domains can abrogate the off-target binding/acti-
vation and improved CAR function and efficacy.™' """ Of note, the
hinge in lisocabtagene maraleucel/JCAR017/Breyanzi, the US Food
and Drug Administration (FDA)-approved CAR T cell therapy of
Juno Therapeutics/Bristol Meyers Squibbs for CD19" B cell lym-
phomas, harbors a 12-amino acid (aa) IgG4 hinge without the
CH,CH; sequence,'"'® while the hinges in the other FDA-
approved CAR T cell products are derived from CD28 (Yescarta,
Tecartus) or from CD8x (Kymriah).“‘ The latter two antigens are
both naturally expressed on T cells and thus can be considered
safer for clinical use than the artificial expression of immunoglob-
ulin protein sequences on T cells.

trol in vive in animals.

The hinge in CARs can facilitate elimination of the genetically modi-
fied T cells in vivo by including epitopes that can be specifically tar-
geted, e.g., by administering mAbs such as rituximab'” or by using
CAR T cells that are redirected against the specific epitope in the
hinge.'? Other groups modified the hinge to include epitopes derived
from CD34,' NGFR'’ or artificial sequences such as Strep-Taq 11"’ to
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A 1 B Figure 1. Structure and amino acid sequence of
. Q;“i:‘o";" MLVRRGARAGPRMPRGWTALCLLSLLPSGFMSLDNNGTAT human CD34
#C1 (16 aa) e —— [A) Human CD34 consists of a heavily O- and N-glyco-
= B T T P L GSTSLEPVSQHON sylated region followed by a six-cysteine rich domain with
3 EATTNITETTVKFTSTSVITSVYGNTNSSVOSQTSVISTV three IgG-like domains and a cytoplasmic domain. The 16
0-and N- _— aa QBend-10 epitope (#C1) is located close to the N
-!llvcﬂslﬁmd FTTPANVSTPETTLKPSLSPGNVSDLSTTSTSLATSPTKP terminus and the newly derived hinges #C2—#C7 are
region —_—
#C6 designed around this epitope. (B) Full amino acid
XEBSSRILInTRAETRCHGIRAVRLTOGTCIEQNETSSCA sequence of human CD34. The critical 16 aa stretch is
ser EFKKDRGEGLARVLCGEEQADADAGAQVCSLLLAQSEVRP marked in red. Amino acid sequences of hinges #C2-#C7
are underlined in the corresponding color. (C) Overview of
QCLLLVLANRTEISSKLQLMKKHQSDLKKLGILDFTEQDV the length and position within the CD34 molecule of
#C1-#C7.
ASHQSYSQKTLIALVTSGALLAVLGITGYFLMNRRSWSPT
GERLELEP
| cysteine-rich
region RESULTS
C i position in CD34 o Vector, CAR and hinge design
=) E42-557 162a The CD34 MACS enrichment system from Mil-
i P - tenyi Biotec is based on the CD34 antibody clone
$32-790 5942 QBend-10 recognizing a well-defined 16-aa
E42 - V110 6722 :
| cytoplasmic #ce E42-5140 99aa sequence, ELPTQGTFSNVSTNVS,*" which we
domai « : ; ’
emain . Loy 1 named C1 and that is located in a heavily O-

enable enrichment as well as flow-cytometric detection of CAR
T cells. Flow cytometry, especially in research settings, is optimally
suited for determining the immunological phenotypes of CAR-ex-
pressing cells and also for comparing the expression patterns of
different CAR constructs on the transgenic immune effector cells.'""”
In clinical settings, these analyses are often much more laborious and
rely on qRT-PCR*"** droplet digital PCR,” RNA sequencing,”* posi-
tron emission topography,” antibodies against the scFv"*" linkers
between heavy and light chain,”® Fc-tagged antigens” or the
expression of separate cell-surface marker genes co-expressed in the
CAR lentiviral constructs, e.g., truncated epidermal growth factor
receptor. 1530

When designing a new hinge for potential clinical purposes, we
considered the human CD34 adhesion molecule to be ideally suited
as candidate, as CD34 is of human origin and not expressed on
mature immune effector cells, including human T and natural killer
(NK) cells; also the natural ligands for CD34, CD62L, CD62E and
CD62P, are well known.”' GMP-grade immunomagnetic CD34
enrichment reagents (MACS; Miltenyi Biotec) are commercially
available and have been used for more than 15 years to enrich
CD34" hematopoietic stem cells from different source materials
for human stem cell transplantation without the need to remove
the microbeads from the infused products.’ The aim of this
work was to systematically establish a human CD34-derived hinge
for CAR constructs, which facilitates to routinely enrich CAR
T cells to high purities and which functions well in a variety of
CAR constructs in vitro and in vive comparably to a clinically
used human CD8-derived hinge.

and N-glycosylated region of the protein (Fig-

ure 1A). We first designed six hinges of different

lengths by adding amino acid stretches from the

wild-type protein up- and/or downstream of the
QBend-10 recognition site in CD34, labeled as C2 (31 aa), C3 (49 aa),
C4 (59 aa), C5 (67 aa), C6 (99 aa) and C7 (179 aa), shown in Figures 1B
and 1C.

Expression and enrichment of CD34-hinged CARs in Jurkat cells

The CD34 fragments C2-C7 were cloned as hinges into our previ-
ously published CD19 CAR lentiviral vector, which co-expresses
the enhanced green fluorescent protein (EGFP) and a human codon
usage-optimized FMC63-based second-generation CAR construct
with the transmembrane and cytoplasmic region of human CD28
via a T2A site under the control of the MPSV promoter (Figure 24).%
To test whether cells expressing CD34-hinged CARs can be detected
by antibody staining and can be enriched by CD34 microbeads, Ju-
rkat cells were transduced with the six lentiviral CD19 CAR con-
structs harboring C2-C7 as hinges. Flow-cytometric analysis of the
transduced Jurkat cells stained with the QBend-10 CD34-PE anti-
body revealed that EGFP expression for all six constructs strongly
correlated with the CAR expression levels (Figure 2B). Next, batches
of transduced Jurkat cells were incubated with CD34 microbeads and
subjected to one round of enrichment on MACS columns. Prior to
the enrichments, the transduction efficiencies for C2-, C3-, C4-,
and C5-hinged CARs were very similar (61.6% + 2.7% to 68.7% *
2.7%), while C6-hinged CARs showed the lowest, 50.7% + 10.5%,
and C7-hinged onstructs the highest transduction efficiency of
78.4% * 3.2% (Figure 2C; preMACS). For all hinges, the enrichment
with CD34 microbeads led to EGFP" populations well above 90%,
with C4, C5 and C7 having the purest postMACS populations,
97.8%, 97.1%, and 98.8%, respectively (Figure 2C; postMACS). How-
ever, compared with the percentages of EGFP" cells prior to MACS
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Figure 2. CD34-hinged CAR expression and enrichment

Jurkat or primary human T cells were lentivirally transduced with VSVG-pseudotyped vectors encoding EGFP in cis with ACD34-hinged CD19 CARs (vector depicted
schematically in A). (B) Three days after transduction, Jurkat cells were flow-cytometrically analyzed for CAR (via CD34-PE) and EGFP expression. ACD34-hinged CD19 CAR
(C) Jurkat or (D) primary human T cells were enriched via magnetic cell sorting using CD34 microbeads, and the three fractions (preMACS, flowthrough, and postMACS) were
analyzed for EGFP expression by flow cytometry. In the overlay, preMACS is depicted as a blue line, the flowthrough as a green ling, and postMACS as a red line.
Representative blots were used. Values indicate the percentages of CAR-positive cells and are shown as means + SEM from at least three experiments.

selection, the enrichments of C2-C5 hinged CARs were quite ineffi-
cient, as the majority of the CAR-expressing cells was lost in the
flowthrough (Figure 2C; flowthrough). Here, the C6 hinge proved
to be most efficient for selection purposes, as only 28.3% out of
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50.7% (55.8%) mostly low EGFP-expressing CAR cells were present
in the flowthrough of the columns and 92.0% transduced cells could
be eluted from the columns. Due to the high inefficiency for selection
on MACS columns, the C2-hinge construct was not further analyzed.
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Expression and enrichment of CD34-hinged CARs in primary

T cells

Next, primary human T cells were transduced with the C3-C7-hinged
CD19 CAR lentiviral constructs. Three days later, the T cells were har-
vested, stained with CD34 microbeads and subjected to enrichment
for CAR-expressing cells on MACS columns. Flow-cytometric anal-
ysis of the T cell cultures prior to selection demonstrated that the
transduction efficiencies ranged between 41.2% + 6.2% for the C6
construct and 63.3% + 11.3% for C4 (Figure 2D: preMACS). One
run over the MACS columns was sufficient to enrich the CAR-positive
T cells to high purities between 90.4% + 8.6% for C7 and 99.4% + 0.2%
for C4 (Figure 2D; postMACS). Similar to the experiments with Jurkat,
the use of the shorter hinges C3-C5 was associated with inefficient
enrichment of transduced cells, as the majority of CAR T cells was

Lysis of MOLM-14 cells [%]

-o- R12-C7

HE Untransduced

Figure 3. Comparison of C6- and C7-hinged CD19
and R12 CARs with CH,CHg-hinged counterparts
Primary human T cells were lentivirally transduced with
VS8VG-pseudotyped vectors encoding BFP in cis with C6-
or C7-hinged or ACD34 in cis with CH>CHg-hinged CD19
or R12 CARs (vectors depicted schematically in A). Three
days after transduction, the CAR T cells were enriched via
MACS and subsequently co-cultured with (B and D)
EGFP-expressing Mino or MOLM-14 cells at decreasing
effector-to-target cell ratios or (E) with various myeloid cell
lines at an effector-to-target cell ratio of 1:1. After 16 h, the
target cell lysis was assessed by flow cytometry and (C)
supernatants were harvested and analyzed for granzyme
B, IFN-v, GM-CSF, IL-2, TNF-o. and IL-21 secretion via
the cytotoxic T and NK cell MACSPlex cytokine assay.
P values were calculated by two-way ANOVA (B, D,
and E) or one-way ANOVA (C) followed by Tukey's or
Dunnett's multiple comparison testing, respectively; as-
terisks indicate p values of <0.05; the p values of the lysis
curves are summarized in Table S1. Data are presented
as means + SEM of at least three biological replicates.s
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lost in the flowthrough of the columns (Fig-
ure 2D; flowthrough). The C6 hinge with 99 aa
proved to be highly efficient to retain the major-
ity of CAR T cells on the MACS column, as only
11.7% out of 41.2% (28.4%) of T cells with low
expression of EGFP/CAR were detectable in
the flowthrough (Figure 2D). With respect to
the ability to retain the CAR T cells on the col-
umn, the C7 construct came in as the second
best with slightly lower purity (90.4%).

Killing efficacy and specificity of CD19
CARs with C6, C7, or CH,CHj hinges
As the CH,CH; fragments of human IgG1 or
IgG4 have been commonly used as hinges for
CARs,'"'" we next compared the cytotoxic effi-
cacy and specificity of CD19 CAR T cells with
the C6 or C7 hinges against a corresponding
CH,CHj3-hinged CAR construct. To enable enrichment of the trans-
duced T cells on MACS columns in this set of experiments, we trans-
duced primary human T cells with vectors encoding blue fluorescent
protein (BFP) in ¢is with C6- or C7-hinged or the previously
described ACD34,” which is truncated after the transmembrane
domain and thus lacks the signaling domains, in cis with CH,CHs-
hinged CD19 CARs (Figure 3A). The CAR T cells were enriched
via CD34 MACS to »90% and then co-cultured with the CD19"
RORI" mantle cell lymphoma (MCL) cell line Mino or the CD19~
RORI1  acute myeloid leukemia (AML) cell line MOLM-14 (Fig-
ure 51) for 16 h with subsequent cytotoxicity and cytokine secretion
measurements. We also included a CD123 CAR™ with the C6 hinge
in these experiments, which served as a negative control for Mino and
a positive control for MOLM-14 cells.
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All three CD19 CAR constructs showed comparable cytotoxicity
when expressed on T cells (Figure 3B) and also comparable secretion
of granzyme B, interferon-y (IFN-v), granulocyte macrophage col-
ony-stimulating factor (GM-CSF), tumor necrosis factor o (TNF-a)
and interleukin-2 (IL-2) against Mino cells (Figure 3C). Similarly,
T cells expressing the C6-, C7- and CH,CHj-hinged ROR1 CARs
based on the mAb clone R12" equally efficaciously eliminated
Mino cells (Figure 3D). In contrast, when using a CAR construct
based on the ROR1 mAb clone R11, which targets a membrane-prox-
imal epitope,” only the long CH,CH; hinge mediated recognition
and killing of Mino cells (Figure S2A).

The CD19 and ROR1™ MOLM-14 cell line was nonspecifically lysed
by C7- and CH,CHj-hinged CARs, including the R11-C7 CAR, but
not by Cé6-hinged CD19 or ROR1 CARs (Figures 3B and 3D; Fig-
ure S2A). Importantly, the off-target toxicity of C7- and CH,CH;-
hinged CARs was not restricted to MOLM-14 cells, but also occurred
when the R12-C7 (but not R12-C6) CAR T cells were incubated with
other ROR1™ acute and chronic myeloid leukemia cell lines (Fig-
ure 3E). Consistent with the lysis data, CD19-C7 and CDI19-
CH,CH3, but not CD19-C6 CAR T cells secreted granzyme B and
also low levels of IFN-v, GM-CSF, and TNEF-u. after co-culture with
MOLM-14 cells (Figure 3C). While the CH,CHj-mediated lysis of
MOLM-14 was presumably caused by the binding of the CH,CHj;
hinge to Fc receptors on MOLM-14,"* the reason for C7-mediated
CAR T cell activation was unknown. Nevertheless, we were able to
exclude CD34 microbeads stuck to the C7 hinge as an inducer of
the off-target toxicity, as the unspecific activation of C7-hinged
CD19 CAR T cells also occurred when MOLM-14 cells were co-
cultured with non-enriched CAR T cells (Figure S2B).

CD34 glycosylation plays no role for the activation of C7-hinged
CARs by AML blasts

Post-translational modifications of the adhesion molecule CD34 and
its main ligand on leukocytes, L-selectin, are essential for homing of
leukocytes to several organ systems and occur by N-linked or
O-linked glycosylation of CD34.”**" Importantly, for the adhesion
mediated by L-selectin, CD34 needs to carry sulfated sialyl Lexis
X (6-sulfo SLe*) epitopes on either core-1 or core-2 sugar struc-
tures.”® As N-linked glycans seem to play no major role for the
binding to L-selectin,” we focused our efforts here on the 70 poten-
tial extracellular O-linked glycosylation sites present in CD34. Ac-
cording to the predictions from the NetOGlyc server (www.cbs.
dtu.dk), the attachment of a sugar molecule to the oxygen of serine
or threonine occurs at approximately 30 of these sites”” and as many
as fifteen are located in the fragment of human CD34 that is present
in C7 but not in C6.

Combining three separate O-glycosylation prediction algorithms, "'
we mutated the three top hits (5109, T110, S123) in the R12 CAR C7
construct, either singly or in combination, to glutamine, giving rise to
seven altered C7 hinges (S109Q, T110Q, $123Q, $109Q + T110Q,
$109Q + $123Q, T110Q + $123Q, and $109Q + T110Q + $123Q).
When expressed on primary T cells, R12 CAR constructs with altered
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C7 hinges had transduction and MACS enrichment efficiencies com-
parable with those of their unaltered counterparts (data not shown).
When co-cultured with ROR1" Mino cells, the R12 CARs with altered
C7 hinges showed the same lytic capabilities as the original C7-hinged
CARs, demonstrating that the $/T > Q substitutions did not render
the CAR ineffective. However, when co-cultured with RORI™
MOLM-14 cells, the cells were still nonspecifically eliminated by
ROR1 CARs with mutated C7 hinges, while the ROR1 ™ Granta519
cells were not killed at all (Figure 4A).

To exclude that our prediction had missed a crucial O-glycosylation
site, we mutated all 15 serine and threonine residues in C7, which
were not present in C6, to glutamine. When introduced into the
R12 CAR construct, the C7 15xQ hinge showed the same transduc-
tion efficiency, MACS enrichment efficacy and purity of the eluted
fraction as the wild-type C7 hinge (data not shown). The lysis against
RORI1" Mino cells was comparable to the lysis of C6- and C7-hinged
R12 CARs, hence the cytotoxic capabilities were not altered by the 15
S/T > Q substitutions (Figure 4B). However, the unspecific lysis
against ROR1™ MOLM-14 cells still occurred, suggesting that the
binding of the C7 hinge to its unknown target structure was not
dependent on O-linked glycolysation of CD34. As the two MCL
cell lines express L-selectin and also showed weak staining with an
E-selectin mAb by flow cytometry and MOLM-14 cells analyzed in
parallel stained negative (Figure 4C), we can exclude that selectins
are the unknown structure(s) on MOLM-14 and other myeloid cells,
which bind the C7 hinge in our CAR constructs.

Comparison of C6-hinged CD19 and CD33 CARs with their CD8-
hinged counterparts

Some CAR constructs currently tested in clinical trials use a short
hinge derived from the human CDS8o chain>** We therefore
compared the killing efficacy and specificity of CD19 and CD33
CAR constructs with a C6 hinge to analogous constructs with a
CDS8 hinge. To enable selection of the CD8-hinged constructs with
CD34 microbeads, primary human T cells were transduced with len-
tiviral vectors encoding BEP or ACD34 in cis with C6- or CD8-hinged
CD19 or CD33 CARs (Figure 5A), enriched via CD34 microbeads on
MACS columns and then co-cultured with Mino, REH and MOLM-
14 cells for 16 h. Mino cells, which express CD19 but not CD33 (Fig-
ure S1), were eliminated by C6- and CD8-hinged CD19 CARs, but not
by CD33 CAR T cells (Figure 5B). Similarly, REH cells (CD19"
CD337, Figure S1) were efficaciously killed by both CD19 CAR
T cells, however also experienced nonspecific toxicity of CD33-
CD8h CAR T cells from two out of four healthy donors. A similar on-
servation was not made with the corresponding C6-hinged CD33
CAR construct (Figure 5B). Finally, MOLM-14 cells, characterized
by the absence of CD19 and high CD33 expression (Figure S1),
were comparably lysed by both CD33 CARs but not by the CD19
CARs (Figure 5B).

When analyzing the culture supernatants, CD19 CAR T cells
only secreted granzyme B, IFN-y, GM-CSF, TNF-o. and IL-2
when cultured with the CD19" Mino and REH cells (Figure 5C).
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Interestingly, although Mino induced higher levels of granzyme B,
IEN-y and GM-CSF, REH cells were more efficaciously killed.
Although the CD33-CD8h CAR T cells eliminated REH cells at lower
efficiencies (Figure 5B), this non-specific killing was not reflected in
the cytokine secretion profiles (Figure 5C). In line with the cytotoxicity
data, CD33 CAR T cells secreted, when co-cultured with MOLM-14
cells, granzyme B, IFN-y, GM-CSF and TNF-a. Interestingly only
minimal amounts of IL-2 were detected here, when compared with
the CD19 CART cells co-cultured with Mino or REH cells (Figure 5C).
In summary, the C6 hinge proved to be as specific and efficacious as
the CD8-derived hinge in vitro.

The C6 hinge can be used for a wide variety of CARs

Subsequently, we tested the usability of the C6 hinge for several
CARs based on single scFvs against RORIL, CD5, CD19, CD33
and CD123. Primary human T cells were transduced with vectors
encoding BFP in cis with C6-hinged CARs (Figure 5A), enriched
via MACS, and co-cultured with Mino, JeKo-1, Granta519,
MOLM-14, REH or Jurkat cells (see Figure S1 for the CDI19,

Figure 4. Unspecific lysis by C7-hinged ROR1 CARs
does not depend on O-glycosylation

R12-C7 -WT Primary human T cells were lentivirally transduced with
R12-C7 - S109Q i i i
R12.C7 - T110Q VSVG-pseudotyped vectors encoding BFP in cis with
R12-C7 - 5123Q C6-, C7- or mutated C7-hinged ROR1 CARs (clone R12).
R12-C7 - $109Q T110Q ,
R12-C7 - $109Q §123Q (A and B) Three days after transduction, the CAR T cells
E} gg;;ﬂgﬁ ?.ﬁgg s123Q were enriched via MACS and subseguently co-cultured
Untransduced with EGFP-transduced Mino, Granta519 or MOLM-14
cells at decreasing effector-to-target cell ratios. After 16
h, the target cell lysis was assessed by flow cytometry. (C)
Mino, Granta519 and MOLM-14 cells were stained with
CDB2L-PE, CDE2E-PE-Vio770 and CD62P-APC and the
antigen expression profiles were assessed by flow cy-
tometry. P values were calculated by two-way ANOVA
R12-C6 followed by Tukey's multiple comparison testing (A and B)
E}%ﬁ;.ma and are summarized in Table S1, Data in (A) and (B) are
Untransduced

presented as means = SEM of at least three biological

replicates.

CD5, RORI, CD33 and CD123 cell-surface an-
tigen expression profiles). When targeting
ROR1, CAR T cells only eliminated cells of
the ROR1" cell lines Mino and JeKo-1. CD5
CAR T cells efficaciously eliminated Mino
and Jurkat cells and to a lesser extent JeKo-1
cells, which are only partially CD5"'. CD19
CARs were effective in killing the CD19-ex-
pressing cell lines Mino, JeKo-1, Granta519
and REH, but not kill cells of the CD19™ cell
lines MOLM-14 and Jurkat. CD33 CAR
T cells specifically eradicated MOLM-14 cells
and CD123 CAR T cells eliminated Granta519
and MOLM-14 cells (Figure 6). Thus, all tested
CARs were functional with our newly estab-
lished Cé hinge and the killing characteristics
of the various Cé-hinged CAR T cells against
established hematopoietic cell lines strongly correlated with the an-
tigen expression levels of the target antigens.

C6- and CD8-hinged CAR constructs mediate equal leukemia
control in vivo

Finally, we explored the performance of the C6 hinge in xenotrans-
plantation studies in vivo. Therefore, 8- to 10-week-old female
NOD-SCID gamma (NSG) mice were xenografted with 3 x 10°
CD19" REH/ffluc-EGFP cells, expressing a fusion protein of human
codon-optimized firefly luciferase and EGFP."" Seven days later, 3 x
10° primary human T cells expressing BFP/CD19-C6, ACD34/
CD19-CD8h, BFP/CD33-C6 or ACD34/CD33-CD8h constructs (Fig-
ure 5A) were intravenously injected after MACS enrichment without
any conditioning (Figure 7A). Mice were monitored for the persis-
tence and growth of REH/ffluc-EGFP cells at days 6, 14, 20, 28, and
38 via luminescence imaging and blood sample analysis (Figure 7).
Mice in the control group (Untreated) showed the characteristic clin-
ical presentation of a pre-B cell leukemia and had to be sacrificed be-
tween days 19 and 23 due to high disease burden (Figures 7A-7C).
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Both CD33 CAR constructs (C6- or CD8-hinged) were not able to
control the leukemia growth, and all animals in these two groups
also had to be sacrificed between days 19 and 23, when the leukemia
burden reached critical levels (Figures 7A-7C). For these three animal
groups, we observed no CAR T cell persistence in the peripheral blood
or bone marrow at sacrifice by flow cytometry, but detected a steadily
increasing REH cell population in the blood (Figures 7D and 7E).

In contrast, mice that received CD19 CAR T cells showed a significantly
prolonged survival and the persistence of REH/ffluc-EGFP cells was
markedly lower or even abolished, as shown via luminescence imaging
and blood sample analysis (Figures 7A-7D). Importantly, the CD19-C6
CAR construct proved, with the exception of one animal in which we
had problems during the CAR T cell injection, to be as efficient as the
CD8-hinged counterpart construct by days 14 and 20. At days 28 and
38, we noted a recurrence/persistence of low levels of ALL cells
in some NSG mice in CDI19-C6 as well as CD19-CD8h animals
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Figure 5. C6-hinged CD19 and CD33 CAR
constructs on T cells are as efficient as their CD8-
hinged counterparts in vitro

Primary human T cells were lentivirally transduced with
V8VG-pseudotyped vectors encoding BFP in cis with C6-
hinged or ACD34 in cis with CD8-hinged CD19 or CD33
CARs (vectors depicted schematically in A). (B) Three
days after transduction, the CAR T cells were enriched via
MACS and subsequently co-cultured with EGFP-trans-
duced Mino, REH and MOLM-14 cells at decreasing
effector-to-target cell ratios. After 16 h, the target cell lysis
was assessed by flow cytometry and (C) supernatants
were harvested and analyzed for secretion of granzyme B,
IFN-v, GM-CSF, IL-2, TNF-o and IL-21 via the MACSPlex
cytokine assay. p values were calculated by two-way
ANOVA (B) or one-way ANOVA (C) followed by Tukey’s or
Dunnett’'s multiple comparison testing, respectively; as-
terisks indicate a p value of <0.05, and p values of lysis
curves are summarized in Table $1, Data are presented
as means = SEM of at least three biological replicates.

TR B
Mm = m =
o o © 9

(Figure 7A). For both CD19 CAR constructs, it
was possible to detect transduced T cells in the pe-
ripheral blood of animals by flow cytometry
when staining with CD3-PerCP-Vio700, CD45-
APC, and CD34-PE (QBend-10) antibodies. As
a reflection of the in vivo expansion of the
CD19 CAR T cells in reaction to the leukemia
cell burden, mice initially even showed around
12% CDI19-Cé and 10% CDI19-CD8h CAR
T cells in their peripheral blood, which decreased
toaround 2% and 0.5%, respectively, after 38 days
(Figure 7E).

REH
Untransduced

MOLM-14

DISCUSSION

Compared with other immunotherapies, autol-

ogous CAR T cells have shown an unprece-
dented efficacy for relapsed and/or refractory liquid malignancies of
the B cell lineage.' This level of efficacy has been achieved with rela-
tively simple overexpression strategies/vectors in simple treatment
protocols and by targeting tumor-associated antigens (TAAs), for
which the loss of the normal antigen-positive cells is clinically toler-
ated." However, the future goals for CAR therapies must include to
make these treatments more affordable and also effective for other
malignancies, including solid tumors, where antigen heterogeneity
and an immunosuppressive environment are major challenges.” In
addition, using alternative allogeneic immune effector cells will
require increased safety measures to prevent adverse immunological
reactions, e.g., by inclusion of a suicide gene.** Thus, developing CAR
therapies further will require more complex vector constructs with el-
ements that have specific functions. With our CD34-derived 99 aa
hinge C6, we have established an important hinge element for
CARs that is functionally indistinguishable from the commonly
used CD8a hinge, but additionally facilitates antibody-based
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detection of CARs on transduced cells and microbead-mediated
enrichment of genetically modified CAR effector cells to high purity
under GMP conditions.

Characteristics of the hinge

The majority of clinically tested and approved CAR products harbor
hinges derived from CD8 or CD28,"* which are, depending on which
sequences are used, approximately 40-50 aa long.”"” Often, the epi-
topes in TAAs recognized by scFVs are located membrane-distal or
are embedded within rather small antigen structures and therefore
the CAr constructs do not need longer hinges. For example, the
epitope for the high-affinity scFV of FMC63, the recognition unit
for the most commonly studied CD19 CAR so far, is located in a
membrane-distal area of CD19 and therefore readily accessible by
CAR constructs with short as well as long hinges.™"" Still, certain
scFVs exist where the length of the hinge is critical for efficient recog-
nition of the TAA and killing of the target cells by CAR T cells. Hu-
decel et al.'' demonstrated that ROR1 CARs derived from mAb
clone R11, which binds an epitope of ROR1 in the Kringle domain
close the cell membrane,” needs a full-length hinge (CH,CH, 229
aa) to function properly. Reducing the hinge length to 119 or 12
aa completely abolishes the CAR-mediated cytotoxicity in vitro as
well as in vive."" These findings are in line with our data here, where
the C6 (99 aa) and C7 (179 aa) hinges in the R11 CAR construct were
insufficient to eliminate ROR1™ MCL cells with R11 CAR T cells
in vitro. In another study, Hudecek et al.'’ reported that RORI

ROR1-C6 -e- CD5-C6 -0o- CD19-C6 -e- CD33-C6 -0- CD123-C6 -®- Untransduced

that, due to the MACS enrichment of geneti-
cally modified T cells providing us cells with
high CAR expression levels, our CAR T cells
are more efficient killers, especially considering
that Hudecek et al. used effector-to-target cells ratios from 30:1 to
1:1, while ratios from 1:1 to 0.01:1 were sufficient in our cytotoxic as-
says. Two additional target antigen structures, where the hinge length
appears to be critical for existing CARs using scFvs against mem-
brane-proximal epitopes, are NCAM and the oncofetal antigen
5T4, both targetable with an IgGl-derived CH,CH; long hinge.”
The glycosylation of the targeted antigen can be another factor where
epitopes embedded within heavily glycosylated regions of a protein
can only be targeted with long and flexible hinges. CARs against
MUCI, whose glycosylation is frequently dysregulated in malig-
nancies, also rely on the incorporation of a longer hinge derived
from IgD (103 aa) to be functional. =

Casucci et al."” included surface sequences of the human low-affin-
ity p75 NGFR into CAR constructs as hinge and demonstrated that
NWL, the longest version (222 aa) with the complete extracellular
sequence of NGFR, was best suited for both staining of transduced
CAR T cells for flow-cytometric analysis and selection on MACS
columns, albeit with a rather low yield of <40%. However, the au-
thors did not compare the NGFR hinge with a standard hinge such
as CD8, thus the feasibility of their hinge for clinical purposes is still
unclear.

In contrast, we have shown here that our intermediate CD34 C6 hinge

(99 aa) is an excellent candidate for a wide range of scFvs, as C6-
hinged CAR constructs on CAR T cells show excellent efficacy against

Molecular Therapy: Oncolytics Vol. 23 December 2021 541

E



Ergebnisse

Day CD19-C6 CD19-CD8h CD33-C6

6 n;‘;g.:-y.;s.;s;;nt

CD33-CD8h

znmnmummmm III

Untreated

i T

Molecular Therapy: Oncolytics

Figure 7. C6-hinged CD19 CARs efficaciously
control ALL disease progression in vivo

Primary human T cells were lentivirally transduced with
VSVG-pseudotyped vectors encoding BFP in cis with C6-
hinged or ACD34 in cis with CD8-hinged CD19 or CD33
CARs. NSG mice (8 mice/group) were xenografted with
3 x 10° cells of the human ALL cell line REH and received
a single injection of 3 x 10°% MACS-enriched CAR T cells

3x10° 3x10° Analysis of End of !
o DI ORI 0 e o i) 7 ommir s e, 42,20 r0 0
were monitored for REH persistence via luminescence
r 1
38 .Q " “‘ m I 3 1 imaging. (C) Kaplan-Meier survival curves of the four
= Day0 Day7 Day 45 treatment groups as well as the untreated mice. Blood
samples were analyzed by flow cytometry on days 14, 19—
B c yzed by flow cytometry on day:
:f gg:g_ggah :‘ gg:g'gg% a Untroated L 23, 28 and 38 for (D) REH and (E) CAR T cell persistence. p
0% : values were calculated by mixed-model ANOVA followed
5 0 ' — CD19-C6 Jom by Tukey’s multiple comparison testing (B), log-rank test
3 80 % = gg;g'gsmh (C), or one-way ANOVA followed by Dunnett's multiple
2 5 ]u.u ¢ \
Z 40 --- CD33-CD8h comparison testing for days 14 and 19-23 or unpaired
@ » Zlntteaed t test for days 30 and 38 (D and E). Data are presented as
means = SEM.
"0 5 10 15 20 25 30 35 40 45
Time [days] Time [days]
D Day 14 Days 19-23 Day 30 Day 38
os 60, o asn 109 o 10, o= _ o
o Y . =z oy QBend-10 and two epitopes for the rituximab
£ £ 48 £ o8 = 0.8 5 ;
- 2 % 4 . mAbs in a single sequence placed on a CD8a-
é é % ] .08 06 é“‘ derived stalk. Although the authors reported
E 324 ;} W 509 £i0 that transduced T cells can be enriched by using
i g1z '*_ R gz . g oz the CD34 MACS technology, the data presented
a . i
o == 0.04F e 0.0 on this topic in the paper is still sparse’ and we
E Days 19 - 23 Day 30 Day 38 can imagine, based on our own experiences in us-
0 5 S o b e ing the hinges C2-C4, that the CD34 microbe-
g Sl g 4 g ads-mediated selection of transduced T cells
2 2 6 : % 34 2 o which harbor only short CD34 sequences is
o Q L L] o
- - =, - gl rather inefficient.
5 z % ks 5 .
o 3 o qd i o 3
o5 o Here, we have established a novel hinge for
8 8 8 5 8 8 & 8 & CARs that allows rapid detection of CAR
-
> ° 2 — —_— T cells, e.g. from peripheral blood and in
CD19 CD33 5§ CcD19 CD19 ) ) )
CAR  CAR CAR CAR functional analyses, and also efficient enrich-

CD5, CD19, CD33, CD123 and ROR1 (R12) target antigens on ma-
lignant cells in vitro and also in vivo with CD19 CARs.

Safety and clinical implications

The idea of including a marker that is not naturally expressed on the
target cells in a CAR construct for selection of genetically modified cells
for clinical settings is not new."® High purities and high yields are espe-
cially important if allogeneic donor T cells need to be controlled in vivo
in patients. e.g, by co-expressing a suicide gene, Zhan et al."”*" used the
surface and transmembrane sequences of human CD34 fused to the
thymidine kinase enzyme of the herpes simplex virus for clinical safety
testing of mismatched donor T cell infusions in patients after stem cell
transplantation. Philip etal.* went one step further and created a highly

compact sort/suicide gene by combining the binding epitope for the
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ment of the CAR T cells under GMP condi-

tions prior to infusion into patients. Direct

comparison of our C6 hinge and the widely
used CD8a hinge demonstrated in vitro, using numerous CARs
and multiple leukemic cell lines, and in vivo in NSG mice that
both hinges mediated similar cytotoxicities, that no non-specific
off-target effects occur and that the cytokine profile of both hinges
is identical. Interestingly, extending the C6 hinge by 80 additional
amino acids (C7) was not possible, as we observed non-specific
binding of C7-hinged CD19 and R12 CARs to AML-M4/M5 cell
lines, similarly to what has been described for CARs containing
CH,CH, hinges from human immunoglobulins."' Moreover, we
recently demonstrated that our C6 hinge worked in CAR constructs
recognizing solid tumor-associated antigens™”,”” and also here did
not result in off-target activation of the genetically modified
T cells, thus suggesting again that the C6 hinge seems to be well
suited for CAR constructs for clinical products.
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In summary, we believe that our CD34-derived C6 hinge is an ideal
candidate as an essential element for the next generations of CAR
constructs, which need to contain additional functional elements to
address the heterogeneity of antigen expression on the malignant cells
and the tumor-associated immune suppression. These adoptive
cellular therapies could also be combined with supportive or comple-
mentary treatment components in more complex protocols to influ-
ence the homeostasis in the tumor microenvironment and thus drive
CAR T cell therapy forward.

MATERIALS AND METHODS

Construct generation

The self-inactivating (SIN) lentiviral vector for stable high-level co-
expression of two transgenes in primary human T cells contains a
Thosea asigna virus T2A site and the viral U3 regions from the
myeloproliferative sarcoma virus (MPSV) as previously published.”
The aa sequence for the different CD34-derived hinges C2-C7 were
derived from a human codon usage-optimized version of truncated
human CD34 (#P28906-2; GeneArt, Thermo Fisher Scientific,
Schwerte, Germany).”' The CD34-derived inserts were generated
by PCR amplification and inserted into codon-usage optimized
CD19 (clone FMC63) CAR vector.”” For some constructs, we in-
serted the EGFP (#C5MKY7) as a fluorescent marker in front of
the T2A site and different ACD34-hinged CD19 CAR genes in sec-
ond position after the T2A site. Moreover, the Cé and C7 hinges
were inserted into codon-optimized CAR constructs against CD5
(clone H65°°%), RORI (clones R11 and R12'"'"*"), CD33 (clone
DRB2™) and CDI123 (clone 43™°) with the tagBFP marker being
in 5 of the T2A site. When IgG4-derived CH,CH;" or CDS8-
derived hinges were used in the CAR constructs, the truncated
CD34 isoform (ACD34) was inserted in front of T2A to enable
CD34 microbead-mediated MACS enrichment of the genetically
modified CAR T cells.

Cell culture

All cell lines were obtained from DSMZ (Braunschweig, Germany)
and grown in medium as recommended (DMEM GlutaMAX,
RPMI1640 GlutaMAX, penicillin/streptomycin and fetal calf serum
[FCS] were acquired from Thermo Fisher Scientific). Primary hu-
man T cells were collected from peripheral blood of healthy adult
volunteers who gave informed consent according to the protocols
(#4687 and #2019-623) approved by the local ethics committee
(Universitatsklinikum Diisseldorf, Germany) and separated by den-
sity-gradient centrifugation using Ficoll-Paque (Cytiva Europe, Frei-
burg, Germany) according to the manufacturer’s protocol. The
PBMCs were cultivated on CD3- (Thermo Fisher Scientific) and
CD28- (BD Biosciences, Heidelberg, Germany) coated nontissue
culture-treated 6-well plates in Iscove’s modified Dulbecco’s me-
dium (Sigma-Aldrich, Darmstadt, Germany) with 10% FCS,
100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine
(all from Thermo Fisher Scientific) and 100 U/mL IL-2 (Proleukin,
Novartis, Basel, Switzerland) to activate and specifically expand the
T cells.

Lentiviral vector production and transduction of eukaryotic cells
Vesicular stomatitis virus-G (VSV-G)-pseudotyped replication-defi-
cient lentiviral particles were produced after transfection into
HEK293T cells and used for transduction of cell lines and CD3/
CD28-prestimulated primary human T cells in the presence of
10 pg/mL protamine phosphate (Sigma-Aldrich) as described
previously.”

Cell enrichment

Three to four days after transduction, CAR T cells and Jurkat cells
were enriched using CD34 microbeads based on the CD34 antibody
QBend-10 (Miltenyi Biotec, Bergisch-Gladbach, Germany) according
to the manufacturer’s protocol. In brief, cells were stained with CD34
microbeads, loaded onto MS MACS columns, which were washed
three times, and then eluted. The fractions (preMACS, flowthrough
and postMACS) were analyzed by flow cytometry for EGFP, BFP
and ACD34 expression after staining with the QBend-10 CD34 anti-
body directly conjugated to phycoerythrin (PE) (Thermo Fisher Sci-
entific). After enrichment on MACS columns, T cells were cultured
for 1-2 days in 100 U/mL IL-2 until further usage or analysis.

Functional in vitro cytotoxicity assays

Enriched and non-enriched CAR T cells were cultured with EGFP-
expressing Mino, MOLM-14, REH, Granta519, JeKo-1, HL60,
THP-1, LAMAS4, MEGO01, MONOMACS6, K562, and NB4 cells at
various effector-to-target cell ratios in round-bottomed 96-well
plates. After 16 h, the cultures were harvested, the cells incubated
with propidium iodide for live/dead cell discrimination, and the sam-
ples analyzed on a MACSQuant-X (Miltenyi Biotec). EGFP expres-
sion was used to discriminate between effector and target cells. Sam-
ples with HL60, THP-1, LAMA84, MEG01, MONOMACS6, K562 and
NB4 cells were stained with CD33-APC (Miltenyi Biotec) for discrim-
ination between target and effector cells. The specific lysis was calcu-
lated as 1 — (number of viable GFP-positive cells/number of control
GFP-positive cells) x 100%. Negative lysis rates were set to 0%.

Functional in vitro cytokine secretion assays

Cytokine secretion by CAR T cells was analyzed using the MACSPlex
Cytotoxic T and NK Cell Kit (Miltenyi Biotec) according to the man-
ufacturer’s instructions. Supernatants for these analyses were
collected after 16 h of co-cultivation of CAR T cells and the malignant
target cells in round-bottomed 96-well plates at effector-to-target cell
ratios of 1:1. The supernatants were stored at —20°C until analysis.
Per analysis, 50 puL of undiluted supernatants was used.

In vivo xenograft model

All in vivo studies were approved by the state animal research com-
mittee (LANUV, NRW, Germany) and animals were cared for
according to guidelines of the Federation of European Laboratory
Animal Science Associations. Eight- to ten-week-old female NSG
mice (Charles River Laboratories, Sulzfeld, Germany) were xeno-
grafted with 3 x 10 REH cells, stably expressing a human codon-
optimized firefly luciferase-EGFP fusion protein (REH/ffluc-
EGFP)." Seven days later, 3 x 10° C6- or CD8-hinged CD19 or
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CD33 CAR T cells were injected without conditioning, At days 6, 14,
20, 28 and 38, the persistence of REH cells was assessed by lumines-
cence. Mice were injected with D-luciferin (OZ Biosciences,
Marseilles, France) and the luciferase activity was measured after
5 min in a Caliper IVIS Lumina II system (PerkinElmer, Rodgau,
Germany) with an exposure time of 15 s. Luminescence was
analyzed using the Living Image software (PerkinElmer). At days
14, 19-23, 30 and 38, blood samples were analyzed by flow cytom-
etry for persistence of REH and CAR T cells by assessing EGFP,
CD19 and CD45 expression for REH cells and BFP, CAR
(ACD34), CD3 and CD45 expression for CAR T cells using
CD34-PE, CD3-PerCP-Vio700, CD19-PE-Vio770 and CD45-APC
directly conjugated monoclonal antibodies (the last three from Mil-
tenyi Biotec), respectively.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.2.0. P
values were, depending on experimental setup, calculated by unpaired
t test, one-way analysis of variance (ANOVA), two-way ANOVA,
mixed-model ANOVA, or log-rank test followed by Tukey’s or Dun-
nett’s multiple comparison testing where indicated. p values of lysis
curves are summarized in Table S1, and p values less than 0.05
were considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.omt0.2021.11.003.
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Chimeric antigen receptor (CAR) T cell therapy has demon-
strated unprecedented success with high remission rates for
heavily pretreated patients with hematological malignancies.
The hinge connecting the extracellular antigen recognition
unit to the transmembrane domain provides the length and
flexibility of the CAR constructs and ensures that the CAR
can reach the target antigen and mediate recognition and
killing of target cells. The hinge can also include specific amino
acid sequences to improve CAR expression, influence T cell
proliferation, and facilitate CAR T cell detection, enrichment,
and even elimination. Here, we report the generation of two
novel hinge domains derived from the low-affinity p75 chain
of the human nerve growth factor receptor (NGFR), termed
N3 and N4, which, when incorporated into the CAR backbone,
allow detection as well as high-grade enrichment of CAR T cells
with GMP-compatible immunomagnetic reagents. After opti-
mizing the MACS protocol for excellent CAR T cell purity
and yield, we demonstrated that N3- and N4-hinged CAR
T cells are as efficacious as their CD8-hinged counterparts
in vitro against hematological blasts and also in vivo in the con-
trol of acute monocytic leukemia in an immunodeficient mouse
xenograft model. Thus, both hinges could potentially be an in-
tegral part of future CAR designs and universally applicable in
clinical applications.

INTRODUCTION

More than three decades after the first concept studies,' the amazing
clinical success of chimeric antigen receptor (CAR) T cell therapy in
the last couple of years has transformed the clinical care of patients
with poor-prognosis hematological malignancies.” For clinical CAR
T cell therapy, autologous T cells from patients with leukemia and
lymphoma are transduced in vitro with lentivirally expressed CAR
constructs that typically combine the antigen recognition ability of
monoclonal antibodies in cis with functional domains of T cell recep-
tor signaling, including epitope recognition, activation, and expan-
sion, in a single molecule.” Currently, six different CAR products
have received market approval for hematological malignancies,
namely Kymriah, Yescarta, Tecartus, and Breyanzi for CD19-positive

120 Molecular Therapy: Oncolytics Vol. 26 September 15 2022 @ 2022 The Authors.

leukemias or lymphomas, and Abecma and Carvykti for BCMA-pos-
itive multiple myelomas.™*

The second-generation CAR constructs used in these six formula-
tions contain single-chain variable fragments (scFvs) of mono-
clonal antibodies linked in cis via a hinge/spacer and a transmem-
brane region to the intracellular signaling domains of the
CD3Z-chain and the co-stimulatory receptors CD28 or 4-1BB/
CD137.>" Importantly, the design of this single chimeric protein
ensures that the CAR molecules mediate MHC-independent
T cell activation and killing of malignant as well as normal cells
if the target antigen is expressed.” Although the hinge can theo-
retically influence the function of CAR constructs, only few candi-
dates for this domain in CARs have been thoroughly investi-
gated.”™'" One key aspect to consider for the length and
flexibility of a hinge is the location of the epitope recognized by
the CAR scFvs within the three-dimensional structure of the target
antigen.>"” In addition, incorporating a specific hinge can improve
the protein expression and stability of the CAR and can modulate
the expansion, proliferation, and stimulation of the CAR
T cells.”™*'¥ Most clinically used CARs contain hinges derived
from human CD8 or CD28, which appear to be safe to use as
they are naturally expressed on T cells and by themselves do not
confer additional features to the CAR T cells.'”
instead of using the hinge as neutral element that simply connects
the scFvs to the transmembrane and signaling domains, endeavors
have been made to modulate the hinge for improvement of T cell
stimulation (patent EP3184548A1) for in vivo detection and/or
elimination of CAR T cells'>** and for enrichment of transduced
T cells in vitro before infusion into patients.'**"*!

However,
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A B [MGAGATGRAMDGPRLLLLLLLGVSLGGAKEACPTGLYTHS|  Figure 1. Structure and amino acid sequence of
NGFR- and NGFR-derived hinges
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Several methods to quantify CAR T cell persistence in patients exist:
Idiotypic antibodies”™*® and tagged antigens’”*® bind the CAR
construct directly and thus allow to precisely visualize the CAR
expression on protein level; however, both detection reagents have
to be adapted whenever a new antigen is targeted.”> CAR T cell persis-
tence can also be measured on the mRNA level by qRT-PCR,”" **
ddPCR,” or RNA-sequencing;” however, this analysis will not
address protein translation or stability issues. Cell surface
markers™"" can be co-expressed with CAR constructs in the same
vector, however this approach will increase vector size, thus influ-
encing transduction efficiency™, and both transgenes will not neces-
sarily be expressed at similar ratios.”® Ultimately, as flow cytometric
methods will allow to specifically assess the CAR T cell phenotype,
including activation and exhaustion markers,”'” the inclusion of an
epitope recognizable by antibodies into the hinge of CARs combines
the advantages of all these strategies.

The extracellular sequence of nerve growth factor receptor (NGFR)
contains a 28 amino acid (aa) leader peptide, four cysteine-rich do-
mains (CRDs) of approximately 40 aa each and a serine/threonine
(8/T)-rich stalk followed by a single-pass transmembrane domain.>’
For more than 30 years, this structure, with and also without the
155 aa cytoplasmic tail, has been used as a marker for successful
gene transfer in research as well as clinical settings.”™" In 2002,
the description of insertional mutagenesis in a murine transplanta-
tion model with a splice-active oncoretroviral vector, where the cyto-
plasmatically truncated NGFR (ANGFR) was expressed off the strong
5' LTR, questioned the safety of using the ANGFR cDNA as transgene
for human clinical applications.”’ However, Bonini et al.** reported
the successful transduction of more than 7 x 10° bone marrow cells
with subsequent infusion into over 900 mice, rats and dogs without a

without any insertional mutagenesis. In 2018,

Casucci et al.'” systematically investigated the
potential of the ANGFR as a hinge for CAR T cells, testing different
lengths of the extracellular sequences in lentiviral CAR expression
constructs. Although detection of the CAR construct on transduced
T cells was readily possible with an NGFR antibody, the authors could
not efficiently enrich ANGFR-hinged CAR T cells with directly
coupled LNGFR/CD271 microbeads.” In a follow-up study, the
same group further improved the hinge regarding cytotoxicity by
including additional amino acids from the stalk, but still failed to effi-
ciently enrich their NGFR-hinged CAR T cells with GMP-compatible
microbeads.'”

Here, we describe the successful establishment of two novel NGFR-
derived hinges termed N3 and N4, which mediate efficient selection
of CAR T cells against hematological cancers and are functionally
indistinguishable from a clinically well-established human CD8-
derived hinge'*"” in vitro and in vivo in immunodeficient mice.

RESULTS

Design of NGFR-derived hinges for CARs

The NGFR antibody clone ME20.4 used by Miltenyi Biotec in their
NGFR microbeads for MACS selection binds an epitope in the third
and/or fourth CRD in the extracellular part of NGFR (personal
communication with Miltenyi Biotec 2015)."* Therefore, we designed
four new NGFR sequences around the third and fourth CRD to be
included as hinges into our CAR constructs (Figure 1): The two short
hinges N1 (39 aa) and N2 (41 aa) only consisted of the third or fourth
CRD, respectively. N3 (120 aa) contained the third and fourth CRD
plus the §/T-rich stalk and N4 (162 aa) additionally the second
CRD. For control constructs (described below), we used the complete
codon-optimized surface and transmembrane regions of NGFR, but
deleted the cytoplasmic chopper and death domains (Figure 1).
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Figure 2. Expression and enrichment of NGFR-hinged CARs in Jurkat and primary human T cells
Jurkat or primary human T cells were lentivirally transduced with constructs co-expressing EGFP in cis with N1-, N2-, N3-, or N4-hinged CD19 CARs depicted in (A). Three
days after transduction Jurkat cells (B) or primary human T cells (C) were flow cytometrically analyzed for their CAR expression levels (via staining with NGFR-PE, clone

(legend continued on next page)
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NGFR-hinged CAR expression and enrichment on MACS MS
columns

The fragments N1-N4 were inserted into a previously published hu-
man codon-optimized CD19 CAR construct in a bicistronic lentivi-
ral vector (Figure 2A), thereby replacing the 229 aa IgGl-derived
CH,CH; hinge.” To test whether the CARs with the four NGFR
hinges are stably expressed on the surface of transduced cells and
bind the ME20.4 NGFR antibody, we transduced Jurkat and pri-
mary human T cells with VSV-G-pseudotyped bicistronic lentiviral
vectors co-expressing EGFP and N1-N4-hinged CD19 CARs (Fig-
ure 2A). After 5 days, the transduced cells were stained with
ME20.4-PE and then analyzed for NGFR as well as EGFP expres-
sion by flow cytometry. Although the EGFP expression in Jurkat
(Figure 2B) and primary human T cells (Figure 2C) was comparable
for all four constructs, only N3- and N4-hinged CD19 CARs
showed a clear co-expression of NGFR and EGFP (Figures 2B
and 2C). We also co-stained the CAR T cells with the CD19 CAR
detection reagent developed by Miltenyi Biotec. While both the
N1- as well as the N2-hinged CD19 CAR bound the CD19 CAR
detection reagent and thus the CARs were indeed expressed on
the surface of the T cells, the expression levels were much lower
compared to the N3- and N4-hinged constructs (Figure 2C),
demonstrating that the NGFR monoclonal antibody cannot bind
N1- and N2-hinged CARs and suggesting that the N1 and N2 con-
structs were less stable. Since N1 and N2 could not be used for
detection or selection of CAR T cells, these hinges were not included
in further experiments.

Next, we transduced Jurkat and primary human T cells with
VS8V-G pseudotyped lentiviral particles introducing the N3- and
N4-hinged CD19 CAR bicistronic vectors (Figure 2A) and then
used Standard CD271 microbeads on MACS MS columns once
to enrich for stably transduced cells. To analyze the efficiency of
the enrichment process, the three cellular fractions of the MACS
separation, the cells after transduction and prior to enrichment
(preMACS), the cells not retained by the MACS columns in the
magnetic field (flowthrough), and the cells harvested from the col-
umns after removing the magnet (postMACS) were analyzed by
flow cytometry for their EGFP expression. Before selection,
60.1% + 2.6% (N3) and 51.4% + 11.4% (N4) of the Jurkat cells (Fig-
ure 2D, preMACS) and 53.7% + 1.8% (N3) and 53.9% + 2.5% (N4)
of the T cells (Figure 2E, preMACS) were EGFP positive. The
enrichment with the CD271 microbeads on the columns led to
highly purified populations: 98.7% + 0.4% (N3) and 96.6% =
1.7% (N4) for Jurkat cells (Figure 2D, postMACS) and 98.3% =+
0.5% (N3) and 96.4% =+ 2.4% (N4) of the T cells (Figure 2E, post-
MACS) were transduced/EGFP positive, respectively. However, the
enrichment processes were highly inefficient, as the flowthroughs
contained 57.2% + 1.8% (N3) and 49.7% + 11.7% (N4) EGFP-pos-

itive Jurkat (Figure 2D, flowthrough) and 50.6% + 0.8% (N3) and
50.5% =+ 2.3% (N4) transduced T cells (Figure 2E, flowthrough),
respectively. Thus, before any functional testing, we had to strongly
reduce the loss of CAR T cells in the flowthrough of the columns
while maintaining pure populations.

Minimizing the loss of CAR T cells on MACS columns

Three different types of column (mini selection [MS], large selection
[LS], and large depletion [LD]; Figure 3A), which vary in the length
and density of the iron particles, and two different types of CD271 mi-
crobead reagents (Standard, Select), which differ in their antibody-
microbead conjugation, are available from Miltenyi Biotec. Thus,
we systematically tested whether specific combinations of the column
and microbead types (MS + Standard, MS + Select, LS + Standard,
LS + Select, LD + Standard, and LD + Select) can be utilized to avoid
the high losses of transduced T cells in the flowthrough. To this end,
primary human T cells were transduced with bicistronic lentiviral
vectors co-expressing EGFP and N3- or N4-hinged CD19 CAR con-
structs (Figure 3B). Three to 4 days later, the transduced T cells were
selected with combinations of three columns and the two CD271 mi-
crobead types. Subsequently, samples from preMACS, flowthrough,
and postMACS were analyzed by flow cytometry for EGFP
expression.

Before enrichment, 49.7% =+ 5.1% and 54.9% + 6.7% of T cells ex-
pressed EGFP and hence the N3 or N4 CAR construct, respectively
(Figures 3C and 3D; preMACS). All enrichment protocols, except
for enrichment with Select microbeads in combination with LD col-
umns, led to purities of CAR T cells above 90% (Figures 3C and
3D; postMACS). However, the combination of Select microbeads
and LD columns resulted in purities of just 73.1% and 73.0%, respec-
tively (Figures 3C and 3D; postMACS). Enrichment with Standard
microbeads on MS and LS columns also was highly inefficient, since
>95% of the CAR T cells were lost in the flowthrough (Figures 3C and
3D; flowthrough). Enrichment with Standard microbeads on LD col-
umns was more efficient, since the flowthroughs contained only
21.4% and 24.4% N3- and N4-hinged CD19 CAR T cells, respectively
(Figures 3C and 3D; flowthrough). Importantly, the most efficient en-
richments were achieved by combining Select microbeads with MS or
LS columns, thereby reaching purities of 93.6% + 2.2% to 97.2% =+
0.5% (Figures 3C and 3D; postMACS), while the flowthrough only
contained 5.0% * 1.6% to 12.6% =+ 2.3% CAR T cells (Figures 3C
and 3D; flowthrough). Since enrichment with Select microbeads
and MS columns reached a slightly higher purity and the MS magnet
enables eight simultaneous separations, in contrast to the LS/LD mag-
net with a capacity of just four columns, we continued with the MS/
Select combination for enrichment of N3- and N4-hinged CAR
T cells.

ME20.4, or CD19 CAR detection reagent stained with anti-biotin-APC) and EGFP expression. Subsequently, N3- and N4-hinged CAR Jurkat cells (D) or primary human
T cells (E) were enriched via magnetic cell sorting (using CD271 microbeads in combination with MS columns) and the three fractions (preMACS, flowthrough, and post-
MACS) were flow cytometrically analyzed for EGFP expression. In the overlays, the preMACS analysis was depicted as a blue line, the flowthrough as a green line, and the
postMACS measurements as a red line. Representative blots were used and data were shown as means + SEM of at least three biological replicates.
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N3- and N4-hinged CD19 CARs lyse tumor cells as efficacious as
their CH,CH;-hinged counterparts

Next, we compared the lytic capabilities of the new N3- and N4-
hinged CD19 CARs with the killing mediated by the original CD19
CAR with an IgG1-derived CH,CH; hinge.’"" To this end, primary
human T cells were transduced with bicistronic lentiviral vectors co-
expressing BFP and CD19-N3 or CD19-N4 or a construct with
ANGEFR and CD19-CH,CHj; (Figure 3B). Four days after transduc-
tion, N3- and N4-hinged CD19 CAR T cells were enriched with Select
microbeads on MS columns, while ANGFR/CD19-CH,CH; CAR
T cells were enriched with Standard microbeads on LD columns,
which allowed to enrich these cells to purities of 90.7% + 1.4% (Fig-
ure 3E). Co-culturing the three CD19 CAR T cell populations
differing in the hinge sequence overnight with EGFP-expressing
Mino (CD19") or JeKo-1 (CD19") mantle cell lymphoma (MCL)
and MOLM-14 acute monocytic leukemia (AML) (CD197) cells re-
vealed that CD19-N3 and CD19-N4 CAR T cells killed the CD19"
Mino and JeKo-1 cells as efficaciously as CD19-CH,CH; CAR
T cells (Figure 3F). Importantly, the CD19~ MOLM-14 cells were
not eliminated by N3- and N4-hinged CD19 CAR T cells, while the
CH,CHj-hinged CD19 CAR T cells nonspecifically eradicated
MOLM-14 cells (Figure 3F). This nonspecific activation of the
CH,CHj3-hinged CAR by MOLM-14 cells is most likely due to the
presence of Fcy receptors on these cells* and was described
previously.”*

N3- and N4-hinged CD19 CARs function comparably to their
CD8-hinged counterparts

To establish our NGFR-derived hinges as potential candidates for
clinical use, we compared the efficacy of N3- and N4-hinged CD19
and CD33 CAR constructs to counterparts that contained a 48 aa
hinge region derived from the human CD8 e-chain,***® Importantly,
this CD8 sequence is used as the hinge in multiple CAR constructs’
including the clinically approved CAR T cell products Kymriah*®
and Abecma.”” To enable enrichment of CD8-hinged CAR T cells
with CD271 microbeads, we also included the ANGFR ¢DNA in
the vector with the CD8-hinged constructs. Primary human T cells
were transduced with bicistronic lentiviral vectors co-expressing
BFP and N3- or N4-hinged or ANGFR and CD8-hinged CD19 or
CD33 CARs (Figure 4A), CAR T cells enriched via MACS and then
co-cultured with EGFP-expressing Mino (CD19" CD337), REH
(CD19" CD337), or MOLM-14 cells (CD19  CD33"). When
comparing the expression of the N3- and N4-hinged CARs with
the CD8-hinged counterpart using the CD19 CAR detection reagent,
we noticed that expression levels of the two NGFR-hinged CARs were

at least comparable with the expression of the CD19-CD8h CAR
construct (Figure 4B).

The N3- and N4-hinged CD19 CAR T cells lysed the CD19" cell lines
Mino and REH, but not MOLM-14, as efficaciously as the CD19 CAR
construct with the CD8 hinge (Figure 4C). Remarkably, the cytokine
profiles of the three CD19 CAR T cell products were almost identical
when analyzing IFN-y, GM-CSF, and TNF-a. in supernatants of the
co-cultures with Mino and REH cells Figure 4D). It was noteworthy
that co-cultures of the CD19 CAR T cells with the MCL Mino cells
generally induced higher levels of cytokines compared with co-cul-
tures with B cell precursor ALL REH cells. The CD33 CAR T cells re-
mained nonresponsive against Mino cells, as the lysis remained at
background levels (Figure 4C) and no inflammatory cytokines were
induced, comparable with the incubation of the cell lines with un-
transduced T cells (Figure 4D). Co-culture of CD19" CD33~ REH
cells with N3/N4-hinged CD33 CAR T cells showed no specific lysis
and no secretion of cytokines, while the CD8-hinged CD33 CAR
T cells minimally lysed REH cells, albeit without induction of cyto-
kines (Figures 4C and 4D). The CD33" CD19 MOLM-14 cells
were efficaciously eliminated by all three CD33 CARs and the N3/
N4-hinged CARs again proved to be as efficacious as the CD8-hinged
CARs (Figure 4C). In the co-cultures with MOLM-14 cells, the CD33
CARs but not the CD19 CARs induced secretion of IFN-vy, GM-CSF,
and TNF-a by T cells, comparable with the secretion profiles
observed for CD19 CAR T cells upon co-culture with REH cells
(Figure 4D).

N3 and N4 hinges can be used as the hinge in different CAR
constructs

After establishing that N3- and N4-hinged CD19 and CD33 CAR
constructs are as efficacious and specific as their CD8-hinged coun-
terparts, we constructed three additional CARs with scFvs against
ROR1, CD5, and CD123 with N3 or N4 hinges and also included
the N3- or N4-hinged CD33 CAR constructs as controls in these ex-
periments (Figure 5A). T cells were transduced with bicistronic lenti-
viral vectors co-expressing BFP and N3- or N4-hinged ROR1, CD5,
CD33, or CD123 CARs; CAR T cells were enriched by MACS and
co-cultured with EGFP-expressing Mino, JeKo-1, or MOLM-14 cells.

While Mino cells (RORLY, CD5", CD33~, CD1237) were only
partially eliminated by N3-hinged RORI and CD5 CAR T cells (Fig-
ure 5B), the specific lysis increased when the cells were incubated with
the N4-hinged counterparts (Figure 5C). Untransduced as well as
CD33and CD123 CAR T cells did not exhibit any cytotoxicity against

Figure 3. Enrichment of N3- and N4-hinged CD19 CAR T cells can be optimized by applying different microbeads or columns

(A) Photograph of the three columns used. Primary human T cells were lentivirally transduced with constructs co-expressing EGFP in cis with CD19-N3, CD19-N4, or CD19-
CH,CHg depicted in (B). Three days after transduction CD19-N3 cells (C) or CD19-N4 CAR T cells (D) were enriched with combinations of Standard or Select microbeads and
MS, LS, or LD columns. (E) CD19-CH,CH3 CAR T cells were stained with Standard microbeads and separated on LD columns. Afterwards, the three fractions (preMACS,
flowthrough, and postMACS) were flow cytometrically analyzed for EGFP expression. Representative blots are shown. Values are indicated as percentages and data are
clepicted as means £ SEM of at least three biological replicates. (F) MACS-enriched CD19-N3, CD19-N4, or CD19-CH,CH5 CAR T cells were co-cultured with EGFP-ex-
pressing Mino, JeKo-1, or MOLM-14 cells at various effector:target cell ratios. After 16 h co-culture, propidium iodide was added for viable/dead discrimination and samples
were analyzed by flow cytometry for lysis of target cells by effector cells. Data were depicted as means + SEM of at least three biological replicates.
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Figure 4. N3- and N4-hinged CD19 and CD33 CARs are as efficacious as CD8-hinged counterparts in vitro

Primary human T cells were lentivirally transduced with constructs co-expressing BFP in cis with N3- or N4-hinged CD19 or CD33 CARs or ANGFR in cis with CD8-hinged
CD19 or CD33 CARs depicted in (A). (B) Three days after transduction, the T cells were flow cytometrically analyzed for CAR expression (via staining with CD19 CAR detection
reagent) and enriched via magnetic cell sorting (CD271 MACSelect microbeads plus MS columns). Subsequently, CAR T cells were co-cultured with EGFP-expressing Mino,
REH, or MOLM-14 cells at various effector:target cell ratios. (C) After 16 h co-culture, propidium iodide was added for viable/dead discrimination and samples were analyzed
by flow cytometry for lysis of target cells by effector cells. (D) Co-culture supernatants were analyzed for the presence of IFN-y, GM-CSF, and TNF-a by MACSPlex. Data were

depicted as means + SEM of at least three biological replicates.

Mino cells, regardless of the hinge used in the construct. In contrast,
elimination of JeKo-1 cells (ROR1*, CD5""*, CD33™, CD123") by
RORI-N3 and ROR1-N4 as well as CD5-N3 and CD5-N4 CAR
T cells was comparable and not influenced by the hinge length. Note-
worthy, the CD5 CAR constructs mediated only limited cytotoxicity,
as CDS5 is only expressed on a subpopulation of JeKo-1 cells.”' Once
again, the CD33 and CD123 CAR T cells with either N3 or N4 hinges
remained inert, as both target antigens are not expressed on JeKo-1
cells (Figures 5B and 5C). MOLM-14 cells (ROR1 ", CD5 ", CD33",
CD123") were efficaciously and specifically eliminated by N3- and
N4-hinged CD33 and CD123 CAR T cells, respectively, but not by
the CD5 and ROR1 CAR T cells (Figures 5B and 5C). In summary,

126 Molecular Therapy: Oncolytics Vol. 26 September 15 2022

using the N3 or N4 sequences as hinge in ROR1, CD5, CD33, and
CD123 CAR T cells specifically eliminated antigen-positive cells
without causing nonspecific lysis.

N3-, N4-, and CD8-hinged CD33 CAR T cells exert equal control
of AML blasts in vivo

An important preclinical test for the efficacy and safety of the N3 and
N4 hinges in CARs in a more complex model is the in vivo leukemia
control of N3/N4-hinged CAR T cells compared to the control of
CAR T cells with a CD8 hinge, thus allowing to see minimal differ-
ences and off-target cell toxicity over time. First, we engrafted NSG
mice with 3.5 x 10° MOLM-14 cells that had been equipped by a
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Figure 5. N3- and N4-hinged CARs eliminate malignant cells depending on antigen expression in vitro

Primary human T cells were lentivirally transduced with constructs co-expressing BFP in cis with N3- or N4-hinged ROR1, CD5, CD33, or CD123 CARs depicted in (A). Three
days after transduction, CAR T cells were enriched via magnetic cell sorting (CD271 MACSelect microbeads plus MS columns for all constructs). Subsequently, N3-hinged
(B) and N4-hinged (C) CAR T cells were co-cultured with EGFP-transduced Mino, JeKo-1, or MOLM-14 cells at various effector:target cell ratios. After 16 h co-culture, pro-
pidium iodide was added for viable/dead discrimination and samples were analyzed flow cytometrically for lysis of target cells by effector cells. Data were depicted as means +

SEM of at least three biological replicates.

lentiviral vector with a luciferase-EGFP fusion gene (LucEG).”" The
engraftment of the blasts was assessed 6 days later by luminescence
imaging, revealing robust leukemia growth in almost all mice (Fig-
ure 6A). We then intravenously administered 3.5 x 10° CD19 or
CD33 CAR T cells that contained N3, N4, or CD8 as hinges (Fig-
ure 4A) and which had been enriched by MACS to >90% purity.
Mice in the control group did not receive a human T cell graft. The
persistence of MOLM-14/LucEG cells and CAR T cells was analyzed
on days 13, 20, 27, and 34 via luminescence imaging and/or flow cy-
tometry after staining of peripheral blood with directly conjugated
antibodies for murine cells (mCD18), human cells (CD45), T cells
(CD3), and CAR expression (CD271). The content of AML blasts
in the bone marrows was determined by flow cytometry upon sacri-
fice of the animals.

Untreated NSG mice experienced rapid progression of the AML, as
shown by luminescence imaging (Figures 6A and 6B) and blood anal-
ysis (Figure 6D), and had to be sacrificed between days 21 and 25 (Fig-
ure 6C). The analyses of the animals at sacrifice demonstrated that the
bone marrow was strongly infiltrated by MOLM-14/LucEG cells (Fig-
ure 6E). Treatment of the animals with CD19 CAR T cells, irrespec-
tive of the hinge, did not improve survival, as the disease rapidly pro-
gressed also in these animals (Figures 6A-6E). Although CD19 CAR
T cells do not recognize MOLM-14 cells (Figure 4B), these CAR
T cells still persisted for about three weeks, until sacrifice of the ani-
mals, in the bloodstream of the mice (Figure 6F) and could be de-
tected at low levels in the bone marrow at sacrifice (Figure 6G).
Importantly, the persistence of CD19 CAR T cells occurred irrespec-
tive of the hinge used, and did not influence the leukemia
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Figure 6. N3- and N4-hinged CD19 and CD33 CARs control AML progression as efficacious as CD8-hinged counterparts
NOD-SCID-gamma mice were xenografted with 3.5 x 10° MOLM-14/LucEG cells. After 6 days, mice were xenografted with a single dose of 3.5 x 10° N3-, N4-, or CD8-
hinged CD19 or CD33 CARs or left untreated. To monitor disease progression, luminescence was measured on days 6, 13, 20, 27, and 34 (A and B), blood was flow

(legend continued on next page)
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control/survival of the animals, Treatment of the animals by admin-
istration of CD33-CAR T cells strongly reduced the leukemia burden
and persistence and thus improved the overall survival (Figure 6).
Here, it was obvious that N3- and N4-hinged CAR T cells proved
to be as efficacious as their CD8-hinged counterparts (Figures 6A-
6C). Blood analysis demonstrated that CD33 CAR T cells had en-
grafted well and persisted in the blood stream for up to 34 days,
comparably to the animals that had received CD19 CAR T cells (on
days 13 and 20; Figure 6F). Upon sacrifice of the animals, the BM
samples of mice in all three CD33 CAR groups were devoid of
AML blasts (Figure 6E), despite the previous findings that one to
two animals in each group temporarily showed signs of extramedul-
lary disease at single time points (Figure 6A). Finally, we did not
observe any toxicity in mice treated with CD8-, N3-, or N4-hinged
CAR T cells, suggesting that our NGFR-derived hinges are as effica-
cious and safe to use as the CD8 hinge.

DISCUSSION

In this work, we developed and validated two human NGFR/CD271-
based hinges, N3 and N4, for inclusion in CAR constructs that facil-
itate both efficient enrichment of the genetically modified CAR T cells
using the MACS technology (Miltenyi Biotec) and detection of CAR-
positive cells in vitro and in vivo using staining with directly coupled
antibodies and flow cytometry. Although N3 (120 aa) was shorter
than N4 (162 aa), both hinges were highly comparable in their
MACS enrichment efficiency with Select microbeads, their cytotox-
icity, and their cytokine induction against leukemia and lymphoma
cell lines in vitro as well as in their in vivo control of AML blasts in
NSG mice. However, in CARs against ROR1 and CD5, the N4-hinged
counterpart executed slightly higher killing of Mino cells compared
with the N3 hinge. Whether this is specific for this cell line or depends
on the CAR affinity needs to be evaluated in future studies.

Other groups already used amino acid sequences of the NGFR/
CD271 surface domain as selection and detection marker after retro-
viral gene transfer into hematopoietic stem/progenitor cells as well as
T cells.”™** Recently, Casucci et al.'* included four different amino
acid stretches binding the CD271 monoclonal antibody ME20.4 as
hinges into a CD44v6 CAR construct: The longest hinge of 222 aa
(NWL) contained the complete wild-type surface unit of NGFR,
and a second hinge contained all four repeats but without the S/R-
rich stalk (NWS). To prevent NGF binding," they further con-
structed two hinges (NML and NMS) by introducing mutations in
the fourth CRD of NWL and NWS. Importantly, only the NWL hinge
with the complete surface unit of NGFR allowed selection of trans-
duced T cells with directly conjugated microbeads, remarkably how-
ever this procedure was quite inefficient (yield of ~40%). For the
other three hinges, the author even had to use a two-step procedure

with a PE-labeled CD271 antibody followed by anti-PE microbeads,'”
which certainly will be a problem for applications in humans.
Although none of the hinges appears satisfactory for the purification
process (loss of >50% transduced cells in the flowthrough),'” a lenti-
viral vector co-expressing a high-affinity CD44v6 CAR with the NWL
hinge and herpes simplex virus 1 thymidine kinase suicide gene™ is
currently being employed in a phase I/Ila trial for AML and MM
(NCT04097301).

In a more recent publication, the same group reported three new var-
iants of the non-mutated full-length NWL hinge by shortening the
S/R-rich stalk.'” The shortest of these constructs, NWN2, with a
length of 173 aa, was functionally almost undistinguishable from
the NWL isoform in all assays. Strikingly, however, the
CD44v6. NWN2 CAR T cells could also not be efficiently selected
with ME20.4-based MACS microbeads; instead, the authors relied
once again on a two-step procedure with ME20.4-PE staining fol-
lowed by sheep-anti-mouse IgG1-coated microbeads, leading to pu-
rities of 90%, but yields for NWL and NWN2 CAR T cells of only
40% and 33%, respectively.'’

Our novel NGFR-derived hinges are shorter and more efficient
Our two hinges allowed detecting the expression of CAR constructs
on genetically modified T cells from in vitro and in vivo samples.
They also facilitated very efficient and pure enrichment of CAR
T cells, which is paramount if the intended use of the hinge is to pro-
duce pure CAR T cell products that can be controlled in patients due
to co-expression of a suicide gene in the vector. For most CARs recog-
nizing noncritical membrane-distant epitopes, we believe that the N3
hinge with 120 aa will suffice; however, more membrane-proximal
located epitope as described for a ROR1 scFv" or CD44v6 isoforms'”
might require a longer hinge, such as N4. Importantly, the specific re-
quirements for the hinge have to be determined for every CAR and
targeted epitope on the malignant cells.

Our work here clearly demonstrated that enrichment of transduced
cells via MACS needs to be optimized by determining the optimal
combination of microbeads and columns. Based on our findings,
we suspect that Casucci et al. as well as Stornaiuolo et al.'”'” used a
nonoptimal MACS protocol, leading to a loss of more than 50% of
their CAR T cells on the columns. While the Select microbeads appear
to be more highly concentrated, which improves retention of the cells
within the magnetic field and thus MACS efficiency, the loss of genet-
ically modified CAR T cells in the flowthrough of columns can partly
also be avoided by using columns with a higher capacity e.g. the LD
columns. However, we currently do not know whether this approach
will translate well into the selection protocol used on the CliniMACS
or Prodigy devices. In addition, the fact that our NGFR-derived

cytometrically analyzed on days 13, 20, 27, and 34 (D), and bane marrow was flow cytometrically analyzed upon sacrifice of the animals (E). To monitor CAR T cell persis-
tence, blood was flow cytometrically analyzed on days 6, 13, 20, 27, and 34 (F) and bone marrow was flow cytometrically analyzed upon sacrifice of the animals (G). (C)
Kaplan-Meyer-Survival curves for the seven treatment groups with eight animals per group. p values were calculated by (C) log rank test or (D-G) one-way ANOVA with
Dunn's correction for multiple comparisons. The asterisks indicated statistical significance; ns, not significant. Data were depicted as means + SEM with eight to nine

mice per treatment group.
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hinges N3 and N4 contain the entire S/R-rich stalk also seems to be
important for high-level CAR expression, as Stornaiuolo et al.'” re-
ported the shortening of the stalk to be associated with larger amounts
of CAR constructs remaining in the intracellular compartment.
Finally, in contrast to the two previous publications from Casucci
et al. and Stornaiuolo et al.,'™'” we rigorously demonstrated here
that our NGFR-derived hinges are functionally indistinguishably
from an already clinically used CD8 hinge in in vitro assays and in vivo
in a xenotransplantation model for AML, but still facilitate efficient
recognition and also selection of CAR T cells.

Safety

A hinge cannot only affect CAR function but can also cause unwanted
side effects due nonspecific CAR signaling and T cell activation.”” A
well-characterized example of this phenomenon are hinges based on
the second and third constant heavy chain domain of human IgG1 or
IgG4 (CH,CHj;). These hinges provide the necessary flexibility,
stability, and length for multiple scFvs in CAR constructs to reach
their epitopes.' ™"’ However, CH,CH, hinges can also cause off-target
off-tumor toxicities by binding to Fc receptors on myeloid cells,
thereby mediating activation-induced cell death of the T cells and
nonspecific lysis of Fc receptor-positive cells, such as macrophages,
monocytes, or NK cells.””*" Indeed, as a positive control, we were
able to reproduce scFv-independent activation of CH,CHj-hinged
CAR T cells after co-culture with FcyR expressing MOLM-14 cells. ™
In contrast, our N3 and N4 hinges were not activated by target anti-
gen-negative cells in any of our experiments in vitro and in vivo, thus
suggesting that no off-target effects are mediated by the hinges.
Finally, Casucci et al.'* observed that incubation of NGFR-hinged
CAR T cells, containing the entire surface domain of NGFR, with
supraphysiological concentrations of NGF, did not affect the trans-
duced cells, probably as important transmembrane and cytoplasmic
sequences required for NGF binding and receptor dimerization
were missing in these constructs, "

Two hinges for Split-CAR approaches

We previously reported the development of a CD34-derived hinge
with a 99 aa sequence of human CD34,”* which contained the 16
aa epitope of CD34 recognized by the antibody clone QBend-10.>
Thus, we now potentially have two different hinges available for effi-
cient CAR T cell enrichment under GMP-compliant conditions. Indi-
vidual staining and/or selection procedures enabled by two hinges are
important for Split-CAR approaches where two CAR constructs need
to be present/monitored on the same cell. Here, the classical intracel-
lular signaling domains CD3{ and CD28 of a second-generation CAR
are split upon two distinct CAR constructs, where each scFv targets a
different antigen. Consequently, the T cell is only fully activated by
co-current CD28 and CD3{ signaling, when both Split-CAR con-
structs bind their specific antigens on the target cells,”" Ideally, this
system allows to reduce on-target off-tumor toxicities associated
with the adoptive CAR T cell treatment, as only a pathologic co-
expression of two target antigens leads to the full activation of the
CAR T cells and therefore killing of the target cells. However, for
this approach to work, the expression of the two CARs needs to be
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carefully balanced and the expression of the two target antigens on
the malignant cells relatively constant.” We currently are focusing
our Split-CAR work on MCL as a difficult to treat hematological ma-
lignant entity in adults and used the two hinges, N3 and CD34, to co-
target combinations of CD19, CD5, and ROR1 (Bister et al., unpub-
lished data).

CONCLUSION

In summary, we developed two novel human NGFR-derived hinges
of different lengths that allow manufacturing of pure CAR T cell
products, using MACS technology to monitor the CAR expression
levels on T cells and flow cytometry to detect the presence of trans-
duced T cells in preclinical models and eventually in patients. Despite
being slightly larger, the two hinges proved to be as effective as a hu-
man CD8-based hinge in vitro as well as in vivo without any signs of
off-target toxicities in the tested systems.

MATERIALS AND METHODS

Construct generation

Human NGFR/CD271 (NP_002498.1) truncated after the transmem-
brane domain at aa position 276 was codon-optimized for human
codon usage and synthesized by GeneArt (Thermo Fisher Scientific,
Schwerte, Germany). Hinge fragments of different lengths were
generated by PCR amplification and inserted into our self-inactivat-
ing lentiviral vector expressing a FMC63-based CD19 CAR with a
CH,CHj hinge off a viral MPSV U3 promoter.”****> We also used
a T2A site for expression of two transgenes.”® ANGFR-hinged
CD19 CARs were inserted behind and EGFP or tagBFP (referred to
as BFP) in front of the T2A site.”® Moreover, the N3 and N4 hinges
were cloned into codon-optimized CARs recognizing the following
human target antigen structures: ROR1 (clone R127°7), CD5 (clone
H65°%%%), CD33 (clone DRB2%"), and CD123 (clone 43°'). CAR con-
structs with a human CD8-derived hinge/without a ANGFR-derived
hinge were co-expressed with the codon-optimized cytoplasmically
truncated NGFR™ to enable enrichment with directly labeled
NGFR microbeads.

Cell culture

The acute T cell leukemia cell line Jurkat, the MCL cell lines Mino and
JeKo-1, the acute lymphoblastic leukemia (ALL) cell line REH, and
the AML cell line MOLM-14 (all purchased from DSMZ, Braunsch-
weig, Germany) were maintained in RPMI-1640 GlutaMAX medium
supplemented with 10% fetal bovine serum (FBS), 100 U/mL peni-
cillin, and 100 pg/mL streptomycin (all from Thermo Fisher Scienti-
fic). HEK293T cells (DSMZ) were cultured in DMEM GlutaMAX
(Thermo Fisher Scientific) supplemented with 10% FBS, 100 U/mL
penicillin, and 100 pg/mL streptomycin. Antigen expression profiles
of the used cell lines were published previously.”

Primary human T cells were isolated from peripheral blood of healthy
donors who gave written and informed consent according to the pro-
tocols (no. 4687 and no. 2019-623) approved by the ethics committee
of the University Hospital Diisseldorf. Peripheral blood (PB) mono-
nuclear cells were separated via density gradient centrifugation using
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Ficoll-Paque Plus (Cytiva Europe, Freiburg, Germany) according to
the manufacturer’s instructions. To activate and expand T cells,
PBMCs were cultured in IMDM (Sigma-Aldrich, Darmstadt,
Germany) supplemented with 10% FBS, 100 U/mL penicillin,
100 pg/mL streptomycin, 2 mM L-glutamine (Thermo Fisher Scien-
tific), and 100 U/mL interleukin-2 (IL-2, Proleukin, Novartis, Basel,
Switzerland) on anti-human CD3- (Thermo Fisher Scientific) and
anti-human CD28-coated (BD Biosciences, Heidelberg, Germany)
six-well plates.

All cells were maintained at 5% CO,, 95% humidity, and 37°C.

Production of lentiviral vectors and transduction of eukaryotic
cells

Vesicular stomatitis virus G glycoprotein-pseudotyped replication-
deficient lentiviral vectors were generated by polyethyleneiminie
transfection (Sigma-Aldrich, Darmstadt, Germany) of 6 pg
pczVSV-G, 6 ug pCD-NL/BH, and 6 pg vector plasmid into HEK
293T cells as described previously.”***** Two days after transfection,
virus-containing supernatant was harvested, filtered (0.45 pm), and
used for transduction of eukaryotic cells. For the transduction of Ju-
rkat or primary human T cells, 5 x 107 cells were incubated with 2 mL
virus-containing supernatant and 10 pug/mL protamine phosphate
(Sigma-Aldrich) for 24 h, replenished with fresh medium, and used
for experiments after 48 h.

Mino, JeKo-1, REH, or MOLM-14 cells were transduced with limited
dilutions of lentiviral vectors to express EGFP and G418 resistance or
a firefly luciferase-EGFP fusion protein with subsequent antibiotic se-
lection and/or flow-assisted cell sorting as described previously.****%*

Cell enrichment via MACS and flow cytometry

Three to four days after transduction, CAR T cells were enriched with
magnetic microbeads and separation columns from Miltenyi Biotec
(Bergisch Gladbach, Germany) according to the manufacturer’s in-
structions. In brief, cells were labeled with either CD271 microbeads
(from now on referred to as Standard microbeads) or LNGFR MAC-
Select microbeads (from now on referred to as Select microbeads) and
separated on M$ (maximal capacity: 1 x 107 cells), LS (maximal ca-
pacity: 1 x 10® cells), and LD (maximal capacity: 5 x 10 cells) col-
umns. The three fractions (preMACS, flowthrough, and postMACS)
were flow cytometrically analyzed on a MACSQuant Analyzer X for
EGFP, CAR expression, and ANGFR expression via staining with
CD271-PE (clone ME20.4, Miltenyi Biotec).

The expression levels of CD19 CAR constructs were determined by
flow cytometry using the biotin-coupled CD19 CAR detection re-
agent followed by staining with anti-biotin-PE or anti-bioti-APC
monoclonal antibodies (all reagents from Miltenyi Biotec).

Functional in vitro assays

CAR-mediated cytotoxicity of CAR T cells against malignant cell lines
was measured via flow cytometry. CAR T cells were co-cultured at
various ratios with 2 x 10* EGFP-transduced Mino, JeKo-1, REH,

or MOLM-14 cells for 16 h in U-bottom 96-well plates. Subsequently,
supernatants were harvested and frozen at —20°C for cytokine anal-
ysis, cells were washed and stained with 1 pg/mL propidium iodide
(Sigma-Aldrich) for dead/viable distinction, analyzed on the
MACSQuant Analyzer X, and data were evaluated with the
MACSQuantify Software 2.11. Tumor cell lysis was determined as
100% - (number of viable tumor cells after co-culture with CAR
T cells/number of viable tumor cells without CAR T cells) x 100%.
Negative lysis rates were set to be 0%.

Cytokine secretion by CAR T cells was analyzed using the MACSPlex
Cytotoxic T/NK cell kit (Miltenyi Biotec) according to the manufac-
turer’s instructions. Per analysis, 50 pL undiluted supernatant was
used.

In vivo xenograft model

Animal studies were approved by the state animal research committee
(LANUV, NRW, Germany) and all animals were cared for according
to the guidelines set by the Federation of European Laboratory Ani-
mal Science Associations. Six- to 8-week-old female NOD.Cg-
PrkchCIDIIZrg"mwj]sz] (NOD-SCID gamma; NSG) mice (Charles
River Laboratories, Sulzfeld, Germany) were intravenously engrafted
with 3.5 x 10° MOLM-14 cells stably expressing a firefly luciferase-
EGFP fusion protein (LucEG). Six days later, mice were intravenously
injected with 3.5 x 10° N3-, N4-, or CD8-hinged CD19 or CD33 CAR
T cells. At days 6, 13, 20, 27, and 34, the persistence of MOLM-14 cells
was assessed via luminescence imaging and PB analysis. For lumines-
cence imaging, mice were intraperitoneally injected with D-luciferin
(OZ Biosciences SAS, Marseilles, France) and after 5 min lum-
inescence was measured in a Caliper IVIS Lumina II system
(PerkinElmer LAS, Rodgau, Germany) with an exposure time of 15
s. PB was drawn from the tail vein, the erythrocytes lysed with BD
Pharm Lyse (BD Biosciences), and the samples analyzed on a
MACSQuant Analyzer X flow cytometer for EGFP, CD33, and
CD45 expression for MOLM-14 cells and BFP, CAR (ANGFR),
CD3, and CD45 expression for CAR T cells after staining with
CD271-PE, CD3-PerCP-Vio700, CD45-APC, and CD33-APC-
Vio770 (all from Miltenyi Biotec)

Statistical analysis

Statistical analysis was performed with GraphPad Prism 9. p values
were calculated using one-way ANOVA with Dunn’s correction for
multiple comparisons of log rank test. p values below 0.05 were
considered statistically significant and are indicated by an asterisk.
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Diskussion

3.DISKUSSION

Die erste Zulassung der CAR-T-Zelltherapie im Jahre 2017 kann als der Beginn einer
vielversprechenden neuartigen Therapieoption flr Patienten mit bésartigen Erkrankungen
bezeichnet werden '%°. Bislang ist der Therapieerfolg auf B-Zellneoplasien beschrankt, da
die Ansprechraten der CAR-T-Zelltherapie gegen solide Tumore vergleichsweise gering
sind und haufig zu schwerwiegenden Nebenwirkungen im Patienten fihren 3°. Die
unterschiedlichen physikalischen und pathophysiologischen Eigenschaften
hamatologischer und solider Tumore implizieren, dass die CAR-T-Zelltherapie an die
Besonderheiten solider Tumore angepasst werden muss, denn im Gegensatz zu
hamatologischen Tumoren sind die malignen Zellen Teil eines TMEs, in der eine Vielzahl
von Faktoren, darunter hemmende Rezeptoren/Zellen/Zytokine, physikalische Barrieren,
Hypoxie und der Tumorstoffwechsel, Immunreaktionen unterdrickt und das
Tumorwachstum fordert. Um diese Hindernisse zu Uberwinden, muss nicht nur der CAR
weiterentwickelt, sondern auch Kombinationstherapien untersucht werden, die die
Zytotoxizitat der CARs steigert, die Tumorzellen und das TME beeinflusst und somit das

volle Potential der zellularen Immuntherapie entfalten.

Aus diesem Grund habe ich wahrend meiner Arbeit Hindernisse und Probleme, auf
welche die CAR-T-Zelltherapie fir solide Tumore stofdt, aufgegriffen und in folgenden
Schwerpunkten bearbeitet:
= Auswahl von hoch-affinen scFvs und Validierung von EGFR und CD44v6 als
Zielantigene fur die CAR-T-Zelltherapie gegen HNSCC

= Optimierung des CAR-Designs flrr eine vereinfachtere Nutzung und verbesserte
Produktion der CAR-T-Zellen

= Epigenetische Stimulation der Tumorzellen flr sensibleres Ansprechen auf die
CAR-T-Zelltherapie und Entgegenwirken des TME

EGFR unND CD44v6 ALs CAR-T-ZELLANTIGENE FUR HNSCC

Die Nutzung eines geeigneten Zielantigens zur Eliminierung von Tumorzellen stellt einen
wichtigen Faktor in der CAR-T-Zelltherapie dar und bestimmt betrachtlich das Potential des
Behandlungserfolgs. Aus diesem Grund wird die Identifikation neuer Zielantigene,
einzelnen oder in pathologischen Kombinationen auf soliden Tumoren exprimiert, immer

haufiger in klinischen und praklinischen Studien thematisiert 10-103,

Prinzipiell kénnen die aktuell genutzten therapeutischen Zielantigene in zwei Gruppen
eingeteilt werden, die TSAs und die TAAs. Die TSAs weisen, wie ihr Name bereits andeutet,

eine hohe Spezifitat flr Zellen des Tumors auf, da diese ausschliefdlich von Tumorzellen
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und nicht von gesunden Geweben exprimiert werden. Meist wird diese Spezifitdt mithilfe
von tumorspezifischen somatischen Mutationen, wie z.B. bei B-Catenin, oder durch
onkovirale Antigene, wie HPV 16 und 18, hervorgerufen %2, Ein interessanter Kandidat fiir
HNSCC stellt auch das tumorspezifische EGFRvIlIl dar. Diese EGFR Variante,
gekennzeichnet durch eine genomische Deletion der Aminosauren 6-273 %4, wurde durch
ihre erfolgreichen praklinischen und humanen Studien zur Behandlung von Glioblastomen

bekannt '%5-197 und wird ebenfalls auf ungefahr 40 % aller HNSCCs exprimiert 1%,

Im Gegensatz dazu sind TAAs sowohl auf Tumor- als auch auf normalem Gewebe
vorhanden. Insgesamt lassen sich drei Gruppen von TAAs unterscheiden:
Differenzierungsantigene, wie gp100 oder MART-1, sind Zelloberflachenproteine, welche
in Abhangigkeit der Gewebedifferenzierung oder Zellaktivierung herauf bzw. herunter
reguliert werden ™', Dadurch kann eine genaue Abgrenzung zwischen Zielantigen
exprimierendem Tumor und dem umliegenden Gewebe erfolgen. Oft werden auch
Tumor-Hoden-Antigene (cancer testis antigens) als Zielantigene genutzt %, die
ebenfalls in HNSCCs exprimiert werden (wie z.B.: Mitglieder der MAGE Familie oder
NY-ESO-1) 92110 Zy der Gruppe mit den am haufigsten fiir die CAR-T-Zelltherapie
genutzten Zielkandidaten gehoren die uberexprimierten Antigene, welche sich in ihrer
Expressionsstarke auf den gesunden und malignen Geweben deutlich voneinander
unterscheiden. Wahrend die Uberexpression des Zielantigens auf malignen Zellen zu einer
Immunantwort fuhren kann, wird diese durch die niedrige Expression auf Normalgewebe

meist nicht ausgelost.

In dieser Arbeit wurden zwei Vertreter der liberexprimierten Antigene fir die
Eliminierung von HNSCCs mittels CAR-T-Zellen untersucht. Das erste Antigen stellt das in
Kapitel 2.3 bereits beschriebene EGFR dar, welches ausgewahlt wurde, weil eine sehr
starke Expression der ErbB-Tyrosin-Kinase-Mitglieder (wie z.B. EGFR, Her2neu) in
Verbindung mit einer schlechten Krankheitsprognose bei HNSCC steht und der Einsatz von
blockierenden Antikdrpern zur Hemmung der Wachstumsfaktoren bereits klinische Erfolge
erbrachte 2. Der FDA und EMA zugelassene chimare Antikdrper Cetuximab (Erbitux®)
gegen EGFR lasst sich nicht nur zur Behandlung von HNSCCs alleine nutzen "', sondern
wurde auch in dieser Arbeit - in modifizierter Form als antigenbindende Domane in einem

CAR - in vitro genutzt, um maligne Zellen unterschiedlicher Entitaten abzutéten.

Das zweite Antigen, eine onkogene Spleil3variante von CD44, wird in Kapitel 2.1
genauer beschrieben. CD44v6 ist fir ein homogenes Expressionsmuster in HNSCCs
bekannt und wird bei Uberexpression auf den Tumorzellen zusétzlich mit Radio- und
Chemoresistenz in Verbindung gebracht ''2. Deshalb konnte die CAR-T-Zelltherapie gegen

CD44v6 bei fehlender Wirksamkeit der standardmafRigen Behandlungen genutzt werden.
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Die scFvs beider CARs basieren auf hoch-affinen Antikérpern (Cetuximab und BIWAS),
welche nach der Kklinischen Verabreichung aufgrund von ihrer Expression auf
Normalgewebe (CD44v6: epidermale Keratinozyten, Zervix, Cornea, Tonsillen ''*; EGFR:
epidermale Keratinozyten, Nephros, Gastrointestinaltrakt ''4), ungewiinschte Toxizitat im
Patienten zeigten. Wahrend Cetuximab hauptsachlich fir reversible kutane
Nebenwirkungen bekannt ist '°  fiihrte die Nutzung von radioimmuntherapeutischen
CD44v6-Antikérpern zu oralen Mukositis und Myelotoxizitat, bei einem Patienten mit

letalem Ausgang 6.

Spezifitat

Ein on-target off-tumor Effekt wird in vielen Studien der Gabe hoch-affiner Antikérper bzw.
CAR-T-Zellen zugeschrieben und kann durch die Verringerung der Affinitdt umgangen
werden "7, Gering-affine EGFR- oder ErbB2-CARs konnten im Vergleich zu ihrem hoch-
affinen Gegenpart besser zwischen schwach exprimierten TAAs auf Normalgewebe und
Uberexprimierten TAAs auf Tumorgewebe differenzieren, was letztlich die Spezifitat fur den
Tumor deutlich erhohte #3114, Allerdings zeigten niedrig-affine CARs im Umkehrschluss oft
eine schlechtere Anti-Tumor-Wirkung %18, Ebenfalls konnten gering-affine GD2-CARs sich
schnell teilende Neuroblastoma-Zellen nicht vollstandig lysieren '°. Da die
CAR-T-Zelltherapie fir HNSCCs zuklnftig vermutlich nach oder in Kombination mit den
standardmafligen Behandlungsmethoden durchgefihrt wird, sollen mit ihrer Hilfe alle
verbleibenden malignen Zellen eliminiert werden. Die damit verbundene vollstandige Lyse
des Tumors setzt somit eine starke Anti-Tumor-Wirkung voraus, weshalb in dieser Arbeit

gezielt hoch-affine CARs etabliert wurden.

Um sicher zu gehen, dass das potentielle Auftreten von on-target off-tumor Effekten
durch die hoch-affinen scFv vermieden werden kann, wurde in unsere CAR-Vektoren ein
zweites Transgen (blau-fluoreszierendes Protein (BFP)) als Platzhalter fur die Integration
von Sicherheitsmechanismen, wie z.B. eines Suizidgens oder eine zweite scFv zur

Expression eines Split-CARs eingebaut.

Bei Split-CARs werden die beiden kostimulatorischen Domanen eines zweite
Generation CARs voneinander getrennt und mit unterschiedlichen scFvs gegen zwei
Zielantigene ausgestattet, so dass nur die zeitgleiche und gleichmafige Bindung beider
CARs zu einer vollstandigen T-Zellaktivierung fuhrt 2. Die vielversprechenden Ergebnisse
erster praklinischen Studien, wie z.B. ein ErbB2-MUC1-Split-CAR gegen ErbB2 und MUCA1
positive Brustkrebs Zelllinien BT20, MCF7 oder ZR-75, zeigten eine effiziente Lyse der
Zielantigen positiven Tumorzellen und die ErbB2- und MUC1-abhangige Proliferation der
CAR-T-Zellen 21,
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Eine Kombination, der in dieser Arbeit etablierten hoch-affinen CARs gegen EGFR und
CD44v6 in Form eines Split-CARs wirde die on-target off-tumor Toxizitat nicht reduzieren,
da beide Antigene auf epidermalen Keratinozyten exprimiert werden. Jedoch waren beide
Zielantigene zusammen mit Antigenen, die nicht auf normalen Hautzellen exprimiert

vorliegen, denkbar.

Falls dennoch Normalgewebe von den CAR-T-Zellen angegriffen wird, kann die
Integration eines Suizidgens das Management von unerwarteten Begleiterscheinungen
erleichtern und gleichzeitig die in vivo Depletion der modifizierten Zellen nach Abschluss
der Therapie ermdglichen '?2. Prinzipiell kodiert ein Suizidgen fir ein Protein, das ein
Prodrug in einen zytotoxischen Metaboliten umwandeln kann. Wichtig ist es auch, dass die
Co-Expression des Suizidgens mit dem CAR fur seine Effektorzelle keine negative
Auswirkung auf die Proliferation oder Zellviabilitdt hat, bis das passende Prodrug
verabreicht wird. Denn erst die Aktivierung des Prodrugs [0st den intrinsischen
Apoptose-Signalweg der Effektorzelle aus, wodurch diese schlieRlich eliminiert wird '2*. Das
erste und am besten charakterisierte System, das in vivo genutzt wurde, ist die Herpes-
Simplex-Virus-Thymidin-Kinase (HSV-tk) in Kombination mit ihnrem Prodrug Ganciclovir 12,
Obwonhl die HSV-tk in vielen klinischen Studien effektiv und sicher als Suizidgen eingesetzt
wurde, wirkt sie stark immunogen, so dass die transduzierten T-Zellen vom Immunsystem
des Empfangers eliminiert wurden '2126, Aus diesem Grund wird in den letzten Jahren
zunehmend das induzierbare Caspase 9 (iCasp9) System genutzt 2526, Der
iCasp9-vermittelte Suizid basiert auf der Dimerisierung pro-apoptotisch wirkender
Signaleinheiten aus dem humanen Caspase 9 Protein, weshalb dieses System weniger
immunogen als die virale HSV-tk ist. In ersten klinischen Studien konnte das iCASP9
System auch schon erfolgreich eingesetzt werden 25726 So erhielten Patienten mit
rezidivierender Leukamie allodepletierte Spender-T-Zellen, die nach Transduktion iCasp9
exprimierten. Nach Auftreten der Spender-gegen-Wirt-Krankheit (GVHD) auf der Haut oder
Leber, wurde die Zahl der zirkulierenden transgenen T-Zellen innerhalb von 30 Minuten
nach der Gabe des Prodrugs um 90 % reduziert, ohne dass es zu schweren systemischen
Nebenwirkungen kam 1?7, Weitere klinischen Studien, in denen iCasp9 kombiniert mit CAR-
T-Zellen gegen CD19, GD2 und Mesothelin eingesetzt werden sollen, rekrutieren zur Zeit

Patienten 125126,

Eine weitere Moglichkeit zur Erhéhung der Sicherheit der Applikation von CAR-T-Zellen
stellt die kontrollierte CAR-Expression auf der Effektorzelle dar. Dazu wird die
Genexpression unter Kontrolle eines induzierbaren Promoters gestellt, meist das
Tet-ON-System, um die Tumorlyse mittels reversibler Expression des CARs durch die Gabe
von Doxycyclin zu regulieren '212°_ Obwohl die Expression z.B. eines CD19-CARs unter

Tet-induzierbarem Promoter sehr effizient sein kann, konnte auch ohne die Zugabe von
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Doxycyclin eine sehr schwache Expression des CARs an der Oberflache der T-Zellen
beobachtet werden, die jedoch nicht zur Ausschittung von Zytokinen nach Co-Kultur mit
CD19-positiven Zelllinien (Raji, CD19-K562, SU-DHL6) fiihrte '8, Im Mausmodell konnten
diese Resultate bestatigt werden: bei einer Behandlung mit Tet-CD19CAR-T-Zellen und
Doxycyclin kam es zu einer statistisch signifikanten Rickbildung des Tumors, wohingegen
ohne die Zugabe von Doxycyclin das Tumorwachstum nicht unterdriickt werden konnte 28,
Weitere praklinische Studien mit induzierbaren CAR-Konstrukten zeigten, dass mithilfe
dieser Regulation ebenfalls das gefiirchtete Zytokin-Freisetzungssyndrom (CRS, Engl.:
cytokine release syndrom), bei welchem durch die maximale Aktivierung des
T-Zell-Systems und den schnellen Zerfall von Krebszellen massiv pro-inflammatorische
Zytokine freigesetzt werden und ein Herz- und Kreislaufversagen auftreten kann 1%, besser

kontrolliert werden kann.

Der on-target off-tumor Effekt und die damit verbundenen Nebenwirkungen wurde bei
der Behandlung von soliden Tumoren bislang hauptsachlich nach der intravendsen
Injektion der CAR-T-Zellen beobachtet. Da die Effektorzellen bis zum Erreichen des
Tumorgewebes einen langen Weg zurticklegen missen, erhéht sich die Wahrscheinlichkeit
fur einen on-taget off-tumor-Effekt. Erste Anséatze verfolgen daher die Idee, die
CAR-T-Zellen direkt in den Tumor zu injizieren und somit die Effektorzellen dort zu
lokalisieren. Obwohl die Ergebnisse einer Phase-I-Studie bislang noch nicht endgultig
veroffentlicht wurden, verblieben die Effektorzellen nach intratumoraler Injektion von T4
PanErbB-CAR-T-Zellen zur Behandlung von HNSCCs grofitenteils im Tumorgewebe, so
dass ein on-target off-tumor-Effekt ausblieb '3'. Auch die direkte Injektion von mRNA c-
MET-CAR-T-Zellen in Mammakarzinome wurde von den Patienten gut toleriert - ganz ohne
das Auftreten eines CRS "2, In beiden Studien wurden vereinzelt transduzierte
Immuneffektorzellen im Blutkreislauf gefunden, welche aber keine Nebenwirkungen oder

on-target off-tumor-Effekte ausldsten.

Bei HNSCCs als gut zugangliche lokalisierte Tumoren flhrte die Kombination einer
CAR-T-Zelltherapie mit der direkten Injektion von IL-12 in den Tumor zu einer lokalen
Stimulation und erhéhten Resistenz der T-Zellen gegentber des TMEs, was sich wiederrum
positiv auf das homing der anderen Effektorzellen auswirkt '33. Mithilfe der direkten
Verabreichung von ILs in den Tumor kann die verabreichte Dosis leicht kontrolliert werden,
so dass eine systemische Toxizitdt mit potentiellem letalen Ausgang, weitgehend
ausgeschlossen werden kann 3. Vierte Generation CARs, die zusatzlich zur
CAR-Expression auch noch eine Aktivierungs-abhangige Expression von z.B. ILs oder
Chemokinen ermdglichen, um die geringe Proliferation und kurzfristige Persistenz der
Effektorzellen vor Ort zu verbessern, werden mittlerweile in klinischen Studien eingesetzt

135 Diese Konstrukte bieten eine gute Moglichkeit zur lokalen Zytokin- und
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Chemokin-Freisetzung, insbesondere wenn der Tumor fur eine direkte Injektion nicht
optimal lokalisiert ist. Ein Nachteil der Nutzung vierter Generation CAR-T-Zellen ist, dass
nur ein Zyto-/Chemokine ausgeschittet werden kann. Es ist bekannt, dass verschiedene
Zytokine unterschiedliche Funktionen im Zusammenhang mit der Proliferation,
Differenzierung und Persistenz von T-Zellen aufweisen, so dass bei der direkten Injektion
in den Tumor ein Zytokin-Cocktail zur optimalen Stimulation der Effektorzellen verabreicht

werden konnte.

Ein weiterer, moglicherweise bei HNSCCs gut durchzufiihrender Ansatz, um das
homing der T-Zellen zu verbessern, wurde von Sanz-Ortega et al. beschrieben 3¢, Hier
wurden T-Zellen mit magnetischen Nanopartikeln gefillt und mithilfe eines magnetischen

Feldes vermehrt im Tumor lokalisiert.

Antigendichte

Ein weiterer entscheidender Faktor fir die Auswahl des geeigneten Zielantigens stellt die
Antigendichte auf der einzelnen Tumorzelle dar und wie gut die Tumorzellen insgesamt
aufgrund der Expression dieses Zielantigens von den CARs erkannt werden. Im besten
Falle resultiert die hohe Expression eins TAA/TSA auf der Tumorzelle in einer effizienten
Erkennung und somit auch Bindung des CARs an die Tumorzelle, so dass diese effektiv

lysiert wird.

Um die Antigendichte von EGFR und CD44v6 in dieser Arbeit zu untersuchen, wurden
die diese auf 32 primaren HNSCC-Ziellinien mithilfe von direkt Fluorochrom-konjugierten
mABs angefarbt und die EGFR- bzw. CD44v6-Expression mittels Durchflusszytometrie
semiquantitativ gemessen. Dabei konnten wir feststellen, dass beide Zielantigene zwar
unterschiedlichen stark innerhalb der untersuchten Zelllinien, jedoch innerhalb einer Linie

relativ homogen exprimiert werden (2.1, 2.3).

EGFR wurde von 78 % der 32 Zelllinien exprimiert '*": dieser Wert ist vergleichbar mit
den 80-90 % EGFR-exprimierenden HNSCCs, die in der Literatur angegeben werden 38139,
Im Vergleich zum Normalgewebe zeigen jedoch nur 10-30 % der Faélle eine
tumorspezifische Uberexpression von EGFR 38140141 Dgmit nicht nur der geringe Anteil
der EGFR-uberexprimierenden Tumore, sondern ebenfalls die EGFR schwach positiven
malignen Zellen effizient eliminiert werden kénnen, ist die Nutzung eines hoch-affinen CARs
sehr wichtig. In dieser Arbeit konnte in Kapitel 2.3 gezeigt werden, dass die
EGFR-CAR-T-Zellen, deren Antigenbindungsdomane von dem hoch-affinen Cetuximab
abstammt, sogar Zielzellen lysieren, deren Zielantigendichte unter der mit

Durchflusszytometrie ermittelbaren Dichte liegt.
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Die Expression von CD44v6 in HNSCCs wird in der Literatur vergleichsweise
kontrovers diskutiert. Wahrend einige Studien eine abnehmende CD44v6-Expression im
Laufe der Tumorentwicklung beobachteten 2143 konnten wiederrum Andere eine
Uberexpression des Antigens mit der Entstehung von HNSCCs in Verbindung bringen
12144 In unserem Labor exprimierte der Grofteil der 32 untersuchten primaren
HNSCC-Zelllinien CD44v6 und konnte somit flur die Etablierung des CD44v6-CARs genutzt
werden. Der CD44v6-CAR ist im Gegensatz zum EGFR-CAR, welcher Zelllinien auch mit
sehr schwachen Antigenexpression sehr effektiv und hoch, ohne Verlust seiner Spezifitat,
lysiert (2.3), eher durch eine Antigendichte-abhangige Lyse der Tumorzellen

gekennzeichnet (2.1).

Abdeckung und Stabilitiat des Zielantigens auf dem Tumor

Auch wenn - im optimalen Fall - Tumorzellen das Zielantigen stark Uberexprimieren, ist die
Antigenexpression innerhalb eines Tumors oft sehr heterogen, so dass die Mdéglichkeit
besteht, dass die CAR-T-Zellen die malignen Zellen mit niedriger Expression nicht lysieren
145,146 Aus diesem Grund sollten Zielantigene ausgewahlt werden, die auf mdglichst allen
Zellen des Tumors in hoher Dichte exprimiert werden. Gerade bei der Untersuchung von
HNSCCs konnte die stark ausgepragte Heterogenitat innerhalb eines Tumors -
insbesondere fir die EGFR- , aber auch fiir die CD44v6-Expression " - immer wieder
bestatigt werden '“8. Aus diesem Grund kann der Einsatz von hoch-affinen CAR-T-Zellen,
welche aufgrund ihrer hoheren Affinitat gleichzeitig starker stimuliert werden, fur das
Lysieren aller Tumorzellen, auch jener mit schwach exprimierten Antigenen, von Vorteil
sein. Allerdings stellt sich hier die Frage, ob zukinftig der Einsatz von hoch-affinen
CAR-T-Zellen, der wahrscheinlich fur eine effektivere Kontrolle des gesamten heterogenen
Tumors (absolut) notwendig ist, unter strenger Kontrolle der on-target off-tumor-Effekte,

durchgefuhrt werden muss.

Immer mehr Studien versuchen, der Heterogenitat eines Tumors durch die Optimierung
der CARs zu begegnen (Abbildung 3). Der SUPRA-CAR (split, universal and
programmable) stellt eine Designvariante dar und wurde so angepasst, dass universale
CARs an Adapter binden, die als Liganden fir die Erkennung von unterschiedlichen
Antigenen genutzt werden kénnen '° und durch diese Bindung dann eine Aktivierung der
T-Zelle hervorgerufen wird '*°. Dadurch kénnen von demselben CAR mehrere scFvs
erkannt und das Problem der Tumorheterogenitat umgangen werden ™', Ein weiterer
Vorteil stellt die geringe biologische Halbwertszeit der Adapter im Serum von wenigen
Stunden bis Tagen dar, so dass die Adapter zwar in regelmaligen Abstanden verabreicht

werden muissen, um die Lyse der Tumorzellen zu gewahrleisten, gleichzeitig aber die
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Applikation jederzeit schnell unterbrochen werden kann, was einen zusatzlichen

Sicherheitsaspekt bietet 152,

In letzter Zeit verfolgen praklinische und sogar klinische Studien flir eine
CAR-T-Zelltherapie von soliden Tumoren jedoch vermehrt die Strategie, mehrere CARs
gegen unterschiedliche Antigene oder auch mehrere scFvs kombiniert in einem CAR-
Konstrukt als therapeutischen Ansatz zu nutzen '%3. Aufgrund der Beliebtheit von EGFR als
Zielantigen wurden beide Strategien bereits mit EGFR-CARs durchgeflihrt. Die zeitgleiche
palliative Gabe von autologen EGFR- und CD133-CAR-T-Zellen fir eine 52-jahrigen
Patientin mit fortgeschrittenem, inoperablem und metastasiertem Gallengangkarzinom
zeigte eine verbesserte Anti-Tumor-Wirksamkeit, jedoch auch einer Vielzahl von zum Teil
ausgepragten Nebenwirkungen '%*. Bei derartigen Kombinationen von CAR-T-Zellen gegen
nicht-tumorspezifische  Antigene muss deshalb {ber eine Integration von
Sicherheitsmechanismen in die CAR-T-Zellen nachgedacht werden. In einer praklinischen
Studie mit direkter Injektion von CAR-NK92-Zellen in die orthotopen Tumorareale bei
Glioblastom in Mausen konnten doppel-spezifische CAR-NK-Zellen gegen EGFR und
EGFRuvIIl ebenfalls bessere Erfolge verzeichnen, als die jeweiligen CAR-NK92-Zellen mit

nur einer scFv/targeting unit %°.

Meines Wissens wurden solche Studien noch nicht mit CD44v6 als zusatzliches
Zielantigen durchgefuhrt. Prinzipiell ware jedoch die Anwendung in Kombination mit einem
EGFR-CAR denkbar, um die Heterogenitat der HNSCCs zu Gberwinden. Allerdings ist hier
zu beachten, dass beide Zielantigene relativ stark auf Keratinozyten in der Haut
exprimierten werden und hier eine besondere Toxizitat bei Akkumulation von T-Zellen in

der Haut z.B. nach intravenoser Infusion zu beflirchten ist.

Die Nutzung von Tandem-CAR-T-Zellen (Abbildung 3) mit zwei hoch-affinen scFvs mit
zusatzlicher Integration von Sicherheitsmechanismen wirden dem Tumor-Antigen-Escape,
der in vielen klinischen Studien nach Behandlung mit CAR-T-Zellen vorgekommen ist ¢,
wesentlich entgegen wirken. Beim Tumor-Antigen-Escape wachsen nach effektiver
Behandlung des Tumors einige Zeit spater Tumorzellen mit modulierter
Zielantigenexpression (Verlust oder Verringerung des Antigens, so dass CAR-T-Zellen
dieses nicht mehr erkennen) aus und fuhren klinisch zum Relapse/Persistenz des Tumors.
Mechanistische Untersuchungen in praklinischen und klinischen Studien zeigten, dass
Tumorzellen ihr Antigenprofil an die CAR-Therapie adaptieren, indem Zielantigene mutiert
oder herunterreguliert werden, so dass die Erkennung der malignen Zellen durch die
CAR-T-Zellen nicht mehr moglich ist '’. Dieses Phanomen konnte auch in
HNSCC-Patienten nach der Gabe von Cetuximab beobachtet werden und wirde in vivo

vermutlich auch bei alleiniger Gabe von T-Zellen mit dem EGFR-CAR aus dieser Arbeit
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erfolgen, weswegen generell die Nutzung von hoch-affinen CARs und sinnvoller Weise eine
Kombination mit dem hier etablierten CD44v6-CAR eine effektivere Lyse aller Zellen des
heterogenen Tumors erzielen wirde. Vor Allem aus Grinden des Tumor-Antigen-Escape
spielt die Stabilitdt des Zielantigens auf der Tumorzelle eine entscheidende Rolle fir die
langfristige Heilung des Patienten '%7. Stabil exprimierte Antigene, die nicht leicht durch
externe Einflisse reguliert werden kdnnen, sollten deshalb als Zielstrukturen fir eine CAR-

Therapie favorisiert werden.

Split-CAR Tandem-CAR Doppel-CAR SUPRA-CAR
scFv 1 scFv 2 scFv 1 scFv2 scFv 1 scFv 2 scFv 1 scFv 2
Bindedomanen ﬂl “ “ .]l AZip BZip BZip
hinge
Transmembrandomane
cD28/ cD28/ cD28/
4-1BB 4-1BB 4-1BB
Signaldomanen
CD28/
4-1BB
cD3g CD3¢ CD37

CD3g

Abbildung 3: Optimierung/Anpassungen des CAR-Designs zur Uberwindung der
Tumorheterogenitit und der on-target off-tumor Toxizitat. Die Erkennung von mehr als einem
Antigen kann die Spezifitdt der CAR-T-Zellen fur die Tumorzellen erhéhen und so die Therapie an
die oftmals heterogene Antigenexpression des Tumors anpassen und eine vermehrte Lyse des
Tumorgewebes ermoglichen. Split-CAR-T-Zellen, bei denen die Aktivierung der Immuneffektorzellen
durch CD3C und die Co-Stimulation (z.B. CD28 oder 4-1BB) Uber zwei CARs der ersten Generation
erreicht wird, kbnnen gegen unterschiedliche Tumorantigene gerichtet werden. Die T-Zellen mit den
beiden Split-CAR-Konstrukten werden erst dann zytotoxisch, sobald eine Bindung beider CARs in
der gleichen T-Zelle erfolgt. Bei Tandem-CARs sind scFvs gegen zwei Antigene in einem
CAR-Konstrukt tber Peptidlinker gekoppelt, wahrend bei Doppel-CARs die aktivierenden und
stimulierenden Funktionen in zwei Konstrukten getrennt sind, die jeweils auf ein unabhangiges
Antigen abzielen. Das SUPRA-CAR-System kann direkt mehrere Tumorantigene unter Verwendung
verschiedener scFvs binden. Die Abbildung wurde modifiziert nach 58 und mit Biorender.com erstellt.

Universale Expression des Zielantigens

Da die kostspielige und langwierige Zulassung eines CAR-Konstrukts in einem
Gentransfervektor ein wesentlicher limitierender Faktor fir die klinische Anwendung
darstellt, sollten die CARs mdoglichst universal einsetzbar sein, indem das Zielantigen auf
Tumoren verschiedener Entitaten exprimiert wird. Wie bereits erwahnt, stellt EGFR ein
beliebtes TAA dar, weshalb es als Zielantigen flir CAR-T-Zellen bislang in mehreren Phase
| oder Phase l/ll-Studien gegen EGFR-positive solide Tumore wie Glioblastome, Lungen-,
Pankreas- oder Darmkrebs-Karzinome (NCT01869166, NCT02331693, NCT03182816,
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NCT03152435, NCT03182816, NCT01869166) genutzt wurde '5°'8 Aktuell werden
Patienten fur weitere Studien mit unter Anderem EGFR-positiven Lungenkarzinomen oder
ZNS-Tumoren rekrutiert (clinicaltrails.gov).

CD44v6-CAR-T-Zellen wurden zwar bislang in noch nicht beendeten klinischen
Studien eingesetzt, von denen bisher keine Daten publiziert wurden, das Zielantigen wird
jedoch in hamatologischen (AML und MM) und auch soliden Tumoren Uberexprimiert.
Besonders haufig wird die starke Expression auf Brust-, Dickdarm-, Magen-Darm-, Blasen-
, Eierstock- und Lungentumoren beschrieben %2, Die Ergebnisse der laufenden Studien mit
Patienten, die an AML, MM und Brustkrebs erkrankt sind, werden die Sicherheit,
Wirksamkeit und Durchfiihrbarkeit der CD44v6-CAR-T-Zellimmuntherapie zeigen
(NCT04097301, NCT04427449, NCT04430595).

Diese Arbeit bestatigte bereits die universale Einsetzbarkeit der EGFR-CAR-T-Zellen
bei Plattenepithelkarzinomen der oberen Luftwege (HNSCCs) sowie der Speiserdhre und

auch bei Tumoren des Ovars (2.3) und bei Urothelkarzinomen (2.2).

Insgesamt stellen also beide TAAs, EGFR und CD44v6, geeignete Kandidaten fur die
CAR-T-Zelltherapie dar und sind in kombinierter Form als hoch-affine CAR-T-Zellen mit
Integration entsprechender Sicherheitsmechanismen fur die Eliminierung verschiedener
Tumorentitaten potentiell geeignet. Dennoch erfordert die CAR-T-Zelltherapie einen
personalisierten Ansatz, der die Charakteristika des Tumors insbesondere bei der Wahl des

passenden Zielantigens und bei dem genutzten CAR-Design berlcksichtigt.

Bei der Wahl eines Zielantigens fir die CAR-T-Zelltherapie sollten folgende
Faktoren berticksichtigt werden:

= Hohe Tumorspezifitat

= Hohe Antigendichte

= Homogene Abdeckung des Zielantigens auf den Tumorzellen

= Stabile Expression des Antigens

» Expression des Zielantigens auf verschiedenen Tumorentitéten

Folgende Ansatze kénnen die on-target off-tumor Effekte reduzieren und die
Sicherheit bei der Nutzung hoch-affiner CARs erhéhen:

» Verwendung von TSAs

* Injektion der CAR-T-Zellen direkt in den Tumor

» Integration eines Suizidgens

» Nutzung eines induzierbaren Promoters

= Split-CARs
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OPTIMIERUNG DER THERAPIE DURCH MODIFIKATIONEN DER

EXTRAZELLULAREN CAR-DOMANEN

Parallel zur Auswahl eines passenden Zielantigens kann die CAR-T-Zelltherapie durch
Optimierung einzelner Faktoren des Vektors, unter anderem fir den CAR-T-Zell-
Herstellungsprozess unter GMP oder zur Uberwachung der CAR-T-Zellen im Patienten,

verbessert werden.

Typischerweise werden zu Therapiebeginn primare T-Zellen des Patienten isoliert und
mittels Vektoren und Zytokinen ex vivo modifiziert, um schliellich einsatzfahige autologe
CAR-T-Zellen zu erhalten '®. Die CAR-T-Zellen werden anschlieRend in die mit
Chemotherapie (Konditionierung) vorbehandelten Patienten reinfundiert, worauf eine
engmaschige stationare Uberwachung erfolgt '®*. Diese Ablaufe bediirfen einer strikten
zeitlichen sowie logistischen Planung, um die finanziellen Aufwendungen bzw. Verluste
moglichst gering zu halten. Aktuell kostet die Verabreichung einer Dosis
CD19-CAR-T-Zellen von Novartis 475.000 US$ exklusive zusatzlichen 150.000 — 200.000
US$ fur Patientenbetreuung und Behandlung moglicher Komplikationen 6% Zur
Verbesserung der Effizienz und Kosteneffektivitat versuchen Wissenschaftler in den gro3en
Firmen und grofRen Kliniken und Instituten, die GroRRserienproduktion der CAR-T-Zellen an
verschiedenen kritischen Produktionszwischenschritten zu optimieren. So wird unter
anderem die genetische Modifikation der T-Zellen mit unterschiedlichen Vektoren (meist
retrovirale und lentivirale Vektoren, aber auch nichtvirale Transposons), das
T-Zellwachstum durch Zugabe unterschiedlicher Zytokine ins Expansionsmedium oder die
Qualitatskontroll-Freigabetests weiterentwickelt und die Merkmale/Besonderheiten der
Patienten, die auf die Therapie besonders gut bzw. gar nicht ansprechen, besser erfasst
166 Auch in dieser Arbeit konnten Anséatze zur effizienteren Transduktion durch Modifikation
der CAR-scFv und der Anreicherung von CAR-T-Zellen Uber neue hinge-Regionen etabliert

werden.

Die in Kapitel 2.3 beschriebene rationale Optimierung der scFv-Antikérperdomane von
Cetuximab fur die Anwendung als EGFR-CAR fiihrte zu deutlich héheren Virustitern - im
Vergleich zu dem CAR-Vektor mit der originalen Cetuximab-scFv - und resultierte in einer
verbesserten Transduktionseffizienz der T-Zellen. Obwohl bekannt ist, dass die Grofke des
Expressionsvektors bei lentiviralem Gentransfer aufgrund von lentiviralen Transkriptions-
und Verpackungsbeschrankungen mit den Titern korreliert %7, wird die Reduktion der
Sequenzlange von 200 bp der Cetuximab scFv vermutlich nicht der alleinige Faktor sein,

der zu solch einer erheblichen Verbesserung in der Virusproduktion gefihrt hat.
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Canté-Barrett et al. stellten fest, dass die Transduktionseffizienz von der Anordnung
der Basenpaare abhangig ist '®” und Fujiwara et al. beschrieben, dass eine niedrige
CAR-Expression auf den Effektorzellen haufig durch Aggregation des CARs mit der
Membran durch posttranslationale Modifikationen verursacht werden kann %8, Demnach
scheint die Sequenzoptimierung bzw. Sequenzverkirzung der scFv ein Vorteil fir die
Grolproduktion mit erheblichen finanziellen Vorteilen darzustellen, die zuklnftig
thematisiert werden sollte. Denn bislang werden die Virustiter meistens alleinig durch
Anderung der Plasmidverhaltnisse, unterschiedliche Zeitpunkte der Virusernte und

optimierte Transfektionsreagenzien erhoht °.

Obwohl die Nutzung viraler Vektoren mit klaren Nachteilen verbunden ist, wird fir die
CAR-T-Zellproduktion aktuell in den meisten zugelassenen Produkten und auch klinischen
Studien  y-retroviraler oder lentiviraler  Gentransfer verwendet (y-retroviral:
Yescarta/Tecartus, lentiviral: Kymriah) '7°. Die Sicherheitsbedenken z.B. aufgrund einer
mdglichen Insertionsmutagenese, die Kapazitatsengpasse und die bereits erwahnten sehr
hohen Herstellungskosten einer GMP-konformen Vektorproduktion und die Transduktion
und Expansion der autologen CAR-T-Zellen unter S2-Bedingungen steigern ganz
wesentlich die Attraktivitdt von nicht-viralen Gentransfermethoden fir die genetische
Veranderung der T-Zellen '°, Dabei werden entweder Nanopartikel mittels Endozytose
oder Membranfusion von den Effektorzellen aufgenommen oder verschiedene Vektoren,
wie mRNA oder DNA-basierte Transposons durch Membran-permeabilisierende Methoden
(Elektroporation) in die Immuneffektorzellen eingeschleust '7°. Diese nicht-viralen
Gentransfermethoden  fur die  Produktion von  CAR-T-Zellen und ihre
Anwendungsmaoglichen werden zurzeit vermehrt noch in praklinisichen Studien getestet.
2021 wurde jedoch schon die erste klinische Studie von SLAMF7-CAR-T-Zellen, hergestellt
mit dem Transposonsystem Sleeping Beauty, fur Patienten mit multiplen Myelomen

beschrieben 71,

Neben der Erhohung des Virustiters bringt die Integration der neuen hinge-Region in
CAR-Konstrukte mehrere, fir die Translation in die Klinik relevante Vorteile mit sich (2.4,
2.5) . Die initialen Studien nutzten fur ihre CARs hinge-Regionen, die von humanen IgG1-
oder der 1gG4-CH2CHs-Domanen abgeleitet wurden und trotz ihrer klaren Vorteile
(Flexibilitat, fehlende Immunogenitat und leicht anpassbare Anderung der Lénge, einfache
Detektion) letztendlich zu einer unspezifischen Aktivierung der Effektorzellen durch
Bindung an Fcy-Rezeptoren von Monozyten und Makrophagen fiihrten 45172, Diese off-
tumor off-target-Aktivierung resultierte in einer ungewollten Immunantwort gegen Fcy-

Rezeptor exprimierenden Immunzellen im Gewebe und dem Absterben der Effektorzellen
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durch aktivierungsinduzierten Zelltod, ohne dass aber Tumorzellen vernichtet wurden 72,
Obwonhl durch Mutagenese oder Deletion der CH».Bindungsstellen in vivo die Funktionalitat
mehrerer CARs ohne das Auftreten von ungewollten Nebeneffekten bestatigt werden
konnte #, fokussierten andere Ansatze die Verwendung von Domanen ohne natirliche
FcyR-Bindungsaktivitat, wie CD28 oder CD8, die auch in den klinisch zugelassenen

Produkten, wie den Yescarta- und Kymriah-CARs, genutzt werden '3,

Der Einsatz der neuen c6-hinge-Region in dieser Arbeit zeigte weder in vitro gegen
solide Tumore, noch gegen hamatologische Erkrankungen im Mausmodell unspezifische
Aktivierung der Immuneffektorzellen (2.4). Bei Nutzung dieser neuen hinge kénnen die
CAR-positiven T-Zellen zusatzlich mithilfe des MACS-Systems von Miltenyi angereichert
und selektioniert werden. Dadurch kann in einem Schritt, der auch unter GMP-Bedingungen
durchgeflihrt werden kann, eine reine Population CAR-positiver T-Zellen mit einer hoher
Antigenexpressionsdichte erst gewaschen und schlieBlich im gewunschten Puffer eluiert
werden. Somit kdnnten in klinischen Studien Unterschiede in der Reinheit sowie der Dosis
der verabreichten Zellen vermieden und somit die Therapie besser standardisiert und die

Vergleichbarkeit der Behandlungen erhéht werden.

Nicht nur in dieser Arbeit, sondern auch in weiteren Studien wurden hinge-Domanen
ebenfalls dazu verwendet CAR-positive Untergruppen der T-Zellen zu quantifizieren und zu
reinigen. Viele aktuelle Anreicherungsprotokolle in praklinischen Studien greifen auf die
Expression eines sekundaren Zelloberflachenmarkers (z.B. trunkiertes CD34, NGFR,
EGFR, trunkiertes CD19) zuriick, um eine Selektion und Detektion der CAR-T-Zellen zu
ermoglichen 74, Liu et al. inkludierten z.B. einen Strep-Tag Il in die hinge-Region, um mit

ihrer Hilfe die CAR-T-Zellen zu reinigen und detektieren 75,

Die Vorteile der neuen hinge erleichtern also direkt mehrere Produktionsschritte, ohne
dass eine zusatzliche Integration eines Selektionsmarkers im Vektor erforderlich wird. Da
kein zweites Transgen fur die Selektion der CAR-T-Zellen notwendig ist, kann so relativ
einfach der lentivirale Vektor verkleinert, die Vektorproduktion verbessert und die
Transduktionseffizienz erhoht werden 7. Zusatzlich wird - ohne zweites Transgen im
Vektor - die Expression des CARs auf der Zelloberflache erhéht, ohne dass ein besonders

starker Promotor verwendet werden muss.

Im Laufe der CAR-Entwicklung wurde der hinge-Region immer mehr Aufmerksamkeit
geschenkt und ihr Einfluss auf die Stabilitat und das CAR-Expressionslevel beschrieben 76,
Auch die Expansion und Persistenz der CAR-T-Zellen kann durch die Optimierung der
Hinge beeinflusst werden 7. McComb et al. konnten durch die Wahl der passenden hinge
die Anzahl der T-Zellen wahrend der Kultivierung steigern und die Invasivitat erhéhen 78,

Somit stellt die Integration unserer neuen hinge in das CAR-Konstrukt nicht nur das
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Verbindungsstiick zwischen scFv und Transmembrandoméne dar, sondern kénnte ein
funktionell wichtiger Teil des CARs werden, der die Anwendbarkeit der CAR-T-Zelltherapie

in mehreren Bereichen vereinfacht.

Trotz all dieser Optimierungsschritte ist die CAR-Therapie unter Verwendung von
Effektor-T-Lymphozyten aufgrund der hoher Produktionskosten und der lang dauernder
Herstellungsprozesse von ungefahr drei Wochen fiir viele Patienten problematisch '7°.
Ebenso leiden viele Tumorpatienten aufgrund der intensiven Vorbehandlung mit
Chemotherapien an einer T-Zelldysfunktion, was bedeutet, dass die T-Zellen sich in vitro

nicht mehr ausreichend manipulieren lassen und folglich die Therapie nicht durchfiihrbar ist
179

Die Produktion allogener Immuneffektorzellen wirde hier nicht nur die hohen Kosten
der autologen T-Zellherstellung verringern, da die vorproduzierten Zellen eines normalen
Donors auch sofort fir andere Patienten genutzt werden konnten. Allerdings sind die
Komplikationen, die durch Gabe allogener CAR-T-Zellen entstehen wirden, namlich eine
Transplantat-gegen-Wirt-Reaktion oder die perakute Eliminierung der Effektorzellen durch
das Immunsystem des Spenders, noch nicht beherrschbar. Trotzdem werden zurzeit
mehrere Strategien fur allogene CAR-T-Zelltherapien in praklinischen Studien getestet.
Nachdem die TCR-abhangige Erkennung von Antigenen der CAR-T-Zellen durch
unterschiedliche Methoden (CRISPR/Cas9 '8, TALEN '®', Zink-Finger-Nukleasen 182)
mittels Knockout der TCR a- und/oder B-Ketten ausgeschaltet wurde, kénnen allogene
CAR-T-Zellen jetzt theoretisch bei verschiedenen Erkrankungen des Menschen

systematisch in klinischen Phase I/1I-Studien getestet werden '7°.

Im Vergleich zur CAR-T-Zelltherapie bietet die Nutzung von allogenen NK-Zellen als
genetisch modifizierte Immuneffektorzellen viele Vorteile. So weisen allogene CAR-NK-
Zellen, deren Nutzung aufgrund der fehlender HLA-Restriktion bei der Erkennung ihrer
Zielzellen kein Risiko einer Transplantat-gegen-Wirt-Krankheit mit sich bringen, jedoch
funktionelle Ahnlichkeit zu CD8* T-Zellen und deren zytotoxischen Mechanismen auf '8,
konnen off-the-shelf produziert '® und nicht nur aus peripherem Blut durch Apherese,
sondern ebenfalls aus Nabelschnurblut gewonnen werden '8, wodurch weitere
Produktionsschwierigkeiten geldst werden wirden. Zusatzlich treten aufgrund der relativ
kurzen Lebensdauer von NK-Zellen in vivo und aufgrund der fehlenden Selbststimulation
durch autologe feedback-loops nur selten schwerwiegende on-target off-tumor Effekte auf;
auch schwere toxische Nebenwirkungen, wie das sogenannte Cytokine-release syndrome,

wurden im Vergleich zur Gabe von CAR-T-Zellen, die groflere Mengen
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proinflammatorischer Zytokine wie TNF-q, IL-1 und IL-6 freisetzen und Gber Wochen massiv
im Patienten expandieren kénnen, nicht verzeichnet '®°. Zumindest fiir die Therapie von
hamatologischen Malignome z.B. gegen CD19, CD20 oder CD22 erscheinen deshalb

allogene CAR-NK-Zellen zurzeit sehr attraktiv zu sein.

Modifikationen der scFv-Sequenz und Integration einer neuen hinge-Region
kénnen zu produktionstechnischen und klinischen Vorteilen fiihren:
= Effizientere Transduktion durch erhéhte Virustiter mittels
Verkiirzung der scFv
= Hohere Virustiter durch Verkleinerung des Vektors, da aufgrund der
neuen hinge kein zweites Transgen als Selektionsmarker fungieren
muss
= Anreicherung, Selektion und einfache Detektion CAR-positiver T-

Zellen mithilfe der neuen hinge

KOMBINIERTE CAR-T-ZELLTHERAPIE

Um Patienten eine moglichst kosteneffiziente und wirksame CAR-T-Zell-Monotherapie zu
ermoglichen, werden zurzeit viele Ansatze zur effizienten Modifikation von autologen oder
auch allogenen Effektorzellen verfolgt. Trotzdem waren die Ansprechraten in klinischen
Studien zur Behandlung von soliden Tumoren mit der alleinigen Gabe von CAR-T-Zellen
nur sehr gering 8618 so dass eine zusatzliche Manipulation der Tumorzellen im Patienten

moglicherweise erst zur vollen Potentialentfaltung der CAR-T-Zelltherapie fihren kdnnte
190

Die Patienten, die mit CAR-T-Zellen behandelt werden, haben meist primar nicht
ansprechende (refractory) bzw. rezidivierte Malignome. Dies bedeutet, dass sie bereits mit
den Standardtherapien (wie z.B. Operation, Bestrahlung, Chemotherapie) behandelt
wurden, aber die Tumoren nicht ausreichend angesprochen haben. Vor der Gabe von CAR-
T-Zellen erhalten die Patienten immunsuppressive Chemotherapeutika, die als
Vorbehandlung primar das Immunsystem des Patienten hemmen sollen, damit die
infundierten CAR-T-Zellen besser anwachsen und so die Anti-Tumor-Immuntherapie
verstarkt wird; aulBerdem wird durch die Chemotherapie die Proliferation und
Zytokinproduktion der CAR-T-Zellen, die ja nicht diesen genotoxischen Substanzen
exponiert waren, angeregt werden '9'. Zusatzlich werden Tumorzellen fiir den Angriff von
Immunzellen sensibilisiert, indem das TME modifiziert, immunsuppressive Zellen eliminiert

oder die T-Zellmigration gefoérdert wird '°2. Die genauen Mechanismen sind noch nicht in
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voller Ganze bekannt, jedoch werden z.B. durch verschiedene Chemotherapeutika
Mannose-6-phosphat-Rezeptoren auf Tumorzellen Uberexprimiert, wodurch von T-Zellen
ausgeschiittetes Granzym-B einfacher in den Tumor eindringen kann '3 Die
Vorbehandlung mit Chemo- oder Radiotherapie kann ebenfalls - durch unterschiedliche
Mechanismen - eine erhohte TAA-Expression auf den Tumorzellen induzieren und
regulatorische T-Zellen sowie myeloid-abgeleitete Suppressorzellen inhibieren '*°. Lokale
Bestrahlung steigert ebenfalls die Infiltration von T-Zellen in den Tumor, indem es durch
eine erhdhte Chemokinexpression und/oder IFN-y Ausschuttung ein forderlicheres TME fur

die Immuneffektorzellen schafft 194195,

Alternativ kdnnen andere immuntherapeutische Ansatze, die immuninhibitorische
Rezeptoren auf Effektorzellen oder Immuncheckpoint-Liganden auf Tumorzellen inhibieren,
mit der CAR-T-Zelltherapie verknipft werden 2°. Immer mehr Studien kombinieren FDA-
zugelassene  Checkpoint-Inhibitoren gegen PD-1  (Nivolumab, Pembrolizumab,
Pidilizumab), PD-L1 (MDX-1105, MPDL3280A) oder CTLA-4 (Ipilimumab, Tremelimumab)
1% mit der CAR-T-Zelltherapie oder lassen neuerdings die Checkpoint-Inhibitoren zusatzlich
von den CAR-T-Zellen vor Ort sezernieren, um die Wirksamkeit und Persistenz der
transduzierten und auch der nicht genetisch veranderten Immuneffektorzellen im Tumor zu

erhéhen 190197,

Auch monoklonale Antikérper und small molecules kbnnen zur Beeinflussung von
Signalwegen, die wichtig fir Tumorwachstum, Uberleben, Angiogenese oder
Metastasierung sind, eingesetzt werden '8, Die Kombination von z.B. CAR-T-Zellen mit
dem antiangiogenen Antikérper Bevacizumab (gegen VEGFR) zeigte in praklinischen

Studien eine verbesserte Tumorinfiltration der Effektorzellen bei soliden Tumoren 9.

Ein weiterer, bisher noch wenig genutzter Ansatz zur Manipulation von Tumorzellen bei
einer gleichzeitig durchgefuhrten Immuntherapie stellt die Beeinflussung von
epigenetischen Regulationsmechanismen von HDACs oder DNMTs dar. Die Gabe von
HDACI fuhrt zu einer Re-Expression von stillgelegten Genen durch Reduktion der DNA-
Verpackung, wahrend Inhibitoren von DNMTs hingegen meist die Expression von Genen
durch Demethylierung verringern. Beide Substanzen bewirken die Reaktivierung
epigenetisch stillgelegter Gene %, wie Zellzyklusregulatoren oder Suppressorgene,

wodurch die Immunogenitat der Tumorzellen beeinflusst wird.

Auch in dieser Arbeit wurde die Tumorzellbehandlung mit Inhibitoren der HDACs

(Romidepsin) und DNMTs (Decitabin) im Hinblick auf Sensitivierung gegen CAR-T-Zellen
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untersucht (2.2). Nach Vorbehandlung von Urothel-Karzinomzelllinien mit Romidepsin kam
es verstarkt unter anderen zur Regulation von Genen, die den Zelltod verhindern, was zu
einer deutlich schlechteren Toxizitat der CAR-T-Zellen gegentiber den Tumorzellen fihrte.
Umgekehrt sind die malignen Urothelzellen nach Gabe von Decitabin deutlich sensitiver
gegenuber den zytotoxischen Effekten der CAR-T-Zellen und wurden vermehrt abgetotet;

dies konnten wir auf die Induktion von BID und die Repression von BCL2L1 zurtckflhren.

Die BCL2-Familie ist Teil des mitochondrial vermittelten (intrinsischen)
Apoptoseweges, bei dem durch den Einfluss von Stressstimuli zunachst die Caspase-8 das
Protein BID aktiviert, welches auf der mitochondrialen Auflenmembran Komplexe mit BCL-
2 und BCL2L1 formt und dadurch eine Offnung der mitochondrialen AuRenmembran
bewirkt 2% Die darauf folgende Freisetzung von Cytochrom C und weiteren mitochondrialen
Proteinen fihrt zur Bildung des Apoptosoms, welches durch Rekrutierung von ATP, dATP,
Apaf-1 und Caspase-9 dann Caspase-3 aktiviert und schliellich die Fragmentierung der

DNA induziert und damit den Zelltod einleitet 201,

Nicht nur in dieser Arbeit konnte die zentrale Rolle von BID als Regulator der
Zytotoxizitat von CAR-T-Zellen identifiziert werden. Auch Singh et al. demonstrierten, dass
Nalm-6-Zellen mit einem durch CRISPR/Cas9 verursachten BID-Knockout eine erhdhte
Resistenz gegenuber CD19-CAR-T-Zellen aufweisen und zusatzlich die CAR-
Effektorzellen wahrend der Langzeit-Koinkubation eine verminderte Persistenz und
Zytokinausschittung sowie eine niedrigere Perforin- und Granzym B-Freisetzung zeigen
202 Andere Studien beschéftigten sich mit der Auswirkung einer verminderten BID-
Expression auf T-Zellen, die, ahnlich wie bei Tumorzellen, ebenfalls zu einer Resistenz
gegen Apoptose und somit zu einem erhéhten Uberleben der Immuneffektorzellen fiihrt
203,204 Inwieweit die epigenetischen Modifikationen mittels Decitabin eine Repression von

BID in CAR-T-Zellen auslésen konnte, ist bislang nicht untersucht.

Es ist jedoch erwiesen, dass anti-apoptotische BCL-2-Familienmitglieder wie BCL2L1
durch die Zugabe von Decitabin reguliert werden 2°° und erhéhte Konzentrationen von
BCL2L1 in der Zelle die Zellmigration und Invasion von Tumorzellen steigern. Im Vergleich
zur Kontrollgruppe wurden ebenfalls mehr vaskulare Strukturen in in vivo Mausmodellen fur
zwei soliden Tumoren (Melanom, Glioblastom) gebildet und in vitro die Formation von
Tumorsphéren unterstiitzt 2°. Interessantereise fiihrt die Uberexpression von BCL2L1 in
CAR-T-Zellen zu einer verlangerten Persistenz sowie einer erhéhten Resistenz gegentber
des TME 207208 Eaton et al. konnten auch zeigen, dass die Uberexpression von BCL2L1
das Uberleben von T-Lymphozyten férdern, wenn diese in Abwesenheit von IL-2 kultiviert
werden 2%° was vermutlich ebenfalls positive Auswirkung auf das Uberleben der

Immuneffektorzellen im TME haben wirde.
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Obwohl die Kombination von epigenetischen Wirkstoffen und immuntherapeutischen
Ansatzen bislang in klinischen Studien eher auf die Gabe von PD-1 Inhibitoren (Nivolumab,
Pembrolizumab) und DNMTis (Azacytidine, Varinostat) beschrankt war 2'°, konnte in einer
Studie gezeigte werden, dass das CAR-T-Zell-Zielantigen CD19 auf Lymphomen durch die
Gabe von Decitabin soweit hochreguliert worden war, dass zwei Patienten eine komplette
Remission erlebten 2''. Andere préaklinische Arbeiten zeigten ebenfalls, dass gewisse
Zielantigene wie z.B. Tumor-Hoden-Antigene oder TAAs durch die Behandlung von
Decitabin Uberexprimiert werden 22, Durch die Hochregulation dieser Zielstrukturen konnte
nicht nur das Ansprechen der Tumoren auf die CAR-T-Zelltherapie gesteigert, sondern
auch die Tumorheterogenitat umgangen werden. In dieser Arbeit wurde die Expression der
Zielantigene EGFR und CD44v6 vor und nach isolierter Behandlung der Tumorzellen mit
Decitabin untersucht (2.2). Wir konnten zwar eine Tendenz einer erhdhten Expression in

einigen Urothel-Zelllinien beobachten, die jedoch nur bei einigen Zelllinien signifikant war.

Neben vielversprechenden Modifikationen auf Seiten der Zielzellen kénnen die
Immuneffektorzellen ebenfalls von der epigenetischen Therapie profitieren. Zum Beispiel
regulierte die Behandlung von CD123-CAR-T-Zellen mit Decitabin die Expression von
Genen in diesen Zellen hoch, die die Differenzierung von naiven und Gedachtnis-T-Zellen
beginstigte und die Modulation der Immunsynapse positiv beeinflussen, so dass die
CAR-T-Zellen insgesamt eine steigerte Toxizitat aufwiesen 2'3. Indirekt wird die Situation
von (CAR-)T-Zellen im TME auch verbessert, indem z.B. bei der Behandlung von
Ovarialkarzinomen mit Inhibitoren von HDACs und DNMTs die Produktion der Chemokine
CXCL9 und CXCL10 erhéht wurde, die beide eine vermehrte Aktivierung von T-Zellen
bewirkten, so dass diese effektiver in den Tumor infiltrieren konnten 2'*. Auch das
Chemokingen CCL5, welches in Tumoren haufig herunter reguliert wird, kann durch die
Gabe von Decitabin wieder re-exprimiert werden, wodurch ebenfalls die Tumorinfiltration
der T-Zellen beginstigt wird '°. Insgesamt erscheint deshalb die Behandlung sowohl von
den Tumor- als auch den Immuneffektorzellen mit Decitabin besonders attraktiv, um

generell eine effizientere Lyse von Tumorzellen durch CAR-T-Zellen zu induzieren.
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Eine andere Maoglichkeit, Mitglieder der BCL2-Familie zu regulieren, ist der Einsatz von
BCL2-hemmenden small molecules/Wirkstoffen, die z.T. bereits mit verschiedensten
Indikationen klinisch zugelassen sind. Die Gabe von Navitoclax konnten B-Zell-Malignome
nach Koinkubation mit CD19-CAR-T-Zellen in vitro schneller lysiert werden 2'¢. Auch
zeigten CD19-CAR-T-Zellen der dritten Generation einen verbesserten zytotoxischen Effekt

auf mit Venetoclax vorbehandelten Leukdmie und Lymphom-Zelllinien 2'7.

Ergidnzende Mafinahmen zur CAR-T-Zelltherapie koénnen z.B. eine
Vorbehandlung des Patienten mit Chemo- und/oder Radiotherapie oder
auch eine parallele Therapie mit immuntherapeutischen Ansatzen wie z.B.
Checkpoint-Inhibitoren oder epigenetischen Substanzen sein. Dadurch
werden oftmals folgende Punkte verbessert:
» Modifikation des TME durch Beeinflussung des Tumorwachstums,
der Angiogenese und der Metastasierung
* Forderung der T-Zellmigration und erhohte Persistenz der
Effektorzellen im Tumor
* Hochregulation/Uberexpression von TAA

» Erhohte Zytotoxizitat der Immuneffektorzellen

DIE ZUKUNFT DER CAR-T-ZELLTHERAPIE

Obwohl es auf dem Gebiet der adoptiven T-Zelltherapie fur hamatologische Neoplasien in
den letzten Jahren revolutionare Fortschritte gab, blieben die Moglichkeiten, solide Tumore
mit CAR-T-Zellen zu behandeln, begrenzt 3. Die Identifikation sicherer und homogen
exprimierter Zielmoleklle auf den malignen Zellen stellt neben den Herausforderungen
durch das feindliche TME hohe Hurden fir die Therapie von soliden Tumoren mit
CAR-T-Zellen dar, wie bereits ausfihrlich diskutiert wurde. Das Vorhandensein einer
immunsuppressiven, tumortoleranten und metabolisch herausfordernden Umgebung im
Tumor schwiécht nicht nur die Infiltration, die Aktivitdt und das Uberleben der CAR-T-Zellen
218 sondern vermindert auch zusatzlich die Anti-Tumor-Aktivitdt der T-Zellen durch
Exposition gegenuber von immunsuppressiven Zytokinen und Chemokinen, die von
tumorassoziierten Stromazellen, Fibroblasten oder regulatorischen Immunzellen sezerniert
werden; ebenfalls werden die Immuneffektorzellen durch Hypoxie und eine verminderte

Nahrstoffverfiigbarkeit im Tumor geschwacht 2.
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Abbildung 4: Herausforderungen des TME eines soliden Tumors und Lésungsansatze fiir die
CAR-T-Zelltherapie. Eine schematische Darstellung der immunsuppressiven Umgebung, die
CAR-T-Zellen fiir eine wirksame Anti-Tumor-Antwort iberwinden miissen. Neben der Penetration
der extrazellularen Matrix und dem Stroma, missen CAR-T-Zellen mithilfe von kombinierten
Therapieansatzen oder durch Ausstattung mit Resistenzmechanismen gegen das TME resistenter
gemacht werden. Die Abbildung wurde nach 146220 gdaptiert und mit Biorender.com erstellt.

Tumorinfiltration

Der grol’e Erfolg der CAR-T-Zelltherapie bei der Behandlung von hamatologischen
Erkrankungen kann unter anderem dadurch erklart werden, dass die zirkulierenden CAR-
T-Zellen im Blutkreislauf ihre Zielzellen in den hamatologischen Organen direkt erreichen
kénnen. Im Gegensatz dazu mussen die Immuneffektorzellen bei der CAR-T-Zelltherapie
von soliden Tumoren mehrere Barrieren, bestehend aus Neovaskularisierung und Stroma
mit Extrazelluldrer Matrix Uberwinden, um Uberhaupt zu den malignen Zellen im

Tumorgewebe zu gelangen (Abbildung 4).

Die Bildung neuer Blutgefalie resultiert aus dem gestiegenen Bedarf an Nahrstoffen
und Sauerstoff im soliden Tumor und Korreliert direkt mit seinem Wachstum. Diese

Tumorvaskularisierung ist ebenfalls mit der Bildung von Stroma verbunden und erschwert
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nicht nur die Infiltration der T-Zellen in den Tumor, sondern fordert auch die Infiltration bzw.
Differenzierung von immunsuppressiven nicht-malignen Zellen wie tumorassoziierte
Fibroblasten und Makrophagen '°. Die Proliferation der Endothelzellen wird unter anderem
durch den vaskularen endothelialen Faktor (VEGF) beschleunigt, welcher in HNSCCs
haufig GUberexprimiert wird und in Verbindung mit einem aggressiven Krankheitsverlauf steht
221 Monoklonale Antikorper gegen VEGF (Bevacizumab, Sunitinib, Ramucirumab,
Lenvatinib) erhéhen die Permeabilitat fir Medikamente in den Tumor und flhren in
Kombination mit den Checkpoint-Inhibitoren Pembrolizumab (PD-1) oder Atezolizumab
(PD-L1) zu einem Rickgang der Gefalidichte und zur Verkleinerung des Tumors
(NCT03818061, NCT03650764, NCT04199104). Obwohl VEGFR nicht auf den
Tumorzellen selbst, sondern von den Endothelzellen des Tumorgefalisystems exprimiert
wird, stellt es durch die gute Zuganglichkeit fur zirkulierenden T-Zellen sowie die
genomische Stabilitdt der nicht-malignen Endothelzellen ein gutes Zielantigen fur CAR-T-
Zellen gegen HNSCCs dar, wenn man die Stromabildung oder die Angiogenese behindern
mochte 222, Als immuntherapeutischer Ansatz ware daher die vorbereitende Gabe von
VEGFR-CAR-T-Zellen denkbar, so dass die nachfolgend verabreichten dualen
EGFR/CD44v6-CAR-T-Zellen einfacher den Tumor infiltrieren kédnnen. Allerdings missen
hier die on-target off-Tumorendothel Effekte kritisch Gberwacht werden, um nicht Blutungen

in anderen nicht betroffenen Geweben im Koérper zu induzieren.

Ein weiterer Faktor, der die Infiltration der CAR-T-Zellen in den soliden Tumor erheblich
einschrankt, ist das Tumor-umliegende Stroma, welches aus einer extrazellularen Matrix
(Kollagen, Fibronektin, Glykosaminoglykane, Proteoglykane usw.) besteht, die von den
Tumorzellen oder den tumorassoziierten Fibroblasten gebildet wird '*6. Diese Barriere
schitzt den Tumor vor dem Immunsystem und ganz wesentlich auch vor der Therapie mit
verschiedenen Wirkstoffen wie Chemotherapeutika, monoklonale Antikérper oder
Checkpoint-Inhibitoren; deren Aufnahme kdnnte jedoch durch die lokale Vorbehandlung mit
z.B. Kollagenase oder Hyaluronidase verstarkt werden '%6. Modifizierte CAR-T-Zellen, die
zusatzlich zur CAR-Expression Stroma-degradierende Enzyme wie Heparanase
sezernieren, zeigten im Mausmodell eine bessere Infiltration des Tumors und eine erhdhte
Anti-Tumor-Aktivitat 223,

Da aufgrund der guten Lokalisation von HNSCCs eine direkte Injektion der CAR-T-
Zellen in den Tumor erfolgen kann, ruckt die Problematik der Tumorinfiltration bei dieser
Entitat in den Hintergrund. Vielmehr sollten CAR-T-Zellen fur HNSCCs dahingehend
verbessert werden, dass ihre Proliferation und Aktivierung unterstiitzt wird und sie im

feindlichen TME besser Uberleben.
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Physikalische und metabolische Besonderheiten im Tumor

Schon vor 70 Jahren wurde geringer Sauerstoffgehalt in Tumorzellen mit einer Resistenz
gegeniiber Radiotherapie in Verbindung gebracht 2?4 und stellt auch heute einen wichtigen
Faktor fir zuklnftige immunbasierte Therapien dar. Mithilfe des Hypoxie-Signalweges wird
die Anpassung an den niedrigen Sauerstoffgehalt in den Tumorzellen gesteuert. Unter
Normoxia wird der Hypoxie-induzierbarer Faktor 1-a (HIF-1a) in kirzester Zeit durch
Prolylhydroxylase-Domaneproteine hydroxyliert und im Anschluss durch den Von-Hippel
Lindau Komplex polyubiquitiniert, so dass HIF-1a letztendlich kontinuierlich protosomal
abgebaut wird und kein signalling auslésen kann. Bei reduziertem Sauerstoffgehalt werden
die Hydroxylasen inaktiv, so dass HIF-1a als Transkriptionsfaktor in den Zellkern eindringen
und mit HIF-1B einen Komplex bilden kann, der Uber die Bindung an Hypoxie-Reaktions-
Elemente die zelluldaren Anpassungen an die Hypoxie wie z.B. Angiogenese oder einen

switch der Energiebereitstellung von aerob auf anaerob vermittelt 225,

Hypoxie induziert auch immunsuppressive Signalwege im TME, die mithilfe
kombinatorischer therapeutischer Ansatze behandelt werden kdnnen (Abbildung 4). Es ist
bekannt, dass HIF-1a hauptverantwortlich flr die Expression von Checkpoint-Inhibitoren
und das erhohte Auftreten von immunsuppremierenden Zellen im Tumor ist, weshalb
bereits Inhibitoren gegen HIF-1a (2ME2, PT2977) oder Medikamente, die dessen
Degradation fordern, in klinischen Studien angewendet werden #6225, Auch Patienten mit
HNSCCs werden in einer Phase |l Studie (NCT02538510) mit der Kombination des HDACi
Vorinostat mit Pembrolizumab behandelt, wodurch es zur Degradation von HIF-1a kommen

soll 2%,

Erste in vitro Studien passten das Design eines CARs an die hypoxischen
Bedingungen im Tumor an, indem Hypoxie-Reaktions-Elemente mit dem Promoter des
CAR-Konstruktes fusioniert wurden, so dass der CAR bei Anwesenheit von Sauerstoff
degradiert und on-target off-tumor Toxizitdt reduziert wird 2?7. Die Wahl der
kostimulatorischen Domanen des CARs soll ebenfalls Einfluss auf die Aktivierung der CAR-
T-Zellen unter Hypoxie nehmen, wobei aber genaue Mechanismen noch nicht identifiziert

sind €.

Ein ganz wesentlich zusatzlich limitierender Faktor stellt der Metabolismus der
Tumorzellen dar, die gut an die geringen verfigbaren Mengen an Nahrstoffen im TME
adoptiert sind; bei T-Zellen fihrt dieser Mangel allerdings zu einer Suppression der
Proliferation und Aktivierung '*°. Der Nahrstoffmangel ist im Speziellen durch einen
niedrigen Gehalt an essentiellen Aminosauren und einen niedrigen Glukosespiegel im
Tumorgewebe bedingt. Besonders Tryptophan und Arginin sind Aminosauren, die fir die

ordnungsgemafle T-Zell-Funktion essentiell sind, aber im TME nur in geringen
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Konzentrationen vorliegen 2'°. Das im Tumor von immunregulatorischen Zellen vieler
Krebsarten gebildete Enzym Indolamin-2,3-Dioxygenase wandelt Tryptophan zu Kynurenin
um, so dass der Tryptophanspiegel im TME sinkt, mMTOR in den T-Zellen gehemmt wird und
diese inaktiviert werden 228, Diesen Mechanismus bestatigen Ninomiya et al., indem sie
zeigten, dass CD19-CAR-T-Zellen Indolamin-2,3-Dioxygenase-exprimierende Lymphome
nicht kontrollieren kénnen 22°. Die Wichtigkeit von ausreichender Menge Aminosauren und
Nahrstoffen im TME konnte ebenfalls in anderen Studien bestatigt werden. So erhdhte die
in vitro Zugabe von Arginin 23° sowie von Kalium 23! die antitumorale Aktivitat von T-Zellen
erheblich.

Ebenfalls wird durch den erhéhten Glukosestoffwechsel im Tumor die Laktatproduktion
verstarkt, welche einen inhibitorischen Effekt auf die Proliferation, Aktivierung,
Zytokinproduktion und Zytotoxizitdt der T-Zellen zeigt 2%2. Die damit verbundene
Ubersauerung des Tumors férdert die Metastasierung der Tumorzellen und die Bildung von

Fibroblasten, wodurch die Infiltration der Imnmuneffektorzellen in den Tumor erschweren 23,

Wie bereits mehrfach in den Publikationen beschrieben und diskutiert, wiirde hier eine
intratumorale Injektion von CAR-T-Zellen, die durch zusatzlich genetische Veranderungen
widerstandsfahiger fir das TME sind, helfen, einen Grofdteil der her beschriebenen

Probleme zu umgehen.

Tumor-induzierte Inmunevasionsmechanismen

Sowohl Tumorzellen als auch Tumor-infiltrierende Immunzellen exprimieren eine Reihe von
Liganden, die durch ihre Bindung an hemmende Rezeptoren wie z.B. TIM-3 2%, CTLA-4 %,
TIGIT 2% oder PD-1 237 auf den T-Zellen ihre Anti-Tumor-Aktivitat unterdriicken. Wie im
vorherigen Kapitel bereits beschrieben, werden Checkpoint-Inhibitoren erfolgreich gegen
viele Krankheiten klinisch eingesetzt und neuerdings auch in Kombination mit CAR-T-

Zelltherapie genutzt.

Daruber hinaus versuchen unterschiedliche Ansatze dieser Hemmung der T-Zell-
Aktivitdt und -Funktion entgegenzuwirken (Abbildung 4), indem Gene flr inhibitorische
Rezeptoren oder Signalmolekiile mittels CRISPR/Cas9 oder TALEN entfernt werden 238-241,
Obwohl diese Methoden vielversprechende Ergebnisse zeigen, kann die Entfernung von
Checkpoint-Inhibitoren zur unkontrollierten Proliferation der T-Zellen und somit zu einer off-
target Aktivierung fihren ¢'. Erste klinische Studien, die CAR-T-Zellen mit PD-1 Knockout
zur Behandlung solider Tumore einsetzen, befinden sich zurzeit in der Rekrutierung von
Patienten (NCT03747965, NCT03525782, NCT03706326, NCT03399448). Die Ergebnisse
einer Phase-I-Studie, in der Patienten T-Zellen erhielten, welchen die Gene TRAC, TRBC
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und PDCD1 entfernt wurden, boten keine Anzeichen flur eine erhohte Toxizitat dieser Zellen
242

Aktuelle Ansatze greifen die Inhibition der T-Zellen durch Checkpoint-Rezeptoren auf,
indem die trunkierte extrazellulare Liganden-Bindedomane eines Checkpoints wie z.B. PD-
1 mit zytoplasmatischen Signaldomanen eines CARs fusioniert werden (auch activating
chimeric switch receptors genannt), um die inhibitorischen Signale in eine Aktivierung der
T-Zelle umzuwandeln 243, Das gleiche Prinzip wurde genutzt, um der verringerten
Proliferation und Zytotoxizitat der CAR-T-Zellen, verursacht durch die Sekretion von
antientzlindlichen Zytokinen wie TGF-R (transforming growth factor-) durch Tregs,
entgegen zu wirken 24, Dabei wurden die TGF-B-Signale in fur T-Zellen stimulierende 4-
1BB- oder IL-12-Signale umgewandelt, wodurch eine relative Resistenz der (CAR-)T-Zellen

gegen immunsuppressive Signale entsteht 245,

Eine weitere Moglichkeit, das TGF-B-Signal zu umgehen, wird zurzeit in einer Phase-
I-Studie getestet, in der Patienten mit metastasierendem Prostatakrebs gegen das
Prostata-spezifischen Membranantigen (PSMA) gerichtete CAR-T-Zellen erhalten, die mit
einem dominant-negativen TGF-B-Rezeptor (PSMA-TGFBRDN CAR) ausgestattet sind
(NCT04227275). Der dominant-negativer Rezeptor enthdlt zwar die intakte
Ligandenbinderegion (der extrazellulare Teil des Rezeptors), die intrazellulare
enzymatische Region ist aber grofltenteils deletiert, so dass die Bindung des Liganden an
den Rezeptor stattfinden kann, eine Dimerisierung der Rezeptoren und die damit
verbundene Aktivierung des inhibierenden Signalweges jedoch blockiert ist. Obwohl frihere
Versuche mit dem PSMA-TGFBRDN CAR keine Hinweise auf mdgliche Toxizitat des in der
Studie genutzten CAR-Konstrukts zeigten 246, wurde in einem Artikel aus The Lancet (Vol
22, July 2021) darauf hingewiesen, dass zwei Patienten in dieser Studie an
Immuneffektorzell-assoziiertem Neurotoxizitadtssyndrom verstorben sind und deshalb die
Studie abgebrochen wurde. Ob die Todesfalle durch den dominant-negativen Rezeptor
oder das Zielantigen des CARs verursacht wurden, muss noch geklart werden. Um der
tumorbedingten T-Zell-Inhibition durch TGF- trotzdem etwas entgegen setzen zu kénnen,
ist auch eine Sekretion von TGF-B-neutralisierenden Antikdrpern in das TME maoglich, die

von den dementsprechend genetisch veranderten CAR-T-Zelle gebildet werden 233,

H 116



Diskussion

Um die Aktivitdt und Aggressivitat der CAR-T-Zellen zusatzlich zu steigern, kénnen
CAR-T-Zellen auch so modifiziert werden, dass entziindungsférdernde Zytokine wie IL-12,
IL-15 und IL-18 von ihnen Uberexprimiert werden, um eine erhdhte Proliferations-,
Uberlebensfahigkeit und Resistenz gegen inhibitorische Signale hervorzurufen 2*4. Dadurch
wird nicht nur die Funktion der Immuneffektorzellen gestarkt, sondern ebenfalls ein
regulatorischer Effekt auf Tregs oder myeloide Supressorzellen (mittels IL-2, IL-12)

ausgelbt 233,

Mogliche Anséatze, um CAR-T-Zellen im TME zu starken oder dieses auch direkt
anzugreifen:

* Tumorvaskularisierung mit CAR-T-Zellen angreifen

= CAR-T-Zellen exprimieren Matrix-degradierende Enzyme

= CAR-Expression mittels Sauerstoffgehalt regulieren

» Inhibitorische Signale in den CAR-T-Zellen durch dominant-negative

Rezeptoren umgehen
= Inhibitorische Signale in den CAR-T-Zellen durch Switch-Rezeptoren in

aktivierende Signale umwandeln

= CAR-T-Zellen sekretieren neutralisierende Antikorper

Insgesamt konnte diese Arbeit zeigen, dass die sehr komplexe und facetten-reiche CAR-T-
Zelltherapie zur Behandlung von soliden Tumoren aufgrund der ausgepragten
Tumorheterogenitat und der inhibierenden Faktoren des TME trotz intensiver Forschung
immer noch viele Herausforderungen bereithdlt und es dringend notwendig ist, die
Ansprechraten der Patienten zu optimieren und die Toxizitat zu begrenzen. Wie schon
diskutiert, gibt es viele unterschiedliche Ansatze zur Uberwindung dieser Hurden, die
jedoch nicht alle einfach miteinander kombiniert werden kénnen. Aus diesem Grund sollte
idealerweise eine personalisierte Therapie mit umfassender Charakterisierung des Tumors
fur jeden Patienten erfolgen. Nur so kann das Wissen um die genaue Zusammensetzung
des Tumors und seine Eigenschaften genutzt werden, um die Immuntherapie mit CAR-T-
Zellen und auch Antikérpern als einen Teil der maligeschneiderten Kombinationstherapie
so zu gestalten, dass die Anti-Tumor-Immunantwort gestarkt und gleichzeitig die
inhibierenden Zellen im TME unterdriickt werden.

Obwohl noch so viele Fragen im Hinblick auf die CAR-T-Zelltherapie zur Behandlung solider
Tumore nicht beantwortet sind, bin ich froh mit den Arbeiten meiner Dissertation die
Forschung einen kleinen Schritt, auf dem langen Weg zur Heilung vieler Patienten, voran

gebracht zu haben.
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Abktirzungen

S5.ABKURZUNGEN
A
Ac Histonacetylierung
AKT Proteinkinase B
AML Akute myeloische Leukamie
ATP Adenosintriphosphat
B
BCL2 B-cell lymphoma 2
BFP Blau-fluoreszierendes Protein
BID BH3 Interacting Domain Death Agonist
bp Basenpaar
C
CAR Chimarer Antigenrezeptor
CD Cluster of differentiation
CD44v6 CD44 Variante 6
CDK Cyklin-abhéngige Kinase
CRISPR Clustered Regularly Interspaced Short Repeats
CRS Zytokin-Freisetzungssyndrom
CTLA-4 Cytotoxic T-lymphocyte-associated Protein 4
D
DEC Decitabin
DMSO Dimethylsulfoxid
DNA Desoxyribonukleinsaure
DNMT DNA-Methyltransferase
DNMTi DNA-Methyltransferase Inhibitor
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Abktirzungen

EBV Epstein-Barr-Virus

EGFR Epidermal Growth Factor Receptor
EGFRuvlII EGFR Variante Ill

EMA Europaische Arzneimittel-Agentur
F

FDA Food and Drug Administration

G

GDP Guanosindiphosphat

GMP Good Manufacturing Practice

GTP Guanosintriphosphat

GvHD Spender-gegen-Wirt-Krankheit

H

HAT Histonacetyltransferase

HDAC Histondeacetylasen

HDACi Histon-Deacetylase Inhibitor
HIF-1a Hypoxia-induzierbarer Faktor Alpha
HLA Humanes Leukozytenantigen
HMTs Histonmethyltransferasen

HNSCC Head and neck squamous cell carcinoma
HPV Humanes Papillomavirus

HSV-tk 1 Herpes Simplex Virus Typ 1

|

iCaps9 Induzierbare Caspase 9

IFNy Interferon-gamma

1gG1 Immunoglobulin G1

IgG4 Immunoglobulin G4

IL Interleukin

ITAM Immunrezeptor-Tyrosin-basierten-Aktivierungsmotive
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Abktirzungen

IT™™ Immunosupressive tumour microenvironment
M

mAB Monoklonaler Antikorper

MACS Magnetic-activated cell sorting

MAGE Melanoma-associated antigen

MART-1 Melanoma antigen recognized by T-cells 1
Me DNA-Methylierung

MHC Haupthistokompatibilitatskomplex

MM Multiples Myelom

mRNA Boten-Ribonukleinsaure

N

NFAT Nuclear Factor of Activated T-Cells

NGFR Nervenwachstumsfaktorrezeptor

NK-Zelle Naturliche Killerzelle

NY-ESO-1 New York esophageal squamous cell carcinoma-1
(o)

0S Gesamtuberleben

P

PD-1 Programmed cell death protein 1

PD-L1 Programmed cell death protein ligand 1

R

ROM Romidepsin

S

SCC Squamous cell carcinoma

scFv Single chain variable fragment

SUPRA Split, universal and programmable
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Abktirzungen

1 reg-Zelle Regulatorische T-Zelle

TAA Tumorassoziiertes Antigen

TALEN Transcription activator-like effector nuclease
TCGA The Cancer Genome Atlas

TCR T-Zellrezeptor

Tet Tetracyclin

TGF-R Transformierender Wachstumsfaktor Beta
TIGIT T-Zell-limmunrezeptor mit Ig- und ITIM-Domanen
TIL Tumor infiltrierende Lymphozyten

™ Transmembran

TME Tumormikromilieu

TNFa Tumornekrosefaktor-alpha

TP53 Tumorprotein P53

TRUCK T-cells redirected for universal cytokine-mediated kKilling
TSA Tumorspezifisches Antigen

u

uiCcC Union for International Cancer Control

v

VEGF Vaskularer endothelialer Faktor

VH Variable region of the heavy chian

Vi Variable region of the light chain

4

z.B. zum Beispiel
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