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1 Zusammenfassung 

T-Zell-basierte Immuntherapien haben die Behandlung von Tumorerkrankungen 

revolutioniert. Neben Ansätzen, welche die Aktivität von Antigen-spezifischen T-Zellen 

verstärken, haben auch Ansätze zur Induktion einer MHC-unabhängigen T-Zell-Antwort 

großes Interesse geweckt. Zu Letzteren gehören unter anderem bispezifische Antikörper, 

welche nach Bindung an ihr Zielantigen, den T-Zell-Rezeptor/CD3-Komplex mit ihrem 

Effektorteil stimulieren. Trotz ihres unbestrittenen Erfolgs bei der Behandlung 

hämatologischer Erkrankungen ist ihre Wirksamkeit bei soliden Tumoren stark limitiert. 

Insbesondere bei gastrointestinalen Tumoren wie kolorektalen, Pankreas-, Leber- und 

Magenkarzinomen, die nach wie vor durch hohe Rückfallquoten und eine schlechte 

klinische Prognose gekennzeichnet sind, fehlen effektive immuntherapeutische 

Behandlungsoptionen. Die Gründe für die eingeschränkte Wirksamkeit von bispezifischen 

Antikörpern in soliden Tumoren ist noch nicht vollständig geklärt, aber die unzureichende 

Migration von T-Zellen in den Tumor scheint hierbei ein Hauptfaktor zu sein. B7-H3 wird 

bei verschiedenen Tumorarten, darunter auch gastrointestinale Tumore, sowohl auf 

Tumorzellen als auch auf Tumorgefäßen überexprimiert. Dies ermöglicht eine duale 

zielgerichtete Therapie gegen B7-H3 und könnte die Migration von Effektorzellen in den 

Tumor verbessern.  

Im ersten Teil der vorliegenden Arbeit wird die Entwicklung eines optimierten 

bispezifischen B7-H3xCD3 Antikörpers (CC-3) zur Behandlung von kolorektalen 

Karzinomen beschrieben. Beim Vergleich unterschiedlicher B7-H3 Antikörperklone in 

unserem bispezifischen Antikörperformat zeigte sich, dass bei Targeting eines 

membrannahen B7-H3-Epitops (Klon 7C4) eine deutlich höhere T-Zell-Aktivität induziert 

wird als mit einem distal-bindenden Antikörperklon (8H8). Untersuchungen zum Einfluss 

der CD3-Affinität auf die Effektivität der bispezifischen Konstrukte zeigten, dass die 

Verwendung des membrannah-bindenden Klons 7C4 eine etwa 100-fache Reduzierung 

der CD3-Affinität ermöglicht, ohne die Wirksamkeit des Konstrukts zu verringern. 

Umfassende funktionelle Analysen zeigten die Überlegenheit unseres finalen Konstruktes 

CC-3 in Hinblick auf Tumorzelllyse sowie T-Zell-Aktivierung, -Proliferation und 

-Gedächtnisbildung, während die unerwünschte Freisetzung von proinflammatorischen 

Zytokinen durch die verringerte CD3-Affinität reduziert wurde. Die Effektivität von CC-3 

konnte zudem unter Verwendung drei unterschiedlicher Mausmodelle in vivo bestätigt 

werden. 

Im zweiten Teil der vorliegenden Arbeit wurde CC-3 bei Pankreas-, Leber- und 

Magenkarzinomen präklinisch charakterisiert. Expressions- und Bindungsanalysen 

bestätigten die potenzielle Eignung von CC-3 als Therapeutikum für diese 
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Infektionen entgegen zu wirken. Immuntherapien haben die Behandlung von 

Tumorerkrankungen in den letzten Jahren revolutioniert. Im Gegensatz zu Chemo- und 

Strahlentherapien, die auch gesundes Gewebe angreifen, sollen bei einer Immuntherapie 

Tumorzellen gezielter bekämpft werden.6, 8 Man unterscheidet hierbei drei verschiedene 

immuntherapeutische Ansätze: passive Immuntherapien, welche per se eine intrinsische 

antineoplastische Aktivität besitzen; aktive Immuntherapien, die ihre volle Wirkung über 

die Aktivierung des Wirtsimmunsystems entfalten; und adoptive Zelltransfers.  

Bei einer aktiven Vakzinierung wird eine adaptive Immunantwort durch die Applikation von 

Tumorantigenen induziert. In den Anfängen wurden hierfür Zelllysate autologer oder 

allogener Tumorzellen injiziert, während heutzutage eine Vielzahl an Plattformen für die 

Antigengabe, wie beispielsweise synthetische Peptide, Viren, DC oder DNA/RNA, 

eingesetzt werden.8 Das erste durch die Food and Drug Administration (FDA) 

zugelassene therapeutische Tumorvakzin ist Sipuleucel-T (Provenge®, wurde inzwischen 

vom Markt genommen), welches für die Behandlung eines fortgeschrittenen 

Prostatakarzinoms eingesetzt wird. Es handelt sich hierbei um eine zelluläre 

Immuntherapie, bei welcher patienteneigene PBMCs (Peripheral blood mononuclear cells, 

mononukleäre Zellen des peripheren Blutes) mit einem rekombinanten Protein, bestehend 

aus dem prostataspezifischen Antigen PAP (prostataspezifische saure Phosphatase) und 

dem Adjuvans GM-CSF (Granulozyten-Makrophagen-Kolonie stimulierender Faktor), für 

48 h inkubiert und anschließend dem Patienten wieder infundiert werden.65  

Beim adoptiven Zelltransfer werden dem Patienten gegen den Tumor gerichtete 

Immunzellen verabreicht. Neben autologen tumorinfiltrierenden Lymphozyten (TIL) und 

T-Zellen mit verändertem T-Zell-Rezeptor haben insbesondere CAR- (chimeric antigen 

receptor) T-Zellen große Aufmerksamkeit erregt.66 Bei dieser Methode wird für einen 

membranständigen Rezeptor kodierende DNA mittels Transfektion in autologe T-Zellen 

des Patienten eingebracht. Der membranständige Rezeptor setzt sich aus der 

Tumorantigen-spezifischen Domäne eines Antikörpers sowie T-Zell stimulierenden und 

häufig auch kostimulierenden Signaldomänen zusammen.67, 68 In den Patienten 

reinfundiert, erkennen CAR-T-Zellen Tumorantigene MHC-unabhängig und können 

daraufhin mit Proliferation, zytotoxischer Aktivität und Zytokinsekretion reagieren. Im 

August 2018 wurden die ersten beiden CAR-T-Zell-Therapeutika in Europa für die 

Behandlung hämatologischer Erkrankungen zugelassen, und zeigen bei den Patienten 

eine signifikante therapeutische Wirkung.69, 70 

Ein weiterer therapeutischer Ansatz, welcher sich in den letzten Jahren sehr erfolgreich in 

der Tumorimmuntherapie etabliert hat, ist der Einsatz von Antikörpern. Bereits 1997 
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wurde Rituximab als erster therapeutischer Antikörper zur Behandlung von B-Zell Non-

Hodgkin-Lymphomen zugelassen.71  

2.4 Antikörper 

Antikörper, auch Immunglobuline genannt, sind eine wichtige Komponente der humoralen 

Immunabwehr. Auf der Oberfläche von B-Zellen in membrangebundener Form exprimiert, 

stellen sie einen Teil des B-Zell-Rezeptors (BCR) dar. Des Weiteren werden Antikörper 

von Plasmazellen als lösliche Proteine produziert und sezerniert. Durch die Bindung von 

Antigenen können sie Krankheitserreger, wie Viren und Bakterien, neutralisieren und 

zelluläre Komponenten des Immunsystems dabei unterstützen, diese anzugreifen. 

Antikörper können gegen eine Vielzahl von chemischen Strukturen, wie beispielsweise 

(Glyko-)Proteine und Polysaccharide, gebildet werden.7 Wie bereits 1900 von Paul Ehrlich 

postuliert, beruht die Bindung zwischen Antikörper und Antigen auf dem Schlüssel-

Schloss-Prinzip.72 Hierbei wird eine bestimmte Region des Antigens (Epitop) durch die 

Antigenbindestellen des Antikörpers (Paratop) erkannt.8, 72 Auf die Strukturen von 

Antikörpern wird im nachfolgenden Kapitel eingegangen. 

2.4.1 Struktur von Antikörpern 

Antikörper sind Glykoproteine, die aus vier kovalent verbundenen Polypeptidketten 

zusammengesetzt sind, die entsprechend ihres Molekulargewichts als leichte (25 kDa) 

oder schwere (50 kDa) Ketten bezeichnet werden. Die schweren Ketten sind kovalent 

über zwei Disulfidbrücken miteinander verbunden. Die leichten Ketten sind über jeweils 

eine Disulfidbrücke an eine schwere Kette geknüpft, wodurch die antikörpertypische Y-

Form entsteht (Abbildung 1).73 Die CH1-und CH2-Domäne sind bei IgG Antikörpern mittels 

einer flexiblen Gelenkregion verbunden. Diese bewegliche Struktur kann, durch 

proteolytische Spaltung mit Hilfe des Enzyms Papain, in zwei identische, antigenbindende 

Fragmente (Fab, fragment antigen binding) sowie das Fc-Fragment (Fc, fragment 

crystallizable) gespalten werden.74, 75  
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Abbildung 1. Aufbau eines humanen IgG1 Antikörpers. VH: variables Fragment der schweren 

Kette, VL: variables Fragment der leichten Kette, CH: konstantes Fragment der schweren Kette, 

CL: konstantes Fragment der leichten Kette, Fab: fragment antigen binding, Fc: fragment 

crystallizable. Erstellt mit BioRender.com. 

 

Die leichte Kette kann in eine konstante (CL) und eine N-terminale variable (VL) Domäne 

unterteilt werden. Die schwere Kette eines IgG1 Antikörpers setzt sich aus drei relativ 

konservierten (CH1, CH2, CH3) Domänen sowie, analog zur leichten Kette, einer N-

terminalen variablen (VH) Domäne zusammen. Die variablen Regionen der leichten und 

schweren Kette enthalten drei hypervariable Regionen (CDR1-3, complementarity 

determining region). Die CDRs sind von Gerüstregionen (framework-Regionen) umgeben, 

welche die räumliche Konformation der variablen Domäne festlegt. Die 

zusammengelagerten Domänen VH und VL, beziehungsweise die Kombination der 

entsprechenden CDRs, bilden zusammen das Paratop.7, 8, 76 Die Sequenzvielfalt der 

CDRs und die damit einhergehende enorme Anzahl möglicher Antigenspezifitäten 

entsteht durch die somatische Rekombination. Hierbei werden bestimmte Gensegmente 

(VH: V,D,J; VL: V,J), welche zudem in mehreren Kopien vorliegen, zufällig 

zusammengefügt und somit eine enorme Anzahl unterschiedlicher Kombinationen 

generiert.77-79 Durch das Hinzufügen und Entfernen von Nukleotiden an den 

Verbindungsstellen neu angeordneter Gensegmente entsteht zudem eine Vielzahl 

unterschiedlicher Verbindungsstellen.80 Die Kombination verschiedener VH- und VL-

Domänen erhöht die Vielfalt zusätzlich, wodurch das Immunsystem in der Lage ist ca. 

1011 verschiedene Antigene zu erkennen. Das Spezifitätenrepertoire wird während der 

Affinitätsreifung durch das Auftreten von Punktmutationen innerhalb der rekombinierten 

VDJ-Gene weiter vergrößert. Dieser Prozess wird als somatische Hypermutation 

bezeichnet.8, 76, 81 
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2.5 B7-H3 als tumorassoziiertes Antigen 

B7-H3 (B7 Homolog 3), auch bekannt als CD276, ist ein Mitglied der B7-Molekülfamilie. 

Es kann entweder als Transmembranprotein oder als lösliche Isoform vorliegen. In seiner 

membrangebundenen Form ist B7-H3 ein Typ-I-Transmembranprotein, welches aus einer 

extrazellulären Domäne, einer Transmembrandomäne und einer kurzen intrazellulären 

Domäne besteht. Im Menschen besteht die extrazelluläre Domäne, aufgrund einer 

Exonduplikation, aus zwei identischen Paaren, welche jeweils eine variable 

Immunglobulindomäne und eine konstante Domäne umfassen.116, 117 Während B7-H3-

mRNA in den meisten gesunden Geweben exprimiert ist, wird das B7-H3-Protein, 

aufgrund posttranskriptionaler Regulation durch miRNAs, nur in sehr begrenztem Umfang 

exprimiert.118, 119 Der Rezeptor von B7-H3 ist unbekannt und die immunregulatorische 

Rolle von B7-H3 wird noch diskutiert. Ursprünglich wurde B7-H3 als notwendig für die 

Kostimulation von T-Zellen angesehen.120-122 Dennoch gibt es Anzeichen, dass B7-H3 

eine inhibierende Rolle in der adaptiven Immunabwehr spielt. So konnte gezeigt werden, 

dass B7-H3 sowohl die Aktivierung von CD4+ und CD8+ T-Zellen als auch die 

Zytokinfreisetzung verringert.123-125 Die Rolle von B7-H3 in der Tumorentstehung ist 

ebenso umstritten.126-129 Jedoch wurde die Expression von B7-H3 auf einer Vielzahl von 

Tumorentitäten nachgewiesen. Hierzu gehören unter anderem Lungenkarzinome, 

Ovarialkarzinome und gastrointestinale Tumore, wie kolorektale Karzinome, 

Leberkarzinome, Pankreaskarzinome sowie Magenkarzinome.130-135 Die Expression von 

B7-H3 auf Tumorgewebe wird des Weiteren mit einem aggressiven Krankheitsverlauf 

sowie einer schlechten Krankheitsprognose in Verbindung gebracht.132, 133, 136 Darüber 

hinaus wird B7-H3 nicht nur auf Tumorzellen, sondern auch auf dem Gefäßsystem von 

Tumoren exprimiert.137 Somit könnte die Verwendung von B7-H3 als 

immuntherapeutisches Zielantigen den Zugang von Immunzellen zum Tumor erleichtern, 

was die Attraktivität dieses Moleküls als Zielantigen für solide Tumorentitäten, wie 

gastrointestinale Tumore, weiter unterstreicht.  

2.6 Gastrointestinale Tumore  

Maligne Erkrankungen des Magen-Darm-Trakts gehören zu den häufigsten 

Tumorentitäten und machen weltweit 26% aller Tumorerkrankungen sowie 35% aller 

tumorbedingten Todesfälle aus. Da sich diese Arbeit unter anderem mit einem 

bispezifischen Antikörper für die Behandlung von kolorektalem Karzinom sowie Leber-, 

Pankreas- und Magenkarzinom befasst, werden diese Entitäten sowie hierfür 

zugelassene Therapiemöglichkeiten nachfolgend näher behandelt.  
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2.6.1 Kolorektales Karzinom 

Der Begriff kolorektales Karzinom umfasst Tumore des Dickdarms (Kolon) und des 

Mastdarms (Rektum). Bei Frauen ist es die zweithäufigste und bei Männern die 

dritthäufigste Tumorerkrankung, wobei Männer in absoluten Zahlen häufiger betroffen 

sind.138 Zu den Risikofaktoren gehören, neben genetischen Ursachen, Faktoren wie 

zunehmendes Alter, Übergewicht, Bewegungsmangel, ungesunde Ernährung, Rauchen 

sowie entzündliche Darmerkrankungen.139 Das Fortschreiten der Erkrankung wird in die 

Stadien 0 bis IV nach TNM-Richtlinien entsprechend der Tumorgröße (T), dem Befall von 

Lymphknoten (N) und dem Vorliegen von Metastasen (M) eingeteilt.140 Für Patienten mit 

einem lokalen kolorektalen Karzinom sind die Überlebensraten mit 70-90% sehr hoch. Die 

Prognose für Patienten mit metastasierender Erkrankung ist jedoch mit einer 5-Jahres-

Überlebensrate von ~12,5% immer noch sehr schlecht.8, 141, 142 Die Therapie umfasst 

klassischerweise die Entfernung des malignen Gewebes, Strahlentherapie sowie 

systemische Behandlung mit Chemotherapeutika, wie Fluoropyrimidine, Oxaliplatin oder 

Capecitabine. Metastasierende kolorektale Karzinome werden zudem mit 

Kinaseinhibitoren, wie Regorafenib (Multikinaseinhibitor) und Vemurafenib (BRAF-

Inhibitor), und Immuntherapeutika behandelt. Zu Letzteren gehören der gegen den 

vaskulären endothelialen Wachstumsfaktor (VEGF) gerichtete Antikörper Bevacizumab, 

die gegen EGFR gerichteten Antikörper Cetuximab und Panitumumab sowie die 

Checkpoint-Inhibitoren Nivolumab, Pembrolizumab und Ipilimumab.8, 139, 142 Mit Ausnahme 

von Bevacizumab kommt jedoch nur ein geringer Anteil an Patienten für diese 

immuntherapeutischen Ansätze in Frage. So sind Checkpoint-Inhibitoren nur für Patienten 

mit metastasierenden kolorektalen Karzinomen zugelassen, welche eine Mikrosatelliten-

Instabilität (MSI-H, High Mircosatellite Instability) oder Defekte der homologen DNS-

Reparatur (dMMR, Mismatch Repair Deficiency) aufweisen. EGFR Antikörper werden nur 

bei Patienten ohne RAS (rat sarcoma) -Mutationen angewandt.8, 143, 144 Aufgrund dessen 

besteht ein dringender Bedarf an neuen immuntherapeutischen 

Behandlungsmöglichkeiten.  

2.6.2 Leberkarzinom 

Trotz großer Fortschritte in den letzten Jahren verursacht das Leberkarzinom immer noch 

sehr hohe Sterbezahlen.145 In den meisten Fällen leiden Patienten bereits im Voraus an 

einer chronischen Lebererkrankung (CLD, Chronic Liver Desease), die in der Regel 

bereits das Stadium der Leberzirrhose erreicht hat. Weltweit ist das Hepatitis-B-Virus 

nach wie vor die häufigste Ursache für eine CLD, gefolgt von alkoholischen 

Lebererkrankungen sowie nichtalkoholischen Fettlebererkrankungen.146 Da die bereits 



 

22 Einleitung 
 

bestehende CLD den klinischen Zustand von Leberkarzinompatienten stark mitbestimmt, 

ist die TNM-Skala nicht ausreichend, um eine bestehende Erkrankung in Stadien 

einzuteilen, und Prognosen zu stellen. Derzeit wird vorwiegend die Barcelona-

Klassifikation (BCLC, Barcelona Clinic Liver Cancer) genutzt, welche sowohl die 

Leberfunktion als auch den Allgemeinzustand des Patienten (ECOG-Status, Eastern 

Cooperative Oncology Group) miteinbezieht.147 Chirurgische Eingriffe, wie die Resektion, 

Transplantation und in einigen Fällen die Ablation, sind aktuell die einzigen kurativen 

Behandlungsmöglichkeiten, jedoch sind diese Ansätze in fortgeschrittenen Stadien nicht 

möglich.146, 148 Die Kinaseinhibitoren Sorafenib, Lenvatinib, Regorafenib und Cabozantinib 

verzeichnen nur begrenzte Erfolge.149-153 Bislang sind der VEGFR2 bindende Antikörper 

Ramucirumab sowie Bevacizumab, in Kombination mit dem PD-L1 Antikörper 

Atezolizumab, die einzigen zugelassenen antikörperbasierten Therapien. Allerdings ist die 

Behandlung mit Ramucirumab auf Patienten mit sehr hohen Konzentrationen des 

Tumormarkers Alpha-Fetoprotein beschränkt.154 Die Kombinationstherapie mit 

Bevacizumab und Atezolizumab zeigt, verglichen mit Sorafenib, eine grössere 

Wirksamkeit und wird derzeit als bevorzugte Erstlinientherapie bei nicht operablen 

Leberkarzinomen empfohlen, dennoch sind die Therapieerfolge immer noch sehr 

limitiert.150  

2.6.3 Pankreaskarzinom 

Das Pankreaskarzinom ist eine hoch aggressive Entität mit sehr schlechter 

Gesamtprognose und Mortalitätsraten, die nahezu den Inzidenzraten entsprechen. Man 

unterscheidet zwischen exokrinen Tumoren, welche 93% aller Pankreaskarzinome 

ausmachen, und neuroendokrinen Tumoren. Die häufigste Form ist das duktale 

Adenokarzinom, welches in den Gängen der Bauchspeicheldrüse entsteht.155 Die 

genauen Ursachen sind nicht aufgeklärt, aber es scheinen Geschlecht und Alter mit der 

Entstehung eines Pankreaskarzinoms assoziiert zu sein.156, 157 Darüber hinaus erhöhen 

Faktoren, wie Rauchen, Fettleibigkeit, Diabetes oder berufliche Risikofaktoren die 

Wahrscheinlichkeit für die Entstehung einer Genmutation, die zu einem 

Pankreaskarzinom führen kann.158 Die Mehrheit der Patienten wird erst diagnostiziert, 

wenn ihre Erkrankung bereits lokal fortgeschritten oder metastasiert ist. Dies ist durch das 

Fehlen spezifischer Frühsymptome sowie dem Mangel an Früherkennungstests 

begründet. Die Diagnose basiert hauptsächlich auf Bildgebung, was durch die 

anatomische Lage des Pankreas erschwert ist.155 Die einzige potenziell kurative 

Behandlungsoption ist die chirurgische Resektion, wofür allerdings weniger als 20% der 

Patienten zum Zeitpunkt der Diagnose qualifizieren.159 Bei Patienten mit einer 
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fortgeschrittenen Erkrankung wird in der Regel eine systemische Chemotherapie 

(FOLFIRINOX oder eine Kombination aus Gemcitabin mit Nab-Paclitaxel) als 

Erstlinientherapie eingesetzt, mit Ansprechraten von lediglich 32%.155, 160-162 Zielgerichtete 

Therapien konnten die Behandlungsmöglichkeiten bis jetzt auch nur geringfügig 

verbessern. Die Kombination aus Gemcitabin mit dem Tyrosinkinaseinhibitor Erlotinib 

erzielte eine leichte Verbesserung der Überlebensdauer in einem nicht vorselektierten 

Patientenkollektiv.163 Checkpoint-Inhibitoren zeigten bis jetzt nur bei Patienten mit 

Mikrosatelliteninstabilität einen klinischen Nutzen, und der PARP-Inhibitor Olaparib ist nur 

für Patienten mit BRCA-Mutation zugelassen. 164, 165 Dies unterstreicht den dringenden 

Bedarf an neuen Therapiemöglichkeiten.  

2.6.4 Magenkarzinom 

Magenkarzinome stellen weltweit die vierthäufigste tumorbedingte Todesursache dar, 

wobei Männer etwa doppelt so häufig erkranken wie Frauen.166, 167 In den meisten Fällen 

treten Magenkarzinome in den distalen Regionen des Magens auf, lediglich 18% 

entstehen in der Kardia. Während kardiale Magenkarzinome mit gastroösophagealem 

Reflux und Adipositas in Verbindung gebracht werden, sind 90% der nicht-kardialen 

Karzinome auf eine Helicobacter pylori-Infektion zurückzuführen. In beiden anatomischen 

Unterbereichen stellen Rauchen, starker Alkoholkonsum sowie der Verzehr gepökelter 

Lebensmittel zusätzliche Risikofaktoren dar.168-170 Die Diagnose wird nach einer 

endoskopischen Biopsie anhand histologischer Befunde gestellt. Das Stadium der 

Erkrankung wird anschließend mittels CT, endoskopischem Ultraschall, PET sowie 

Laparoskopie festgestellt und anhand der TNM-Skala klassifiziert.171 In frühen Stadien 

stellt die kurative Resektion mit oder ohne perioperative Chemotherapie die 

Standardbehandlung dar. Die Standardtherapie von inoperablen oder metastasierten 

Magenkarzinomen sind Chemotherapien und Trastuzumab für HER2 positive Tumore. 

Darüber hinaus sind Ramucirumab und Nivolumab als Zweitlinientherapie für 

fortgeschrittene Magenkarzinome zugelassen, wobei die Ansprechrate von Nivolumab nur 

sehr gering ist.172-174 Eine Behandlung mit Pembrolizumab ist lediglich für Patienten mit 

MSI-H, dMMR oder hoher Tumormutationslast (TMB-H, high tumor mutational burden) 

oder in Kombination mit Trastuzumab für HER2-positive Tumore zugelassen.175-177  

 

Obwohl immuntherapeutische Strategien, wie Checkpoint-Inhibitoren und bispezifische 

Antikörper, bemerkenswerte Wirksamkeiten in der Behandlung von Tumorerkrankungen 

erreichen können, sind langfristige Remissionen, sowohl in den beschriebenen 

gastrointestinalen Entitäten als auch in den meisten anderen Tumorentitäten, nach wie 
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3 Zielsetzung der Arbeit 

In den letzten Jahren konnten immuntherapeutische Strategien, insbesondere durch die 

Mobilisierung von T-Zellen gegen Tumorzellen, bemerkenswerte Erfolge in der Onkologie 

erzielen. Checkpoint-Inhibitoren sind zu einer tragenden Säule in der Behandlung vieler 

solider Tumorarten geworden.45, 198 CAR-T-Zellen erreichen eine hohe Wirksamkeit bei 

der Behandlung lymphatischer Tumore.199, 200 Auch bispezifische Antikörper, welche den 

T-Zell-Rezeptor/CD3-Komplex auf T-Zellen stimulieren, konnten die Behandlung 

hämatologischer Erkrankungen deutlich verbessern.112 Langfristige Remissionen sind 

jedoch nach wie vor selten, und viele Patienten sprechen nicht auf die Behandlung 

an.201, 202 Hinzu kommt, dass sowohl CAR-T-Zellen als auch bispezifische Antikörper bei 

soliden Tumorerkrankungen bisher nur unzureichend wirksam sind.203, 204 

3.1 Entwicklung und Optimierung eines bispezifischen B7-H3xCD3 

Antikörpers im IgGsc-Format 

Das zur B7-Familie gehörige Protein B7-H3 (CD276) erfährt aufgrund seiner recht 

spezifischen Expression auf einer Vielzahl von Tumorzellen und Tumorgefäßen, 

erhebliches Interesse als Zielantigen für immuntherapeutische Ansätze.117, 120, 137 Auf der 

Grundlage früherer Arbeiten, einschließlich der Entwicklung und klinischen Testung 

bispezifischer Antikörper mit FLT3xCD3-205 und PSMAxCD3-206, 207 Spezifität 

(NCT05143996, NCT04104607 und NCT04496674), beabsichtigten wir die Entwicklung 

eines bispezifischen B7-H3xCD3 Antikörpers im bereits etablierten IgGsc-Format. Im 

ersten Teil der vorliegenden Arbeit wurde die Entwicklung verschiedener bispezifischer 

Antikörper mit unterschiedlichen B7-H3- und CD3-Bindungseigenschaften sowie deren 

präklinische Testung im kolorektalen Karzinom beschrieben. 

3.2 Evaluation des bispezifischen B7-H3xCD3 Antikörpers zur 

Behandlung von Pankreas-, Leber- und Magenkarzinomen 

Tumorerkrankungen des Gastrointestinaltrakts gehören zu den häufigsten Tumorentitäten 

und machen 26% der weltweiten Krebsinzidenz und 35% aller tumorbedingten Todesfälle 

aus.208 Trotz therapeutischer Verbesserungen in den letzten Jahrzehnten, unter anderem 

durch die Einführung von immuntherapeutischen Ansätzen, wie beispielsweise gegen 

HER2 oder VEGF gerichteten Antikörpern, unterstreichen die hohen Rückfallraten und die 

schlechten Prognosen den hohen Bedarf an neuen therapeutischen Strategien.150, 177 

Abgesehen von kolorektalen Karzinomen exprimieren auch Pankreas-, Leber- und 

Magenkarzinome B7-H3 auf der Zelloberfläche. Im zweiten Teil der vorliegenden Arbeit 
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untersuchten wir präklinisch die therapeutische Effektivität des im ersten Teil als 

Leitkandidat ausgewählten B7-H3xCD3 Antikörper in Pankreas-, Leber- und 

Magenkarzinomen. 

3.3 Der Einfluss von Thrombozyten auf die Antitumor-Wirksamkeit von 

T-Zell-rekrutierenden bispezifischen Antikörpern 

In zahlreichen Studien wurde berichtet, dass eine erhöhte Thrombozytenzahl und die 

Expression bestimmter Thrombozytenoberflächenmarker mit einem fortgeschrittenen 

Tumorstadium sowie einer schlechten Prognose assoziieren.187, 189, 190 Thrombozyten 

können das Wachstum und die Immunevasion von Tumoren durch verschiedene 

Faktoren, unter anderem durch die Beeinträchtigung von T-Zellen, fördern.197, 209 

Allerdings fehlten bislang Studien, die den Einfluss von Thrombozyten auf 

Immuntherapien und speziell auf T-Zell stimulierende Ansätze untersuchen. Im Rahmen 

einer multizentrischen Phase-I-Studie (NCT04104607) stellten wir zunächst fest, dass 

Patienten, die mit einem bispezifischen Antikörper behandelt wurden, eine 

behandlungsassoziierte Thrombozytenaktivierung und vorübergehende Abnahme der 

Thrombozytenzahl aufwiesen. Auf Basis dieser Beobachtung wurde im dritten Teil der 

vorliegenden Arbeit der Grund für die Thrombozytenaktivierung sowie der Einfluss auf die 

therapeutische Effektivität von bispezifischen Antikörpern untersucht.  
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4 Zusammenfassung der Ergebnisse 

Nachfolgend sind die Ergebnisse der drei Forschungsartikel, die dieser kumulativen 

Dissertation zu Grunde liegen, zusammenfassend beschrieben. Die drei 

Forschungsartikel sind im Anhang beigefügt.210  

4.1 Entwicklung und Optimierung eines bispezifischen B7-H3xCD3 

Antikörpers im IgGsc-Format 

In der vorliegenden Arbeit wurde ein optimierter bispezifischer B7-H3xCD3 Antikörper 

(CC-3) entwickelt und präklinisch charakterisiert.  

Unter Verwendung konventioneller Hybridomtechnologie wurde eine Auswahl 

monoklonaler B7-H3 Antikörper generiert, von welchen vier monoklonale IgG1 Antikörper 

biochemisch charakterisiert wurden. Untersuchungen der Bindungseigenschaften 

belegten, dass die Klone 8H8, 11A7 und 8D9, mit EC50-Werten im subnanomolaren 

Bereich, hochaffin an B7-H3 binden, während der Klon 7C4 10- bis 100-fach höhere 

EC50-Werte aufwies. Da sich die Proteinsequenz von humanem und murinem B7-H3 nur 

in wenigen Aminosäuren unterscheidet, wurden für die Charakterisierung der Epitope 

verschiedene Mutanten eines B7-H3-Fc-Fusionsproteins generiert, bei denen eine oder 

zwei Aminosäuren durch die entsprechenden murinen Aminosäuren ersetzt wurden. 

Anschließend wurde die Bindung der Klone an diese mutierten Fusionsproteine mittels 

Enzyme-linked Immunosorbent Assay (ELISA) gemessen. Die Analysen zeigten, dass alle 

monoklonalen Antikörper unterschiedliche Epitope des B7-H3-Moleküls binden, wobei 

7C4 in unmittelbarer Nähe zur Zellmembran bindet, während die Klone 8H8, 11A7 und 

8D9 an membranferne Molekülregionen binden.  

Da die Bindungskinetik sowie das Epitop eines Antikörpers seine Funktionalität 

maßgebend beeinflussen, und sich die Klone 7C4 und 8H8 in dieser Hinsicht stark 

unterscheiden, wurden diese Klone für die Herstellung T-Zell-aktivierender bispezifischer 

Antikörper ausgewählt. Zunächst wurden die variablen Domänen der Klone sequenziert 

und in das zuvor etablierte bispezifische IgGsc-Format kloniert.206 Für die CD3-bindende 

Domäne des Antikörpers verwendeten wir einerseits die scSequenz des humanisierten 

Klons UCHT1, welche in unseren PSMAxCD3206, 207 und FLT3xCD3205 Konstrukten 

enthalten ist und eine hohe Affinität gegenüber CD3 aufweist (CD3high). Zudem 

verwendeten wir eine veränderte UCHT1-Sequenz, die vier Mutationen im CDR-H2 sowie 

eine Mutation im FR-H3 trägt, wodurch die Affinität zu CD3 verringert wird (CD3low). 

Nach biochemischer Charakterisierung der vier resultierenden bispezifischen Antikörper, 

wurde das Bindungsverhalten der Konstrukte an B7-H3 und CD3 untersucht. 
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Durchflusszytometrische Analysen ergaben, dass die zwei 7C4 enthaltenden Konstrukte 

mit einer etwa 4 bis 10-fach geringeren Affinität an B7-H3 exprimierende Tumorzellen 

binden als 8H8 enthaltende Konstrukte. Dies steht im Einklang mit den deutlich 

niedrigeren Ka-Werten der 7C4-Konstrukte, während die Kd-Werte der Konstrukte ähnlich 

waren. Die Konstrukte mit der CD3high Variante (UCHT-1) banden CD3 mit EC50-Werten 

zwischen 30 und 60 nM, während die CD3low Konstrukte nur in sehr hohen 

Konzentrationen banden, ohne dabei eine Sättigung zu erreichen. Untersuchungen mittels 

Bio-Layer-Interferometrie ergaben, dass die Bindungsaffinität der CD3low-Varianten etwa 

um den Faktor 100 schwächer war. 

Um zu analysieren, ob und inwiefern die Affinität zu B7-H3 und/oder die Epitop-

Bindestelle die T-Zell stimulierende Effektivität der bispezifischen Antikörper beeinflusst, 

untersuchten wir die Aktivierung von T-Zellen in Kultur mit B7-H3 exprimierenden 

kolorektalen Karzinomzellen. Durchflusszytometrische Messungen zeigten, dass beide 

7C4-Konstrukte sowohl CD4+ als auch CD8+ T-Zellen bereits ab einer Konzentration von 

40 pM maximal aktivierten, während bei den beiden 8H8-Konstrukten 200 pM erforderlich 

waren. Isotypkontrollen mit irrelevanter Zielspezifität (CTRxCD3low und CTRxCD3high) 

zeigten keine nennenswerte Wirkung, was die zielgerichtete Aktivität aller Konstrukte 

bestätigte. 

Untersuchungen der zytolytischen Aktivität mittels durchflusszytometrischer Messungen 

nach 72 h Inkubation sowie mittels eines Echtzeit-Messverfahrens über fünf Tage zeigten 

ebenfalls eine Überlegenheit beider 7C4-Konstrukte gegenüber den 8H8-Konstrukten, bei 

welchen höhere Konzentrationen für eine vergleichbare Zielzelllyse notwendig waren. 

Analysen der Zytokinproduktion mittels Multiplex-ELISA sowie der T-Zellproliferation 

mittels 3H-Thymidin-Aufnahme nach 3-6 Tagen zeigten, dass beide 8H8-Konstrukte 

T-Zellen selbst in hohen Konzentrationen deutlich schwächer stimulierten als die 7C4-

Konstrukte. Zusammengefasst zeigte sich, dass die 7C4 enthaltenden bispezifischen 

Antikörper, welche an ein membrannahes B7-H3-Epitop binden, trotz ihrer deutlich 

geringeren Bindungsaffinität eine deutlich höhere Aktivität aufwiesen. 

Beim direkten Vergleich der Funktionalität der CD3high und -low Antikörpervarianten, 

stellte sich überraschenderweise heraus, dass trotz der etwa 100-fach reduzierten CD3-

Affinität, der Unterschied zwischen den beiden 7C4-Konstrukten hinsichtlich der 

induzierten T-Zell-Aktivierung, Proliferation und Tumorzelllyse sehr gering war. Zwischen 

den Konstrukten 8H8xCD3high und 8H8xCD3low wurde ein moderater Unterschied 

hinsichtlich der Zielzelllyse festgestellt. Die 7C4xCD3low Variante war sowohl dem 

8H8xCD3high als auch dem 8H8xCD3low Konstrukt hinsichtlich ihrer Effektivität 
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sowie eine deutlich reduzierte Tumorlast in den behandelten Tieren. Als nächstes wurde 

die Wirksamkeit anhand eines Flankentumormodells bewertet. Hierfür wurden ebenfalls 

mit einem Luciferasereporter transfizierte HT-29 Zellen verwendet. Messungen mittels 

Biolumineszenz-Bildgebung zeigten, dass CC-3 die Entwicklung von Flankentumoren 

wirksam verhinderte, während die Tumore der unbehandelten Tiere unbeeinträchtigt 

wuchsen. Abschließend untersuchten wir die Wirksamkeit von CC-3 gegen etablierte 

Flankentumore mit einem Durchmesser von circa 5 mm. Bei Mäusen, welche dreimal 

wöchentlich mit einer relativ geringen Dosis CC-3 (2 µg) und humanen PBMCs behandelt 

wurden, kam es zu einer vollständigen und langanhaltenden Tumorregression.  

Zusammengefasst belegen diese Daten die gewünschte lange Halbwertszeit, ein gutes 

Sicherheitsprofil sowie eine starke Wirksamkeit von CC-3 in vivo und ermöglichen somit 

die weitere Entwicklung sowie Testung von CC-3 im Rahmen einer klinischen Studie.  

4.2 Evaluation des bispezifischen B7-H3xCD3 Antikörpers zur 

Behandlung von Pankreas-, Leber- und Magenkarzinomen 

Im zweiten Teil dieser Arbeit wurde der im vorangehenden Abschnitt als Leitkandidat 

ausgewählte B7-H3xCD3 Antikörper CC-3 für die Behandlung von Pankreas-, Leber- und 

Magenkarzinomen getestet. 

Im ersten Schritt wurde die Expression von B7-H3 mRNA in Adenokarzinomen des 

Pankreas, in Leberkarzinomen und Magenkarzinomen unter der Verwendung von TCGA-

Datensätzen untersucht. Die höchste mRNA Expression wurde bei Adenokarzinomen des 

Pankreas beobachtet, gefolgt von Magenkarzinomen und Leberkarzinomen. Als nächstes 

wurde untersucht, ob und in welchem Ausmaß B7-H3 in diesen Entitäten auf der 

Tumorzelloberfläche exprimiert wird. Zu diesem Zweck wurde der monoklonale B7-H3 

Antikörperklon 7C4 verwendet. Durchflusszytometrische Analysen zeigten eine hohe 

Expression von B7-H3 in allen getesteten Zelllinien. Untersuchungen des 

Bindungsverhalten von CC-3 an Pankreas-, Leber-, und Magenkarzinomzelllinien ergaben 

EC50-Werte zwischen 4,6 und 19,7 nM, während keine unspezifische Bindung an B7-H3 

negative Zellen beobachtet wurde.  

Als nächstes wurde untersucht, ob CC-3 eine T-Zell-Reaktivität gegen Pankreas-, Leber- 

und Magenkarzinomzellen auslöst. Durchflusszytometrische Analyse der CD69-

Expression ergab eine maximale Aktivierung von CD4+ und CD8+ T-Zellen ab einer CC3-

Konzentration von 1 nM. Die Analyse der T-Zell-Degranulation (CD107a Expression) 

bestätigte, dass CC-3 die T-Zellen bereits bei einer Dosis von 1 nM stark stimuliert. Bei 

Verwendung der Isotypkontrolle MOPCxCD3 oder B7-H3 negativen Zielzellen wurden 

keine Effekte beobachtet, was die Zielantigen-restringierte Wirkung von CC-3 bestätigt. 
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beobachteten wir bei allen Studienteilnehmern einen behandlungsbedingten temporären 

Rückgang der Thrombozytenzahl. Die Thrombozytenzahl stand dabei in umgekehrter 

Beziehung zum Serumspiegel des löslichen IL-2-Rezeptors, was auf einen 

Zusammenhang mit der durch CC-1 induzierten T-Zell-Aktivierung hinwies. Die 

Behandlung mit CC-1 führte zudem zur Hochregulation des Aktivierungsmarkers 

P-Selektin (CD62P) auf der Thrombozytenoberfläche. Da wir auch beobachteten, dass 

sich die Thrombozytenzahl und die Thrombozytenaktivierung (CD62P-Expression) 

gegenläufig verhielten, stellten wir die Hypothese auf, dass die durch bispezifische 

Antikörper induzierte Interaktion zwischen Tumorzellen und T-Zellen die Aktivierung von 

Thrombozyten verursachte, was zu einem Rückgang der Thrombozytenanzahl führt.  

Nachdem wir ausschließen konnten, dass CC-1 alleine eine Aktivierung oder Aggregation 

von Thrombozyten auslöst, etablierten wir ein Kokultursystem mit PSMA-exprimierenden 

Prostatakarzinomzellen (LNCaP), PBMCs und Thrombozyten, um die Interaktion der drei 

Komponenten in An- oder Abwesenheit von CC-1 nachzuahmen. Die Anwesenheit von 

CC-1 führte auch innerhalb der Kokultur, wie in den Patienten beobachtet, zu einer 

starken Aktivierung der Thrombozyten. 

Da die Thrombozytenaktivierung in den Proben, in denen Thrombozyten mit aktvierten 

T-Zellen inkubiert wurden, am ausgeprägtesten war und Tumorzellen sowie unstimulierte 

PBMCs nur eine moderate Aktivierung auslösten, stellten wir die Hypothese auf, dass 

stimulierte T-Zellen die Aktivierung von Thrombozyten auslösen. In Übereinstimmung mit 

bereits veröffentlichten Daten, nach denen T-Zellen Thrombozyten über die CD40-CD40L-

Achse stimulieren können217, beobachteten wir die Hochregulation von CD40L auf 

aktivierten CD4+ T-Zellen sowie eine Verringerung der Thrombozytenaktivierung durch 

Blockierung der CD40-CD40L-Interaktion.  

Um den Einfluss von Thrombozyten auf die CC-1-induzierte T-Zell-Reaktivität weiter zu 

charakterisieren, kultivierten wir LNCaP-Zellen mit PBMCs und Thrombozyten unter der 

Verwendung verschiedener Thrombozytenzahlen. Die CC-1 vermittelte Aktivierung von 

CD4+ und CD8+ T-Zellen sank mit steigender Thrombozytenzahl. Um auszuschließen, 

dass dieser Effekt ausschließlich aufgrund der Verwendung von PSMA als Zielantigen 

und/oder spezifisch mit den eingesetzten Tumorzellen auftrat, erweiterten wir unsere 

Untersuchung auf Sarkomzellen, die wir mit bereits in der Vergangenheit generierten 

bispezifischen NKG2DxCD3 Fusionsproteinen218 behandelten, sowie B-ALL Zellen, 

welche wir mit Blinatumomab (CD19xCD3) behandelten. Die inhibierende Wirkung von 

Thrombozyten auf die CD3-vermittelte T-Zell-Aktivierung erwies sich als unabhängig vom 

Format des verwendeten bispezifischen Konstrukts, der Tumorentität sowie vom 

Zielantigen. Es wurde zudem ausgeschlossen, dass die Konstrukte in Abwesenheit von 
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Antikörpern in soliden Tumoren durch die Verwendung eines Zielantigens, welches 

sowohl auf Tumorzellen als auch auf Tumorgefäßen exprimiert ist zu steigern, 

veranlassten uns zur Annahme, dass ein bispezifischer B7-H3xCD3 Antikörper eine 

vielversprechende immuntherapeutische Strategie darstellen könnte.  

Im ersten Teil dieser Arbeit wird die Entwicklung des optimierten bispezifischen B7-

H3xCD3 Antikörpers CC-3 und dessen präklinische Charakterisierung für die Anwendung 

in kolorektalen Karzinomen berichtet. Zunächst wurden mehrere B7-H3 Antikörper 

generiert und umfassend mittels Durchflusszytometrie, Bindungskinetik und 

Epitopkartierung charakterisiert, um die optimalen Tumorantigenbinder für die Herstellung 

bispezifischer Antikörper zu identifizieren. Umfassende funktionelle Charakterisierungen 

ergaben, dass bispezifische Antikörper, die das vom Antikörperklon 8H8 erkannte distale 

B7-H3-Epitop binden, trotz ihrer höheren Affinität zu B7-H3 weniger wirksam sind als 

bispezifische Antikörper, die den Klon 7C4 enthalten, welcher an ein membrannahes 

Epitop bindet. Diese Ergebnisse bestätigen die inzwischen etablierte Feststellung, dass 

die Membrannähe des von bispezifischen Antikörpern erkannten Zielepitops ein wichtiger 

Faktor für deren Funktion ist.129, 243-245 Im Fall der hier beschriebenen B7-H3 bindenden 

bispezifischen Antikörper scheint die membrannahe Bindung den Einfluss der Affinität in 

Hinblick auf die Aktivität zu überwiegen.  

Neben der Membrannähe des Zielepitops und der Affinität des Tumorantigenbinders hat 

auch die CD3-Affinität einen entscheidenden Einfluss auf die Wirksamkeit und Potenz 

sowie insbesondere die Sicherheit bispezifischer Antikörper.212, 245, 246 Aufgrund dessen 

könnte die Anpassung der CD3-Affinität dazu führen, dass die Wirksamkeit bispezifischer 

Antikörper bis zu einem gewissen Grad von der Zytokinfreisetzung entkoppelt wird.247, 248 

Überraschenderweise konnte festgestellt werden, dass eine etwa 100-fache Senkung der 

CD3-Bindungsaffinität die Zytokinfreisetzung des 7C4xCD3 Konstrukts verringerte, 

während die Wirksamkeit nicht beeinträchtigt wurde. Konstrukte, die 8H8 als B7-H3-

Binder enthalten, waren weniger widerstandfähig gegenüber einer Abschwächung der 

CD3-Affinität, aber wiederum widerstandsfähiger als ein PSMAxCD3 Konstrukt, welches 

PSMA an einem membranfernen Epitop bindet.206 In Anbetracht dieser Ergebnisse liegt 

die Vermutung nahe, dass bispezifische Antikörper, welche proximale Eptiope binden, im 

Allgemeinen weniger empfindlich auf eine Abschwächung der CD3-Affinität reagieren als 

solche, die distale Eptiope binden. Im Einklang mit diesen Überlegungen zeigen Studien, 

welche die Auswirkung der CD3 und/oder HER2-Affinität in HER2xCD3 Konstrukten 

untersuchten ebenfalls, dass die CD3-Bindungsaffinität nur eine geringe Auswirkung auf 

die Antitumor-Aktivität hat.245, 249 Dies könnte weitreichende Folgen haben, da eine 

abgeschwächte CD3-Affinität und damit abgeschwächte Zytokinfreisetzung potenzielle 
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können197, 215, wurde ihre Relevanz im Zusammenhang mit Immuntherapien bisher kaum 

untersucht. Entsprechend wurde im letzten Teil dieser Arbeit untersucht, ob und inwiefern 

Thrombozyten die Wirksamkeit von bispezifischen Antikörpern beeinflussen.  

Im Rahmen einer klinischen Studie beobachten wir, dass die Behandlung mit unserem 

PSMAxCD3 Antikörper CC-1 zu signifikanter Aktivierung der Thrombozyten sowie zu 

einem vorübergehenden Rückgang der Gesamtplättchenanzahl in den Patienten führte. 

Aufgrund der Tatsache, dass wir in ALL Patienten, welche mit Blinatumomab behandelt 

wurden, ähnliche Effekte beobachten, stellten wir die Hypothese auf, dass Thrombozyten 

einen bisher unbekannten Einfluss auf die Wirksamkeit von T-Zell aktivierenden 

bispezifischen Antikörpern haben könnten. Diese Annahme wird durch Studien gestützt, 

welche zeigten, dass Thrombozyten die Antitumor-Reaktivität von NK-Zellen stark 

beeinträchtigen.216, 264, 265 Ebenfalls steht dies im Einklang mit einer weiteren Arbeit, 

welche eine durch Thrombozyten eingeschränkte T-Zell-Immunität bei adoptivem T-Zell-

Transfer beschrieb.197 

In präklinischen Untersuchungen konnten wir beobachten, dass die durch bispezifische 

Antikörper vermittelte Tumor-Immunzell-Interaktion tatsächlich Thrombozytenaktivierung 

auslöst. Die von bispezifischen Antikörpern induzierte T-Zell-Aktivierung ging mit einer 

Hochregulation von CD40L auf T-Zellen einher (vorwiegend auf CD4+ T-Zellen), und die 

Thrombozytenaktivierung konnte durch eine Blockade der CD40-CD40L-Interaktion 

teilweise verhindert werden. Dies steht im Einklang mit veröffentlichten Daten, dass T-

Zellen Thrombozyten über die CD40-CD40L-Achse stimulieren.266 Weitere 

Untersuchungen ergaben, dass die Hemmung der durch bispezifische Antikörper 

induzierten T-Zell-Reaktivität durch Thrombozyten nicht vom Format des verwendeten 

bispezifischen Konstrukts (IgGsc, BFP oder BiTE), der Tumorentität (Prostatakarzinom, 

Sarkom oder ALL) oder Zielantigen (PSMA, NKG2DL oder CD19) abhängt, sondern in 

allen Fällen zu beobachten ist. Dies deutet darauf hin, dass die immunmodulierende 

Wirkung der Thrombozyten ein allgemeiner Evasionsmechanismus eines Tumors bei 

Behandlung mit T-Zell-aktivierenden Antikörpern sein könnte, was auch durch die 

Feststellung gestützt wird, dass lösliche Faktoren, die von aktivierten Thrombozyten 

sekretiert werden, die durch bispezifische Antikörper induzierte Zytotoxizität wirksam 

unterbinden. Diese Beobachtung stimmt mit bereits für adoptiv transferierte T-Zellen und 

Checkpoint-Inhibitoren berichteten Beobachtungen überein.197, 219  

Weitere Untersuchungen zeigten, dass der reversible Thrombininhibitor Dabigatran die 

hemmende Wirkung der Thrombozyten aufheben konnte, während Indomethacin keine 

Wirkung zeigte. Dies wird durch Daten erklärt, die zeigen, dass Dabigatran die von 

Thrombin induzierte GARP-Spaltung blockiert und die damit einhergehende Freisetzung 
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6 Abkürzungsverzeichnis 

ADC      Antibody-drug conjugate 

ADCC     Antibody-dependent cellular cytotoxicity 

ALL      Akute lymphatische Leukämie 

APC      Antigen-presenting cell 

BCLC     Barcelona Clinic Liver Cancer 

BiTE      Bispecific T cell engager 

bsAb      bispecific antibody, bispezifischer Antikörper 

B7-H3     B7 Homolog 3 

CAR      Chimeric antigen receptor 

CCL2      CC-chemokine ligand 2 

CD      Cluster of differentiation 

CH       Constant heavy 

CL       Constant light 

CLD      Chronische Lebererkrankung 

CTLA-4     Cytotoxic T-Lymphocyte-Associated Protein 4 

CXCL     C-X-C motif ligand 

DART     Dual-affinity re-targeting antibody 

dMMR     Mismatch Repair Deficiency 

DAMP     Damage-associated molecule pattern 

DC      Dendritische Zelle 

EGFR     Epidermal growth factor 

ELISA     Enzyme-linked immunosorbent assay  

EMT      epitheliale-zu-mesenchymale Transition 

EpCAM      Epithelial cell adhesion molecule 

Fab      Fragment antigen binding 

Fc       Fragment crystallizable 

FcR  Fc Rezeptor 

FDA      Food and Drug Administration 

GMP      Good Manufacturing Practice 

HAMA     Human-Anti-Maus-Antikörper 

HC      Heavy chain 

HER2  Humaner Epidermaler Wachstumsfaktor-Rezeptor Typ 2 

IFN      Interferon  

Ig       Immunglobulin 
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T cell-based immunotherapy has revolutionized oncological
treatment. However, many patients do not respond to treat-
ment, and long-term remissions remain rare, particularly in
gastrointestinal cancers like colorectal cancer (CRC). B7-H3
is overexpressed in multiple cancer entities including CRC on
both tumor cells and tumor vasculature, the latter facilitating
in�ux of effector cells into the tumor site upon therapeutic tar-
geting. We generated a panel of T cell-recruiting B7-H3xCD3
bispeci�c antibodies (bsAbs) and show that targeting a mem-
brane-proximal B7-H3 epitope allows for a 100-fold reduction
of CD3 af�nity. In vitro, our lead compound CC-3 showed su-
perior tumor cell killing, T cell activation, proliferation, and
memory formation, whereas undesired cytokine release was
reduced. In vivo, CC-3 mediated potent antitumor activity in
three independent models using immunocompromised mice
adoptively transferred with human effector cells with regard
to prevention of lung metastasis and �ank tumor growth as
well as elimination of large established tumors. Thus, �ne-tun-
ing of both target and CD3 af�nities as well as binding epitopes
allowed for the generation of a B7-H3xCD3 bsAbs with prom-
ising therapeutic activity. CC-3 is presently undergoing good
manufacturing practice (GMP) production to enable evalua-
tion in a clinical “�rst-in-human” study in CRC.

INTRODUCTION
In the last decade, approaches to mobilize T cells against cancer have
achieved remarkable success: besides strategies to reinforce activity of
antigen-speci�c T cells, e.g., using immune checkpoint inhibition
(ICI), approaches to redirect T cells in a major histocompatibility
complex (MHC)-independent manner have also recently revolution-
ized cancer treatment.1–4 The latter comprise bispeci�c antibodies
(bsAbs), which stimulate the T cell receptor/CD3 complex with their
effector part after binding to their target antigen on tumor cells2,5 and
the functionally closely related chimeric antigen receptor T (CAR T)
cells.6 Such T cells transduced with chimeric receptors containing
This is an open access article unde
an Ab part targeting CD19 are highly effective in lymphoid malig-
nancies.6,7 The same holds true for bsAbs, which stimulate the T cell
receptor/CD3 complex on T cells.1,2,8 However, all these mentioned
approaches are associated with profound side effects due to off-target
activation of T cells, and success of bsAbs and CAR T cells is so far
limited to hematological malignancies, whereas treatment of solid tu-
mors remains challenging.9,10 This particularly holds true for metasta-
tic colorectal cancer (CRC) with its 5-year overall survival rate of
approximately 20%,11 where except for the small patient cohort with
microsatellite instability that bene�t from ICI, available immunother-
apeutic strategies are of limited ef�ciency.12–15 A major prerequisite
for successful treatment with MHC-independent T cell mobilizing
strategies is the identi�cation of suitable target antigens. Recently,
the immunoglobulin (Ig) superfamily member B7-H3 has attracted
considerable interest due to its rather speci�c expression on a wide
array of cancer cells and notably also on the microenvironment/vessels
in a variety of malignancies including CRC.16,17 Targeting tumor ves-
sels promises improved access of immune effector cells to solid tu-
mors, thereby potentially overcoming a major obstacle for T cell-based
immunotherapy. Based on this rationale and on extensive previous
work including the development of prostate-speci�c membrane anti-
gen PSMAxCD3 and FLT3xCD3 bsAbs until the stage of clinical
evaluation, we intended to develop an optimized B7-H3xCD3 bsAb
in our previously introduced IgGsc format18–20 (ClinicalTrials.gov:
NCT04104607, NCT04496674, and NCT05143996). To this end, we
generated a panel of Abs directed to different epitopes of the B7-H3
molecule and constructed various bsAbs that differ in B7-H3- as
well as CD3-binding properties. We here report on the selection and
Molecular Therapy Vol. 31 No 6 June 2023 ª 2023 The Authors. 1
r the CC BY license (http://creativecommons.org/licenses/by/4.0/).



Molecular Therapy

Please cite this article in press as: Zekri et al., An optimized IgG-based B7-H3xCD3 bispecific antibody for treatment of gastrointestinal cancers, Molecular
Therapy (2023), https://doi.org/10.1016/j.ymthe.2023.02.010
preclinical characterization of an optimized bsAb, designated CC-3,
which is presently undergoing GMP production to enable evaluation
in a clinical “�rst-in-human” study in patients with CRC.

RESULTS
Generation and characterization of B7-H3 monoclonal Abs
From a panel of B7-H3 monoclonal Abs (mAbs) obtained using a
conventional hybridization procedure described in the materials
and methods, four mAbs of IgG1k isotype were biochemically char-
acterized (Figures S1A and S1B). Assessment of binding af�nities
by �ow cytometry using two CRC and one prostate carcinoma cell
line documents that clones 8H8, 11A7, and 8D9 bind to B7-H3
with high af�nity and EC50 values in the subnanomolar range,
whereas clone 7C4 displays an af�nity that is more than an order of
magnitude lower (Figures 1A–1C). Identi�cation of the binding epi-
topes of the mAbs was facilitated by the fact that human and mouse
B7-H3 protein sequences are highly similar, with only few amino
acids differing (Figure S1C). ELISA using several mutants of a human
B7-H3-Fc fusion protein in which one or two amino acids were re-
placed by the corresponding murine sequences (Figure 1D) docu-
mented that all mAbs bind different epitopes of the B7-H3 molecule
(Figure 1D). Clone 7C4 binds an epitope in close proximity to the cell
membrane, whereas the other clones 8H8, 11A7, and 8D9 bind to
membrane-distal regions of the molecule (Figure 1E).

Generation and characterization of bsAbs with different binding
properties to B7-H3 and CD3
As binding kinetics and recognized epitopes in�uence functionality,
the variable domains of the different B7-H3 mAb clones were
sequenced and cloned into the previously described IgGsc bsAb
format.18 Binding analyses with B7-H3 expressing LNCaP cancer
cells revealed that constructs containing the antigen binder 7C4
have profoundly lower af�nity to target antigen than the three other
bsAbs (Figures S2 and S3). Next, the constructs containing the vari-
able domains of clones 7C4 and 8H8 (directed to membrane-prox-
imal and -distant epitopes of the B7-H3 protein, respectively) were
further compared. For construction of the CD3 part, we used either
the single-chain (scCD3) sequence of humanized UCHT1 (CD3high)
that is contained in our PSMAxCD3 and FLT3xCD3 presently under-
going clinical evaluation18–20 or a UCHT1 sequence carrying four
mutations in the CDR-H2 and one mutation in the FR-H3 to reduce
af�nity to CD3 (CD3low) (Figure 2A). After biochemical character-
ization of the resulting four bsAbs (Figures S2A and S2B), we per-
formed �ow cytometric analysis, which revealed that both constructs
containing 7C4 (regardless of the CD3 part) bound to B7-H3-ex-
pressing cancer cells with an approximately 4- to 10-fold lower af�n-
ity than the 8H8 containing bsAbs, and this was observed with cells
displaying various B7-H3 expression levels (Figures 2B, S2C, and
S2D). This is in line with the considerably slower Ka value observed
with 7C4 versus the bsAbs containing other target binders, whereas
Kd was less affected (Figure 2C). The constructs comprising the
CD3high variant of UCHT1 displayed an EC50 of approximately
30–60 nM, whereas binding of the CD3low bsAbs was detected
only at very high concentrations (Figures 2B, S2E and S2F). Analysis
2 Molecular Therapy Vol. 31 No 6 June 2023
by biolayer interferometry revealed that the binding af�nity of
CD3low variants was attenuated by a factor of about 100
(Figures 2E and 2F).

Influence of B7-H3 affinity and binding site on bsAb function
To investigate whether and how binding af�nity and/or binding site
to B7-H3 affect the capacity of bsAb variants in stimulating T cells,
we analyzed T cell activation using PBMCs co-cultured with B7-H3-
expressing CRC cells. Flow cytometry revealed maximal stimulation
of both CD4 and CD8 T cells with the two 7C4 containing bsAbs at
concentrations of 40 pM, whereas 200 pM were required with the
two 8H8-containing reagents to reach maximum activation. BsAbs
with irrelevant target speci�city (CTRxCD3low and CTRxCD3high)
did not have any notable effect, con�rming target-restricted activity
of all constructs (Figures 3A and S4A). Similar observations were
made when the cytolytic activity of T cells stimulated with the
various constructs was analyzed using two different experimental
settings, �ow cytometric analysis after 3 days and a real-time cyto-
lytic assay over a period of 5 days. In both settings, target cell lysis
mediated by bsAbs comprising 7C4 was superior to that of 8H8-
containing bsAbs, of which higher concentrations were required
to achieve comparable T cell stimulation and tumor cell killing
(Figures 3B, 3C, S4B, and S4C). Likewise, when T cell cytokine pro-
duction and proliferation were evaluated by Legendplex assays and
3H-thymidine uptake as well as �ow cytometry after 3 and 6 days,
respectively, we observed that 8H8-containing constructs mediated
profoundly less T cell stimulation compared with 7C4-containing
bsAbs (Figures 3D–3F and S4D�S4F). In the latter assays the activ-
ity of the 8H8-containing constructs remained inferior even at high
Ab concentrations. This particularly holds true for induction of pro-
liferation over time (Figures 3G–3I and S4G�S4I). In summary,
bsAb comprising 7C4 directed to a membrane-proximal B7-H3
epitope exhibited clearly superior activity despite their markedly
lower binding af�nity to B7-H3.

Influence of CD3 affinity within the different B7-H3xCD3
constructs
When we directly compared the functionality of the CD3high and
-low bsAb variants, we unexpectedly found that, despite approxi-
mately 100-fold reduced CD3 af�nity, only marginal differences
were detectable comparing the two 7C4 containing bsAbs with regard
to T cell activation, proliferation, and tumor cell killing. With the
8H8xCD3low and -high variants, a moderate difference regarding tu-
mor cell killing was noted. Effects observed with the 7C4xCD3low
variant were superior to the activity of both the 8H8xCD3high and
-low variants (Figures 3B and S4B). In contrast, substantially reduced
cytokine induction was observed with both 7C4 and 8H8 CD3low
constructs compared with their CD3high counterparts (Figures 3D,
3E, and S3D).

To further study the role of CD3 af�nity, we generated and compared
CD3high and -low variants of the bsAbs CC-1 directed to PSMA as an
independent target antigen.18 In line with previously reported re-
sults,21,22 clearly less T cell activation and cytokine production was
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In vivo evaluation of CC-3
First, we analyzed pharmacokinetics, which con�rmed the expected
prolonged serum half-life of CC-3 in C57BL/6 mice (Figure 5A), com-
parable to that of its sister molecules CC-1 and CLN-049 in the same
format.18,20 Application in immunocompromised NSG mice adop-
tively transferred with human peripheral blood mononuclear cells
(PBMCs) did not induce undesired off-target T cell activation in
the absence of tumor targets as revealed by determination of inter-
feron g (IFN-g) serum levels upon application of CC-3 and the
parental UCHT1 Ab as positive control (Figure 5B).

We then evaluated the anti-tumor activity of CC-3 in three different
NSG models using immunocompromised NSG mice adoptively
transferred with human PBMCs.

In a lung metastasis model, HT-29 cells engineered with a luciferase
reporter were injected intravenously (i.v.), followed by injection of
PBMCs and, in the treatment group, CC-3 at days 1 and 4. Flow cy-
tometric analyses of T cells and tumor cells in lungs after 8 days re-
vealed a pronounced T cell activation with the reduction of lung
metastasis in treated animals occurring in a dose-dependent manner
(Figure 5C).

Next, ef�cacy was evaluated by analysis of �ank tumor development
after injection of HT-29 cells engineered with a luciferase reporter,
with animals being left untreated or injected i.v. with CC-3. Tracking
tumor growth by bioluminescence imaging over time revealed that
CC-3 effectively prevented development of �ank tumors, which
grew unabated in untreated animals (Figure 5D).

Finally, we assessed ef�cacy of CC-3 animals bearing established B7-
H3-expressing LNCaP tumors with a diameter of 5 mm. Mice treated
with CC-3 experienced a pronounced tumor regression below the
level of detection at the rather low dose of 2 mg applied three times
in weekly intervals together with human PBMCs (Figure 5E).
Together, these data clearly document the desired long half-life,
safety, and potent in vivo ef�cacy of CC-3, which warrants further
development and evaluation in a clinical trial.
Figure 3. Impact of differential B7-H3 binding and CD3 affinity on T cell stimul
(A and B) HT-29 cells were cocultured with monocyte-depleted PBMCs in the presence o
constructs were employed, and CD4+ and CD8+ T cell activation was determined by flow
Mean values and SD of four independent measurements are indicated. Dotted lines re
CTRxCD3 bsAbs (B). (C) Survival of HT-29 tumor cells in the presence of monocyte-dep
xCELLigence system. (D and E) Levels of the indicated cytokines in culture medium of t
Legendplex multiplex assays (right panels). Left graphs represent cytokine measureme
calculated from four independent experiments. p values were calculated using one-w
monocyte-depleted PBMCs were incubated with the indicated concentration of B7-H3
assays. The dashed line represents baseline proliferation in the presence of control bs
independent experiments. p values were calculated using Wilcoxon test for each time p
were labeled with CellTrace Violet dye and cocultured with HT-29 and 1 nM of the indicat
CD8+/CD4+ T cells was determined by flow cytometry on day 6. (G) Exemplary proliferat
software. Results represent the mean values obtained with 4 PBMC donors. p values we
charts representing T cell mean counts for each division peak obtained in the experim
experiments.
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DISCUSSION
Despite the undisputed success of T cell-based immunotherapy, the
presently available approaches suffer from several limitations when it
comes to solid tumors. bsAbs and CAR T cells are functionally closely
related, but in contrast to CAR T cells, bsAbs are “off-the-shelf drugs,”
eliminating the laborious preparative work required for CAR T cell
generation that results in high costs and delay of treatment for patients.
Both approaches are so far only established in hematologic malig-
nancies and are not effective in solid tumors. The reasons for these lim-
itations are not yet fully understood, but limited access of immune
effector cells to the tumor site appears to constitute a major hurdle.25,26

Thus, it seems critical to target not only the tumor cells themselves but
also the microenvironment/neovasculature to induce a pro-in�amma-
tory setting that ensures suf�cient access of effector cells and subse-
quent tumor cell destruction. This reasoning is supported by reports
demonstrating that T cells fail to eradicate tumors unless a pro-in�am-
matory microenvironment facilitates T cell extravasation.27,28 In cur-
rent preclinical and early clinical approaches to develop CAR T cells
and bsAbs for treatment of gastrointestinal (GI) cancer including
CRC, EGFR, and carcinoembryonic antigen (CEA) are widely used
target antigens.25,29,30 These antigens do not appear suitable for target-
ing both tumor cells and vessels as outlined above.

B7-H3 has attracted considerable interest due to its involvement in
tumor cell metabolism, migration and invasion, angiogenesis, chemo-
therapy resistance, and endothelial-to-mesenchymal transition and
expression on cancer-initiating cells.31–35 In addition, B7-H3 also
modulates immune responses, but the so far available data on its exact
functional role are, at least in part, con�icting.36–38 Originally, B7-H3
was identi�ed as a costimulatory molecule enhancing the prolifera-
tion of CD4+ and CD8+ T cells in the presence of an anti-CD3
Ab.39 In line, introduction of B7-H3 in CRC-bearing mice resulted
in suppression of tumor growth and reduction of secondary metas-
tasis.40 In contrast, several studies have shown that B7-H3 may rather
mediate inhibitory effects in antitumor immunity, like inhibiting
CD4+ and CD8+ T cell activation and proliferation and reducing
interleukin-2 (IL-2) and IFN-g production, probably through
suppression of signaling pathways mediated by nuclear factor kB
ation
f the indicated bsAbs at an E:T ratio 2:1. (A) Different concentrations of the indicated
cytometry. (B) Tumor cell depletion was determined after 3 days by flow cytometry.

present baseline T cell activation (A) and tumor cell percentage in the presence of
leted PBMCs and 0.2 nM of the indicated bsAbs was monitored over time using an

he experiments described in (A) and (B) were determined after 24 h of incubation by
nts performed with 0.2 nM of the indicated bsAbs. Data are shown as means ± SD
ay ANOVA with Dunnett’s multiple comparison test. (F) Irradiated HT-29 cells and
bsAbs for 3 days. T cell proliferation was assessed using 3H-thymidine incorporation
Ab with irrelevant specificity. Data are shown as means ± SD calculated from four
oint comparing 7C4xCD3low with 8H8xCD3low. (G�I) Monocyte-depleted PBMCs
ed bsAbs for 6 days. On day 3, HT-29 cells and bsAbs were renewed. Proliferation of
ion profiles. (H) The division index of proliferating T cells was calculated using FlowJo
re calculated using one-way ANOVA with Dunnett’s multiple comparison test. (I) Pie
ent described in (G). Data are shown as means calculated from four independent
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(NF-kB) and activator protein-1.41,42 In addition, it has been shown
that B7-H3 enables evasion from immune surveillance during initia-
tion, development, and metastasis of head and neck squamous cell
carcinoma, suggesting that the suppressive immune microenviron-
ment shaped by B7-H3 helps cancer cells avoid immune cell killing.43

Based on its putatively overall immunosuppressive function and due
to its broad but nevertheless rather tumor-speci�c expression on tu-
mor cells and tumor vessels/microenvironment in a variety of
different tumor entities, B7-H3 is considered an attractive target for
Ab-based immunotherapy.16,17,44,45 The suitability of B7-H3 for tar-
geting both tumor cells and vessels is supported by �ndings with anti-
B7-H3 drug conjugates (ADCs), showing that targeting B7-H3 erad-
icates established tumors in mice only if armed with a drug that acts
against both the tumor cells and the tumor vasculature.17

Against this background, we developed a panel of B7-H3 Abs that was
extensively characterized using �ow cytometry, binding kinetic and
epitope mapping to guide selection of optimal tumor antigen binders
in bsAbs. Two Abs (7C4 and 8H8) with distinct binding and kinetic
proprieties were selected and used for construction of bsAbs. Exten-
sive functional characterization revealed that bsAbs binding the distal
B7-H3 epitope recognized by the 8H8 Ab were less potent despite
their superior af�nity for B7-H3 if compared with bsAbs containing
7C4 that binds to a membrane-proximal epitope. These �ndings
con�rm the meanwhile well-established notion that membrane prox-
imity of the target epitope recognized by bsAbs is an important deter-
minant for their function.46–48 In the case of the B7-H3-targeting
bsAbs described here, it appears that membrane proximity of binding
“outperforms” af�nity regarding its in�uence on bsAb activity.

Besides membrane proximity and af�nity of the targeting arm, ef�-
cacy and potency, but also safety, of bsAbs depend on CD3 af�n-
ity,22,48,49 and tuning CD3 af�nity may allow to uncouple ef�cacy
from cytokine release,50,51 at least to some extent. We unexpectedly
found that lowering the binding af�nity to CD3 by about 100-fold
did not affect the ef�cacy of our 7C4-containing bsAbs but resulted
in reduced cytokine induction. bsAbs containing 8H8 as B7-H3
binder were less resistant to CD3 af�nity attenuation but more resis-
tant if compared with bsAbs targeting PSMA, where the targeting Ab
is directed to a distant epitope of the molecule.18 It is tempting to
speculate that bsAbs recognizing “proximal target epitopes” are
generally less sensitive to CD3 af�nity attenuation than those directed
to distal epitopes. In line with these considerations, Mandikian et al.52

and Sta�in et al.,48 upon characterizing the impact of CD3 and/or
HER2 af�nity of HER2xCD3 bsAbs, likewise reported that T cell
binding af�nity had little impact on antitumor activity.48 This notion
may have far-reaching implications since attenuated CD3 af�nity,
Figure 4. Proliferation and expansion of T cell subsets upon B7-H3xCD3 bsAb
(A�D) Monocyte-depleted PBMCs were cocultured with HT-29 cells (A and C) and LNCa
were renewed on days 3 and 6. CD4+ and CD8+ T cell subsets were defined by flow cyto
plots (A and B) and bar graphs depicting pooled data (n = 6; C and D) are shown. (E�
described in (A)–(D). Data are shown as means ± SD calculated from 6 independent
Dunnett’s multiple comparison test. *p < 0.05, ****p < 0.0001.
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among others, may reduce potentially dose-limiting side effects due
to cytokine release upon clinical application, while antitumor activity
may be preserved. On the other hand, induction of immunostimula-
tory cytokines may contribute to therapeutic ef�cacy, and further an-
alyses in appropriate mouse models are needed to assess the extend to
which immunoregulatory cytokines contribute to or are dispensable
for bsAb ef�cacy in general and CC-3 in particular.

The growing interest in the B7-H3 molecule as a target for Ab-
based immunotherapy is re�ected by a number of clinical trials
evaluating different B7-H3-directed compounds including Ab-drug
conjugates (MGC018; DS7300a), Fc-optimized mAbs (MGA271, eno-
blituzumab; DS-5573a, clinical trial completed), radiolabeled mAbs
(131I-8H9, 177Lu-DPTA omburtamab), and also a bsAb (MGD009,
ClinicalTrials.gov: NCT026285351).53 Notably, clinical evaluation of
the MGD009 bsAb was put on hold due to a transient elevation of liver
enzymes in treated patients, in line with reports documenting low-level
B7-H3 expression in healthy liver tissue,45 but the trial restarted after
safety evaluation (ClinicalTrials.gov: NCT02628535). MGD009 was
constructed using the so-called dual af�nity re-targeting (DART)
format that consists of four variable domains expressed as single chains.
Reportedly, bsAbs carrying many single chains tend to aggregate, re-
sulting in off-target T-cell activation and cytokine release.54 Detailed
information on MGD009 is not available, and thus a direct comparison
with CC-3 is not possible. Beyond liver tissue, limited expression of B7-
H3 has also been observed by immunohistochemistry on endothelial
cells in the GI tract, with the possibility of respective “on-target, off-tu-
mor” toxicities that require careful monitoring upon clinical evaluation
of CC-3, as do potential effects on immunity due to blocking B7-H3
function.

In any case, the preclinical data for our optimized bispeci�c B7-
H3xCD3 Ab CC-3 described in this study provide a solid basis for
further clinical development. Good manufacturing practice (GMP)-
compliant production of CC-3 is presently ongoing to enable evalua-
tion in a clinical “�rst-in-human” study in patients with CRC to be
initiated in 2023.

MATERIALS AND METHODS
Hybridoma generation and epitope characterization
The anti-B7-H3 Abs were generated after immunization of BALB/c
mice with recombinant 4IgB7-H3-Fc fusion protein containing
Leu29-Thr461 (Q5ZPR3-2). Epitope mapping of anti-B7-H3 Abs
was performed by ELISA. 1 mg/mL different 2IgB7-H3-Fc (Leu29-
Ser242) mutants was coated in 96-Well Half Area Microplates
(Greiner Bio-One), before 10 mg/mL primary Abs were added.
HRP-conjugated goat anti-mouse IgG (H + L)-speci�c Abs (Jackson
treatment
P cells (B and D) and 1 nM of the indicated bsAbs for 9 days. Tumor cells and bsAbs
metry on day 9. Representative t-distributed stochastic neighbor embedding (tSNE)

H) Effector and central memory cell counts obtained using the experimental setting
PBMC donors. Statistical significance was calculated using one-way ANOVA with
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ImmunoResearch) and TMB Peroxidase Substrate Kit (Milford) were
used for detection. The optical density at 450 nm was determined us-
ing a Spectra Max 340 (Molecular Devices).
Generation, purification, and characterization of bsAbs
The variable domains of 7C4, 8H8, 11A7, 8D9, and MOPC-21 (used
as a control Ab; GenBank: AAD15290.1 and AAA39002.1) were
codon optimized for the transfection of CHO cells using the GeneArt
GeneOptimizer tool (Thermo Fisher Scienti�c). Variable-heavy (VH),
variable-light (VL), and scFv sequences were synthesized de novo at
GeneArt (Thermo Fisher Scienti�c). The variable domains were
inserted into a human Igg1k backbone-based IgGsc molecule with
C-terminal scFvs.18 bsAbs were produced and puri�ed as described pre-
viously.18 Endotoxin levels of samples as determined by a limulus
amebocyte lysate assay (Endosafe Charles River) were <0.5 EU/mL.
Kinetics
Surface plasmon resonance (SPR) experiments with recombinant,
His-tagged B7-H3 produced by transfected CHO cells were per-
formed using B7-H3 bsAbs immobilized to a sensor chip coated
with Protein A (GE Healthcare). Binding was analyzed using a Bia-
core X instrument at 25�C at a �ow rate of 30 mL/min. Data evaluation
was done using BIAevaluation_v.4.1 software.

Binding of bsAbs to CD3 was analyzed by biolayer interferometry on
Octet HTX. Assays were run with a sensor offset of 3 mm and an
acquisition rate of 5 Hz on HIS1k biosensors in 16-channel mode. Mi-
croplates were loaded with 60 mL per well. Assay buffer composition
was PBS with 0.05% Tween 20 and 0.1% BSA. Sensors were equili-
brated in assay buffer for 10 min. Following a baseline step of 60 s,
the analyte, a His-tagged CD3 epsilon-delta heterodimer protein
(Acro Biosystems), was loaded at 20 mg/mL for 120 s. Association
was measured for 150 s and dissociation for 300 s. Regeneration of
the sensors was performed using 10 mM glycine (pH 1.5). Data eval-
uation was done using Octet Analysis HT software.
Cells
Isolation of healthy donor PBMCs was carried out by density gradient
centrifugation (Biochrom). A written informed consent, in accor-
dance with the Helsinki protocol, was given in all cases. The study
was conducted according to the guidelines of the local ethics commit-
tee. LNCaP, 22Rv1, HT-29, and Caco-2 cells were purchased from
DSMZ and the Jurkat cell line from the American Type Culture
Collection (ATCC). HT-29 cells transduced with luciferase reporter
cells were injected i.v. in NSG mice (n = 5 per group) followed by i.v. injection of 15 � 106

repeated on day 4. Tumor burden was measured by monitoring bioluminescence over t
the indicated treatment groups are depicted. After 8 days, activated human T cells (left pa
cytometry. Statistical analysis was performed using nonparametric Mann Whitney test.
healthy donors were injected s.c. into the right flank of NSG mice (n = 3 per group). Wh
tumor implantation. Tumor burden was monitored by bioluminescence (representative b
(the graph represents tumor volumes over time). (E) 106 LNCaP cells were injected s.c. in
was started when tumors had reached a diameter of 5 mm. Where indicated, CC-3 (2 mg
of five mice per group are indicated. Tumor growth (diameter) was measured twice we
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gene were generated using lentiviral vector containing �re�y lucif-
erase under the control of EF1 promoter, and GFP-T2A-pac under
the control of CMV promoter was synthesized by VectorBuilder.
Viral particles were packaged in HEK293-T cells using psPAX2 and
pMD2.G packaging plasmids (a gift from Didier Trono, Addgene).
Lentiviral supernatants were collected 24–48 h after transfection
and directly used for infection of HT-29 cells. After selection with
1 mg/mL puromycin, cells were used for experiments. All cell lines
were cultured as described previously18 for a maximum of 2 months.
To validate cell authenticity, the respective immunophenotype pro-
vided by the supplier was examined. To exclude contamination of
cultured cells with mycoplasma, cells were tested biweekly.
Binding assays and in vitro activity of bsAbs
For the detection of primary Ab binding, PE-conjugated donkey anti-
human IgG or goat anti-mouse IgG reagents were used (Jackson
ImmunoResearch). Flow cytometry was performed using the BD
FACSCanto II and BD FACSCalibur systems (BD Biosciences).
Data were analyzed using FlowJo (Ashland, OR, USA). EC50 values
were calculated using GraphPad Prism9 (GraphPad Software).
T cell activation and target cell depletion were determined using
�ow cytometry-based assays. When indicated, monocyte-depleted
PBMCs were prepared using the human CD14 MicroBeads UltraPure
kit (Miltenyi Biotec). PBMCs were incubated with LNCaP or HT-29
cells at the indicated effector:target (E:T) ratio in the presence or
absence of bsAbs. T cells were identi�ed using �uorescent dye-conju-
gated Abs directed to CD4, CD8a; CD45RO, CD62L, and CD69
(BioLegend), CD45 (BD Biosciences), and the target cells were iden-
ti�ed using anti-EpCam (BioLegend) Ab. Absolute cell numbers were
calculated using equal numbers of BD CompBead (BD Biosciences).
Dead cells were excluded from analysis using 7-AAD (BioLegend).
For analysis of cytokine secretion, supernatants were harvested after
24 h of incubation and measured using the TH1 LEGENDplex multi-
plex kits (BioLegend) according to the manufacturer’s instructions.
The real-time cytotoxicity assay was performed at 30 min intervals
over a 72 h observation period using the xCELLigence RTCA system
(Roche Applied Science, Penzberg, Germany). Values are depicting
means of technical triplicates with standard deviation.
T cell proliferation and T cell subset analysis
For thymidine uptake assay, irradiated target cells (1 � 105) were
incubated with monocyte-depleted PBMCs seeded in triplicates in
96-well plates (2 � 105) with or without the indicated Abs. After
48 h, cells were pulsed with 3H-methyl-thymidine (0.5 mCi/well) for
PBMC and CC-3 (2 mg or at the indicated concentrations). Treatment with bsAb was
ime. Representative bioluminescence images of mice (treated with 2 mg CC-3) from
nel) and number of tumor cells (right panels) in digested lungs were quantified by flow
**p < 0.01. (D) 1 � 106 luciferase-expressing HT-29 cells and 250,000 PBMCs from
ere indicated, CC-3 (2 mg) was injected i.v. 6 h later as well as on days 4 and 7 after
ioluminescent images at day 10 are shown). Tumor size was measured using caliper
to the right flank of NSG mice (five per group), and treatment with PBMCs and bsAbs
per dose) and PBMCs (107) were applied at days 1, 8, and 15. Mean values and SDs
ekly, and mice were euthanized when tumors had reached a diameter of 15 mm.
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20 h and harvested on �lter mats. Incorporated radioactivity was
determined by liquid scintillation counting in a 2450 Microplate
counter (PerkinElmer).

For the long-term proliferation assay and T cell subset analysis,
monocyte-depleted PBMCs were labeled with 3 mM CellTrace Violet
dye (Thermo Fisher Scienti�c). PBMCs were incubated for 6 days
with tumor cells and the indicated bsAbs. On day 3, fresh tumor cells
and a new dilution of Ab were added to the plate. Cells were analyzed
by �ow cytometry as described above.

Statistical analysis
All statistical analyses were performed using GraphPad Prism software.
Data are represented as mean ± standard deviation (SD). Signi�cant
differences were calculated using one-way ANOVA with Dunnett’s
multiple comparison test, Student’s t tests, Wilcoxon test, or nonpara-
metric Mann-Whitney test. p values are represented as *p < 0.05.

Animal experiments
All animal experiments were performed following the principles of
replacement, reduction, and re�nement (3Rs) following the
ARRIVE guidelines and the “European animal protection laws and
policies” (directive 2010/63/EU) with the authorization of the Institu-
tional Animal Care and Use Committee of the University of Tübingen
according to German federal and state regulations. All mouse strains
were bred and maintained under speci�c-pathogen-free (SPF) condi-
tions in the animal facility of the University of Tübingen.

For determination of serum half-life, C57BL/6 mice (C57BL/6NCrl,
Charles River) were injected i.v. with 20 mg CC-3 Ab, and serum con-
centrations of the protein was determined using a bioluminescent
cell-based assay system developed by Promega (Madison, WI,
USA). For the in vivo toxicity model, NSG mice were injected intra-
peritoneally (i.p.) on day 1 with 20 � 106 human PBMCs. On the
same day, animals were further injected i.v. with parental UCHT-1
Ab (anti-CD3, induces T cell activation) or CC-3 (20 mg each). After
24 h, IFN-g levels in sera were examined.

Metastasis lung model was performed using luciferase-transduced
HT-29 cells (3 � 106) that were injected into NSG mice (NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ, Charles River) i.v. (day 1), followed 6 h
later by injection of human PBMCs (15 � 106 cells, i.v.). CC-3
(2 mg or at the indicated concentration, i.v.) was applied at days 1
and 4. After 8 days, the number of tumor cells in the lung was deter-
mined by �ow cytometry after enzymatic digestion of the removed or-
gan. Cells were stained with Abs directed to mCD45-eFluor 780
(eBioscience), huCD45-BV510 and huEpCam-FITC (BioLegend)
Abs, the latter serving as a speci�c marker for HT-29 cells. Activated
human hCD45+ PBMCs present in lung tissue were stained using
CD69-PE Ab (BioLegend). Samples were analyzed by �ow cytometry.

To evaluate the activity of CC-3 in a �ank model where the tumor
growth was prevented, 106 luciferase-transduced HT-29 cells were
mixed with 2.5 � 105 PBMCs in Matrigel (Matrigel Basement Mem-
brane Matrix High Concentration) at a ratio of 4:1. Injection was per-
formed into �ank subcutaneously (s.c.) under ketamine-rompun
anesthesia. Therapy was performed at days 1, 4, and 7 (i.v.). Tumor
volume was measure with caliper. For monitoring of tumor growth
by bioimaging, mice were injected i.p. with 100 mL D-luciferin
(15 mg/mL, BioVision), and luminescence was measured using
IVIS Lumina II imager (PerkinElmer). The established mouse model
was performed as described previously. Brie�y, 106 LNCaP cells were
injected s.c. into the right �ank of female NSG mice, and treatment
was started when tumors had reached a diameter of 5 mm (day 1).
PBMCs (107 i.p.) and CC-3 (2 mg i.v.) were applied weekly for 3 times.
Tumor growth (diameter) was measured twice weekly, and mice were
euthanized if tumors had reached a diameter of 15 mm or at signs of
graft versus host disease (GvHD).
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IgG-based B7-H3xCD3
bispeci � c antibody for
treatment of pancreatic,
hepatic and gastric cancer

Martina S. Lutz 1,2, Latifa Zekri 1,2,3, Laura Weßling 1,2,
Susanne Berchtold 2,4,5, Jonas S. Heitmann 1,2,
Ulrich M. Lauer2,4,5, Gundram Jung 2,3 and Helmut R. Salih1,2*

1Department of Internal Medicine, Clinical Collaboration Unit Translational Immunology, German
Cancer Consortium (DKTK), University Hospital Tuebingen, Tuebingen, Germany, 2Cluster of
Excellence iFIT (EXC 2180)“Image-Guided and Functionally Instructed Tumor Therapies ”, University
of Tuebingen, Tuebingen, Germany, 3Department of Immunology, Eberhard Karls Universität
Tübingen, Tuebingen, Germany, 4Department of Internal Medicine VIII, Medical Oncology &
Pneumology, University Hospital Tübingen, Tuebingen, Germany, 5German Cancer Research Center
(DKFZ), German Cancer Consortium (DKTK), Tübingen, Germany
T cell-based immunotherapy has signi � cantly improved treatment options for
many malignancies. However, despite these and other therapeutic
improvements over the last decades, gastrointestinal cancers, in particular
pancreatic, hepatic and gastric cancer, are still characterized by high relapse
rates and dismal prognosis, with an accordingly high unmet medical need for
novel treatment strategies. We here report on the preclinical characterization of
a novel bispeci� c antibody in an IgG-based format termed CC-3 with B7-
H3xCD3 speci� city. In many cancer entities including pancreatic, hepatic and
gastric cancers, B7-H3 (CD276) is overexpressed on tumor cells and also on the
tumor vasculature, the latter allowing for improved access of immune effector
cells into the tumor site upon therapeutic targeting. We demonstrate that CC-3
induces profound T cell reactivity against various pancreatic, hepatic and gastric
cancer cell lines as revealed by analysis of activation, degranulation and secretion
of IL2, IFNgas well as perforin, resulting in potent target cell lysis. Moreover, CC-3
induced ef � cient T cell proliferation and formation of T cell memory subsets.
Together, our results emphasize the potential of CC-3, which is presently being
GMP-produced to enable clinical evaluation for treatment of pancreatic, hepatic
and gastric cancer.

KEYWORDS

immunotherapy, pancreatic cancer, hepatic cancer, gastric cancer, B7-H3 (CD276),
CD3, bispeci � c antibody, gastrointestinal cancer
Abbreviations: 7-AAD, 7-aminoactinomycin D; bsAb, bispeci� c antibody; BSA, Bovine Serum Albumin;

CAR, chimeric antigen receptor; CD, cluster of differentiation; DAPI, 4,6-Diamidin-2-phenylindol; E:T,

effector to target; EU, endotoxin; GI, gastrointestinal; ICI, immune checkpoint inhibition; IFNg, Interferong;

IgG1, Immunglobulin G1; mAb, monoclonal antibody; MFI, mean� uorescence intensity; PFA,

paraformaldehyde; PBMC, peripheral blood mononuclear cell; PE, phycoerythrin; SD, standard deviation.
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Introduction

Malignancies of the gastrointestinal tract belong to the m
prevalent cancers, accounting for 26% of global cancer incid
and 35% of all cancer-related deaths (1). Current treatment
strategies include chemotherapy, surgery, radiotherapy
targeted therapies. Despite therapeutic improvements over th
decades, among others due to incorporation of antibody-b
approaches like monoclonal antibodies (mAbs) targeting e.
HER2 or VEGF (2, 3), the still high relapse rates an
dismal prognosis underline the high medical need for n
therapeutic strategies.

In the last decade, immunotherapeutic approaches to mob
T cells against tumor cells have signi� cantly improved oncologica
treatment options. In particular, immune checkpoint inhibitio
(ICI) has become a mainstay of treatment in many solid tum
entities (4, 5). However, long-term remissions are still rare a
many patients do not respond to treatment. Chimeric anti
receptor (CAR) T cell therapy and bispeci� c antibodies (bsAbs
have shown remarkable success in the treatment of hematolo
malignancies (6, 7) but are so far not effective in solid tumors.

B7-H3 (CD276) is a type I transmembrane protein belongin
the B7 family of immune checkpoint proteins (8). Due to rather
speci� c expression on a wide array of cancer entities, B7
presently receives high interest as target for immunotherap
approaches (9, 10). Notably, B7-H3 is not only expressed on tum
cells but also on the tumor vasculature (11). The latter may facilitate
improved access of immune effector cells to solid tumors u
therapeutic targeting, thereby overcoming the lacking acce
immune effector cells to the tumor site, a major obstacle fo
cell-based immunotherapy of solid tumors. Based on previous
including development of bsAbs with FLT3xCD3 (12) and
PSMAxCD3 (13, 14) speci� city until the stage of clinica
evaluation (NCT05143996, NCT04104607 and NCT04496
we here preclinically evaluated a B7-H3xCD3 bsAb termed C
which is presently undergoing GMP production, for treatmen
pancreatic, hepatic und gastric cancer.
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Materials and methods

Production and puri � cation of
bispeci � c antibodies

B7-H3xCD3 and its isotype control MOPCxCD3 we
generated as described previously (13). In brief, the constructs
were produced in ExpiCHO cells (Gibco, Carlsbad, CA, U
and puri� ed from culture supernatant by af� nity chromatography
on Mabselect af� nity columns (GE Healthcare, Munich, German
followed by analytical and preparative size exclus
chromatography using Superdex S200 Increase 10/300GL a
HiLoad 16/60 columns (GE Healthcare). Endotoxin levels w
measured with EndoZyme II (BioMerieux, Marcy-l’E�toile, France)
according to the manufacturer’s instructions and < 0.5 EU/ml.
Frontiers in Immunology 02
st
nce

nd
last
ed

w

ze

r
d
n

ical

to

3
tic

Cells

All cell lines were from ATCC (American Type Cultu
Collection) and were selected to best re� ect the respective canc
entities. Hep3B and SNU387 represent hepatocellular carcin
the most common form of liver cancer. The pancreatic cancer
lines were derived from adenocarcinomas, the most common
of pancreatic cancer. Of these, PANC-1 cells represent panc
ductal carcinoma, the most common subtype of pancre
adenocarcinoma. Adenocarcnimoa also is the most common
of gastric cancer, with NCI-N87 and MKN-45 cells represen
well differentiated Lauren intestinal-type gastric adenocarcin
and poorly differentiated Lauren diffuse-type gastr i
adenocarcinoma, respectively. Cells were tested routinel
mycoplasma contamination every three months. Authenticity
determined on a regular basis by validating the respec
immunophenotype described by the provider using� ow
cytometry. Peripheral Blood Mononuclear cells (PBMC)
healthy donors were isolated by density gradient centrifuga
(Biocoll; Biochrom, Berlin, Germany), and monocytes within
PBMC were depleted for coculture experiments using human C
MicroBeads UltraPure kit (Miltenyi Biotec, Bergisch Gladba
Germany). Where indicated, T cells within PBMC were isola
by using either Pan T cell Isolation Kit, human CD4 Micro Bead
human CD8 Micro Beads (Miltenyi Biotec).
on
of

T
rk

4),
-3,
f

Relative gene expression of CD276 based
on TCGA database analysis

Data on relative CD276 expression in tumor tissue o
pancreatic, hepatic and gastric cancer patients was obtained
the Cancer Genome Atlas (TCGA) database and the GTEx pr
utilizing the Gene Expression Pro� ling Interactive Analysis
(GEPIA) web server as described previously. The datasets P
LIHC and STAD were downloaded from TCGA (http://
www.oncolnc.org/) and analyzed using the online web ser
GEPIA (http://gepia.cancer-pku.cn/).
)

n

re

Immuno � uorescence

Tumor cells were incubated with monocyte-depleted PBM
healthy donors (E:T 4:1), treated for 3 h and subsequently� xed in
4% paraformaldehyde (PFA) in PBS for 10 min at -20°C. Cells
then blocked using 5% BSA, 0.2% Triton X-100, 0.1% Twee
60 min, washed three times with PBST (PBS + 0.1% Tween20
stained using a rabbit anti-human-a-Tubulin antibody (clone
11H10, Cell Signaling, Denvers, MA) and a murine anti-hum
Perforin antibody (clonedG9, BD Pharmingen, Heidelber
Germany), followed by an Alexa-Fluor 488 labelled anti-mo
and Alexa-Fluor 594 labelled anti-rabbit antibody (Invitrog
Waltham, MA). Slides were mounted in� uorescent mounting
medium; DAPI was used for counter-staining. Pictures w
frontiersin.org
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acquired using a Zeiss 800 inverse laser scanning microscope
Oberkochen, Germany) and images were processed u
ImageJ (15).
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Flow cytometry

For analysis of B7-H3 surface expression and B7-H3x
binding, cells were stained with a parental murine B7-
antibody (10 µg/mL) carrying the same B7-H3 binding clone
our construct (7C4), B-H3xCD3 or the corresponding isot
controls followed by a goat anti-mouse-PE conjugate (D
Glostrup, Denmark) or a donkey anti-human-PE conjugat
(Jackson ImmunoResearch, West Grove, USA), respective
cell activation, degranulation and proliferation were determi
using CD69-PE, CD107a-PE (BD Pharmingen) as well as C
APC, CD8-FITC, CD62L-PB and CD45ro-PeCy7 (BioLegend,
Diego, CA)� uorescence conjugates. For� ow cytometric analysis o
target cell lysis, tumor cells were loaded with 2.5 µM CellTra™

Violet (Thermo Fisher Scienti� c, Waltham, MA) and cultured with
monocyte-depleted PBMC (E:T 4:1) in the presence or absen
B7-H3xCD3 or MOPCxCD3 (1 nM each). Standard calibrat
beads (Sigma-Aldrich, St. Louis, MO) were used to ensure an
of equal assay volumes and to account for the number of targe
that had vanished from the culture. 7AAD (Biolegend) was use
live- and dead-cell discrimination. Measurements were perfor
using a FACS Canto II or FACS Fortessa (BD Biosciences
Diego, CA) and data was analyzed using the software Fl
(FlowJo LCC, Ashland, OR).
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T cell activation and degranulation assays

To determine activation and degranulation in the presenc
target cells, tumor cells were cultured with monocyte-depl
PBMC of healthy donors (E:T 4:1) in the presence or absen
B7-H3xCD3 or MOPCxCD3 (1 nM each). For analysis of T
activation, CD69 expression was determined after 24 h. To com
activation of T cells within PBMC preparations to isolated T
subpopulations in the absence of target cells, 1 µg/ml recomb
human B7-H3 was coated on 96-well plates overnig
Subsequently, PBMC preparations or isolated T cells an
MOPCxCD3 or B7-H3xCD3 (5 nM each) were added, incuba
for 72 h and analyzed by� ow cytometry for CD69 expression. T
analyze T cell degranulation, cells were cultured for 4 h in
presence of CD107a-PE (1:25), BD GolgiStop and BD Golg
(1:1000, both BD Biosciences). Analysis was conducted
� ow cytometry.
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T cell proliferation assays

For long-term proliferation assays, monocyte-depleted PB
were loaded with 2.5 µM CellTrace™ Violet cell proliferation dye
(Thermo Fisher Scienti� c) and incubated with tumor cells (E:T 4:
and the indicated bsAbs (1 nM each). On day 3, cells w
Frontiers in Immunology 03
eiss,
ing
reincubated with fresh target cells and treatment was repe
On day 6, proliferation of CD4+ and CD8+ T cells was analyzed b
� ow cytometry. For T cell subset analysis, PBMC were incub
with tumor cells (E:T 1:1) and the indicated bsAbs (1 nM each)
day 3, cells were reincubated with fresh target cells and treat
On day 6, T cell subsets were determined by� ow cytometric
analysis for expression of CD4, CD8, CD45ro and CD62L.
3
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Analysis of cytokine secretion

Monocyte-depleted PBMC of healthy donors were cultu
with tumor cells (E:T ratio 4:1) in the presence or absenc
bsAb or control (1 nM each). After 24 h, supernatants w
collected and analyzed for IL-2, IFNg, IL-10 and TNF using
Legendplex assays (BioLegend).
of
n
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or

Cytotoxicity assays

Monocyte-depleted PBMC of healthy donors were cultu
with tumor cells (E:T ratio 4:1) in the presence or absenc
bsAb or control (1 nM each). Real-time cytotoxicity analysis
conducted using the xCELLigence RTCA system (Roche Ap
Science, Penzberg, Germany).
San
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Statistics

If not otherwise indicated, values depict means ± stan
deviation (SD). Student’s t test, Mann�Whitney U test, one�way
ANOVA and Friedman’s test was used for continuous variables
signi� cant differences by ANOVA were found, group w
comparison was done (Tukey’s multiple comparison test).
signi� cant differences were found by Friedman’s test, Dunn’s
multiple comparisons test was used. All statistical tests
considered statistically signi� cant when p was below 0.05
Statistical analysis was performed using GraphPadPrism (v.8
ant
t.
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Results

Characterization of B7-H3 expression
and binding of the B7-H3xCD3 bsAb
CC-3 in pancreatic, hepatic and
gastric cancer cell lines

As a� rst step, B7-H3 mRNA expression was studied by ana
of TCGA data sets of 178 pancreatic adenocarcinomas,
hepatocellular carcinomas and408 gastric adenocarcinoma
Highest mRNA expression was observed in pancre
adenocarcinoma, followed by gastric adenocarcinoma
hepatocellular carcinomas (Figure 1A). Next we characterize
whether and to what extent B7-H3 was expressed on the su
of pancreatic, hepatic and gastric cancer cell lines. To this en
used the B7-H3 monoclonal antibody clone 7C4 that also serv
frontiersin.org
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target binder in our B7-H3xCD3 bsAb. Flow cytometric anal
revealed substantial B7-H3 expression in all tested cell
(Figure 1B). Next we studied binding of our B7-H3xCD3 bsA
CC-3, which contains the variable domain of 7C4 cloned into
previously described IgGsc bsAb format (13), with the single chain
Frontiers in Immunology 04
is
es

r

sequence of UCHT-1 carrying four mutations in the CDR-H2 a
one mutation in the FR-H3 resulting in reduced af� nity to CD3
(clone M18) as effector part (Figure 1C) (16). Binding titration
experiments using the indicated pancreatic, hepatic and gastr
lines revealed EC50 values between 4.59 nM and 19.71 n
B

C

D

A

FIGURE 1

Characterization of B7-H3 expression and binding of CC-3 in gastrointestinal cancer cell lines. (A) CD276 gene expression pro � le in pancreatic,
hepatic and gastric cancer was analyzed using the online web server GEPIA. (B) The indicated cancer cell lines were stained using a murine
monoclonal B7-H3 antibody (clone 7C4) followed by an anti-mouse PE conjugate and analyzed using � ow cytometry. B7-H3 expression on
pancreatic cell lines AsPC-1 and PANC-1, hepatic cell lines Hep3B and SNU-387 and gastric cell lines MKN-45 and NCI-N87 is shown (shaded peaks,
anti-B7H3; open peaks, control). (C) Schematic illustration and mechanism of action of the B7-H3xCD3 bsAb CC-3. The graphic was created by
BioRender (BioRender.com, Toronto, Canada). (D) The indicated tumor cells were incubated with increasing concentrations of CC-3 or the
respective isotype control MOPCxCD3, followed by an anti-human PE conjugate. Binding of the constructs to the indicated cell lines was analyzed
by � ow cytometry. MFI, mean � uorescence intensities.
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(Figure 1D), whereas no unspeci� c binding to B7-H3-negative cel
was observed (Figures S1A, B).
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Induction of T cell activation

Next, we determined the capacity of CC-3 to induce T
reactivity against pancreatic, hepatic and gastric cancer cell
PBMC of healthy donors were depleted of monocytes that
express substantial levels of B7-H3 upon activation (8, 9) and
cultured with the indicated target cells in the presence or abs
of increasing concentrations of CC-3 or the isotype con
MOPCxCD3. Flow cytometric analysis of CD69 expressio
revealed maximal activation of CD4+ and CD8+ T cells with CC-3
concentrations as low as 1 nM CC-3 (Figure 2A). Use of the above
described PBMC preparations and analysis of the effects of CC
T cells therein served to most closely re� ect the physiologica
situation in patients, where other components of the blood m
in� uence bsAb-induced T cell immunity (17, 18). Analyses
evaluating the effect of immobilized CC-3 or isotype contro
the absence of tumor targets revealed comparable activation
cells within PBMC preparations and isolated T cells and exclu
potential confounders by the tumor cells. (Figure S2). Analysis of T
cell degranulation as determined by analysis of CD107a expre
con� rmed that CC-3 potently stimulated T cells with maximu
effects observed already with doses of 1nM (Figure 2B). No effects
were observed when the isotype control MOPCxCD3 or the B7
negative HL-60 cells as targets were used, con� rming strictly target
antigen-restricted activity of our construct (Figures 2A, B; S1C, D).
In line, analysis of culture supernatants by Legendplex as
showed a signi� cant increase in IL-2, IFNg, IL-10 and TNF
secretion after treatment with 1 nM CC-3, but not with t
isotype control or when target antigen negative tumor cells w
used (Figures 2C, D; S1E, S3). When we used immuno� uorescence
staining to visualize induction of T cell reactivity against target c
a signi� cantly higher number of Perforin positive cells within t
coculture was observed in samples treated with CC-3 compar
untreated samples. No effect was observed with the isotype co
again con� rming target cell restricted activity of our bsAb CC
(Figures 3A…C; S4).
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Induction of T cell proliferation

As induction of T cell proliferation is an important prerequis
to combat high tumor burden, we next labelled PBMC us
CellTrace™ Violet and analyzed induction of CD4+ and CD8+ T
cell counts (Figures 4A…C) and cell dye dilution (Figure S5) in
cocultures with gastric, hepatic and pancreatic tumor cells u
treatment with 1 nM of CC-3 using� ow cytometry. We observe
profound T cell proliferation and signi� cantly increased T ce
counts in samples treated with CC-3, but not upon applicatio
isotype control or when target cells were negative for B7
(Figures 4A; S1F). As memory T cells constitute the subset m
relevant for therapeutic success (19, 20), we next analyzed which
cell subsets were proliferating and found that CC-3 preferent
Frontiers in Immunology 05
induced expansion of effector memory and central memory T
in a target cell restricted manner (Figures 4B, C; Figure S1G).
ll
es.

an

ce
l

on

y

Induction of target cell lysis

Finally, we analyzed whether induction of T cell activation
proliferation by CC-3 treatment were mirrored by a correspond
effect regarding lysis of pancreatic, hepatic and gastric tumor
PBMC were cocultured with target cells and treated with CC-
isotype control (1 nM). Flow cytometry-based lysis assays rev
signi� cant induction of cytotoxicity against pancreatic, hepatic
gastric tumor cells by CC-3 after 72 h. Again, isotype control ha
effect, and analyses with the B7-H3xCD3 negative HL-60
con� rmed target antigen-speci� c ef� cacy (Figures 5A; S1H, S6).
Notably, analyses using the xCELLigence system con� rmed the
ability of CC-3 to mediate target ef� cacy of CC-3 over extende
time periods, which indicates that CC-3 may induce sustained
tumor ef� cacy (Figure 5B).
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Discussion

Although therapeutic options for solid tumors have ove
improved over the last decades, treatment of gastrointestina
cancers remains still challenging. Several small mole
inhibitors have been approved by the US Food and D
Administration (FDA) as therapeutic option for hepatic, gas
and pancreatic cancer, but the bene� t of these therapies is limite
(21…25). Antibody-based approaches targeting angiogenesis
Ramucirumab) or oncogenic signaling pathways (e.g.,
Cetuximab or HER2 Trastuzumab) likewise show only lim
bene� t. T cell based-immunotherapy, especially ICI, which
revolutionized oncological treatment e.g. of lung and skin can
has also been evaluated for treatment of metastasized GI canc
except for the small group with microsatellite instability, achie
only limited ef� cacy (26…31). Especially in pancreatic cancer, IC
far from being suf� ciently effective, in large part likely due to
immunosuppressive tumor microenvironment (32). Moreover, the
dense extracellular matrix of pancreatic cancer may act as ph
barrier that prevents tumor in� ltration by T and B lymphocyte
(33). So far, limited evidence is available that ICI may be effecti
some patients with hepatocellular carcinoma, but a reliabl
predictor for treatment response, e.g. characteristics of the tu
environment, has not been identi� ed yet (34). Overall, new
therapeutic concepts to improve treatment options of GI can
patients are urgently needed. In the present study, we report o
preclinical characterization of a bsAb targeting B7-H3 and CD3
treatment of gastric, hepatic and pancreatic cancer.

Compared to ICI, bsAbs and CAR T cells induce T
antitumor immunity in a more targeted manner. Other than CA
T cells, bsAbs constitute readily available•off the shelf´ reagents
avoiding the delay of treatment that is required for the produc
of CAR T cells and contributes to their vast costs upon clin
application. CAR T cells and bsAbs share the shortcoming that
therapeutic success so far is limited to hematologic malignan
frontiersin.org
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The reasons are not yet fully understood, but limited access
cells to the tumor site appears to constitute a major obstacle35,
36). In our view, targeting both tumor cells and tumor vessels t
seems critical, the latter allowing for suf� cient in� ux of immune
cells to the tumor site across a damaged or in� amed endothelia
barrier. This reasoning is supported by reports demonstrating
Frontiers in Immunology 06
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s

at

even high numbers of tumor-speci� c T cells fail to induce suf� cient
antitumor responses unless a proin� ammatory tumor environmen
has been generated (37, 38).

B7-H3 has attracted considerable interest as promising t
for cancer immunotherapy because it is not only overexpresse
tumor cells in various types of cancer including GI cancer (9, 39,
BA

DC

FIGURE 2

Induction of T cell activation against gastrointestinal cancer cell lines by CC-3. Monocyte-depleted PBMC of healthy donors were incubated with the
indicated tumor cell lines (E:T 4:1) in the presence or absence of CC-3 or MOPCxCD3. If not stated otherwise, all constructs were used at 1 nM.
(A) Activation of CD4+ and CD8+ T cells was determined by � ow cytometric analysis for CD69 expression after 24 hours. Combined data obtained
with PBMC of three independent donors are shown. (B) Degranulation of CD4+ and CD8+ T cells was determined by expression of CD107a after 4
h. Combined data obtained with PBMC of four independent donors are shown. (C) IL-2 and (D) IFNg levels in culture supernatants were measured
after 24 h using LEGENDplex assays. Combined data obtained with PBMC of four independent donors are shown. E:T, effector to target; PBMC,
peripheral blood mononuclear cell.
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40), but also on tumor-associated endothelial and stromal cells41,
42). High expression of B7-H3 on tumor tissue is associated
poor clinical outcome and lymph node metastasis (43), and severa
studies report� rst evidence that B7-H3 positive tumor cell fractio
may be enriched for cancer stem cells (44…46). In addition, B7-H3 is
reported to act as coinhibitory receptor in the B7-CD28 pathw
suppressing T cell antitumor immunity (47…49). Speci� cally in
pancreatic cancer, B7-H3 was reported to promote tum
progression, and its inhibition reduced cancer metastasisin vivo
(39). In hepatocellular carcinoma, high B7-H3 expression
associated with adverse clinicopathologic features and po
Frontiers in Immunology 07
ith

y,

r

as

outcome (50). Another study demonstrated that B7-H3 promo
gastric cancer cell migration and invasion (51). We have recently
reported on the preclinical characterization of an optimized
H3xCD3 bsAb and showed that targeting a membrane-prox
B7-H3 epitope allows for reduction of CD3 af� nity while
maintaining therapeutic ef� cacy. In analyses with colorec
cancer cells, our lead compound CC-3 demonstrated sup
tumor cell killing, T cell activation, proliferation, and memo
formation, while undesired cytokine release was reduced16).
Based on these characteristics and the aforementioned da
the expression and pathophysiological involvement of B7-H3
B

C

A

FIGURE 3

Induction of Perforin by CC-3. Monocyte-depleted PBMC of healthy donors were incubated with target cells (E:T 4:1) in the presence or absence of
CC-3 or MOPCxCD3 (1 nM each) for 3 hours and subsequently stained for Perforin (green) and a-Tubulin (red). DAPI was used for counterstaining.
Scale bars of left panels indicate 50 µM, original magni � cation x40. Scale bar of exemplary immuno � uorescence staining indicates 20 µm, original
magni� cation x63. Perforin positive cells were quanti � ed per FoV (n=12) out of three independent experiments. Results obtained with (A) PANC-1,
(B) Hep3B and (C) NCI-N87 cells are shown. DAPI, 4 �,6-diamidino-2-phenylindole; E:T, effector to target; FoV, � eld of view.
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reasoned that CC-3 would also constitute a promising compo
for other gastrointestinal cancer entities. Initial� ow cytometric
analyses revealed that indeed high B7-H3 levels were expres
all tested pancreatic, hepatic and gastric cancer cell l
con� rming suitability as therapeutic target. Subsequent functi
Frontiers in Immunology 08
nd

d in
es,
al

characterization documented strong induction of T cell activat
degranulation and secretion of the•antitumor cytokinesŽlike IFNg
and IL-2 as well as potent induction of tumor cell lysis. In additi
we could demonstrate that CC-3 potently induces T
proliferation, which is a critical prerequisite to enable treatm
B C

A

FIGURE 4

Induction of T cell proliferation and memory T cell populations by CC-3. (A) Monocyte-depleted PBMC of healthy donors (n=4) were labelled with
CellTrace™ Violet cell dye and incubated with or without MOPCxCD3 or CC-3 (1 nM each) in the presence of PANC-1, Hep3B, or NCI-N87 cells (E:
T 4:1). After 72 h, PBMC were reexposed to fresh target cells and the respective treatment for additional 72 h. On day 6, proliferation was
determined by � ow cytometry. (B, C) PBMC of healthy donors (n=5) were incubated with or without MOPCxCD3 or CC-3 (1 nM each) in the
presence of PANC-1, Hep3B, or NCI-N87 cells (E:T 1:1). After 72 h, cells were reexposed to fresh target cells and the respective treatment. On day 6,
subpopulations of CD4 + and CD8+ T cells were determined by � ow cytometric analysis. Effector T cells were de � ned as CD62L-CD45ro - , naive T
cells as CD62L+CD45ro - , effector memory T cells as CD62L - CD45ro + and central memory T cells as CD62L +CD45ro +. (B) representative
t-distributed stochastic neighbor embedding (tSNE) plots and (C) pooled data are shown. E:T, effector to target. PBMC, peripheral blood
mononuclear cell.
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of patients with higher disease burden. In this context i
particularly noteworthy that CC-3 triggered mainly th
proliferation of memory T cells, which are considered to
crucial for therapeutic success (19, 20). These� ndings support
and extend our recently reported data for CC-3 in CRC (16). Of
note, various factors like the tumor microenvironment and T
exhaustion in� uence the therapeutic success of bsAb treatm
and are not accounted for in our experimental syste
Additional preclinical investigations to address the in� uence
of these and other confounders of treatment ef� cacy are
warranted, and eventually could be correlated with� ndings upon
clinical evaluation.

Several approaches targeting B7-H3 are currently under cli
investigation, re� ecting the growing interest in this target f
antibody-based immunotherapy. This includes among other
CAR T cell-based therapies (NCT04897321, NCT05211
NCT05341492, NCT04483778, NCT05323201, NCT05241
NCT05474378, NCT03198052, NCT04185038, NCT05366
NCT04670068, NCT05143151) which are being evaluate
various tumor entities including hepatocellular carcinoma
advanced pancreatic carcinoma.
Frontiers in Immunology 09
s

e

ll

In conclusion, the preclinical data reported in this stu
documenting ef� cacy of CC-3 in pancreatic, hepatic and gas
cancer in our view clearly indicate that this B7-H3xCD3 bs
constitutes a promising immunotherapeutic compound. GM
compliant production of CC-3 is presently ongoing to ena
clinical evaluation.
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FIGURE 5

Induction of tumor cell lysis mediated by CC-3. Monocyte-depleted PBMC of healthy donors were incubated with the indicated target cells at an E:T
ratio of 4:1 in the presence or absence of MOPCxCD3 or CC-3 (1 nM each). (A) Lysis of PANC-1, Hep3B and NCI-N87 cells was determined by � ow
cytometry-based lysis assay after 72 h. Left panels depict exemplary results right panels show combined data obtained with PBMC of � ve
independent donors. (B) Long-term cytotoxic effects of PBMC of healthy donors (n=4) against PANC-1, NCI-N87 and Hep3B cells was determined
using xCELLigence system. E:T, effector to target.
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Supplementary Figures 

 

Figure S1: Dependence of CC-3 activity on target antigen-binding. A HL-60 cells were stained 
using a monoclonal B7-H3 antibody (clone 7C4) followed by an anti-mouse PE conjugate and analyzed 
using flow cytometry, documenting negativity for B7-H3. B HL-60 cells were incubated with 
increasing concentrations of the B7-H3xCD3 bsAb or the respective isotype control MOPCxCD3, 





 

Figure S2: Activation of T cells within PBMCs and isolated T cell subsets by CC-3. Recombinant 
B7-H3 protein was immobilized to plastic and incubated with PBMC preparations or isolated T cells 
of healthy donors and MOPCxCD3 or CC-3 (5nM each). Activation of CD4+ and CD8+ T cells was 
determined by flow cytometric analysis for CD69 expression after 72 h. PBMC, peripheral blood 
mononuclear cells.  
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Figure S3: Induction of cytokine secretion by CC-3. Monocyte-depleted PBMC of healthy donors 
were incubated with the indicated tumor cell lines (E:T 4:1) in the presence or absence of CC-3 or 
MOPCxCD3 (1 nM each). IL-10 and TNF levels in culture supernatants were measured after 24 h 
using LEGENDplex assays. Combined data obtained with PBMC of four independent donors are 
shown. E:T, effector to target; PBMC, peripheral blood mononuclear cell. 
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Figure S5 Induction of T cell proliferation by CC-3. Monocyte-depleted PBMC of healthy donors 
(n=4) were labelled with CellTraceTM Violet cell dye and incubated with or without MOPCxCD3 or 
CC-3 (1 nM each) in the presence of the indicated target cell lines (E:T 4:1). After 72 h, cells were 
reexposed to fresh target cells and the respective treatment. After additional 24 h, cell dye dilution was 
determined by flow cytometry. E:T, effector to target; PBMC, peripheral blood mononuclear cell. 



 

Figure S6 Extended functional characterization of CC-3. A The indicated cancer cell lines were 
stained using a murine monoclonal B7-H3 antibody (clone 7C4) followed by an anti-mouse PE 
conjugate and analyzed using flow cytometry. B7-H3 expression on pancreatic cell lines Capan-1, 
Capan-2 and MIA-PaCa is shown (shaded peaks, anti-B7H3; open peaks, control). B Monocyte-
depleted PBMC of healthy donors (at least 2 donors) were incubated with the indicated target cells at 
an E:T ratio of 4:1 in the presence or absence of MOPCxCD3 or CC-3 (1 nM each). Lysis of Capan-1, 
Capan-2, MIA-PaCa, SNU387 and MKN-45 was determined by flow cytometry-based lysis assay after 
72 h. E:T, effector to target; PBMC, peripheral blood mononuclear cells. 
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Berlin, Germany). Platelets were isolated from blood 
of healthy donors and patients with prostate cancer 
receiving PSMA×CD3 (CC-1) in our multicenter phase I 
study (NCT04104607) treated at the University Hospital 
Tuebingen. Written informed consent in accordance with 
the Helsinki protocol was given in all cases.

Preparation of platelets
Citrated blood was briefly centrifuged for 20 min at 
120×g. After harvesting platelet-rich plasma, platelets 
were washed with citrate wash buffer (128 mmol/L NaCl, 
11 mmol/L glucose, 7.5 mmol/L Na2HPO4, 4.8 mmol/L 
sodium citrate, 4.3 mmol/L NaH2PO4, 2.4 mmol/L citric 
acid, and 0.35% bovine serum albumin) and resus-
pended in Roswell Park Memorial Institute (RPMI1640) 
containing 10% fetal calf serum (FCS).

For platelet activation ex vivo and generation of 
platelet releasate (PR), 10 µM of thrombin receptor acti-
vator peptide 6 (TRAP-6) was added to the platelets. In 
the next step, platelet suspensions were stirred for 1 min 
and subsequently centrifuged for 15 min at 2200×g. The 
supernatant was used as PR. For platelet blocking, washed 
platelets were incubated with dabigatran (5 mg/mL) 
or indomethacin (10 µg/mL). For blocking of TGF-� 
receptor signaling, a combination of an ALK5 inhibitor 
(20 µM, SB431542; Selleckchem, Houston, Texas, USA) 
and anti-TGF-� antibody (2 µg/mL, clone MAB1835; 
R&D Systems, Minneapolis, Minnesota, USA) was used.

Platelet aggregation
Platelet aggregation was analyzed using the four-channel 
light transmission platelet aggregometer APACT 4004 
(Elitech, Puteaux, France) according to the manufac-
turer�s instructions. For platelet stimulation, the bsAb 
PSMA×CD3 (CC-1),18 NKG2D×CD3,19 20 or CD19×CD3 
(blinatumomab) were used. TRAP-6 (10 µM) served as 
positive control.

Analysis of cytokine secretion
To analyze cytokine secretion, supernatant of platelets 
and PR was collected and analyzed for interleukin (IL)-2, 
tumor necrosis factor, TGF-�1, interferon gamma, IL-6 
and CXCL8 using LEGENDplex assays (BioLegend, San 
Diego, California, USA).

Immuno�uorescence
For immunofluorescence staining, tumor cells, PBMCs, 
and platelets were fixed in 4% paraformaldehyde (PFA) 
in phosphate-buffered saline (PBS),(pH 7.4) for 10 min 
at �20°C. Cells were blocked using 5% BSA, 0.2% 
Triton X-100, and 0.1% Tween for 60 min. Blocking 
buffer was aspirated and cells were washed three times 
with phosphate-buffered saline with Tweenfi detergent 
(PBST), (PBS+0.1% TWEEN 20). Staining was conducted 
using unlabeled primary antibodies against CD41 (clone 
HIP8; Invitrogen, Carlsbad, California, USA), CD61 
(clone SJ19-09, Invitrogen), CD62P (clone AK4, Thermo 
Fisher Scientific, Waltham, Massachusetts, USA), tubulin 
(clone 11H10), and perforin (clone �G9); Alexa-Fluor 

594 labeled anti-rabbit or Alexa-Fluor 488 labeled anti-
mouse (both Invitrogen) were used as secondary anti-
bodies. For staining of actin, fluorescein-conjugated 
phalloidin (Abcam, Cambridge, Great Britain) was 
used according to the manufacturer�s instructions. 
Slides were mounted in fluorescent-mounting medium. 
4�,6-diamidino-2-phenylindole (DAPI) was used for coun-
terstaining. Image acquisition was performed using an 
Olympus BX63 microscope and a DP80 camera (Olympus, 
Shinjuku, Japan). Images were processed using ImageJ.21

Flow cytometry
To determine their activation status, platelets were 
stained using the directly fluorescence-labeled mAbs 
CD41-PE or CD41-PECy5 (both clone HIP8) and CD62P-
FITC (clone AK-4) or the corresponding isotype control 
(all from BD Biosciences, San Diego, California, USA). 
For analysis of surface expression levels, unlabeled anti-
bodies against prostate-specific membrane antigen 
(PSMA), (clone 10B3),18 CD3 (clone UCHT-1; BioCell 
Technology, Newport Beach, California, USA), ADAM10 
(clone 163003, R&D Systems), and a biotinylated 
NKG2D-Fc22 were used followed by a goat anti-mouse PE 
conjugate (Dako, Glostrup, Denmark) or a streptavidin-
conjugated phycoerythrin (PE) conjugate (Life Technol-
ogies, Carlsbad, California, USA) and a CD19-PE mAb 
(BD Biosciences). For detection and blocking of CD40L, 
the CD40L antibody clone MK13A4 (Enzo Life Sciences, 
Lausen, Swiss) was used. For studies on T-cell activation 
and degranulation, the mAbs CD69-PE and CD107a-PE 
(BD Pharmingen) as well as CD3-APC/Fire750, CD4-APC, 
CD8-FITC, and CD56-BV711 (BioLegend) were used. For 
flow cytometric analysis of target cell lysis, LNCaP cells 
were loaded with 2.5 µM CellTrace Violet cell prolifera-
tion dye (Thermo Fisher Scientific) and cultured with 
PBMC (effector to target (E:T) ratio 2.5:1) in the pres-
ence or absence of PSMA×CD3 (200 ng/mL) and plate-
lets (platelet to target (P:T) 100:1). Standard calibration 
beads (Sigma-Aldrich, St. Louis, Missouri, USA) were 
used to ensure the analysis of equal assay volumes and 
therefore to account for the number of target cells that 
had vanished from the culture. Dead cells were excluded 
from analysis by 7-AAD (BioLegend). Measurements were 
performed using a FACS Canto II or FACS Fortessa (BD 
Biosciences), and data were analyzed using the software 
FlowJo V.10 (FlowJo LCC, Ashland, Oregon, USA).

T-cell activation and degranulation assays
To determine activation and degranulation in the pres-
ence of target cells, tumor cells were cultured with allo-
genic PBMCs of healthy donors and with or without 
platelets or PR in the indicated E:T:P ratios for 4 and 
24 hours, respectively. For analysis of degranulation 
after 4 hours, CD107a-PE (1:25), BD GolgiStop, and BD 
GolgiPlug (1:1000, both BD Biosciences) were added 
to the coculture. Analysis was conducted using flow 
cytometry.
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As platelet activation results in secretion of immuno-
modulatory factors,15 16 we next investigated whether 
inhibition of platelet activation with anticoagulant drugs 
would prevent their inhibitory effect on bsAb-mediated 
T cell activation. Treatment with dabigatran, an oral 
anticoagulant, efficiently restored CD4+ and CD8+ T 
cell activation whereas indomethacin had no relevant 
effect (figure  3E). Next, we compared the influence of 
platelets and PR on T cell reactivity and found that both 
reduced T cell activation to the same extent (figure 3F). 
This indicates that soluble factors released from activated 

platelets impair bsAb-induced T cell reactivity, which is 
in line with previous observations.16 25 Remarkably, live 
cell imaging revealed that PR efficiently reduced bsAb-
mediated tumor cell lysis (figure  3G). To unravel the 
factor within PR that inhibits T cell activity, we quantified 
several key immunomodulatory cytokines in PR prepara-
tions (figure 3H). Of all tested cytokines, active TGF-�1 
was found to be most elevated and modulated on platelet 
activation (figure 3H,I).

To functionally validate that indeed platelet-
derived TGF-� subverts the efficacy of T cell-engaging 

Figure 1  Treatment with bispeci�c antibody leads to platelet activation. (A,B)�Association of platelet count and sIL-2R 
concentration in two patients with prostate cancer receiving bispeci�c PSMA×CD3 (CC-1) antibody. (C)�Time course of platelet 
activation (CD62P expression) on CC-1 treatment. (D)�Platelet activation (CD62P expression) in untreated healthy donors (gray, 
n=5), untreated patients with prostate cancer (light blue, n=4) and in patients with prostate cancer receiving PSMA×CD3 (dark 
blue, n=5). Statistical signi�cance was calculated by one-way ANOVA and Tukey�s multiple comparisons test. (E)�Association 
of CD62P expression and total platelet count. Statistical signi�cance was calculated using simple linear regression analysis. 
(F)�Lack of platelet activation on PSMA×CD3 treatment (200 ng/mL) (n=4). Classical platelet agonist TRAP-6 (10 µM) served as a 
positive control. Statistical signi�cance was calculated by one-way ANOVA and Tukey�s multiple comparisons test. (G)�Platelet 
aggregation (percentage of light transmission during the indicated time interval) was studied in the presence or absence of 
PSMA×CD3 (200 ng/mL) and TRAP-6. (H)�Maximum aggregation levels on PSMA×CD3 and TRAP-6 treatment (n=3). Statistical 
signi�cance was calculated by one-way ANOVA and Tukey�s multiple comparisons test. (I)�Representative immuno�uorescence 
staining of LNCaP cells coincubated with human PBMCs, platelets and PSMA×CD3 (scale bar indicates 100 µm, original 
magni�cation ×20). (J)�Representative staining for platelet activation (CD62P expression) after incubating platelets for 30 min 
with LNCaP cells and PBMCs (effector to target ratio of 4:1) and PSMA×CD3 (scale bar indicates 20 µm, original magni�cation 
×63). (K,L)�Platelets of healthy donors (n=3) were analyzed for CD62P expression after culturing them for 2 hours in the presence 
or absence of LNCaP cells alone or in combination with PSMA×CD3 and/or PBMCs of healthy donors. (K)�Exemplary plots and 
(L)�pooled data are shown. Statistical signi�cance was calculated by one-way ANOVA and Tukey�s multiple comparisons test. 
ANOVA, analysis of variance; DAPI, 4�,6-diamidino-2-phenylindole; HD, healthy donor; PBMC, peripheral blood mononuclear 
cell; sIL-2R, soluble interleukin-2 receptor; TRAP-6, thrombin receptor activator peptide 6.
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Figure 2  Platelets impair the therapeutic T-cell activation capacity of bispeci�c antibodies. (A,B)�Activation of CD4+ and CD8+ 
T cells was determined by analysis of CD69 expression after 24 hours. PBMCs of healthy donors were incubated with LNCaP 
cells (E:T 4:1) in the presence or absence of PSMA×CD3 (200 ng/mL) and with the indicated E:P ratios. (A)�Exemplary �ow 
cytometry results and (B)�combined data are shown (n=3). (C)�Schematic illustration of the different bispeci�c T cell-engaging 
formats used in our study. (D,E)�Activation of CD4+ and CD8+ T cells was analyzed on coculture of PBMCs of healthy donors 
with target cells at an E:T ratio of 2.5:1.0 and the indicated E:P ratios for 24 hours. (D)�The sarcoma cell line SaOS-2 was 
cultured with PBMCs (n=3) and NKG2DxCD3 (2.5 µg/mL). (E)�The B-ALL cell line (SEM) was cultured with PBMCs (n=4) and 
CD19xCD3 (blinatumomab, 200 pg/mL). (F)�Degranulation of CD4+ and CD8+ T cells was determined by analysis of CD107a 
expression after 4 hours. PBMCs of healthy donors were cultivated with LNCaP cells at an E:T ratio of 4:1 in the presence or 
absence of PSMA×CD3 (200 ng/mL) or platelets (E:P 1:100). Pooled data (n=5) are shown. (B,D�F) Statistical signi�cance was 
calculated by one-way analysis of variance and Tukey�s multiple comparisons test. E:P, effector to platelet; E:T, effector to 
target; PLT, platelets; PBMC, peripheral blood mononuclear cell.
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