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Zusammenfassung 

Mit 5-10 neu diagnostizierten Patienten pro 100.000 Einwohner pro Jahr ist das Glioblastom 

der häufigste bösartige primäre Hirntumor. Trotz intensiver Forschungsaktivitäten in den 

letzten Jahrzehnten ist die klinische Wirksamkeit des derzeit verfügbaren Therapiestandards 

in Bereichen der Chirurgie, Radiochemotherapie und Tumor Treating Fields (TTFields)-

Technologie noch begrenzt. Die mittlere Überlebensrate in unselektierten Kollektiven beträgt 

nur etwa ein Jahr. Folglich besteht ein dringender Bedarf an der Erforschung weiterer 

therapeutischer Optionen. Der aktuelle Therapiestandard umfasst eine Operation mit 

anschließender Strahlentherapie in Kombination mit dem alkylierenden 

Chemotherapeutikum Temozolomid. Das Auftreten eines Tumorrezidivs ist auch bei 

erfolgreicher Erstlinientherapie unausweichlich, und in der Rezidivsituation gibt es derzeit 

noch keine definierte Standardtherapie. Nur bei 20-30% der Patienten ist eine Rezidivresektion 

möglich. Neben der Möglichkeit einer Rezidivbestrahlung kann eine erneute Chemotherapie 

mit Temozolomid, CCNU (Lomustin) oder Regorafenib durchgeführt werden. In den letzten 

Jahren stand insbesondere die Entwicklung von Immuntherapien für das Glioblastom im 

Mittelpunkt intensiver präklinischer und klinischer Bemühungen. Geringe Mutationsraten 

und eine stark immunsuppressive Tumormikroumgebung führen jedoch dazu, dass das 

Glioblastom als immunologisch „kalter“ Tumor angesehen wird. Erfolgreich etablierte 

Strategien bei mutagen-induzierten Tumoren mit Antikörpern gegen die Immuncheckpoints 

PD-1, PD-L1 oder CTLA-A4 sind daher beim Glioblastom gescheitert. 

Zelluläre Immuntherapien auf Basis der chimären Antigenrezeptor (CAR)-Technologie haben 

sich als alternative, wirksame Option zur Bekämpfung immunologisch „kalter“ Tumore 

herausgestellt. Es wurden mehrere CAR-T Zellprodukte entwickelt, welche gegen Gliom-

Antigene gerichtet sind und einige Hinweise auf klinische Aktivität mit sich brachten. 

Natürliche Killer (NK)-Zellen als Träger von CAR-Konstrukten haben gegenüber T-Zellen 

eine Reihe von Vorteilen, darunter ein viel geringeres Risiko für Neurotoxizität und eine 

effizientere Interaktion mit Immunzellen in der Mikroumgebung. Basierend auf der humanen 

NK-Zelllinie NK-92 wurde eine Zelltherapie entwickelt, die sich als gebrauchsfertiges 

Therapeutikum eignet. Der Klon NK-92/5.28.z (CAR-NK) exprimiert neben 

signalverstärkenden CD28- und CD3ζ-Domänen ein CAR basierend auf dem HER2-

spezifischen Antikörper FRP5.  
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Ähnlich wie bei mehreren anderen Tumorentitäten findet sich bei Glioblastom-Patienten 

häufig eine Überexpression des Wachstumsfaktor-Rezeptors HER2. Aufgrund der 

substanziellen Rolle bei der Regulation von Zellproliferation, Überleben, Differenzierung, 

Angiogenese und Invasion wird dieser Rezeptor als Onkogen klassifiziert. Die Überexpression 

von HER2 spielt eine entscheidende Rolle bei der malignen Transformation von Zellen, was 

insbesondere bei Brustkrebs detailliert charakterisiert wurde. Allerdings konnte eine HER2-

Expression auch in bis zu 80% der Glioblastome nachgewiesen werden, was mit einer 

beeinträchtigten Überlebenswahrscheinlichkeit einhergeht. Unter physiologischen 

Bedingungen wird HER2 im zentralen Nervensystem von Erwachsenen nicht exprimiert, 

weshalb es ein vielversprechendes Ziel-Antigen für die Glioblastom-Immuntherapie darstellt. 

In früheren Projekten konnte bereits gezeigt werden, dass diese CAR-NK Zellen eine hohe und 

spezifische lytische Aktivität gegenüber HER2+ Glioblastomzellen aufweisen. Wiederholte 

intratumorale Injektionen von CAR-NK Zellen verlängerten das symptomfreie Überleben in 

orthotopen Xenotransplantatmodellen der Maus bereits signifikant. Darüber hinaus förderte 

die CAR-NK Zelltherapie bei immunkompetenten Mäusen mit Tumoren im Frühstadium eine 

endogene anti-Tumor Immunantwort, welche einerseits zur Tumorbekämpfung und 

andererseits zu anhaltender anti-Tumor Immunität führte. In Stadien fortgeschrittenen 

Tumorwachstums ist die Wirksamkeit jedoch begrenzt. In diesem Zusammenhang wurde die 

Expression des Checkpoint-Moleküls PD-L1 als Reaktion auf die CAR-NK Zelltherapie als 

Schlüsselmechanismus der Therapieresistenz identifiziert. 

Die Immuntherapie durch intravenöse Gabe von Checkpoint-Inhibitoren hat bereits die 

Behandlung verschiedener maligner Erkrankungen wie z.B. des Melanoms oder des 

Lungenkarzinoms revolutioniert. Der Ansatz der Krebsimmuntherapie verfolgt bisher 

insbesondere die systemische Gabe von Antikörpern, die gegen Immuncheckpoints wie PD-1, 

PD-L1 und CTLA-4 gerichtet sind. Im Glioblastom exprimieren sowohl Tumorzellen als auch 

Mikroglia, die hirneigenen Makrophagen, hauptsächlich PD-L1, was die Aktivierung von 

CD8+ und CD4+ T-Zellen behindert. Daher ist eine Immuntherapie, welche sich gegen die PD-

1/PD-L1-Achse richtet, ein vielversprechender Ansatz für die Behandlung des Glioblastoms. 

Problematisch ist jedoch die starke Toxizität, die durch die systemische Wirkung der 

Checkpoint-Inhibitoren verursacht wird, denn die Immunantwort wird nicht nur im 

Tumorgewebe, sondern auch in gesunden Organen stimuliert. So wurde beispielsweise über 
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schwerwiegende Nebenwirkungen wie Kolitis, Hepatitis, Pankreatitis oder Hypophysitis, 

unter anderem mit zahlreichen Todesfällen, berichtet. 

Das Ziel dieser Arbeit war es daher, die Wirksamkeit der CAR-NK Zelltherapie zu verbessern, 

indem sie mit dem adeno-assoziierten Virus (AAV)-vermittelten Transfer von anti-PD-1-

Antikörpern kombiniert wird, um dadurch eine lokale Kombinationstherapie zur 

Bekämpfung intrakranieller Tumore zu ermöglichen. Hierzu wurden AAVs eingesetzt, 

welche für ein anti-PD-1-Immunadhäsin (aPD-1) kodieren. Die genetische Fusion von 

sogenannten Designed-Ankyrin-Repeat-Proteinen (DARPins) mit einem viralen Hüllprotein 

ermöglicht die Generierung von AAVs mit einer Spezifität für HER2+ Zellen. Durch die 

Verwendung von HER2-AAVs kann die Checkpoint-Inhibitor-Therapie auf die Tumorläsion 

beschränkt werden, was hohe intratumorale und niedrige systemische 

Wirkstoffkonzentrationen zur Folge hat. Durch die Transduktion von HER2+ Zellen 

induzieren die HER2-AAVs die Sezernierung eines scFv-Fc-Fusionsproteins. Zwei scFv-Fc-

Moleküle dimerisieren dann über ihre Fc-Domänen zu einem Y-förmigen Antikörper-

ähnlichen Molekül, einem sogenannten aPD-1-Immunadhäsin. 

Im ersten Teil der Arbeit wurden die einzelnen Komponenten der Kombinationstherapie, 

bestehend aus adoptiver HER2-zielgerichteter CAR-NK Zelltherapie und lokalem Gentransfer 

von aPD-1 über HER2-spezifische AAV-Vektoren, in vitro charakterisiert. Die HER2-

spezifischen CAR-NK Zellen zeigten eine hohe spezifische lytische Aktivität gegen HER2+ 

Gliomzellen, während Zellen ohne Zielantigenexpression von CAR-NK Zellen kaum 

angegriffen wurden. CAR-NK Zellen lysierten effizient Gliomzellen murinen und 

menschlichen Ursprungs, einschließlich primärer und von Patienten stammender 

Gliomzellen. Wichtig ist, dass keine direkte Antigen-Herunterregulierung als Reaktion auf die 

CAR-NK Zelltherapie beobachtet wurde, was für einen nachhaltigen Therapieerfolg von 

großer Bedeutung ist.  

Darüber hinaus wurde gezeigt, dass die CAR-NK Zelltherapie das Zytokinmilieu moduliert, 

indem die Sezernierung von inflammatorischen Zytokinen wie IFN-γ, TNF-α, MCP-1, IL-8 

und IL-6 ausgelöst wird. Auch Mikroglia tragen in hohem Maße zum Tumormikromilieu von 

Glioblastomen bei, da sie bis zu 40% der gesamten Tumormasse ausmachen. 

Interessanterweise wurden Mikroglia in Bezug auf Aktivierung und Phagozytose durch die 
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CAR-NK Zelltherapie beeinflusst, während die Anwesenheit von Mikroglia die CAR-NK Zell-

vermittelte Tumorzelllyse zu verstärken schien. Darüber hinaus zeigten Mikroglia ein hohes 

Maß an Toleranz gegenüber zytotoxischen Mediatoren wie Perforin und Granzym B, welches 

nach Aktivierung und anschließender Degranulation von CAR-NK Zellen ausgeschüttet wird. 

Da die PD-1/PD-L1-Achse eine entscheidende Determinante der immunsuppressiven 

Mikroumgebung ist, wurden PD-L1 Level und deren Regulation als Reaktion auf die CAR-

NK Zelltherapie in unterschiedlichen Zelllinien untersucht. Das Abtöten von 

Glioblastomzellen durch CAR-NK Zellen induzierte eine IFN-γ-vermittelte Hochregulation 

von PD-L1 nicht nur in nahegelegenen Glioblastomzellen, sondern auch in hirneigenen 

Zelltypen wie Mikroglia und Astrozyten. Die Hochregulierung von PD-L1 als Reaktion auf 

CAR-NK Zelltherapie ist ein bedeutendes Ergebnis, da erhöhte PD-L1-Level die 

Immunsuppression innerhalb der Tumormikroumgebung weiter verstärken und somit einen 

potentiellen Resistenzmechanismus gegenüber CAR-NK Zellen darstellen könnten. In diesem 

Zusammenhang erscheint die Blockade der PD-1/PD-L1-Interaktion durch selektive lokale 

Verabreichung eines Checkpoint-Inhibitors durch die HER2-gerichteten AAV-Vektoren umso 

vielversprechender.   

In der Tat konnten HER2+ Glioblastomzellen mittels HER2-AAVaPD-1 effizient und mit hoher 

Spezifität transduziert werden, was die Produktion und Sezernierung von aPD-1 zur Folge 

hatte. Darüber hinaus korrelierte die Transduktionseffizienz die mit den Expressionsniveaus 

von humanem HER2 auf den Zielzellen. Hinsichtlich der Funktionalität konnte gezeigt 

werden, dass HER2-AAV-kodiertes aPD-1 in der Lage ist, seinen Zielrezeptor PD-1 zu 

erkennen und T-Zellen nach PD-1/PD-L1-Blockade in vitro zu reaktivieren. Die konstitutive 

Expression und Präsentation von HER2 auf der Zelloberfläche ist für den in diesem Projekt 

untersuchten therapeutischen Ansatz von großer Bedeutung. Die AAV-Transduktion führte 

jedoch nicht zu einer Herunterregulierung von HER2. Darüber hinaus hatte die virale 

Transduktion einen lediglich geringen Einfluss auf die Viabilität der Tumorzellen. Auch die 

Abtötungseffizienz von CAR-NK Zellen gegenüber AAV-transduzierten Glioblastomzellen 

blieb unverändert. Erhöhte Konzentrationen von inflammatorischen Zytokinen wie MCP-1, 

IL-23 und IL-27 wurden nicht nur in Glioblastom-Zielzellen nachgewiesen, sondern auch in 

Zelltypen, die, wie Mikroglia und Astrozyten, einen relevanten Teil der zellulären 

Mikroumgebung des Gehirns ausmachen. 
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Im zweiten Teil der Arbeit wurde die Transduktionseffizienz von HER2-AAVs in vivo 

untersucht. Zunächst wurde die kontinuierliche Expression des Zielantigens auf murinen 

Gliomzellen 8 Wochen nach der ersten subkutanen Tumorzellinjektion in immunkompetente 

Mäuse bestätigt. Die Analyse der explantierten Tumore zeigte auch eine Hochregulierung von 

PD-L1 auf den Tumorzellen in vivo, was die Relevanz der Checkpoint-Blockade für anti-

Tumor-Immunantworten zusätzlich betont. Auch in vivo vermittelten die Vektoren eine 

spezifische aPD-1-Genexpression spezifisch im Tumorgewebe, was hohe intratumorale 

Wirkstoffkonzentrationen und vergleichsweise niedrige aPD-1-Spiegel in peripheren Organen 

zur Folge hatte. In diesem Zusammenhang ist es wichtig zu erwähnen, dass sich ebenfalls das 

in vivo sezernierte aPD-1 als funktionell erwies, wie durch die Analyse von Tumor-

interstitieller Flüssigkeit aus HER2-AAVaPD-1-behandelten Tumoren bestätigt wurde. Darüber 

hinaus gaben die Untersuchungen Aufschluss über das Vorhandensein von bereits 

bestehenden neutralisierenden Antikörpern gegen HER2-AAVs in den Versuchstieren. Diese 

Antikörperspiegel stiegen im Laufe der Zeit nach der Vektorverabreichung weiter an, 

unabhängig vom Verabreichungsweg der HER2-AAVs (intratumorale Gabe vs. intravenöse 

Gabe). 

In einer Überlebensstudie zeigten Tiere, die die Kombinationstherapie (HER2-AAVaPD-1 + 

CAR-NK Zellen) erhielten, ein verlangsamtes Tumorwachstum. Zudem waren die 

Überlebensraten im Vergleich zu allen anderen Kontrollkohorten signifikant erhöht, was auf 

eine synergistische Wirkung von CAR-NK Zellen mit intratumoral bzw. intravenös injizierten 

HER2-AAVaPD-1 hindeutet. Sowohl die intratumorale als auch die intravenöse Verabreichung 

von HER2-AAVs erwies sich als wirksam. Allerdings wurde eine komplette Tumorabstoßung 

im subkutanen Mausmodell häufiger nach intratumoraler Injektion beobachtet. Während der 

Studie wurden in keiner der Behandlungsgruppen Gewichtsverlust oder andere Anzeichen 

beobachtet, die auf behandlungsbedingte Toxizitäten hinweisen. Auch im orthotopen 

intrakraniellen Mausmodell war das Überleben bei Mäusen, die die intratumorale 

Kombinationstherapie (HER2-AAVaPD-1 + CAR-NK Zellen) erhielten, signifikant verlängert. 

Während Kontrolltiere innerhalb von 42 Tagen nach der anfänglichen Tumorzellimplantation 

der Tumorbelastung erlagen, war die Mehrheit der Tiere nach Gabe der Kombinationstherapie 

nach 63 Tagen noch immer am Leben. Außerdem wurde in dieser Kohorte bei 3 Tieren eine 

vollständige Tumorabstoßung beobachtet. Zusammengenommen bestätigen diese Daten die 
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anti-Tumor-Wirkung des adoptiven CAR-NK Zelltransfers in Kombination mit einer HER2-

AAVaPD-1-Gentherapie. 

Zusammenfassend stellt die HER2-AAV-Therapie in Kombination mit dem CAR-NK 

Zelltransfer eine neue Strategie für die Glioblastom-Immuntherapie dar, welche das Potenzial 

mit sich bringt, die Wirksamkeit zu verbessern und Nebenwirkungen zu reduzieren. 

Aufgrund der hohen Flexibilität bei der Auswahl der AAV- und CAR-NK Zielzellen sowie der 

von den AAVs kodierten Moleküle ermöglicht dieses System die Anpassung der 

Immuntherapie an die Eigenschaften von Tumorzellen und deren Mikroumgebung. Diese 

Strategie ist für die klinische Translation geeignet und stellt einen interessanten neuen Ansatz 

für die lokale Kombinationsimmuntherapie dar. 
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Summary  

With 5-10 newly diagnosed patients per 100,000 people every year, glioblastoma is the most 

common malignant primary brain tumor. Despite extensive research activity in the last  

decades, clinical effectiveness of the currently available therapy standard of surgery, 

radiochemotherapy and tumor-treating fields is still limited and mean survival rates in 

unselected collectives are only about one year. Accordingly, there is an urgent need to explore 

new therapeutic options. The current standard of care includes surgery followed by radiation 

therapy in combination with the alkylating chemotherapeutic agent Temozolomide. Even with 

successful initial therapy, tumor recurrence is still inevitable. Currently, there are no defined 

recommendations for clinical management of the disease in the event of tumor recurrence. 

Only 20-30% of patients qualify for a second surgical resection, while other options include 

retreatment with Temozolomide, CCNU (Lomustine) or Regorafenib and enrollment in a 

clinical trial. 

The development of immunotherapies for glioblastoma, in particular, has been the focus of 

intense preclinical and clinical efforts. However, low numbers of mutations and a highly 

immunosuppressive tumor microenvironment result in glioblastoma being considered an 

immunologically “cold” tumor. Strategies successfully established in mutagen-induced 

tumors with antibodies directed against the PD-1, PD-L1 or CTLA-A4 immune checkpoints 

have therefore failed in glioblastoma. 

Cellular immunotherapies based on chimeric antigen receptor (CAR)-technology have 

emerged as an alternative powerful option to tackle immunologically “cold” tumors. Several 

CAR-T cell products targeting glioma antigens have been developed and some evidence of 

clinical activity has been demonstrated. Natural killer (NK) cells as carriers of CAR constructs 

have several advantages over T cells, including a much lower risk of neurotoxicity and better 

interaction with immune cells in the microenvironment. Based on the human NK cell line NK-

92, a clinical-grade product, suitable as an off-the-shelf therapeutic, has been developed. The 

NK-92/5.28.z clone (CAR-NK) expresses a CAR based on the HER2-specific antibody FRP5 in 

addition to signal-enhancing CD28 and CD3ζ domains. Similar to several other tumor entities, 

overexpression of the growth factor receptor HER2 is often found in glioblastoma patients. 

Because of its substantial role in the regulation of cell proliferation, survival, differentiation, 

angiogenesis and invasion, this receptor is classified as an oncogene. HER2 overexpression 
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plays a major role in the malignant transformation of cells and its oncogenic potential has been 

studied in detail in breast cancer. However, HER2 expression was also found in up to 80% of 

glioblastomas, which correlates with an impaired probability of survival. Under physiological 

conditions, HER2 is not expressed in the adult central nervous system, making it a promising 

target antigen for glioblastoma immunotherapy. 

In previous projects, it has already been shown that these CAR-NK cells exhibit a high and 

specific lytic activity towards HER2+ glioblastoma cells. While repetitive intratumoral 

injections of CAR-NK cells already significantly extended symptom-free survival in murine 

orthotopic xenograft models, CAR-NK cell therapy in immunocompetent mice promotes an 

endogenous anti-tumor immune response which improves tumor control and provides 

persisting anti-tumor immunity after therapy of early-stage tumors. However, in more 

advanced tumor models, efficacy is limited and induction of the checkpoint-molecule PD-L1 

in response to CAR-NK-cell therapy was identified as a key mechanism of therapy resistance. 

Immunotherapy employing the intravenous administration of checkpoint inhibitors has 

already revolutionized the treatment of various malignant diseases such as melanoma or lung 

cancer. In particular, the approach of cancer immunotherapy has focused on the systemic 

administration of antibodies directed against immune checkpoints such as PD-1, PD-L1 and 

CTLA-4. In glioblastoma, both tumor cells and microglia, the brain-resident macrophages, 

express PD-L1, which hinders the activation of CD8+ and CD4+ T cells. Therefore, 

immunotherapy directed against the PD-1/PD-L1 axis represents a promising approach for the 

treatment of glioblastoma. One problem, however, is the severe toxicity caused by the systemic 

effects of checkpoint inhibitors, since the immune response is stimulated not only in tumor 

tissue but also in healthy organs. Serious side effects such as colitis, hepatitis, pancreatitis or 

hypophysitis, including numerous deaths, have been reported.  

This study aimed to improve the efficacy of CAR-NK cell therapy by combining it with adeno-

associated virus (AAV)-mediated transfer of anti-PD-1 antibodies as a strategy to enable local 

combination therapy to control intracranial tumors. 

AAVs carrying a payload coding for an anti-PD-1 immunoadhesin (aPD-1) retargeted to 

HER2-expressing cells by fusion of so-called Designed Ankyrin Repeat Proteins (DARPins) 

with a viral capsid protein were employed for this to focus checkpoint inhibitor therapy to the 
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tumor area, resulting in high intratumoral and low systemic drug concentrations. With this 

strategy, after the transduction of target cells, an scFv-Fc fusion protein is produced. Two scFv-

Fc molecules then dimerize via their Fc domains to form a Y-shaped antibody-like molecule, 

a so-called aPD-1 immunoadhesin. 

In the first part of the work, the individual components of the combination therapy, 

comprising adoptive HER2-targeted CAR-NK cell therapy and local gene delivery of aPD-1 

via HER2-specific AAV vectors, were characterized in vitro. The HER2-specific CAR-NK cells 

exhibited high specific lytic activity against HER2+ glioma cells, while cells without target 

antigen expression were hardly attacked by CAR-NK cells. CAR-NK cells efficiently lysed 

murine and human glioma cells, including primary and patient-derived glioma cells. No direct 

antigen downregulation was observed as a reaction to CAR-NK cell therapy, which is of great 

importance for sustained therapeutic success. In addition, CAR-NK cell therapy was shown to 

modulate the cytokine profile by triggering the secretion of inflammatory cytokines such as 

IFN-γ, TNF-α, MCP-1, IL-8 and IL-6. Microglia also contribute to the tumor microenvironment 

of glioblastomas to a large extent, as they make up to 40% of the total tumor mass. 

Interestingly, microglia were affected by CAR-NK cell therapy in terms of activation and 

increased phagocytosis, while the presence of microglia appeared to enhance CAR-NK cell-

mediated tumor cell lysis. In addition, microglia showed a high degree of tolerance to cytotoxic 

mediators such as perforin and granzyme B, which are released by CAR-NK cells after 

activation and subsequent degranulation. 

Since the PD-1/PD-L1 axis is a decisive determinant of the immunosuppressive 

microenvironment, PD-L1 regulation in response to CAR-NK cell therapy was investigated in 

different cell lines. The killing of glioblastoma cells by CAR-NK cells induced an IFN-γ-

mediated upregulation of PD-L1 not only in nearby glioblastoma cells but also in brain-

resident cell types such as microglia and astrocytes. The upregulation of PD-L1 in response to 

CAR-NK cell therapy represents a key finding, providing a mechanistic rationale for the 

disruption of the PD-1/PD-L1 interaction. These findings further reinforced the need to induce 

the blockade of the PD-1/PD-L1 axis by the selective local administration of a checkpoint 

inhibitor. 



Summary 

X 
 

In vitro, HER2+ glioblastoma cells were transduced efficiently and with high specificity using 

HER2-AAVaPD-1, which resulted in the production and secretion of aPD-1. In addition, 

transduction efficiency correlated with expression levels of human HER2 on target cells. In 

terms of functionality, HER2-AAV-encoded aPD-1 was able to recognize its target receptor 

PD-1 and to reactivate T cells after PD-1/PD-L1 blockade in vitro. The constitutive expression 

and presentation of HER2 on the cell surface is of great importance for the therapeutic 

approach investigated in this project, and AAV transduction did not result in downregulation 

of HER2. Furthermore, viral transduction had little impact on tumor cell viability. In addition, 

the killing efficiency of CAR-NK cells towards AAV-transduced glioma cells was unaltered. 

Some induction of inflammatory cytokines such as MCP-1, IL-23 and IL-27 by AAV-infection 

was detected both in glioblastoma target cells and in resident brain cell types which are a 

relevant part of the cellular microenvironment of the brain, such as microglia and astrocytes.  

In the second part of the thesis, the transduction efficacy of HER2-AAVs was investigated in 

vivo. First, the continuous expression of the HER2 target antigen on murine glioma cells was 

confirmed 8 weeks after subcutaneous tumor cell injection into immunocompetent mice. The 

analysis of the explanted tumors also showed an upregulation of PD-L1 on the tumor cells in 

vivo, which further emphasizes the relevance of checkpoint blockade for anti-tumor immune 

responses. 

Further, the AAV-vectors mediated aPD-1 gene expression specifically in tumor tissue, which 

resulted in high intratumoral drug concentrations and comparatively low aPD-1 levels in 

peripheral organs. In this context, it is important to mention that the aPD-1 that was secreted 

in vivo was also shown to be functional, as confirmed by the analysis of tumor-interstitial fluid 

from HER2-AAVaPD-1-treated tumors. In addition, the analyses revealed the presence of pre-

existing neutralizing antibodies against HER2-AAV in experimental animals. These antibody 

levels continued to increase over time after vector administration, regardless of the route of 

HER2 AAVs administration (intratumoral vs. intravenous). 

In a survival study, animals with subcutaneous tumors that received combination therapy 

(HER2-AAVaPD-1 + CAR-NK) showed slower tumor growth as well as significantly prolonged 

survival rates compared to control cohorts, which indicates a synergistic effect of CAR-NK 

cells with intratumorally or intravenously injected HER2-AAVaPD-1. While both intratumoral 
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as well as intravenous administration of HER2-AAVs was found to be effective, complete 

tumor rejection in the subcutaneous mouse model was more frequently observed after 

intratumoral injection. No weight loss or other signs indicating treatment-related toxicities 

were seen in any of the treatment groups during the study.  

Also in the orthotopic intracranial mouse model, survival in mice receiving the combination 

therapy (HER2-AAVaPD-1 + CAR-NK) was significantly prolonged. While control animals 

succumbed to tumor burden within 42 days after initial tumor cell implantation, the majority 

of animals that received the combination therapy were still alive after 63 days. In addition, in 

this cohort, complete tumor rejection was observed in 3 animals. 

These data confirm the anti-tumor effects of adoptive CAR-NK cell transfer in combination 

with HER2-AAVaPD-1 gene therapy. 

In summary, HER2-AAV therapy in combination with CAR-NK cell transfer is a new strategy 

for glioma immunotherapy, with the potential to improve efficacy and reduce side effects. Due 

to the high flexibility in the selection of the AAV and CAR-NK target cells, as well as in the 

molecules encoded by AAV vectors, this system enables the adaptation of immunotherapy to 

the characteristics of tumor cells and their microenvironment. This strategy is suitable for 

clinical translation and represents an interesting novel approach towards local combination 

immunotherapy.  
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1 Introduction 

1.1 Glioblastoma 

1.1.1 Epidemiology and clinical presentation  

Glioblastoma (GB) is the most common malignant primary intracranial malignancy. Annually, 

5-10 per 100,000 people are diagnosed with GB [1], [2]. The prognosis is still very poor with a 

median survival of only 14.6 months and a 5-year survival rate of < 5% in current clinical trial 

collectives [1], [2]. Population-wide, median survival is still below 12 months [5]. Established 

baseline prognostic factors include age and clinical performance status (Karnofsky 

Performance Scale (KPS)). Depending on the initial location of tumor growth and its size, a 

variety of brain structures can be compromised, leading to a wide range of clinical symptoms 

at presentation. Those include seizures, headaches and nausea due to an increase in 

intracranial pressure, but also focal neurological symptoms such as impaired vision, cognitive 

deficits, confusion, motor deficits, dyspnea, personality changes, dysphasia, hemiparesis and 

paraesthesia [6]–[8]. Although the spread of GB cells to tissues outside the brain occurs in less 

than 2% of cases [9], [10], their invasive growth within healthy brain tissue results in 

infiltration of the adjacent brain parenchyma and distant lobes, including the spread via the 

corpus callosum to the other hemisphere [4], [11]. The impairment of neural structures in 

affected regions due to infiltrative and destructive growth and the mass effect is ultimately 

fatal. 

1.1.2 Classification and genetic alterations 

Despite immense research efforts, broad molecular characterization of tumors and the 

optimization of therapy modalities, relapse of GB is inevitable, and the lack of successful 

treatment options upon recurrence results in invariable lethality. More promising therapeutic 

interventions heavily depend on the development of novel treatment modalities such as gene 

therapy or immunotherapy. GB as a particularly heterogeneous tumor harbors necrotic areas, 

as well as sites of angiogenesis, leaky vessel growth and endothelial hyperplasia. Diagnosis, 

prognosis and treatment are hampered by the beforementioned severe heterogeneity of tumor 

cells.  
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Molecular characterization including whole-exome and whole-genome sequencing, 

transcriptomic analyses and epigenetic profiling have resulted in the current understanding 

and classification of GB [4], [12], [13].  

Glial stem and precursor cells are viewed as the cells of glioma origin [14], [15]. Glioblastomas, 

astrocytomas and oligodendrogliomas are all referred to as gliomas [16]. As major glioma 

types in adults, the World Health Organization (WHO) distinguishes between isocitrate 

dehydrogenase (IDH) mutant grade 2, 3 and 4 astrocytomas, IDH mutant grade 2 and 4 

oligodendrogliomas, and IDH wild-type grade 4 glioblastoma [16], which represents the 

deadliest and most aggressive glioma [17]–[22]. 

 

Figure 1: Schematic overview of glioma subtypes (adapted from [23], [24]). 

Molecular hallmarks of GB include telomerase reverse transcriptase (TERT) promotor 

mutation, loss of heterozygosity (LOH) of chromosome 10q, resulting in deletion of 

phosphatase and tensin homolog (PTEN), amplification of chromosome 7 including the EGFR 

locus and homozygous deletion of cyclin‐dependent kinase inhibitor 2A (CDKN2A). This 

results in immortalization, frequent activation of oncogenic signaling via the 

phosphatidylinositol (3,4,5)‐ trisphosphate/mammalian target of rapamycin/protein kinase B 
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(PIP3/mTor/AKT) pathway and loss of cell cycle control, respectively [3], [23]. Additionally, 

isolated amplifications and mutations of EGFR are commonly observed, resulting in 

expression of the EGFRvIII variant and the subsequent constitutive cell proliferation combined 

with apoptosis inhibition caused by permanent activation of the PIP3/mTor/AKT pathway 

[25], [26]. 

Also, HER2 expression is seen in up to 80% of GB patients [27], [28] and GB cells often also 

show elevated HER2 mRNA levels [29]. HER2 (alternative name: Her-2/neu) is a 185 kDa 

transmembrane protein belonging to the family of epidermal growth factor receptors. On the 

cell surface, HER2 exists as a monomeric receptor that dimerizes in response to ligand binding, 

resulting in signal transduction via transphosphorylation of intracellular domains. Due to its 

prominent role in the regulation of cell proliferation, survival, differentiation, angiogenesis, 

and invasion it is also classified as an oncogene [30] [31]. Its overexpression has been reported 

to play an important role in the malignant transformation of cells and its oncogenic potential 

has mostly been studied in breast cancer [32], [33]. Under physiological conditions, HER2 has 

been reported to be absent in the adult central nervous system [34]. The interest in HER2 as a 

therapeutic target has led to the initiation of clinical phase 1/2 trials (NCT02442297, 

NCT01109095) and is also under investigation for CAR-T cell therapy in GB  [35].   

In 2010, Verhaak et al. proposed four transcriptional subtypes of GB, namely the Proneural, 

Neural, Classical and Mesenchymal subtype [4]. Patients of younger age mainly show the 

proneural subtype, which is associated with a more favorable prognosis. The gene expression 

profile of the neural subtype mainly resembles normal brain tissue and like the classical 

subtype, it responds better to chemotherapy and radiotherapy. Although the mesenchymal 

subtype is also responsive to therapy, it is characterized by extensive necrosis and 

inflammation and accounts for the worst survival prognosis of all subtypes [4], [36]. 

1.1.3 Therapy 

The standard therapy for GBs comprises surgical resection followed by radiotherapy and 

alkylating chemotherapy with Temozolomide (TMZ) in patients in sufficient clinical condition 

[37]. Additionally, alternating electrical fields for patients stable after radiochemotherapy can 

be used as a therapeutic intervention [38]. If the location of tumor growth does not allow for 

surgical resection, the performance of a stereotactic biopsy is recommended [39]. In general, 
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gross total resection of the tumor mass should be performed whenever practicable, because it 

has a substantial impact on survival [40], although GB’s infiltrative growth impedes complete 

surgical resection in many cases [6], [41]. However, advanced surgical tools such as 

intraoperative magnetic resonance imaging (MRI), ultrasonography, functional monitoring 

and visualization of GB cells with 5-aminolevulinic acid aid realization of maximum resection 

while minimizing the risk of neurological damage [39], [42]. 3-5 weeks after surgery, it is 

recommended to start radiotherapy regimens, usually consisting of 60 Gy administered in 1.8–

2 Gy daily fractions. In elderly patients, hypofractionated protocols have been established [39], 

[43].  

 

Figure 2: Clinical management of glioblastoma. 

TMZ is the standard chemotherapeutic compound for GB therapy as it can be administered 

orally and is able to penetrate the blood-brain barrier (BBB), which otherwise often reflects a 

major hurdle in systemic brain tumor chemotherapy [37], [44]. During DNA replication, TMZ 

introduces thymine mismatches into the DNA, which ultimately leads to cell cycle arrest and 

subsequent autophagy. An important predictive factor for TMZ is O6‐methylguanine‐DNA 

methyltransferase (MGMT) promoter methylation status [39], since inactivation of the 

enzymatic activity of MGMT by methylation of CpG islands in the MGMT promotor, which is 
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observed in 30-40% of GB patients, is associated with substantially improved efficacy of TMZ 

therapy [45], [46].   

In 2005, the EORTC 26981/NCIC CE.3 trial revealed that median patient survival was 

significantly prolonged when TMZ was combined with radiotherapy [37], [47]. Therefore, the 

current standard of care comprises surgery followed by radiotherapy combined with systemic 

TMZ therapy plus six cycles of maintenance TMZ for adults < 70 years who are in good general 

and neurological condition [37], [48]. 

As mentioned above, due to highly infiltrative growth surgical resection is incomplete in the 

majority of cases, which together with tumor cell heterogeneity and the persistence of glioma 

stem cells invariably results in GB relapse. Of note, molecular aberrations frequently vary 

between initial tumor growth and its relapse [49]–[52]. Upon recurrence, there are no uniform 

recommendations on clinical management of the disease. Only 20-30% of patients qualify for 

a second surgical resection, while other options comprise a re-challenge with TMZ 

chemotherapy or with CCNU (Lomustine), individual therapies with not yet licensed agents 

such as Regorafenib [53] or the inclusion into a clinical trial. 

Other than TMZ and Lomustine, no agent has demonstrated efficacy against GB in a phase III 

trial. Noteworthy, while treatment with the vascular endothelial growth factor (VEGF) 

antibody Bevacizumab resulted in prolonged progression-free survival [39] it did not improve 

overall survival [54], [55]. Furthermore, immunotherapies have been unsuccessful so far. In 

particular, monotherapy with the PD-1 antibody Nivolumab did not improve survival [56], 

[57]. Consequently, there is an urgent need for the exploration of more advanced therapeutic 

options, e.g. targeted molecular and gene therapy, oncolytic virotherapy and immunotherapy.  

1.1.4 The tumor microenvironment of glioblastoma 

Interactions between GB cells and cells of the immune system play a pivotal role not only 

during the process of tumor formation but also in the maintenance of an immunosuppressive 

tumor microenvironment (TME). Apart from GB cells, the extracellular matrix (ECM), several 

cytokines and chemokines as well as numerous non-cancerous cell types such as fibroblasts, 

stromal and endothelial cells and cell types of the innate and adaptive immune system 

constitute the TME [58]–[60]. Among those are granulocytes, dendritic cells (DCs), monocytic 

cells, macrophages, natural killer (NK) cells, B cells and T cells [58], [61]. On account of the 
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BBB, the brain has been considered an immune-privileged site for several decades; however, 

the discovery of an interplay between brain resident cells and the peripheral immune system 

via the meningeal lymphatic system has been reported [62], [63]. In this context, damage to the 

brain parenchyma caused by trauma, inflammation or tumor growth has been shown to entail 

the recruitment of peripheral cell types to the brain [58], [64]–[66]. Still, the TME of GB is 

characterized by severe immunosuppressive traits. In the course of cancer immune-editing, 

tumor cells themselves actively reprogram immune effector cells in the TME to sustain and 

promote tumor outgrowth [67]. GB-mediated secretion of immune-modulating cytokines has 

also been shown to influence the cell infiltrate and to further promote immune suppression 

[68]. 

1.1.4.1 Neutrophils and dendritic cells 

Neutrophils frequently infiltrate GB and have been reported to be of prognostic value in the 

course of tumor growth [69]–[71], and preclinical studies hint towards neutrophil-mediated 

support of the glioma stem cell pool [71] (Fig. 3A). As antigen-presenting cells (APCs), 

dendritic cells (DCs) are outnumbered by microglia (MG) in the unique cellular environment 

of the brain and therefore play a less important role in this specific context [72]–[75]. However, 

intratumoral DCs are still triggered by tumor antigens, reactive oxygen species (ROS) or 

danger-associated molecular patterns (DAMPs) released by GB cells (Fig. 3B), which are then 

cross-presented to cytotoxic T lymphocytes. Nevertheless, the high degree of 

immunosuppression commonly interferes with those anti-tumor responses. In this regard, 

peripheral blood DCs have attracted interest for the development of DC vaccines which may 

be able to intensify the stimulation of T cells [76]–[78].  

1.1.4.2 Astrocytes 

Astrocytes are the most abundant glial cell type in the central nervous system (CNS) and are 

responsible for neuronal protection, BBB maintenance, synaptic transmission and general 

metabolism of the brain microenvironment [79]–[81]. They participate in immune surveillance 

along with MG, as they are able to present antigens and release immune-modulatory cytokines 

[82]. Upon activation, their pro‐ or anti‐inflammatory gene expression resembles M1/M2‐like 

characteristics [83]. 
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Figure 3: The glioblastoma microenvironment (adapted from [58]). Gliomas comprise distinct cell populations, 

including brain-resident cell types as well as immune cells infiltrating the tissue from the periphery, which 

contribute to the establishment and the modulation of the specialized TME. This microenvironment 

characteristically consists of glioma-associated macrophages and microglia (GAMs), astrocytes, DCs, neutrophils 

and T cells. 

There is evidence for anti-tumor activity of astrocytes, since they mediate the tumor cell-

damaging conversion of plasminogen to plasmin [84], [85]. However, their capacity of 

astrogliosis-formation in response to insults such as inflammation, ischemia or infection [79], 

[86], combined with growth factor and cytokine secretion promotes tumor growth and 

interferes with therapeutic interventions [87]–[89]. Not only does their secretion of a wide 

range of neurotrophic factors (e.g. transforming growth factor β (TGF‐β), stromal cell‐derived 

factor‐1 (SDF‐1), glial cell‐derived neurotrophic factor (GDNF) and interleukin-6 (IL‐6)) 

support tumor growth, astrocytes also mediate downregulation of major histocompatibility 

complex class II (MHC-II) and CD80 on tumor and microglial cells, which hampers T cell 

activation and further contributes to the immunosuppressive TME in GB [90], [91]. They have 
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even been shown to actively induce T cell apoptosis via Fas ligand (FasL)/CD95L interaction 

[91], [92] and mediate the downregulation of PTEN in tumor cells, which results in the 

secretion of CC-chemokine ligand 2 (CCL2) and ultimately attracts peripheral pro-tumorigenic 

myeloid cells [93]. Furthermore, Chen et al., reported a direct interaction of astrocytes and 

tumor cells via the gap junction protein connexin 43 (Cx43), aiding the maintenance of a pro-

inflammatory and pro-tumorigenic state [94] (Fig. 3C).  

1.1.4.3 Microglia 

Although there are other macrophages in the CNS such as meningeal macrophages and 

choroid plexus macrophages, microglial cells as tissue-resident macrophages are the main 

immune effector cells of the brain. They account for 5-20% of all glial cells and represent a 

crosslink between the nervous and the immune system [95]. Whenever brain homeostasis is 

disturbed by insults such as inflammation, ischemia, trauma or neuronal dysfunction, they 

become activated and phagocyte pathogens or apoptotic cells and mediate both innate and 

adaptive immunity via the induction and expression of surface receptors and intracellular 

enzymes [96], [97]. They are able to modulate the immune response by the release of 

chemokines and cytokines [98], [99]. Although the concept of M1/M2-macrophage polarization 

is considered simplistic, MG, similar to peripheral macrophages, can still be characterized as 

‘classically’ activated cells that secrete pro-inflammatory factors and eliminate 

microorganisms or tumor cells, whereas ‘alternatively’ polarized cells are associated with 

tissue repair and immune suppression [100]. For instance, the M1 phenotype induces the 

upregulation of MHC-I and II as well as further co‐stimulatory receptors such as CD80, CD86 

on their surface and thereby mediate immune activation via the presentation of antigens to T 

cells [89,92–94]. Additionally, M1 MG secrete pro-inflammatory cytokines such as IL-6, IL-12, 

IL-23, IL-1β and tumor necrosis factor α (TNF-α), thereby promoting the polarization of T cells 

to Th1 lymphocytes [101], [102]. On the other hand, MG have also been shown to increase 

expression of programmed death-ligand 1 (PD-L1), resulting in the suppression of the immune 

response via the PD-1/PD-L1 [103]. Those MG characterized as the M2 phenotype are poor 

antigen presenters, they express arginase 1 (Arg1) and suppress the immune response via the 

secretion of anti-inflammatory cytokines such as TGF-β and IL-10 [104], [105].  

MG contribute to the TME of GB to a great extent, as they account for up to 40% of the total 

tumor mass [106]–[109]. Glioma-associated microglia/macrophages (GAMs) comprise of 
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brain-resident MG and bone marrow-derived macrophages (BMDMs), which are recruited 

from the periphery [58], [108], [110]. To distinguish between MG and peripheral BMDMs, 

Bowman et al. recently presented CD49D/ITGA4 as a molecule for unequivocal discrimination 

in both mice and humans [110]. Tumor cells actively recruit GAMs via their secretion of 

cytokines and chemoattractants such as monocyte chemotactic protein 1 (MCP-1) or 

granulocyte-macrophage colony‐stimulating factor (GM‐CSF) (Fig. 3D) [86, 89, 101]. 

Interactions between MG and GB cells have been shown to influence the severity of the disease 

as they have been shown to favor tumor progression [107], [111], [112]. Their ability to 

diminish the immune response is often exploited by tumor cells in terms of immune evasion 

and survival.  For instance, Zeiner et al. reported that the M1:M2 ratio accounts for a favorable 

prognosis in IDH1 wild-type GB [113]. This finding was reinforced by several studies which 

generated evidence of a pro-tumorigenic TME maintenance by M2-like GAMs, which resulted 

in worse progression in high-grade gliomas [114]–[116]. M2 polarization is facilitated by GB 

metabolites like e.g. kynurenine [117]. Additionally, GAMs have been shown to secrete growth 

factors such as VEGF or endothelial growth factor (EGF) or cytokines like IL-6, ultimately 

promoting tumor growth, invasion and angiogenesis (Fig. 3D) [118]. In line with that, 

upregulation of the TGF-β signaling pathway, as well as secretion of IL-10 and prostaglandin 

E2 (PGE2) into the TME, results in recruitment and stimulation of immune-suppressive 

regulatory T cells (Tregs) [119]. They further attenuate the immune response via expression of 

PD-L1, [111], [120] and mediate downregulation of co-stimulatory molecules such as CD86, 

CD80 and CD40, ultimately impeding T cell activation [121]. They also actively contribute to 

T cell apoptosis via the expression of FasL, fuel genetic instability and support cancer stem cell 

survival [96], [111], [122].  

1.1.4.4 T cells 

T cell-mediated inflammatory responses are mostly absent in the brain under physiological 

conditions; however, recruitment of T cells under pathological conditions has been reported 

[123], [124]. Especially cytotoxic CD8+ T cells have been observed to mediate a potent anti-

tumor response [125]. Nonetheless, their cytotoxic activity is commonly suppressed within the 

TME of brain tumors. Interaction of T cells and GB cells within the immunosuppressive 

environment drastically alters T cell effector function. T cell dysfunction mostly manifests in 

T cell senescence, tolerance, anergy or exhaustion. Although senescence in T cells is poorly 
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studied so far, there is evidence that immunosenescence of the CD4+ compartment correlates 

with poor prognosis. For instance, GB patients with a high abundance of CD4+CD28−CD57+ T 

cells in the TME showed significantly decreased overall survival [126]. Senescent T cells are 

mainly characterized by the expression of CD57, a marker of terminal differentiation and lack 

of co-stimulatory CD27 and CD28 [127], [128]. Tolerizing mechanisms are of crucial 

importance under physiological conditions; however, they are exploited by GB cells to evade 

immune attack. Not only FasL-mediated deletion has been described in GB [129]–[131], also 

the recruitment of Tregs, a CD4+ T cells subset characterized by expression of the transcription 

factor forkhead box P3 (FOXP3), is commonly observed. The CD4+ compartment of GB is 

highly infiltrated by Tregs, which contribute to immunosuppression within the TME to a great 

extent [132], [133] (Fig. 3E). For instance, they mediate decreased IL-2 and IFN-γ production 

by T cells via their secretion of TGF-β and IL-10 [134]–[136]. Treg expansion is also promoted 

by the STAT3 pathway, which is often overexpressed in GB cells, thereby stimulating 

proliferation and survival  [137]–[139]. Another protective mechanism is posed by T cell 

exhaustion, which physiologically aims at limited collateral damage of an immune response. 

If T cells encounter an antigen several times under conditions that are not ideal, a specific 

transcriptional program renders them hyporesponsive, a mechanism that is misused by tumor 

cells as well (e.g. via the PD-1/PD-L1 interplay) [140]–[142]. In GB patients, the upregulation 

of several immune checkpoints such as programmed cell death protein 1 (PD-1), lymphocyte 

activation gene 3 (LAG-3), T cell immunoglobulin and mucin-domain containing-3 (TIM-3) or 

cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) results in drastic T cell exhaustion 

[142], [143].  

1.1.5 Clinical challenges  

As mentioned above, the infiltrative nature of GB growth makes truly complete surgical 

resection of the tumor impossible. However, there are further aspects that represent major 

hurdles in implementing an effective treatment approach. Among the factors that render GB 

management highly challenging are the low mutational burden of the tumor, its heterogeneity, 

the prevailing immunosuppression as well as immune dysfunction within the TME, and the 

residency of GB cells in a microenvironment shielded by the BBB.  

Although the concept of the brain being an inaccessible organ has been refuted [144], the BBB 

still preserves a specialized environment that is deprived of most external influences and lacks 
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surveillance by peripheral immune cells. The BBB is of crucial importance for the proper 

function of the brain [145], [146], but its highly selective permeability represents a grave 

obstacle in the context of chemotherapy in GB patients. The therapeutic effectiveness of 

chemotherapeutics is often compromised in brain tumors because drug concentrations within 

the tissue do not reach sufficient levels [147], [148]. Therapy resistance is also suspected to be 

connected to GB heterogeneity, albeit a complete understanding of the underlying genetic 

mechanisms is still poorly conceived [149], [150]. 

 

Figure 4: Challenges of glioblastoma management. 

In this regard, the need for improved drug delivery strategies as well as for novel anti-GB 

treatments like selective inhibitors or immunotherapies that promote tumor cell death and 

enhance immunogenicity is enormous. However, despite the extensive research activity and 

the remarkable gain of knowledge concerning the genetic heterogeneity and characteristic 

traits of GB, the translation of many concepts into the clinical setting has failed. The 

establishment of a successful immune response is also impeded by the characteristically low 

mutational burden of GB [151]. In other malignancies, the accumulation of mutations 

throughout tumor progression results in the generation of tumor neo-antigens which are new 

to the immune system and thereby evoke an anti-tumor response [152]. For instance, when 

predicting the response to immunotherapies, a higher tumor mutational burden is associated 
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with improved treatment response in non-CNS tumor entities [153]. In GB, the low amount of 

neo-antigens might not be sufficient to mount an effective anti-tumor immune response.  

Apart from the mutational burden, the composition of the immune infiltrate of GB is also 

relevant for treatment success. While a pro-inflammatory “hot” TME with comparatively high 

amounts of cytotoxic T cells combined with an immune-stimulatory cytokine milieu often 

implies a favorable prognosis [154], brain tumors like GB are mostly rated “cold” tumors 

characterized by severe and sustained immunosuppression. There is a variety of mechanisms 

employed by GB cells that prevent its TME from transitioning from “cold” to “hot”, such as 

the downregulation of MHC molecules, increased secretion of anti-inflammatory cytokines 

and chemokines as well as the recruitment of immunosuppressive cells like myeloid-derived 

suppressor cells (MDSC), M2-polarized GAMs, Tregs and regulatory B cells (Bregs) [67], [132], 

[155], [156]. The polarization of T cells and GAMs by GB cells has already been described in 

detail in sections 1.1.4.3 and 1.1.4.4. Treg proportions increase within 10 days of brain tumor 

implantation in mice [157], [158], and their recruitment and expansion seem to be TGF-β- and 

enzyme indoleamine 2,3-dioxygenase (IDO)-induced [159]–[161]. This kind of local immune 

dysfunction is also reflected systemically via the GB-induced sequestration of T cells in the 

bone marrow [162].  

To promote a rather “hot” TME that is less immunosuppressive and more susceptible to 

immune attack, an increase in immunogenicity via the release of tumor neo-antigens following 

GB cell death is desirable. Those therapy approaches also bear the potential to have synergistic 

effects when combined with immunotherapeutic interventions [163].  

1.2 Natural killer cells 

NK cells are lymphocytes of the innate immune system and account for 5–20% of the 

circulating lymphocytes in humans [164]. Besides their dominant role in the clearance of 

bacterial and viral infections, NK cells are of crucial importance in tumor immunosurveillance 

due to their ability to recognize and lyse transformed cells [165]. They mediate their protective 

anti-tumor immunity via contact-dependent cytotoxicity, which is predominantly mediated 

by the release of perforin- and granzyme B (GrB)-containing granules [166]. Imai et al. found 

a positive correlation between decreased NK cell cytotoxic activity and an elevated risk for 

tumor development [167], and also other studies reported that high intratumoral NK cell 
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counts indicate a favorable prognosis in tumor entities like colorectal or gastric carcinoma 

[168], [169] and squamous cell lung cancer [170]. 

In humans, NK cells are mainly identified via the expression of CD56 as well as the activating 

Fc receptor CD16 [171], [172]. In mice, however, those markers are not expressed, which is 

why in murine studies NK1.1 and NCR1 are commonly used as NK cell markers [173]. 

Uniquely, antigen processing and presentation are not required for activation of cytotoxic 

activity of NK cells [174]. Since they do not express variable clonotypic receptors on their 

surface, their activation is mediated via the interaction of NK cell receptors and the respective 

target cell. They can be distinguished by the expression of several activating receptors such as 

NKG2D, NCR1, NCR2, NCR3, NKG2, Ly49D, or Ly49H. Within the cell, the activating signal 

is transmitted via receptor-associated adaptor molecules like FcεRIγ, CD3ζ, and the DAP12 

[175]. Upon recognition of a target cell, NK cells can exert their cytolytic function through the 

release of perforin that is able to form pores in the target cell’s membrane, through which 

granzymes have access to the cytoplasm [176], [177]. Inside the cell, they initiate apoptosis via 

the induction of BH3-interacting domain death agonist (Bid), caspase-3 or DNA-PKc [178]–

[183]. Another mechanism of target cell lysis is the employment of death receptor ligation via 

the expression of CD95L or TNF-related apoptosis-inducing ligand (TRAIL), which activates 

the target cell’s death receptors such as CD95/Fas and TRAIL-R1-R2 [182]–[186]. Additionally, 

NK cells produce and secrete large amounts of chemokines such as CCL3 (MIP-1α), CCL4 

(MIP-1β), CCL5 (RANTES), XCL1 (lymphotoxin), and CXCL8 (IL-8) [187] as well as pro-

inflammatory Th1-type cytokines including IFN-γ, GM-CSF, and TNF-α [188]–[193], inducing 

the recruitment and subsequent activation of T cells, macrophages, DCs and neutrophils [194], 

[195].  



Introduction 

14 
 

 

Figure 5: NK cell functions in tumor control. 

Although the BBB mainly excludes NK cells from the brain microenvironment, increased BBB-

permeability in response to neuropathological conditions enables access to the brain [191], 

[196]. NK cells have also been found in GB, although they infiltrate tumors at very low 

amounts, accounting for only 2% of immune cells in glioma [197]–[199]. Interestingly, 

radiotherapy and TMZ treatment have been shown to result in decreased NK cell numbers in 

patient blood samples [200]. GB cells further avoid NK cell-mediated lysis via the 

downregulation of NKG2D, an NK cell-activating receptor  [201]. Despite their low abundance 

in the TME of GB, NK cells still have been shown to mediate anti-tumor activity in response 

to neuron-produced CX3CR1-mediated recruitment of NK cells to the brain [202]. Also, 

PDGFD, which is frequently upregulated in GB, has been shown to engage with the activating 

NK cell receptor NKp44, which promoted the secretion of pro-inflammatory cytokines and 

subsequent anti-tumor response, resulting in prolonged patient survival [203]. In line with 

that, studies both in mice and humans revealed a correlation between activated NK cell 

transcriptional signatures and favorable prognosis [202]–[210]. Given their significant 

contribution to tumor control despite their low abundance, adoptive transfer of NK cells that 

have been activated and expanded ex vivo could contribute to the elicitation of a more enduring 

immune response in GB. Especially combination therapy approaches hold the potential to 

defeat GB immune escape and increase NK cell activity [211]. Given the low immunogenicity 
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within the brain tumor TME, immunotherapies represent a promising candidate for 

combination therapy with NK cells. By attenuating the dominant immunosuppression in GB, 

an NK cell-initiated immune response might become more persistent [212]. Recently, it has 

been shown that inhibition of the PD-1/PD-L1 checkpoint leads to increased NK cell activity, 

further reinforcing interest in the evaluation of combined immune strategies [213]. 

1.2.1 Genetically engineered chimeric antigen receptor NK cells 

To increase their anti-tumor activity and retarget it to tumor-specific antigens, NK cells have 

been genetically modified with chimeric antigen receptors (CARs). This has been 

accomplished with both primary NK cells and the clonal cell line NK-92. This cell line was 

derived from an NK cell lymphoma patient and has been genetically engineered to express a 

HER2-directed CAR construct [214]. Irradiated NK-92 cells for use in humans are not able to 

clonally expand and have not been reported to induce cytokine storms or graft-versus-host 

disease (GvHD), which contributes to their promising safety record that has also been 

validated in clinical trials [214]–[217].  

Since HER2 has been reported to be expressed in up to 80% of GB patients [27], [28], [29], the 

ongoing CAR2BRAIN clinical trial employs these HER2-specific CAR-NK cells (named NK-

92/5.28.z cells) for local GB therapy [216], [218], [219]. Those cells express a second-generation 

CAR based on the HER2-specific single-chain variable fragment (scFv) derived from the FRP5 

monoclonal antibody, which has been fused to CD28 and CD3ζ signaling domains.  

CAR-NK cells are irradiated before being transferred into the patient, which suppresses their 

proliferation but does not impair their cytotoxic activity [29], making them eligible as a 

potential off-the-shelf contribution to cellular immunotherapy [191], [220]. In preclinical 

studies, NK-92/5.28.z cells exhibited potent specific lytic activity towards HER2+ GB cells [29]. 

Symptom-free survival of experimental animals was significantly extended in murine 

orthotopic xenograft models upon repetitive intratumoral injection of NK-92/5.28.z cells. A 

key finding of the study by Zhang and Burger et al. was that in the GL261-HER2 mouse model, 

the efficacy of this therapy was largely driven by a CAR-NK-induced secondary immune 

response that was not exclusively HER2-dependent [29], [221]. 
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Figure 6: Generation of HER2-specific CAR-NK cells. (A) Schematic representation of targeted CAR-NK cell 

therapy. (B) Composition of the HER2-specific second-generation CAR. (C) Confocal microscopy image of CAR-

NK cells lysing a human GB cell (adapted from [222]). 

However, in the GL261-HER2 mouse model, the efficacy of treatment with NK-92/5.28.z was 

significantly limited in advanced larger tumors most likely due to the immunosuppressive 

microenvironment. Therefore, to further increase the anti-tumor potential of NK-92/5.28.z 

cells, combination therapy using systemically administered checkpoint inhibitors was 

implemented and revealed synergistic effects even at advanced tumor size up to complete 

remission in some animals [223]. 

1.3 Cancer immunotherapy 

Recent advances in precision oncology have led to the development of novel immune-

oncology strategies such as checkpoint inhibitors and combination immunotherapies. Within 

the last decade, immunotherapy has revolutionized the clinical management of cancer and 

was awarded a Nobel Prize in medicine in 2018. Treatment with immune checkpoint inhibitors 

(ICIs) achieved promising clinical outcomes in a variety of tumor entities such as melanoma 

and non-small-cell lung cancer [224]–[226]. ICIs mediate the inhibition of certain T cell 

inhibitory receptors, such as immune checkpoints PD-1 and CTLA-4. Under physiological 

conditions, activation of those checkpoints results in restricted clonal T cell proliferation to 

ensure immune autoregulation. Tumor cells frequently hijack this mechanism by upregulating 

receptor ligands, thereby promoting T cell dysfunction and evasion of a sustained immune 

attack. Ipilimumab (Yervoy®, Bristol-Myers Squibb), a human monoclonal CTLA-4 antibody, 
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was the first ICI approved for the treatment of melanoma patients [226]–[228]. Other ICIs 

currently approved in Europe and the USA are e.g. the PD-1 antibodies Pembrolizumab 

(Keytruda®, Merck) and Nivolumab (Opdivo®, Bristol-Myers Squibb). Besides the “classical” 

checkpoints PD-1 and CTLA-4, there are several others, including TIM-3, TIGIT, LAG-3, BTLA, 

2B4, CD160, and CD39, that also raise interest regarding the development of specific inhibitors 

[229]–[232].  

 

Figure 7: The principle of immunotherapy. An “immunologically cold” tumor lacking immune cell infiltration 

(left) opposed to an “immunologically hot” tumor Anti-PD-1 antibody reduces PD-1/PD-L1-mediated 

intratumoral immune suppression inducing immune cell activation and tumor cell lysis. 

Despite the tremendous benefits ICI therapy had on the outcomes of many cancer patients, not 

all tumor entities respond equally to treatment. A study showed that durable responses to 

anti-PD-1 and CTLA-4 therapy were only found in 20% to 40% of patients [233]. The 

therapeutic success of ICI therapies is strongly correlated to high mutational load and a 

subsequently elevated amount of neo-antigens [234]–[238], resulting in elevated response rates 

in T cell-inflamed, „hot“ tumors such as melanoma, bladder cancer, non-small-cell lung cancer 

(NSCLC) and head and neck squamous cell carcinoma (HNSCC) [235], [239]–[241]. In „cold“ 

tumors like several breast cancers, ovarian cancer, prostate cancer, pancreatic cancer, and GB, 

low T cells amounts obstruct the initiation of effective immune responses evoked by ICIs [58].  
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1.3.1 Immunotherapy in glioblastoma 

The lack of effective treatment options upon GB recurrence and the consequent poor overall 

prognosis has prompted considerable efforts to explore more advanced therapeutic options, 

including immunotherapy. The most prominent challenge of immunotherapy in GB is the 

immunosuppressive TME, combined with a low mutational burden as well as low 

immunogenicity [242], [243]. Between 61% and 88% of patients‘ tumors express PD-L1, the 

ligand for the immune checkpoint PD-1, mainly on GB cells as well as tumor-associated 

monocytes/macrophages [120], [243]. Given the high amounts of myeloid cells within the GB 

immune infiltrate, immunotherapy using ICIs targeting the PD-1/PD-L1 axis represents a 

promising treatment approach [155], [244]. For instance, CTLA-4 inhibition in mice led to 

improved survival and increased CD4+ T cell activity [245]. The induction of increased 

immunoreactivity of GB by the use of ICIs is also currently under clinical evaluation in 

humans, where it is often combined with standard of care therapy or after GB relapse [246], 

[247], e.g. the combination of Nivolumab (anti-PD-1) and radiotherapy (NCT02617589, phase 

III) or Nivolumab and/or Ipilimumab in recurrent GB (NCT02017717, phase III) [47]. However, 

due to severe T cell dysfunction and the prominent immunosuppressive TME, the majority of 

clinical trials evaluating ICI therapy for GB have been disappointing so far. Several 

randomized trials investigating the benefits of ICI monotherapies in adjuvant as well as 

recurrent settings have failed to meet their primary endpoint [56].  

Similar to chemotherapeutics, ICI molecules as large molecules are commonly unable to cross 

the BBB, which entails insufficient ICI concentrations in the brain and in the tumor. An 

additional drawback of systemic administration of ICIs is the risk of severe immune-related 

side effects, while the use of several drugs further intensifies the risk and impedes the 

development of combination immunotherapies [248]. In the first major human clinical trial 

using anti-PD-1 (CheckMate143), patients receiving anti-PD-1 alone showed a tolerable safety 

profile, whereas severe adverse events in 8 of 10 patients who received anti-PD-1 plus anti-

CTLA-4 led to discontinuation in 5 patients [249]. Another study reported the discontinuation 

of 20–30% of patients in the combination cohort, compared to 10% of patients who received 

the anti-PD-1 monotherapy [250].  

A more efficient and tolerable strategy for immunotherapy approaches might be a more local 

administration of ICIs, allowing for high intratumoral and low systemic drug concentrations, 
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which could be achievable via the use of gene therapeutic approaches employing adeno-

associated viral vectors (AAVs) [251].  

1.4 Gene therapy using adeno-associated viruses 

Gene therapy is a gene delivery strategy that aims towards the treatment of various diseases 

arising from genetic errors that result in metabolic, cardiovascular, muscular, neurological, 

hematological or ophthalmological disorders, either via supply of a missing gene or 

knockdown of an overexpressed gene [252]–[255]. Among the vectors commonly used for gene 

therapy are retroviral, lentiviral or adenoviral vectors as well as adeno-associated virus (AAV) 

vectors [254], [255]. Over the last decades, mainly lentiviral viruses have been used for gene 

transfer [256], [257]; however, integration-competent viral vectors harbor the risk of insertional 

mutagenesis and transgene oncogenesis in response to vector integration, accounting for 

adverse events like the development of lymphoid leukemia in several cases [258]–[260]. More 

and more frequently, however, AAV vectors are the vectors of choice for gene transfer, as they 

combine several advantages over other delivery systems. The use of AAV vectors allows for 

highly efficient gene editing which is considered to be particularly safe. AAV is a parvovirus 

belonging to the genus of dependoviruses, therefore being unable to replicate without a 

helper-virus like an adenovirus or herpes virus. Therefore, they are non-pathogenic and rarely 

integrate into the host chromosome. Moreover, AAV shows a broad tropism, low 

immunogenicity and can be produced at very high titers [261]–[265]. Its ability to transduce 

post-mitotic cells enables long-term expression of the transgene.  

It was first described by Bob Atchinson in 1965 and has been a versatile subject of research 

ever since [266].  

 

 

Figure 8: Adeno-associated virus (AAV) structure and genome organization (adapted from [252] and [253]) 
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The virus is non-enveloped and has an icosahedral protein capsid. Enwrapped by the capsid 

is its linear single-strand DNA genome, which is approximately 4,7 kB in length and encodes 

replication as well as capsid genes. Since it does not encode its own polymerase, gene 

transcription is dependent on one of the host cell. Rep78, Rep68, Rep52 and Rep40 take on 

specific roles in genome replication as well as virus assembly and are encoded by the rep gene. 

The capsid comprises three distinct capsid proteins (virion protein (VP) 1, VP2 and VP3), 

whose genes are located in the cap ORF. Each AAV consists of 60 VPs at a 1:1:10 ratio of 

VP1:VP2:VP3. Furthermore, an in-frameshifted ORF encodes an assembly-activating protein 

(AAP), which is required for capsid assembly [263]–[265]. The first AAV vector-based gene 

delivery product, Glybera, was approved in Europe in 2012 and is now used for the treatment 

of patients suffering from lipoprotein lipase deficiency [269], [270]. It was followed by 

Luxturna, which delivers the human retinal pigment epithelium-specific protein (RPE65) for 

the treatment of patients with RPE65-associated Leber congenital amaurosis [271], delivering 

the human retinal pigment epithelium-specific protein (RPE65) (Smalley). Since 2019, spinal 

muscular atrophy is approved to be treated using the AAV-based gene therapy drug 

Zolgensma [272]. The high potential of virus-based gene therapies is also reflected by an FDA 

report in 2019, predicting that 10–20 new cell and gene therapy products per year will be 

approved by 2025 [273].  

After binding to its primary receptor on target cells, AAV is internalized via a clathrin-coated 

pit into endosomes. Acidification of the endosome triggers a conformational change in capsid 

proteins and a subsequent endosomal escape. Following the entry into the nucleus, uncoating 

and release of the genome take place. Once the single-stranded genome has conversed into a 

double-stranded DNA (dsDNA) template, the respective transgene is transcribed and 

subsequently translated in the cytosol [263], [264]. For the use in gene therapy, all the viral 

genes are replaced by the gene of interest, flanked by inverted terminal repeats. The size of the 

transgene should not exceed 5 kB [274]. AAV2 as the best studied and characterized AAV 

serotype is most commonly used for vector design. High gene expression of the transgene is 

ensured by the use of constitutively active, strong promoters such as the cytomegalovirus 

(CMV) promoter/enhancer, elongation factor 1a (EF1a) or simian virus 40 (SV40) [275]. Gene 

therapy recombinant AAVs (rAAVs) are generated via 3-plasmid co-transfection: generation 

requires a cassette containing the transgene, a plasmid encoding the rep and cap genes and a 
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plasmid containing the adenovirus helper genes. Human embryonic kidney (HEK) cells are 

commonly used as packaging cells. 

1.4.1 Generation of HER2-specific adeno-associated viral vectors  

As interest in gene therapies using recombinant AAVs (rAAVs) increases, the effort to enhance 

gene delivery efficiency does as well. Especially the efficacy of host cell transductions is 

addressed via refinement of cell entry targeting technologies. Vector engineering allows for 

the permanent modification of viral capsid or envelope proteins, optimizing the interaction of 

rAAVs with receptors on the target cell’s surface [261], [276]. Re-directing rAAV vector 

tropism by capsid engineering represents a substantial advancement in gene therapy since 

targeting of specific cell types becomes feasible. The different wildtype AAV serotypes on 

which rAAVs are based exhibit a natural tropism for distinct tissues and cell types. For 

instance, AAV2 preferably transduces skeletal muscle, hepatocytes and vascular smooth 

muscle cells (VSMCs). Systemic administration of unmodified rAAV2 vectors resulted in the 

transduction of liver tissue and led to off-target effects, which limited the amount of transgene 

delivery to target tissues [277]–[280]. There have been attempts to re-direct tropism via the use 

of tissue-specific promoters; however, vector particles were still able to enter non-target cells 

and induce cytotoxicity [262], [276]. 

In the past, the strategy of specifically targeting tumor tissue using gene therapy has been 

extensively studied, using a variety of approaches including delivery of recombinant DNA, 

interfering RNA (iRNA), microRNAs (miRNAs), transcription activator-like effector nucleases 

(TALENs) or clustered regularly interspaced short palindromic repeats/CRISPR-associated 

protein 9 (CRISPR/Cas) [281]–[286]. Also, the employment of suicide genes has been 

extensively studied, including their implications for glioma therapy [287], [288].  

However, none of the and non-viral gene delivery systems, including natural AAV serotypes 

are specific for malignant cells [289]–[293], which is problematic when envisaging them as 

vectors for targeted gene delivery to tumor cells. Most viral systems preferentially target liver 

tissue, which is of relevance for the targeting of hepatocellular carcinomas but impedes 

effective gene delivery to other organs [294], [295]. Although localized delivery techniques 

such as inhalation or intracranial, intratumoral and intravenous injection have been evaluated, 
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the broad expression of AAV’s natural receptors still results in transduction of non-target cells 

[279], [296].  

Therefore, to prevent gene transfer to non-relevant cell types and facilitate targeted 

transduction of tumor cells, Buchholz et al. designed rAAVs with specificity for HER2+ cells 

(HER2-AAVs). To restrict gene transfer to HER2+ cells only, they genetically fused designed 

ankyrin repeat proteins (DARPins), which act as targeting ligands, to VP2 [251], [290], [297], 

[298] [299]–[302].  

 

Figure 9: Schematic representation of a DARPin and a DARPin-linked AAV vector (adapted from [236] and 

[288]) (A) Ribbon model of a DARPin with three internal repeats [303]. (B) Plasmids for generation of AAV-
targeting vectors designed by Münch et al. [236]. Expression of unmodified VP2 was excluded via mutation of the 
VP2-start codon (labeled by yellow flash). HSPG binding was prevented via the substitution of R585 and R588 by 

alanine (labeled by orange flash). 

DARPins are highly specific genetically engineered proteins that can be selected by high-

throughput screens from DARPin libraries. They consist of helical repeats with a concave 

protein interaction surface, which makes them high-affinity binding scaffolds. The artificial 

proteins are designed to mimic antibodies while being smaller (14–18 kDa)  and more stable 

[251], [304]. Furthermore, they do not tend to aggregate and have been shown to be 

thermostable as well as resistant to proteases and denaturing agents [305]–[308]. Essentially 

any molecule can be selected as a target for such receptor-specific DARPins. In the case of 

HER2-AAVs, the coding sequence for DARPin 9.29 was chosen after the high-throughput 

selection of a DARPin library against the extracellular domains of HER2 [297], [309]. Neither 

the correct folding of the DARPin after its fusion to the N-terminus of VP2 nor capsid assembly 

or vector genome packaging was impaired [297], [305]. To unequivocally re-direct AAV 

tropism and ensure off-target free HER2-targeting specificity, natural tropism had to be 

eradicated. This was achieved by simultaneous ablation of natural receptor function via the 

introduction of two point mutations into the binding motif for AAV's primary receptor 
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heparan sulfate proteoglycan (HSPG). Site-directed mutagenesis did not hamper vector 

assembly and function [282], [299]–[302].  

Taken together, the resulting viral vectors harbor cell type specificity that enables a restricted 

biodistribution in response to the systemic or local application without the risk of 

autoimmune-like side effects [236], [297]. The use of receptor-targeted AAVs facilitates the 

transduction of solid tumors which can be difficult to access. In previous studies, 75% of all 

tumor sites in experimental animals were tracked following a single intravenous 

administration of HER2-AAVs [251]. Concerning recent advances in immunotherapy and its 

investigation for the treatment of GB, HER2-AAV-mediated delivery of genes encoding ICIs 

represents a promising novel treatment approach. Using HER2-AAVs as a tool for gene 

delivery, the local expression and secretion of ICIs after the transduction of tumor cells in vivo 

becomes feasible [310]. Cargo gene expression limited to the tumor area allows for high 

intratumoral and low systemic drug concentrations.  

 

Figure 10: Schematic representation of HER2-AAV encoding murine aPD-1 (adapted from [310]). 

In a study by Reul et al., the coding sequence of an scFv-Fc fusion protein directed against 

murine PD-1 was packaged into HER2-AAVs. The therapeutic protein is an antibody-like 

molecule that fuses the Fc region of an immunoglobulin and the ligand-binding region of a 

receptor or adhesion molecule. HER2+ RENCA cells were efficiently transduced and secreted 

the HER2-AAV-encoded aPD-1 in large amounts [310], [311]. Conferring this approach to GB 

therapy, the modulation of the immunosuppressive TME by disruption of the PD-1/PD-L1 axis 

might be achieved, which in combination with tumor-specific CAR-NK cell therapy harbors 

the potential of mediating a sustained immune response against GB.  
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1.5 Aim of the thesis 

GB, with its small number of mutations and its highly immunosuppressive microenvironment, 

is considered a prototypic immunologically “cold” tumor. 

This project was set out to induce cell death and inflammation through the application of 

HER2-specific CAR-NK cells and to antagonize local PD-1-mediated immunosuppression 

with the use of aPD-1-encoding AAVs re-targeted to HER2 on tumor cells with the primary 

hypothesis that this strategy will result in potent local reversal of immunosuppression with 

little systemic side effects (Fig. 11). 

Key aims regarding CAR-NK cell therapy include the analyses of inflammatory responses 

towards their application, in particular the cytokine release in tumor cells and cells of the 

microenvironment, as well as the regulation of PD-L1 expression in those cell types.  

To establish HER2-AAV therapy, transduction efficacy, the functionality of the vector-

encoded aPD1 as well as compatibility of both therapy approaches will be evaluated in specific 

in vitro models. Then, the production and secretion of PD-1-directed immunoadhesins will be 

investigated in the GL261-HER2 mouse model in vivo. Biodistribution studies will reveal 

whether or not transduction efficacy is dependent on the route of HER2-AAV application. The 

determination of the most effective route of administration in these pharmacokinetic studies 

will help define the application strategy in preclinical survival experiments. 

The combination of HER2-AAVs and the resulting local secretion of anti-PD-1-directed 

immunoadhesins with CAR-NK cells is intended to exploit complementary mechanisms of 

action and thus achieve synergistic effects. Finally, the effect of HER2-AAV administration in 

combination with CAR-NK cells on tumor growth and symptom-free survival of the animals 

will be quantified in subcutaneous and orthotopic intracranial immune-competent mouse 

models. In the light of the highly innovational AAV / DARPin-mediated gene transfer, the 

project would offer perspectives beyond brain tumor medicine. 
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Figure 11: Combination therapy with CAR-NK cells and aPD-1 encoding HER2-AAVs. CAR-NK cell-mediated 
anti-tumor responses are inhibited by the immunosuppressive microenvironment. Upon selective transduction of 
HER2+ tumor cells, HER2-AAVaPD-1 induces local production of a PD-1 antibody enabling an anti-tumor immune 

response driven by endogenous immune cells. 
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2 Material and Methods 

2.1 Material 

Consumables and chemicals used for molecular biology and protein biochemical methods as 

well as for cell culture and animal work were obtained from Abcam, Applichem, Bayer, BD 

Bioscience, Beckman Coulter, Biolegend, Biotechne, Biozym, Carl Roth, Cell Signaling, 

Corning, Eppendorf, Fujifilm, GE Healthcare, Gibco, Greiner-Bio One, Lonza, Merck 

Millipore, Miltenyi Biotech, Novus Biologicals, PAN Biotech, Qiagen, R&D systems, Roche, 

Sarstedt, Sigma-Aldrich and Thermo Fisher Scientific. Commonly used reagents are listed in 

Table 1. 

2.1.1 Reagents 

Table 1: Reagents, chemicals, recombinant proteins and cytokines 

Name Supplier 

1-Step™ Ultra 3,3',5,5'-Tetramethylbenzidine (TMB) 
substrate 

Thermo Fisher Scientific 

2-Mercaptoethanol  Carl Roth  

4% Paraformaldehyde Carl Roth 

ABsolute Blue qPCR SYBR Green Fluorescein Mix  Thermo Fisher Scientific  

Acrylamide Carl Roth 

Ammonium persulfate (APS) Sigma-Aldrich 

Astrocyte medium Innoprot 

BD Pharm Lyse™ lysing buffer BD 

Basic fibroblast growth factor (bFGF) ReliaTech 

BIT medium PeloBiotech 

Bovine serum albumine (BSA) Carl Roth 

CD3 MicroBeads, human Miltenyi Biotech 

CellTrace™ Calcein Violett, AM (CV) Thermo Fisher Scientific 

cOmplete™ Mini Protease Inhibitor Cocktail Tablets  Roche  

DMEM-F12 Gibco 

DNAse I Thermo Fisher Scientific 

Dulbecco’s Modified Eagle Medium (DMEM) Gibco 

DYNAL™ Dynabeads™ Thermo Fisher Scientific 
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Epidermal growth factor (EGF) ReliaTech 

ELISA Stop Solution  Thermo Fisher Scientific  

Fetal calf serum (FCS) Gibco 

G418 (Neomycin) InVivo Gen 

GolgiStop™ Protein Transport Inhibitor (containing 

Brefeldin A) 
BD Biosciences 

HaltTM Protease & Phosphatase Inhibitor Single-Use 

Cocktail (100x)  
Thermo Fisher Scientific  

Hanks' Balanced Salt Solution (HBSS) Gibco 

Recombinant IFNγ (human/murine) BioLegend 

Interleukin-2 (IL-2) Thermo Fisher Scientific 

Laminin Roche 

Leibovitz-L15 Gibco 

Lipofectamine™ 3000 Transfection reagent  Invitrogen  

Myelin Removal Beads II Miltenyi Biotech 

Nuclease free water Invitrogen 

Penicillin/Streptomycin (PenStrep) Pan Biotech 

Pharmlyse RBC lysis buffer BD BioSciences 

Phosphate Buffered Saline (PBS) Gibco 

Pierce™ ECL Western Blotting substrate Thermo Fisher Scientific 

Pierce™ IgG Elution Buffer, pH 2.0  Thermo Fisher Scientific  

Pierce™ Stop Solution for TMB Thermo Fisher Scientific 

Ponceau S Carl Roth 

Powdered milk Carl Roth 

Propidium Iodide (PI) Sigma-Aldrich 

Protein Assay Dye Reagent Biorad 

Puromycin Sigma-Aldrich 

Recombinant Human ErbB2/HER2 Fc Chimera Protein R&D systems 

Recombinant Protein A-Sepharose® 4B  Invitrogen  

Roti® Quant Bradford Reagent  Carl Roth  

Roswell Park Memorial Institute (RPMI) 1640 medium Gibco 
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Spectra™ Multicolor Broad Range Protein Ladder  Thermo Fisher Scientific  

SuperScript™ VILO™ Master Mix  Invitrogen  

SYBR Green Thermo Fisher Scientific 

Tetramethylethylenediamine (TEMED)  Carl Roth  

TRI Reagent®  Sigma-Aldrich  

UltraPure™ 0.5M EDTA, pH 8.0 Invitrogen 

Virus production serum-free medium (VP-SFM) Gibco 

X-Vivo™ 10 Lonza Bioscience 

 

2.1.2 Kits 

Table 2: Kits 

Name Supplier 

Brain Tumor Dissociation Kit (P) Miltenyi Biotech 

Bright-Glo™ Luciferase Assay System  Promega  

DNeasy® Blood & Tissue Kit Qiagen 

Extract Me Total RNA Kit BLIRT 

LEGENDplexTM Human Anti Virus Response Panel  BioLegend  

LEGENDplexTM Human Inflammation Panel  BioLegend  

LEGENDplexTM Mouse Anti Virus Response Panel  BioLegend  

LEGENDplexTM Mouse Inflammation Panel  BioLegend  

MicroBCA™ Protein Assay Kit  Thermo Fisher Scientific 

PD-1/PD-L1 Blockade Assay Promega 

Spleen Dissociation Kit, mouse Miltenyi Biotech 

TGX Stain-Free™ FastCast™ Acrylamide Kit, 12%  Bio-Rad  

Trans-Blot® Turbo™ RTA Mini Nitrocellulose Transfer Kit  Bio-Rad  

Tumor Dissociation Kit, mouse Miltenyi Biotech 
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2.1.3 Enzymes 

Table 3: Enzymes 

Name Supplier 

DNA Polymerase Invitrogen 

Papain Worthington 

Trypsin EDTA Gibco 

 

2.1.4 Buffers and media 

Table 4: Buffer and media composition 

Name Composition  

BIT medium 40 mL DMEM-F12 + P/S 

100 µL EGF 

100 µL bFGF 

10 mL BIT 

Collection buffer  1 M Tris 
in dH2O  
pH 9 

ECL (Western blot)  10 % (v/v) solution B (1.1 mg/mL p-
coumaric acid in DMSO)  
0.03 % H2O2 (30 %)  
in solution A (25 % (w/v) Luminol in 0.1 M 
Tris-HCl (pH 8.6))  

ELISA blocking buffer 5 % (v/v) FCS  
0.05 % (v/v) Tween 20  
in PBS  

ELISA wash buffer 0,05% (v/v) Tween 20  
in PBS 

FACS buffer 2% (v/v) FCS  

in PBS 

Freeze medium 90% (v/v) FCS 

10% (v/v) DMSO 

Lysis Buffer 50 mM Tris/HCl (pH 8.0) 
130 mM NaCl 
0.5 % (v/v) NP-40 
5 mM EDTA (pH 8.0) 
in dH2O  
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Laemmli-buffer (4x)  
 

250 mM Tris/HCl (pH 6.8)  
8 % (w/v) SDS  
40 % (v/v) Glycerol  
0.08 % (w/v) Bromphenol blue  
20 % (v/v) 2-Mercaptoethanol  
in dH2O  

NP-40 lysis buffer/  
Lysis buffer P  

50 mM Tris/HCl (pH 8.0)  
130 mM NaCl  
0.5 % (v/v) NP-40  
5 mM EDTA (pH 8.0)  
in dH2O 

Papain solution 5 mL Leibovitz-L15 
55 µL Papain 
0.5 µM EDTA 

SDS running buffer (10x) 124 mM Tris 
960 mM glycine 
0.5 % (v/v) SDS 
in dH2O 

TBS-T 50 mM Tris 
150 mM NaCl 
0.1 % (v/v) Tween 
in dH2O  

pH 7.4 

Western Blot 2nd antibody solution  5 % (w/v) BSA  
in TBS-T  

Western Blot blocking buffer  5 % (w/v) powdered milk  
in TBS-T  

Western Blot transfer buffer 250 mM Tris 
1,92 M glycine 
20 % (v/v) methanol 

in dH2O  

 

2.1.5 Antibodies 

Table 5: Antibodies 

Antibody Species Dilution  Supplier 

α-mouse CD16/CD32 (Mouse BD Fc 

Block™) 
Rat FC1 (1:1000) BD Bioscience 

α-HA-tag Rabbit 
WB2 (1:5000) 

ELISA3 (1:4000) 
Abcam 
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α-mouse-PD-1 Rat 250 µg Bio X Cell 

α-mouse-PD-1-FITC Rat FC (1:100) Biolegend 

α-mouse-PD-L1-PE Rat FC (1:100) Biolegend 

α-human-CD107a-APC Mouse FC (1:100) Biolegend 

α-human-HER2-Alexa647 Mouse FC (1:100) Biolegend 

α-human-PD-L1-APC Mouse FC (1:100) Biolegend 

α-mouse-IgG-Fc-FITC Goat FC (1:100) Abcam 

α-mouse-IgG-HRP Goat ELISA (1:25.000) Abcam 

α-Actin  Goat  WB 1:5000  
Santa Cruz 

Biotechnology  

α-human-IgG-Fc-FITC Goat FC (1:100) Abcam 

Mouse IgG1, isotype control - FC (1:100) Biolegend 

α-rabbit-IgG-HRP  Goat  WB 1:8000  Invitrogen  

α-goat-IgG-HRP  Mouse  WB 1:5000  Santa Cruz  

α-human-HER2-Alexa647  Mouse  FC 1:100  BioLegend  

α-human-EGFRvIII-Alexa488 Mouse FC 1:100 
Novus 

Biologicals 

α-mouse-IgG-HRP  Goat  ELISA 1:30000  Abcam  

α-mouse-IgG-Fc-FITC  Goat  FC 1:100  Abcam  

α-mouse-PD-1-FITC  Rat  FC 1:100  BioLegend  

α-mouse-PD-L1-BV421  Rat  FC 1:100  BioLegend  

α-human-PD-L1-PE  Mouse  FC 1:100  BioLegend  

FC1: Flow Cytometry, WB2: Western Blot, ELISA3: Enzyme-linked Immunosorbent Assay 
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2.1.6 Oligonucleotides 

All oligonucleotides used in this thesis were synthesized by Sigma-Aldrich. 

Table 6: Primer sequences 

Name Oligonucleotides (5‘  3‘) 

18s_fwd CTACCACATCCAAGGAAG 

18s_rev GGACTCATTCCAATTACAG 

aPD1_fwd CCAAGTCCTACAACTATG 

aPD1_rev GTCCTCAGATTGTTCATC 

SDHA_h_fwd GTGCGGATTGATGAGTAC 

SDHA_h_rev CAACGTCCACATAGGACA 

Sdha_m_fwd CGACAAGACCTTGAATGA 

Sdha_m_rev GCTGTTGATCACAATCTATG 

 

2.1.7 Plasmids 

Table 7: Plasmids 

Name Description Source 

CMV HER2 WT Plasmid encoding HER2 Mien-Chie Hung 

pscαPD-1-SFFV scAAV transfer vector encoding αPD-1 

(SFFV promotor) 

Johanna Reul, PEI1, 

Langen 

1PEI: Paul-Ehrlich-Institut 

 

2.1.8 Eukaryotic cells 

Media used for the cultivation of cells are described in detail in chapter 2.5.1. 

Table 8: Eukaryotic cells 

Name Source/Description 

BV2 
Murine microglia cell line (neonatal, from cerebral cortex, 

transformed via v-raf/v-myc oncogene) [312] 

C20 Human microglia cell line [313] 
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EOC2 
Murine microglial cell line (neonatal, M-CSF-dependent clones from 

whole-brain) [314] 

G55T2 
Human anaplastic astrocytoma cell line; provided by M. Westphal 

and K. Lamszus, University Clinic Hamburg Eppendorf  

G55T2- HER2 
G55T2 cells genetically engineered to express human HER2 

(transfected with pcDNA3-HER2 WT [315], FACS sorted) 

GL261 Murine glioma cell line, ATCC® HB-12317™ 

GL261-HER2 
GL261 cells genetically engineered to express human HER2; 

provided by W. Wels, Georg Speyer Haus, Frankfurt 

GL261-HER2-low 
GL261 cells sorted to express HER2 at the level of endogenously 

HER2+ LN-319 cells; generated in this project 

HEK-293-T/A provided by D. Krause, Georg-Speyer Haus, Frankfurt 

HMC3 Human microglia cell line [316] 

HT1080 Human fibrosarcoma cell line; ATCC®, CCL-121™ 

HT1080-PD-1 
Human fibrosarcoma cell line expressing mouse PD-1; generated by 

Johanna Reul, Paul-Ehrlich-Institut, Langen [310] 

HuA Human astrocyte cell line (Innoprot, Derio, Spain) 

LN-319 
Human astrocytoma cell line; provided by N. de Trebolet, Lausanne, 

Switzerland 

LN-319- HER2 
LN-319 cells genetically engineered to express human HER2 

(transfected with pcDNA3-HER2 WT [315], FACS sorted) 

LNT-229 
Human glioblastoma cell line; provided by N. de Trebolet, 

Lausanne, Switzerland 

LNT-229- HER2 
LNT-229 cells genetically engineered to express human HER2 

(transfected with pcDNA3-HER2 WT [315], FACS sorted) 

LNT-229-EGFRvIII 
LNT-229 cells genetically engineered to express human mutant 

EGFR (EGFRvIII,  [317]) 

MDA-453-MB Human breast cancer cell line (ATCC® HTB-131) 

MDA-468-MB Human breast cancer cell line (ATCC® HTB-132) 

MuA Murine astrocyte cell line (Innoprot, Derio, Spain) 
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NHA-E6/E7+hTERT 
Human astrocyte cell line, abbreviated to “NHA” thereafter for 

brevity [318] 

NK-92 
NK cell line derived from peripheral blood mononuclear cells from 

a non-Hodgkin's lymphoma patient; ATCC® CRL-2407™ 

NK-92/5.28.z 

NK.92 cell clone genetically engineered to express a second-

generation CAR construct based on the HER2-specific antibody 

FRP5 and CD28 and CD3ζ signaling domains; provided by W. Wels, 

Georg-Speyer Haus, Frankfurt [218] 

NK-92/MR1-1.28.z 

NK.92 cell clone genetically engineered to express an EGFRvIII-

specific CAR, provided by W. Wels, Georg-Speyer Haus, Frankfurt 

[222] 

Tu9648 

Murine glioblastoma cell line derived from glial fibrillary acidic 

protein (GFAP)-v-src transgenic mice; provided by J. Weissenberger 

(Weissenberger et al., 1997) 

Tu9648-HER2 
Tu9648 cells genetically engineered to express human HER2 

(transfected with pcDNA3-HER2 WT [315], FACS sorted) 

U138MG 
Human glioblastoma cell line; provided by N. de Trebolet, 

Lausanne, Switzerland 

U138MG- HER2 
U138MG cells genetically engineered to express human HER2 

(transfected with pcDNA3-HER2 WT [315], FACS sorted) 

U251MG 
Human glioblastoma-astrocytoma grade III; provided by N. de 

Trebolet, Lausanne, Switzerland 

U251MG- HER2 
U251MG cells genetically engineered to express human HER2 

(transfected with pcDNA3-HER2 WT [315], FACS sorted) 

U87MG 
Human glioblastoma cell line; provided by N. de Trebolet, 

Lausanne, Switzerland 

U87MG- HER2 
U87MG cells genetically engineered to express human HER2 

(transfected with pcDNA3-HER2 WT [315], FACS sorted) 
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2.1.9 Viral vectors 

Table 9: Viral vectors 

Virus Description Source 

HER2-AAVaPD-1  AAV2-based, HER2-DARPin-linked 
vector encoding an aPD-1 
immunoadhesin  

provided by Prof. C. 
Buchholz, Paul-Ehrlich-
Institut Langen 

HER2-AAVmuFc  AAV2-based, HER2-DARPin-linked 
vector encoding a murine IgG-Fc portion  

provided by Prof. C. 
Buchholz, Paul-Ehrlich-
Institut Langen 

HER2-AAVLuc  AAV2-based, HER2-DARPin-linked 
vector encoding a Firefly Luciferase  

provided by Prof. C. 
Buchholz, Paul-Ehrlich-
Institut Langen 

 

2.1.10 Animals 

Table 10: Animals 

Mouse strain Description Supplier 

C57Bl/6N Inbred mouse strain CharlesRiver 

Laboratories 

Crl:NU(NCr)-

Foxn1nu 

Immunodeficient due to a mutation of the 

Foxn1nu locus, animals lack a thymus and 

are therefore unable to produce T cells 

CharlesRiver 

Laboratories 

 

2.1.11 Materials for experimental mouse work 

Table 11: Materials for experimental mouse work 

Name Supplier 

Gadovist® 1,0 mmol/ml Bayer 
Ketavet 100 mg/mL  Zoetis  
Novaminsulfon Injekt 1000 mg  Zentiva  
Rompun® 2%  Bayer  
Surgibond Tissue Adhesive  SMI AG  
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2.1.12 Equipment 

Table 12: Equipment 

Name Manufacturer 

Amicon Ultra centrifugal filters 
Merck Millipore 

BioRad ChemiDoc XRS+ Imager 
Bio-Rad 

Bio-Rad Trans-Blot Turbo Bio-Rad 

CFX Connect™ Real-Time PCR Detection System Bio-Rad 

Centro LB 960 microplate luminometer Berthold Technologies 

C-tubes Miltenyi Biotec 

Econo-Pac chromatography column Bio-Rad 

FACSAria BD Biosciences 

FACSCanto II BD Biosciences 

gentleMACS™ Octo Dissociator Miltenyi Biotec 

Hamilton syringe Hamilton Bonaduz AG 

Heraeus™ Multifuge 3SR Plus™ Thermo Fisher Scientific 

LS columns Miltenyi Biotec 

Mini-Protean 3 cell chamber  Bio-Rad 

Mini-PROTEAN Tetra Vertical Electrophoresis Cells  Bio-Rad 

Nunc MaxiSorp™ flat-bottom 96-well-plates Thermo Fisher Scientific 

Qiagen TissueLyser LT Qiagen 

Quintessential Stereotaxic Injector Stoelting 

Small Animal MR Scanner Bruker 

Stereotaxic fixation device Stoelting 

TecanSpark Microplate Reader  Tecan Group AG 

ThinCert™ cell culture inserts Greiner Bio-One 

White 96-well-plates Corning 

Vortex-Genie 2 Scientific Industries 
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2.1.13 Software 

Table 13: Software 

Software Company 

DIVA BD Biosciences 

Excel Microsoft 

FlowJo (Version 10.0.7) FlowJo LLC 

GraphPadPrism 7 (Version 9.1.2.226) GraphPad Software Inc. 

Paravision 6.0.1 software Bruker 

PowerPoint Microsoft 

 

2.2 Molecular biology 

2.2.1 Quantitative real-time PCR 

Following viral transduction, total RNA of GL261, Tu9648 and LN-319 cells was extracted 

using TRI Reagent® and Extract Me Total RNA Kit, then cDNA was synthesized using the 

Vilo cDNA Synthesis Kit. Quantitative real-time PCR (qPCR) was performed using the 

Absolute Blue SYBR Green Fluorescein qPCR Mastermix. Corresponding primer pairs for the 

aPD1 transgene are listed in Table 1. Gene expression values were normalized to two house-

keeping genes (18S and SDHA) and values were calculated using the ΔCT method. 

2.3 Protein biochemical methods 

2.3.1 Preparation of cell lysates 

To prepare cell lysates, cells were washed, detached using either trypsin or a plastic cell 

scraper and collected into a tube. Cells were pelleted at 1.300 rpm for 5 min, resuspended in 

20-100 µl (depending on the size of the pellet) lysis buffer completed with protease inhibitor 

cocktail and incubated on ice for 30 min. Afterward, the sample was centrifuged at 13.000 rpm 

at 4°C for 15 min and the supernatant was transferred to a fresh Eppendorf tube. The sample 

was either directly used for the determination of protein concentration (2.3.2) or stored at -

20°C. 

2.3.2 Determination of protein concentration 

Protein concentrations of cell lysates were determined via Bradford assay using the 

ROTI®Quant Bradford Reagent according to the manufacturer’s instructions. Briefly, 1 μl of 
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sample or protein standard (1mg/ml BSA in H2O) was transferred to the wells of a flat bottom 

microplate. 150 μl Bradford Reagent were added to each well and incubated for 5 min at RT, 

then the absorbance was measured between 570–595 nm on TecanSpark Microplate Reader. 

After subtraction of a blank, concentrations of the unknown protein samples were calculated 

with the help of a standard curve. Protein concentrations of tumor and organ lysates were 

determined via MicroBCA using the MicroBCA™ Protein Assay Kit according to the 

manufacturer's instructions. Briefly, 1.0 ml of the working reagent was added to each tube 

containing either standard or the unknown sample. Tubes were covered and incubated at 60°C 

in a water bath for 1 hour. Afterward, tubes were cooled to RT and the absorbance of all 

samples was measured at 562 nm. Finally, a standard curve was prepared by plotting the 

average blank-corrected values. 

2.3.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) 

Using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), proteins are 

separated based on their molecular weight. Cell culture supernatants of transduced target cells 

or cell lysates were mixed with SDS-loading dye (4x) and boiled at 95°C for 10 min. Afterward, 

samples were loaded onto 12% SDS polyacrylamide gels (10 µg of cell lysate samples, 45 µl of 

denatured cell culture supernatants). Gels were prepared using the TGX Stain-Free™ 

FastCast™ Acrylamide Kit with 0.05% APS and 0.5% TEMED for the resolving gel and 0.1% 

APS and 0.5% TEMED for the stacking gel. For supernatants, 1.5 mm gels and for lysates 0.75 

mm gels were used. 5 µl of Spectra™ Multicolor Broad Range Protein Ladder were used as a 

protein standard. Samples were separated using Mini-Protean 3 cell chamber filled with 1x 

SDS running buffer. Separation was carried out in Mini-PROTEAN Tetra Vertical 

Electrophoresis Cells at 300 V until the desired separation was achieved. Polyacrylamide gels 

were further subjected to Western blot analysis (2.3.4). 

2.3.4 Western blot analysis 

For Western blot analyses, supernatants from target cell cultures were denaturated at 95°C in 

Laemmli buffer containing SDS, β-mercaptoethanol and dithiothreitol (DTT). Proteins were 

separated via SDS-PAGE in a 12% polyacrylamide gel and transferred onto nitrocellulose 

membranes using a Trans-Blot Turbo system. AAV-encoded murine aPD-1 was detected using 

a primary antibody specific for the HA-tag included in the molecule. A secondary anti-rabbit 
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antibody was purchased from Santa Cruz. For chemiluminescence detection, membranes were 

treated with PierceTM ECL Plus Western Blotting Substrate before exposure on X-ray films. 

2.3.5 Enzyme-linked immunosorbent assay (ELISA) 

The concentration of HA-tagged AAV-encoded murine aPD-1 was measured by ELISA. 96-

well immunoplates (Nunc MaxiSorp) were coated with an HA-tag antibody (50 µl, 1:4.000 in 

PBS) at 4°C overnight in a humidified chamber. After washing, wells were blocked at RT for 

1h on a shaker, then 100 µl of prepared standard and sample (cell culture supernatant from 

transduced cells, mouse serum or organ lysate), respectively, were added to the wells. The 

plate was covered and incubated at RT for 2 h on a shaker. After washing 5x, bound aPD-1 

was detected using a goat anti-mouse IgG HRP-conjugated detection antibody (1:30.000 in 

blocking buffer) and visualized using 1-StepTM Ultra TMB chromogenic substrate. 

Recombinant aPD-1 from transfected HEK293T/A cells was purified via Protein A affinity tag 

and subsequently concentrated before it was used as standard to generate reference values 

(2.3.7). 

2.3.6 Production of recombinant aPD-1 

Production of recombinant aPD-1 was achieved via transfection of HEK-293T/A cells with an 

aPD-1 transfer plasmid (2.1.7., Table 7) using Lipofectamine 3000 according to the 

manufacturer’s instructions. Briefly, 2x107 cells were seeded in a T175 cell culture flask until 

they reached 80% confluency. On the day of transfection, 15 µl Lipofectamine 3000 Reagent 

was diluted in 250 µl DMEM (without supplements). 35 µg of DNA was diluted in 250 µl of 

DMEM, then 20 µl P3000 Reagent was added and everything was mixed well. Next, diluted 

DNA and Lipofectamine 3000 Reagent was mixed at a 1:1 ratio. After incubation for 5 minutes 

at RT, the DNA-lipid complex was added to the cells drop-wise. The transfection medium was 

replaced with DMEM (with supplements) 8 h after transfection. The next 4 days, cell culture 

supernatant of transfected HEK-293T/A cells was collected and pooled, filtered (0.45 µm pore 

size) and stored in the fridge. To prevent protein degradation, sodium acid was added as a 

preservative at a final concentration of 0.01 %. 

2.3.7 Protein affinity tag purification from cell culture supernatant 

Recombinant aPD-1 proteins were purified utilizing Protein A affinity chromatography. 

Supernatants of transfected HEK-293T/A cells were sterile filtered and mixed with Protein A 
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beads (10 µl beads/20 ml supernatant) in a falcon tube. The tube was incubated on a roller 

bottle shaker at 4°C overnight. All further purification steps were performed at 4°C. An Econo-

Pac chromatography column was equilibrated with 10 column volumes (CV) of PBS and then 

loaded with the supernatant/bead mixture. The column was washed with 20 CV of PBS and 

proteins were eluted by the addition of 5 ml acidic elution buffer (pH 2.7). 1 ml of the eluate 

was transferred into vials containing 0.5 ml of collection buffer to neutralize the acidic pH. 

After purification, aPD-1 proteins were concentrated using Amicon Ultra centrifugal filters at 

4,000xg at 4°C. To exchange the buffer, concentrated proteins were washed 3x with PBS. 

Proteins were stored at -80°C in 5% glycerol supplemented with protease inhibitor cocktail. 

The protein concentration was determined via MicroBCA (2.3.2). 

2.4 Immunological methods 

2.4.1 Flow cytometry 

Expression of surface molecules on cells of interest was determined by flow cytometry using 

target-specific fluorochrome-conjugated antibodies. Detached cells were washed, counted and 

~5x105 cells were pelleted in a polystyrene FACS tube. Antibodies were diluted in FACS buffer 

according to the manufacturer’s recommendations. Cells were stained for 30 min – 1 h at 4°C 

in the dark. Following incubation, cells were washed 3x in FACS buffer and resuspended in 

200 µl FACS buffer for measurement. A FACSCanto II flow cytometer was used for flow 

cytometric analyses and a FACSAria was used for cell, and data were analyzed using FlowJo™ 

software.  

2.4.2 Transwell assay 

Cytokine release, as well as PD-L1 regulation in tumor and immune cells, was determined in 

transwell cytotoxicity assays using ThinCert™ cell culture inserts. Cells of interest were 

seeded into the wells of a 24 well plate at a density of 5x104 cells per well. A cytotoxicity assay 

was performed in the insert for 24 h before the insert was removed and the culture medium in 

the base was replaced by serum-free DMEM. Human as well as murine recombinant IFN-γ as 

a positive control for PD-L1 upregulation and cell stimulation was used at a concentration of 

100 ng/ml. Stimulated cells in the base were cultivated for 24 h, then the conditioned medium 

was harvested, centrifuged, filtered and stored at -80°C until analysis. 
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2.4.3 Target binding assay 

Specific target binding of AAV-encoded aPD-1 to PD-1 was assessed via flow cytometry using 

murine PD-1 expressing cells, either HT1080 cells that were transfected to express PD-1 

(HT1080-PD-1) or freshly isolated murine splenocytes (2.7.8.). 400 µl of cell culture supernatant 

from transduced GL261, Tu9648 or LN-319 cells were added to 5x104 PD-1+ cells followed by 

incubation at 4°C for 1 h. Binding was detected using a FITC-labeled antibody against the 

murine Fc part at 4°C for 15 min. PD-1- parental HT1080 cells were used as a negative control.  

2.4.4 Blockade assay 

The functionality of murine aPD-1 was determined using a PD-1/PD-L1 Blockade Bioassay 

according to the manufacturer’s protocol. Briefly, PD-L1 expressing aAPC/CHO-K1 target 

cells that also harbor an engineered cell surface protein for activation of T cell receptors (TCRs) 

in an antigen-independent manner were incubated with PD-1 expressing effector T cells. The 

effector T cells express a luciferase reporter driven by an NFAT response element. Interruption 

of PD-1/PD-L1 signaling by the addition of cell culture supernatant containing aPD-1 re-

activates TCR signaling. This results in NFAT-mediated luciferase expression, which was 

detected by the addition of Bio-GloTM reagent. Luminescence was measured using a 

TecanSpark Luminescence Multi-Mode Microplate Reader. 

2.4.5 Cytokine measurements 

Cytokine concentrations in cell culture supernatant or serum samples were measured with the 

LEGENDplex™ Inflammation Panel and the LEGENDplex™ Anti-Virus Response Panel 

(Mouse & Human) Kits according to the manufacturer’s protocol. Briefly, diluted samples 

were mixed with beads in a V-bottom plate. The plate was incubated at 800 rpm on a plate 

shaker for 2 h at RT. After washing, detection antibodies were added to each well. Samples 

were incubated at 800 rpm on a plate shaker for 1 h at RT and 25 µL of Streptavidin R-

phycoerythrin conjugate (SA-PE) were directly added to each well. After 30 min, the plate was 

washed again before samples were analyzed in 150 µl of washing buffer on a flow cytometer. 
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2.5 Cell Culture 

2.5.1 Cultivation of cells 

Established human LN-319 glioblastoma cells as well as murine GL261 glioblastoma cells, 

immortalized murine microglia BV2, immortalized human microglia C20 and HMC3, human 

fibrosarcoma cells HT1080 and immortalized human astrocytes NHA-E6/E7+hTERT 

(abbreviated to “NHA” thereafter for brevity) were cultured in Dulbecco´s modified Eagle´s 

medium containing 10% fetal calf serum, 100 IU/ml penicillin and 100 µg/ml streptomycin in 

cell culture incubators at 37°C and 5% CO2. The immortalized murine microglial cell line EOC2 

was cultured in DMEM with 2 mM L-glutamine supplemented with IL-34 (20 ng/ml) and TGF-

β (5 ng/ml). NK-92/5.28.z (CAR-NK) cells were cultured in X-Vivo 10 medium supplemented 

with 5% heat-inactivated human plasma (German Red Cross Blood Donation Service Baden-

Württemberg - Hessen, Frankfurt am Main, Germany) and 100 U/ml IL-2. Primary human 

glioblastoma cells MNOF-1300, MNOF-168 and MNOF-76 were grown in flasks pre-coated 

with 5 mg/ml laminin in DMEM/F12 medium containing 20 ng/ml each of recombinant 

epidermal growth factor (EGF) and human recombinant basic fibroblast growth factor 2 

(bFGF2), and 20% BIT Admixture Supplement [29]. Human astrocytes (HuA) were cultured in 

Astrocyte medium according to the manufacturer’s protocol. PD-1 expressing HT1080 cells 

(HT1080-PD-1) were cultured in DMEM supplemented with 10% FCS, 2 mM L-glutamine, and 

10 μg/ml puromycin. Patient-derived glioma cells isolated from resected tumors were 

obtained and cultivated as described in section 2.5.2. All patient-derived material was obtained 

after written informed consent and all procedures were carried out according to guidelines 

from the Declaration of Helsinki (Ethics votum nr. 269/17). 

2.5.2 Isolation and cultivation of primary cells 

Resected human tumor tissue was minced with a scalpel, then a papain solution supplemented 

with 100 µl DNAse was added and the tissue was incubated for 25 min at 37°C. The tissue was 

filtered through a 70 µm nylon mesh filter and washed with DMEM-12 twice (1.000 rpm, 4 

min). Cells were transferred to cell culture flasks pre-coated with laminin and cultivated in 

BIT medium. 
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2.5.3 Freezing and thawing of cells 

For long-term storage, cells were cryopreserved and kept in liquid nitrogen at -196°C. Cells 

were resuspended in 1 ml freezing medium (culture medium (90%), DMSO (10%)) and 

transferred to cryotubes. In a -80°C freezer, cells were cooled down overnight and stored in a 

nitrogen tank for permanent storage the next day.  To thaw frozen cells, they were placed in a 

water bath at 37°C, washed with culture medium and then transferred to a cell culture flask 

containing fresh culture medium. 

2.5.4 Generation of transgenic cell lines 

HER2-overexpressing human tumor cell lines were generated by stably transfecting target 

cells with a pcDNA3-HER2 plasmid [29], [315]. HER2+ murine glioma cell lines GL261-HER2 

and Tu9648-HER2 were generated by lentiviral transduction with the human antigen. 

2.5.5 Determination of cell density and cell viability 

Cell density was determined via crystal violet (CV) staining [319]. Cells were seeded in 96-well 

plates are were stained with crystal violet at a defined time point after treatment. Once the 

staining had dried it was dissolved using sodium citrate to enable even staining in the well. 

Absorption at 595 nm was measured using a TecanSpark Microplate Reader. Cell viability was 

determined via flow cytometric propidium iodide (PI) uptake assays as previously described 

[320].  

2.5.6 Cytotoxicity assays 

Cytotoxic NK cell activity was determined using a fluorescence-activated cell scanning 

(FACS)-based assay as previously described [321]. Calcein violet AM-labelled target cells were 

washed and co-cultured with effector cells at different effector to target (E/T) ratios for 2 h at 

37°C. Before flow cytometric analysis, cells were washed and resuspended in 200 μl of a PI 

solution [1 μg/ml]. Calcein violet AM and PI double-positive cells represented dead target 

cells. Spontaneous target cell lysis in the absence of effector cells was subtracted from the 

values to determine specific lysis.  

2.5.7 Degranulation assays 

CAR-NK cell activation was determined by measuring lysosomal-associated membrane 

protein LAMP-1 (CD107a) on the cell surface. Cells were incubated with target cells at an E/T 
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ratio of 1:1 for 1 h at 37°C in the presence of an APC-conjugated CD107a antibody. 1 µl of 

GolgiStopTM was added to each well, followed by incubation for 4 h at 37°C. After washing, 

CD107a expression was measured using a FACSCanto II flow cytometer. 

2.6 Virological methods 

2.6.1 AAV vector production 

HER2-AAVaPD-1 and HER2-AAVIgG-Fc have been described previously [310]. 

2.6.2 Viral transduction of cells 

Transgene expression in HER2+ target cells was assessed in vitro upon transduction with 

HER2-AAVaPD-1 and HER2-AAVIgG-Fc vectors as described before [310]. Briefly, tumor cells were 

grown in 96-, 24- or 12-well plates at a cell density of 8×103, 5×104 or 8×104 cells/well, 

respectively, before incubation with AAV particles (≥ 450,000 genome copies/cell). After 24 h, 

cells were washed in PBS and serum-free medium (virus production serum-free medium 

(VPSFM)) was added. Cells were cultured for 4 days before harvested media were centrifuged 

at 300xg for 5–7 min and stored at 4°C (or −80°C for long-term storage) before aPD-1 release 

was determined by Western blot and quantified by ELISA. 

2.7 In vivo analyses 

2.7.1 Glioblastoma mouse models 

All in vivo experiments were carried out following the guidelines and regulations of the 

German animal protection law upon approval by the responsible government committee 

(Regierungspräsidium Darmstadt, Darmstadt, Germany, approval number FK-1088). For in 

vivo transduction and biodistribution analyses, 6-8 week old female C57BL/6N or 

Crl:NU(NCr)-Foxn1nu mice were used for syngeneic GL261-HER2 murine glioblastoma 

models and LN-319 human glioblastoma xenograft models, respectively. Crl:NU(NCr)-

Foxn1nu mice were engrafted with 2x106 LN-319 tumor cells in 100 µl PBS, C57BL/6N mice 

were engrafted with 106 GL261-HER2 in 100 µl PBS cells at the right flank. For survival 

experiments, 6-8 week old female C57BL/6N mice were engrafted with 106 GL261-HER2 cells 

in 100 µl PBS (subcutaneous survival experiments) or 105 GL261-HER2 cells in 2 μL PBS 

(orthotopic intracranial survival experiments). Cells were detached, counted, washed with 

PBS and kept on ice until injection. Subcutaneous tumor growth was monitored 3x a week 

using a caliper. Tumor volume was determined using the following formula: Tumor volume 
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(mm3) = length (mm) x width (mm)2 x 0.5. For orthotopic glioblastoma models, anesthetized 

mice were immobilized in a stereotaxic fixation device and injected with 5x103 GL261-HER2 

tumor cells in 2 μL PBS using a 10 μL Hamilton syringe and a Quintessential Stereotaxic 

Injector through a burr hole in the skull. Tumor cells were injected into the right striatum with 

a depth of 3 mm to the skull, at a speed of 0.5 μL/min. After 2 min, the needle was withdrawn 

at a speed of 1 mm/min. Tumor growth, body weight and overall health status of all animals 

were monitored throughout the study. For the orthotopic model, tumor growth was 

monitored by magnetic resonance imaging (MRI) as described below. 

2.7.2 Injection of vector particles and CAR-NK cells 

Mice bearing subcutaneous tumors at a volume of ∼40 mm3 or ∼80 mm3 were injected either 

intratumorally (i.t.) or intravenously (i.v.) into the tail vein with a single dose of 1011 HER2-

AAV gcs in 50 μl PBS. Control groups were injected with a single dose of 50 μl PBS. Mice 

bearing orthotopic intracranial tumors were injected with 3×1010 HER2-AAV gcs in 3 μl PBS or 

3 µl CAR-NK cell solution containing X-Vivo 10 over ~0.5 μl/min into the former tumor cell 

implantation site. Mice received intratumoral injections of 107 (subcutaneous model) and 2x106 

(orthotopic intracranial model) CAR-NK cells. Tumor engraftment was confirmed using MRI 

measurements in cooperation with Georg-Speyer-Haus Frankfurt.  

2.7.3 MR imaging 

Tumor engraftment was determined 7 days after tumor cell injection via a 7 Tesla Small 

Animal MR Scanner. Mice were injected intraperitoneally (i.p.) with 150 µl contrast agent and 

then anesthetized with isoflurane (1.5%). During scan acquisition, respiration rate was 

permanently monitored. Image acquisition was performed using Paravision 6.0.1 software in 

coronal planes (parameters: FOV=20x20 mm, 11 slices, 0.5 mm slice thickness, acquisition 

matrix = 256x256, flip angle 90°) [322]. 
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2.7.4 Blood sampling and serum isolation 

Whole blood was collected by cardiac puncture, allowed to clot for 30 min at RT. The clot was 

removed by centrifugation at 2.000xg for 10 min at 4°C. Serum was immediately apportioned 

into 0.5 ml aliquots and stored at –80°C if not directly processed.  

2.7.5 Isolation of tumor and organ tissue 

Mice were sacrificed by cervical dislocation and tumors and organs such as the brain, heart, 

lung, liver, spleen and kidney were isolated. Tissues were either snap-frozen in liquid nitrogen 

and stored at ‐80°C or processed directly for the preparation of single-cell suspensions (2.7.6), 

for homogenization (2.7.7) and subsequent ELISA (2.3.5), FACS analysis (2.4.1) or cell culture 

experiments.  

2.7.6 Preparation of single-cell suspensions 

Mice were sacrificed by cervical dislocation and the tissue of interest (tumor, organs) was 

isolated. Using scissors and a scalpel, tissues were minced and then transferred into C-tubes 

containing the corresponding enzymes of either the Tumor, Brain Tumor or Spleen 

Dissociation Kit according to the manufacturer’s instructions and dissociated using the 

gentleMACS™ Dissociator. Afterward, the cell suspensions were passed through a 70 μm 

nylon mesh filter and washed with 10 ml RPMI medium before antibody staining. To remove 

excessive myelin from brain tumor samples, the Myelin Removal Kit was used. Cells were 

washed and resuspended in PBS, then the mixture was applied to LS columns (2 

columns/brain). Columns were washed with 2 ml PBS (300xg, 10 mins, 4°C) and 5 ml of 

Pharmlyse RBC lysis buffer were added. After incubation for 15 min at RT in the dark, cells 

were washed twice in PBS, resuspended in 100 µl FACS buffer with FC block (1:1.000) and 

incubated in the dark for 15 min at RT. Afterward, staining antibodies were directly added to 

the cells and they were incubated for 15 min at RT or 4°C for 1 h. Finally, cells were washed 

with 200 µl PBS, pelleted at 400xg for 5 min, resuspended in 250 µl PBS and measured on a 

FACSCanto II flow cytometer. 

2.7.7 Preparation of tumor and organ lysates 

Isolated tumor or organ tissue was placed in 2 ml Eppendorf tubes, snap-frozen in liquid 

nitrogen and weighed on a precision scale. 5 µl lysis buffer (10 ml lysis buffer + 10 µl DNAse, 

+ protease inhibitor cocktail) per 1 mg of tissue were added. A stainless bead was transferred 



Material and Methods 

47 
 

to the tube, which was then placed in the TissueLyzer adaptor. Tissues were homogenized at 

a frequency of 50 kHz for 5 min. Afterward, samples were placed on ice for 15 min and spun 

down at 13.000 rpm at 4°C. The supernatant was transferred to a fresh tube and frozen at -

80°C for storage if not directly used for determination of protein concentration by Bradford 

assay. 

2.7.8 Isolation and cultivation of splenocytes from mice 

Mice were sacrificed by cervical dislocation, then spleens were isolated and dissociated using 

the gentleMACS Octo Dissociator according to the manufacturer’s protocol. The resulting 

single-cell suspension was filtered through a 70 µm nylon mesh strainer and subsequently 

washed with RPMI medium, then cells were pelleted for 5 min at 1.600 rpm. Erythrocyte lysis 

was performed in 5 ml Pharmlyse RBC lysis buffer for 5 min at RT. Cells were washed 2x, 

resuspended in 5 ml RPMI and seeded in a round-bottom 96-well plate (5x105 cells/well). For 

binding assays, cells were cultivated in RPMI supplemented with 2 µl/well DYNAL™ 

Dynabeads™ for 48 h. 

2.7.9 Neutralization assay 

For neutralization assays, Tu9648-HER2 cells were seeded in white 96-well-plates at a density 

of 1x104 cells/well and cultured in a 37°C, 5% CO2 incubator for 24 h. The next day, murine 

serum samples were heat-inactivated at 56°C for 30 min and diluted at 1:10 in FCS. Heat 

inactivated human plasma and FCS were used as controls. 20 µl of the sample were transferred 

to the wells of a 96-well U-bottom plate before HER2-AAVLuc was added (4x107 gc/µl in 20 µl 

serum-free DMEM) to each well. Plates were incubated at 37°C and 5% CO2 for 1 h to allow 

neutralization. Next, 10 µl of the sample were added to the Tu9648-HER2 cells. Plates were 

incubated overnight before transduction was quantified with the Bright-Glo™ Luciferase 

Assay System according to the manufacturer’s instructions. Luminescence was determined 

using a Centro LB 960 microplate luminometer. 

2.8 Schematics 

Schematics were created using BioRender.com.  
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2.9 Statistical analysis 

Quantitative data are expressed as mean and standard deviation (SD). Statistical significance 

was determined using a two-tailed student’s t-test. If multiple sample groups were compared, 

significance was determined by ANOVA test. p < 0.05 was regarded as significant. All analyses 

were performed using GraphPad Prism (Version 9.1.2.226; GraphPad Software, La Jolla, CA). 
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3 Results 

In this thesis, targeted local combination immunotherapy as a novel therapeutic intervention 

of GB has been evaluated. Local intratumoral therapy with aPD-1 and CAR-NK cells aims 

towards the modulation of the immunosuppressive TME and the reactivation of anti-tumor 

immune responses. In the first part of the thesis, the individual components of the combination 

therapy, which comprises adoptive HER2-targeted CAR-NK cell therapy and local gene 

delivery of the immune checkpoint inhibitor aPD-1 via HER2-specific AAV vectors, have been 

characterized in vitro. In co-culture experiments, modification of tumor cells and bystander 

immune cells by target-activated CAR-NK cells was investigated concerning cytokine 

production and PD-L1 regulation. Tumor cell-specific delivery of aPD-1 was achieved by the 

selective transduction of HER2+ cells. Production, secretion and functionality of the aPD-1 

immunoadhesin were evaluated in various in vitro models. After demonstrating the 

functionality of both therapy components, the second part of this thesis describes the 

biodistribution kinetics of in vivo produced aPD-1 and the therapeutic efficacy of the CAR-

NK/HER2-AAV combination therapy that was investigated in glioblastoma mouse models. In 

subcutaneous and orthotopic intracranial GL261-HER2 immunocompetent mouse models, 

administration of the combination therapy significantly prolonged survival including 

complete tumor control in several animals. 

3.1 Selective cytotoxic activity of CAR-NK cells against HER2+ cells 

Since one part of the planned combinatorial approach consists of targeted CAR-NK cell 

therapy, the effectiveness of engineered NK cells against HER2+ target cells was elucidated. 

First, CAR expression on the surface of CAR-NK (NK-92/5.28.z) cells was confirmed (Fig. 12A). 

Cytotoxic activity correlated with HER2 expression levels of the target cells, in accordance 

with previous work [29]. CAR-NK cells showed a high specific lytic activity towards HER2+ 

human breast cancer cells, whereas cells lacking target antigen expression were hardly 

attacked by CAR-NK cells (Fig. 12B and C). Specificity of CAR-NK cell activity was further 

confirmed by the low lytic activity of the parental NK-92 cell line, which mediated some level 

of tumor cell lysis (> 20% killing efficiency), while CAR-NK cells showed significantly higher 

killing efficiencies (> 70% killing efficiency, Fig. 12C, left). However, regarding HER2- breast 

cancer cells, the killing efficiencies of CAR-NK and parental NK-92 cells were at the same low 

level (Fig. 12C, right).  
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Figure 12:  HER2-targeted CAR-NK cell therapy. (A) CAR surface expression by CAR-NK (NK-92/5.28.z cells). 
Parental NK-92 served as control. (B) HER2 expression of human MDA-453-MB and MDA-468-MB cells as 

determined via flow cytometry. (C) Cytotoxic activity of CAR-NK cells against human breast cancer cells as 
compared to parental NK-92 cells (Mean values ± SD are shown; n=3, ***p < 0.001). 

After target antigen specificity was evaluated in human breast cancer cells, the lytic activity of 

CAR-NK cells towards glioblastoma cells was investigated. Since the GL261-HER2 

glioblastoma mouse model was employed for in vivo studies, GL261 WT cells were lentivirally 

transduced to express the human target antigen. As a second murine cell line, Tu9648 cells 

were included in the studies. Both cell lines were shown to express high levels of HER2 after 

lentiviral transduction (Fig. 13A). Also in this setting, CAR-NK cells showed high specificity 

in tumor cell lysis that depended on the expression of the target antigen on murine target cells. 

Killing efficiency towards GL261-HER2 and Tu9648-HER2 cells was significantly higher 

compared to lytic activity towards HER2- GL261 WT and Tu9648 WT cells (Fig. 13B). To take 

into account the complex interactions of human NK cell receptors with ligands on human GB 

cells, CAR-NK cell activity against the endogenously HER2+ human LN-319 glioblastoma cell 

line was analyzed. LN-319 cells were also efficiently lysed by CAR-NK cells, with significantly 

higher efficiency as compared to parental NK-92 cells (Fig. 13C, bottom). This was also shown 

to be true for GL261-HER2 and Tu9648-HER2 cells (Fig. 13 C, top and middle).  
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Figure 13: CAR-NK cells efficiently lyse HER2+ glioma cells. (A) HER2 expression of murine HER2-transduced 
glioma cell lines (GL261, Tu9648, blue histogram) and the human glioma cell line LN-319 as determined via flow 
cytometry. (B) Cytotoxic activity of CAR-NK cells against human murine HER2-transduced glioma cell lines as 
compared to untransduced wild-type murine cell lines (Mean values ± SD are shown; n=3, *p < 0.05, **p < 0.01, 

***p < 0.001). (C) Cytotoxic activity of CAR-NK cells against murine as well as human HER2+ glioma cells as 
compared to parental NK-92 cells (Mean values ± SD are shown; n=3, *p < 0.05, **p < 0.01, ***p < 0.001). 

As a further control for antigen-specificity, NK-92 cells transduced with a CAR targeting an 

unrelated antigen such as EGFRvIII (NK-92/MR1-1.28.z) on EGFRvIII-expressing LNT-229-

EGFRvIII cells were used (Fig. 14A and B). EGFRvIII-specific CAR-NK cells did target LNT-

229-EGFRvIII cells with significantly higher efficiency than LN-319 or GL261-HER2 cells (Fig. 

14C). In direct comparison, the cytotoxic activity of HER2-specific CAR-NK towards GL261-

HER2 was significantly increased as compared to NK-92/MR1-1.28.z (Fig. 14D).  
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Figure 14: Cytotoxic activity of NK-92/MR1-1.28.z cells against glioma cells. (A) CAR surface expression by 
EGFRvIII-specific NK-92/MR1-1.28.z cells (green). Parental NK-92 served as a control (grey). (B) EGFRvIII surface 
expression on LNT-229-EGFRvIII cells. (C) Cytotoxic activity of NK-92/MR1-1.28.z against EGFRvIII-expressing 
LNT-229, LN-319 (human glioma cells) and GL261-HER2 (murine glioma cells), n=3, **p < 0.01. (D) Differential 
cytotoxic activity of CAR-NK cells compared to NK-92/MR1-1.28.z cells against GL261-HER2.  n=3, **p < 0.01. 

Since murine glioma cell lines express supraphysiological HER2 levels after lentiviral 

transduction, GL261-HER2-low cells were generated by sorting GL261-HER2 cells that express 

the antigen at the same level as LN-319 cells (Fig. 15A). In this way, CAR-NK cell activity on 

GL261-HER2-low cells that reflect the HER2 level of endogenously HER2+ cells was assessed.  

The specificity of CAR-NK cell killing towards sorted GL261-HER2-low was confirmed in a 

cytotoxicity assay. GL261-HER2-low cells were lysed with significantly increased efficiency by 

HER2-specific CAR-NK cells as compared to parental NK-92 WT cells or NK-92/MR1-1.28.z 

(Fig. 15B). When directly comparing the cytotoxic activity of CAR-NK cells towards GL261-

HER2 and GL261-HER2-low, no difference in killing efficiency was found (Fig. 15C). 
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Figure 15: Cytotoxic activity of CAR-NK cells against GL261-HER2-low cells. (A) Gating strategy used for the 
generation of GL261-HER2-low cells. GL261-HER2 cells were sorted to resemble the HER2 level of endogenously 

HER2+ human LN-319 cells. (B) Cytotoxic activity of NK-92 WT, NK-92/MR1-1.28.z and CAR-NK cells against 
GL261-HER2-low cells. Mean values ± SD are shown; n=3, *p < 0.05, **p < 0.01. (C) Comparison of cytotoxic 

activity of CAR-NK cells against GL261-HER2 and GL261-HER2-low cells. 

To further emphasize the translational potential of the study, the cytotoxic capacity of CAR-

NK cells towards human primary glioma cells as well as tumor cells from patients enrolled in 

the CAR2BRAIN study was analyzed. Interestingly, in primary glioma cells, HER2 expression 

levels did not correlate with CAR-NK cell-mediated lysis, as killing efficiency towards MNOF-

1300 cells was highest as compared to MNOF-76 and MNOF-168, while HER2 expression was 

lowest in MNOF-1300 (Fig. 16A). Also in patient-derived GB cells, killing efficiency appeared 

to not solely depend on HER2 expression levels.  Although HER2 was expressed at high levels 

in all three cell cultures, cytotoxic activity towards CB05 was significantly increased as 

compared to CB013 and CB01 (Fig. 16B). Taken together, HER2-targeted CAR-NK cells 

exhibited selective and potent lysis of HER2+ glioma cell lines as well as of patient-derived cell 

cultures with high specificity for the target antigen. 
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Figure 16: CAR-NK cells efficiently lyse primary and patient-derived glioma cells. (A) HER2 expression of 
human breast cancer cells (MDA-453-MB) and human primary glioma cells (MNOF-76, MNOF-168, MNOF-1300) 
as determined via flow cytometry (left). Cytotoxic activity of CAR-NK cells against primary human glioma cells 
as compared to MDA-453-MB breast cancer cells as positive control is shown on the right. Mean values ± SD are 

shown; n=3, **p < 0.01. (B) HER2 expression of human breast cancer cells (MDA-453-MB) and human patient-
derived glioma cells (CB01, CB05, CB13) as determined via flow cytometry (left). Cytotoxic activity of CAR-NK 
cells against primary human glioma cells as compared to MDA-453-MB breast cancer cells as positive control is 

shown on the right. Mean values ± SD are shown; n=3, **p < 0.01.  

 

3.2 The effect of CAR-NK cell-mediated tumor cell lysis on target and bystander cells  

3.2.1 Target antigen expression and cytokine secretion 

Since target antigen downregulation is a well-known mechanism employed by tumor cells to 

evade CAR-specific targeting, HER2 expression levels on target cells under CAR-NK cell 

attack were evaluated. Neither HER2 levels on murine target cells nor human target cells were 

found to be decreased upon CAR-NK cell attack (Fig. 17), indicating no direct antigen 

downregulation in response to CAR-NK cell therapy.  
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Figure 17: HER2 expression on target cells in response to CAR-NK cell activity. (A) HER2 expression on GL261-
HER2, Tu9648 and LN-319 cells after 2 h of CAR-NK cell anti-tumor activity was determined via flow cytometry. 

Since CAR-NK cell therapy is administered locally by injection into the tumor tissue within 

the brain, molecular alterations in cytokine milieus and surface marker expression triggered 

by GB cell lysis and CAR-NK cell activity will likely affect the TME. Upon CAR-NK cell attack, 

lysed GB cells will release tumor antigens as well as damage-associated molecular patterns 

(DAMPs), while activated CAR-NK cells secrete immune-modulatory cytokines, which might 

influence the extent and the course of the immune response. Therefore, the effect of CAR-NK 

cell-mediated GB cell lysis on other cell types typically present within a brain TME, like 

immune cells such as MG, was investigated in more detail. Cytokine secretion of various cell 

types of interest was assessed using a transwell assay system (Fig. 18A). In this way, it was 

evaluated whether activated CAR-NK cells stimulate the cytokine release of human glioma 

cell lines (LN-319, U138MG) as well as human MG (C20, HMC3) and non-activated bystander 

CAR-NK cells. Levels of several inflammatory cytokines such as IFN-γ, TNF-α, MCP-1, IL-8 

and IL-6 were found to be significantly increased (Fig. 18B). The glioma cell lines LN-319 and 

U138MG showed increased secretion of IL-8, while in MG levels of IL-6 and IL-8 were 

elevated. In bystander CAR-NK cells, secretion of IFN-γ, MCP-1, IL-8 and TNF-α was 

enhanced. These data indicate a CAR-NK cell-induced pro-inflammatory effect on various cell 

types which comprise the TME. No significant changes in the levels of MCP-1 and IFN-α2 in 

LN-319, U138MG or HMC3 cells were found. Levels of IL-1β, IL-12p70, IL-17A, IL-23, and IL-

33 (for all cell types evaluated), IL-6 (LN-319, U138MG, CAR-NK), MCP-1, IFN-γ and TNF-α 

(LN-319, U138MG, C20, HMC3) were below the detection limit of the method (data not 

shown). Taken together, CAR-NK cell therapy was shown to modulate the cytokine milieu of 

the TME by triggering the secretion of inflammatory cytokines. 
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Figure 18: Adjacent CAR-NK cell-mediated tumor cell killing leads to cytokine secretion by surrounding 

immune cells. (A) Schematic representation of the cytokine secretion transwell assay design. Soluble factors 
secreted from CAR-NK cells stimulated by human LN-319 glioblastoma cells (GB) in the insert influence cells of 
interest in the base. After 24 h of co-culture, the insert is removed and fresh serum-free medium is added to the 

cells in the base. Stimulated cells are cultivated for a further 24 h. Cytokine levels in the conditioned medium are 
determined via a bead-based LEGENDplexTM assay. (B) Analysis of cytokine release by immune cells which had 
been exposed to conditioned medium (CM) from a CAR-NK cell cytotoxicity assay (assay design is depicted in 

(A)). Mean values ± SD are shown; n=3. *p < 0.05, **p < 0.01, ***p < 0.001. 

 

3.2.2 Regulation of PD-L1 expression 

Similar to the cytokine profile, the PD-1/PD-L1 interaction is another pivotal determinant of 

the immunosuppressive TME. Therefore, the PD-L1 level and its regulation on different cell 

lines in response to CAR-NK cell therapy were investigated. A transwell system was 

employed, in which soluble factors that are secreted from activated CAR-NK cells in a cell 

culture insert influence cells of interest in the base of a well plate (Fig. 19A). Cultivation in the 

presence of nearby GB cell killing by CAR-NK cells induced the upregulation of PD-L1 in 

human glioma cells, human MG and astrocytes (Fig. 19B). Interestingly, PD-L1 regulation was 

not observed in cells of murine origin, except for a slight shift in the murine MG cell line EOC2. 

Transwell cultivation of human cell types either with unstimulated CAR-NK cells alone or 
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with non-activated NK cells (parental NK-92 WT cells or EGFRvIII-specific NK-92/MR1-1.28.z 

vs. GL261-HER2 or LN-319) did not lead to differential PD-L1 expression (Fig. 19C and D).  

The upregulation of PD-L1 in response to adjacent CAR-NK cell-mediated killing of GB cells 

is a key finding since the ensuing activation of the PD-1/PD-L1 axis can be expected to suppress 

further endogenous anti-glioma immunity. Especially when applying CAR-NK cell therapy, 

intrinsic immune stimulation has shown to be decisive for in vivo efficacy of CAR-NK cell 

therapy [29]. Since in the transwell system, CAR-NK cells in the insert and tumor cells in the 

base are not in direct contact with each other, the effect on PD-L1 regulation was most likely 

induced by soluble factors secreted by CAR-NK cells activated upon killing of tumor cells in 

the insert. Murine glioma cells did not show an increase in PD-L1 levels upon co-cultivation 

with activated human CAR-NK cells, possibly due to the species difference in the putative 

mediators. 

To evaluate which soluble factors induce PD-L1 upregulation, the direct cytokine response of 

CAR-NK cells activated by target cell killing was measured. During killing of murine GB cells, 

a significant increase in the levels of human perforin (threefold), IFN-γ (twofold), IL-1α 

(twofold), TNF-α (twofold), IL-8 (fourfold), MCP-1 (twofold) and IL-10 (twofold) as compared 

to baseline cytokine levels was observed (Fig. 20A). 
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Figure 19: CAR-NK cell-mediated tumor cell killing results in PD-L1 regulation. (A) Schematic representation 
of the cytokine response transwell assay design. Soluble factors secreted from CAR-NK cells stimulated by 

glioblastoma cells (GB) in the insert influence cells of interest in the base (GB: glioblastoma cells, AC: astrocytes, 
MG: microglia). After 24 h of co-culture, the insert is removed and fresh serum-free medium is added to the cells 

in the base. Stimulated cells are cultivated for a further 24 h. Cytokine levels in the conditioned medium are 
determined via a bead-based LEGENDplex assay. (B) PD-L1 regulation in response to a transwell cytotoxicity 
assay was analyzed on murine (GL261, Tu9648) and human (LN-319, U87MG, MNOF-76, MNOF-168, MNOF-

1300, patient-derived CB05, CB13) glioma cells as well as on immune cells such as CAR-NK cells, murine (EOC2, 
BV2) or human (C20, HMC3) microglia and human astrocyte (NHA, HuA) cell lines. Cells of interest were seeded 

in wells (base) of a 24-well plate, while a cytotoxicity assay (CAR-NK cells vs. tumor cells (species-compatible); 
E/T ratio 1:1) was performed in the insert. After 24 h, PD-L1 expression of cells in the base was determined via 

flow cytometry. (C) PD-L1 expression on LN-319, C20, HMC3 and HuA cells cultured with or without CAR-NK 
cells in the insert of a transwell system. (D) PD-L1 expression of various cell types cultivated in a transwell 

system with different NK cell/tumor cell co-cultures in the insert (E/T ratio 1:1). Co-culture in the insert consisted 
of NK-92 WT cells vs. LN-319 (orange), NK-92/MR1-1.28.z vs. LN-319 (green) and CAR-NK vs. LN-319 or GL261-

HER2 (blue); murine (for GL261-HER2 cells), as well as human (for LN-319, C20 and NHA cells), recombinant 
IFN-γ [100 ng/ml] was added to the cells as a positive control for PD-L1 upregulation (black). Cells were 

cultivated for 24 h, then PD-L1 expression of cells in the base was determined via flow cytometry. Mean values ± 
SD are shown, n=3, **p < 0.01, ***p < 0.001. 
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To determine whether one of those soluble factors might induce PD-L1 upregulation on 

bystander cells, PD-L1 expression on various cell types was assessed 24 h post-treatment with 

recombinant cytokines. Stimulation with IFN-γ increased PD-L1 expression similar to 

stimulation with conditioned medium from a killing assay (Fig. 20B). Interestingly, this effect 

was also observed in the murine MG cell line EOC2.  

 

Figure 20: Cytokine release of activated CAR-NK cells and the effect on PD-L1 regulation on surrounding cell 

types. (A) Analysis of cytokine release by stimulated CAR-NK cells (CAR-NK cells vs. GL261-HER2 glioma cells). 
Concentrations of IFN-γ, TNF-α, MCP-1, IL-1α, IL-2, IL-8, IL-10 and perforin were measured in cell culture 

supernatants using a Luminex multiplex bead assay. Mean values ± SD are shown; n=3. **p < 0.01, ***p < 0.001.  
(B) PD-L1 regulation in various cell types in response to stimulation with species-compatible (human/murine) 

recombinant cytokines or in response to a transwell cytotoxicity assay (+ Killing, CAR-NK vs. LN-319 for human 
cells and CAR-NK vs. GL261-HER2 for murine cells (EOC2)) was analyzed via flow cytometry. Cells were 

incubated with recombinant cytokines for 24 h at a concentration of 100 ng/ml. Mean values ± SD are shown; n=3, 
*p < 0.05, **p < 0.01, ***p < 0.001. 

 

To confirm that the effect was caused by IFN-γ, the assay setup was modified to include anti-

IFN-γ. Transwell cytotoxicity assays in the insert were either performed in the absence or 

presence of a human IFN-γ antibody (Fig. 21A). The capability of anti-IFN-γ to antagonize the 

effects of IFN-γ on PD-L1 upregulation was validated in LN-319 cells (Fig. 21B). Furthermore, 

it was affirmed that cytotoxic activity of CAR-NK cells towards target cells was not affected in 

the presence of anti- IFN-γ. Killing efficiency was not impaired; in fact, a slight yet insignificant 
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increase in efficiency with increasing concentrations of anti- IFN-γ was observed (Fig. 21C). 

When anti-IFN-γ was added to the experimental setup of PD-L1 regulation in response to 

CAR-NK cell activation, the effect of PD-L1 upregulation upon stimulation with conditioned 

medium was abolished (Fig. 21D). This finding defines IFN-γ as the major driver of PD-L1 

regulation upon CAR-NK cell therapy. 

 

Figure 21: IFN-γ is the major driver for PD-L1 upregulation in surrounding cell types. (A) PD-L1 expression in 
cells of interest was assessed via flow cytometry upon cultivation either in the absence (CAR-NK only) or 

presence of an adjacent cytotoxicity assay (CAR-NK cells vs. LN-319). Cytotoxicity assays in the insert were either 
performed in the absence or presence of a human IFN-γ antibody for 24 h. (B) PD-L1 expression on LN-319 cells 

in the presence of recombinant human IFN-γ (green) and an anti-human IFN-γ antibody (dark blue). Mean 
values ± SD are shown; n=3, ***p < 0.001. (C) Killing efficiency of CAR-NK cells against HER2+ glioma cells in the 

presence of various concentrations of an anti-human IFN-γ antibody. (D) PD-L1 expression on CAR-NK cells, 
MNOF-1300, NHA, C20, HMC3 and LN-319 upon cultivation either in the absence or presence of an adjacent 
cytotoxicity assay in the absence or presence of anti-human IFN-γ antibody for 24 h was determined via flow 

cytometry (assay design depicted in (A)). Mean values ± SD are shown; n=3. *p < 0.05, **p < 0.01. 

Taken together, these data indicate that IFN-γ-mediated upregulation of PD-L1 not only by 

GB cells but also by brain-resident cell types such as MG and astrocytes add to the 

immunosuppressive microenvironment and therefore constitute a potential mechanism of 
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resistance towards CAR-NK cell therapy. Consequently, selective local administration of a 

checkpoint inhibitor through a HER2-targeted AAV vector to specifically interfere with PD-

1/PD-L1 interaction was explored in this study. 

 

3.3 The effect of CAR-NK cells on brain-resident immune cells  

Since stimulation of the murine MG cell line EOC2 with conditioned medium from a killing 

assay resulted in upregulation of PD-L1 (Fig. 20B, bottom left), it was assessed whether other 

surface markers such as microglial activation markers were also differentially regulated in 

response to adjacent tumor cell killing. MG are among the most abundant cell types within the 

brain TME, and, as immune cells, they might react to alterations of their environment mediated 

by GB cell lysis. Therefore, markers that are associated with MG activation, such as CD68, 

CD86, CX3CR1, MerTK and PY2R12 [323]–[328] were analyzed either in response to adjacent 

CAR-NK cell-mediated GB cell lysis or in response to stimulation with recombinant cytokines 

that are secreted during the process of GB cell lysis.  

3.3.1 The effect of activated CAR-NK cells on murine microglia 

Since cell lines often lose several characteristic markers when they are maintained in culture 

over a long period of time, the expression of the mentioned markers on MG cell lines BV2 and 

EOC2 was confirmed first (Fig. 22A). In presence of tumor cell lysis, several markers were 

found to be significantly increased (Fig. 22B). BV2 upregulated PY2R12 and EOC2 showed 

increased CD68 expression, while CX3CR1 expression was increased in both cell lines.  
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Figure 22: Regulation of microglia markers in response to adjacent CAR-NK cell-mediated tumor cell lysis. (A) 

Analysis of MG surface marker expression as determined by flow cytometry. (B) Regulation of murine MG 
markers in response to stimulation with murine recombinant cytokines or in response to a transwell cytotoxicity 

assay (CAR-NK vs. GL261-HER2, E/T ratio 1:1) was analyzed via flow cytometry. Cells were incubated with 
recombinant cytokines for 24 h at a concentration of 100 ng/ml. Mean values ± SD are shown; n=2. *p < 0.05. 

Moreover, albeit insignificant, a trend for increased CD86 and PY2R12 expression was found 

in EOC2. Furthermore, PY2R12 and CX3CR1 expression were significantly increased in BV2 

after stimulation with IL-6 and IFN-γ (Fig. 22B, top), and MIP-1α, whereas the addition of IFN-

γ, IL-10, TNF- α and IL-6 enhanced CX3CR1 and CD86 expression in EOC2 (Fig. 22B, bottom). 
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Figure 23: Synergy between CAR-NK cells and murine microglia. Killing efficiency of CAR-NK cells against 
GL261-HER2 and GL261 WT cells either in the presence or absence of murine MG (BV). Mean values ± SD are 

shown; n=3. *p < 0.05, ***p < 0.001. 

Since MG as bystander immune cells appear to be affected by nearby GB cell lysis by CAR-NK 

cells, possible synergistic effects regarding CAR-NK cell killing efficiency were evaluated. 

When CAR-NK cells attacked GL261-HER2 cells in the presence of BV2, cytotoxic activity was 

significantly increased with decreased effector/target ratio of CAR-NK cells to GL261-HER2 

cells (Fig. 23, left). Of note, killing efficiency towards cells lacking the target antigen was not 

affected by the presence of MG (Fig. 23, right). 

 

Figure 24: Killing efficiency of CAR-NK cells towards murine microglia. (A) HER2 expression of the murine 
MG cell line EOC2 before (black) and after (blue) lentiviral transduction with the antigen. (B) Cytotoxic activity of 
CAR-NK cells against the murine MGcell lines EOC2 before (blue) and after (orange) lentiviral transduction with 
the human HER2 antigen. GL261-HER2 cells served as a positive control. Mean values ± SD are shown; n=3, ***p < 

0.001. 

To investigate whether immune cells such as MG themselves were affected by CAR-NK cell 

attack to a similar extent as tumor cells, the MG cell line EOC2 was lentivirally transduced 

with the target antigen (Fig. 24A). As expected, EOC2 WT cells lacking HER2 expression were 

hardly lysed by CAR-NK cells. Surprisingly, however, almost no cytotoxic activity towards 

HER2-transduced MG was observed (Fig. 24B). 
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3.3.2   The effect of activated CAR-NK cells on human microglia 

To investigate whether human MG cells were also less susceptible to CAR-NK cell attack, 

cytotoxicity assays of CAR-NK cells vs. human MG were performed. First, the expression of 

the target antigen by human MG was assessed. Although it has been reported that brain-

resident cell types are mainly HER2-, expression is induced in response to pathophysiological 

conditions. In this context, surface molecule expression in cells that were maintained in cell 

culture over a long period of time might differ from the in vivo situation. Both human MG and 

astrocyte cell lines expressed HER2 in vitro, as confirmed on the mRNA as well as on the 

protein level (Fig. 25A and B). Nevertheless, although HER2 was shown to be expressed on 

the cell surface, neither human MG nor human astrocytes were efficiently lysed by CAR-NK 

cells, irrespective of effector/target ratio. In contrast, the killing efficiency of CAR-NK cells 

towards human MG was significantly lower as compared to human GB cells (Fig. 25C). To 

investigate whether a cytotoxicity assay of 2 h might not give CAR-NK cells enough time to 

mount an efficient attack towards immune cells like MG or astrocytes, a comparative 

cytotoxicity assay employing different time intervals was performed. MG and astrocytes were 

subjected to CAR-NK cell attack over either 2 h, 4 h or 8 h at different effector/target ratios. As 

compared to tumor cells such as the GB cell line GL261-HER2, the patient-derived glioma cell 

culture CB013 or the human primary glioma cell line MNOF-1300, both MG and astrocytes 

were less efficiently lysed by CAR-NK cells, even after 8 h of co-culture. For instance, killing 

efficiency towards tumor cells at an effector/target ratio of 1:1 after 8 h exceeded 70%, while 

efficiency towards astrocytes was only below 50% (NHA: 35,9%, HuA: 49,5%), and efficiency 

towards MG did not exceed 15% (HMC3: 14.5 %, C20: 13.6%; Fig. 25D). Of note, killing 

efficiency towards the human astrocyte cell line HuA did not exceed 50%, irrespective of time 

and effector/target ratio (Fig. 25D, bottom right). 
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Figure 25: Brain-resident immune cells are not susceptible to lysis by CAR-NK cells. (A) Quantification of 
human HER2 expression on the mRNA level as determined by qPCR. RNA was isolated from murine HER2-

transduced GL261 as well as from human MG (C20, HMC3) and human astrocytes (NHA, Hua). SDHA and 18s 
were used as housekeeping genes for reference. (Rel. norm. values ± SD are shown; n=3). (B) HER2 expression of 
MG (C20, HMC3) and astrocytes (NHA, HuA) of human origin as determined via flow cytometry. (C) Cytotoxic 

activity of CAR-NK cells against human MG as well as astrocyte cell lines as compared to the human 
glioblastoma cell line LN-319 as a positive control. Mean values ± SD are shown; n=3, ***p < 0.001. (D) 

Quantification of CAR-NK cell killing efficiency against various cell types at different E/T ratios after 2 h, 4 h and 
8 h. 
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Since one reason for the low killing efficiency of CAR-NK cells towards MG or astrocytes 

might be the inhibition of NK cell degranulation, expression of the degranulation marker 

CD107a upon contact of CAR-NK cells with target cells was determined. While co-culture with 

GL261 WT cells lacking the target antigen did not trigger CAR-NK cell degranulation, contact 

with GL261-HER2, but also with C20 and HMC3 MG as well as with NHA and HuA astrocytes 

did (Fig. 26A). These data indicate that CAR-NK cell activity was not inhibited by MG or 

astrocytes directly. Next, the expression of HLA-E on the surface of target cells was evaluated 

as a possible inhibitory mechanism. HLA-E is a ligand for the inhibitory NK cell receptor 

CD94/NKG2A [329]. It was found to be expressed by the MG cell line C20 as well as by the 

astrocyte cell line NHA, while HMC3, HuA, MNOF-1300 and CB013 were HLA-E- (Fig. 26B). 

Although this finding indicated that CD94/NKG2A engagement might be responsible for the 

low killing efficiency of CAR-NK cells towards C20 and NHA cells, HMC3 and HuA still 

showed decreased susceptibility regardless of HLA-E status, suggesting that this mechanism 

does not fully explain the observations made in Fig. 25. 

 

Figure 26: Expression of HLA-E on the surface of target cells and degranulation of CAR-NK cells in response 

to various target cell types. (A) Quantification of CAR-NK cell degranulation upon co-culture with target cells as 
determined by flow cytometric analysis of CD107a expression. Mean values ± SD are shown; n=3, **p < 0.01, ***p < 

0.001. (B) Analysis of HLA-E expression on various cell types as determined by flow cytometry.  
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As seen in Fig. 20B, murine MG react to tumor cell lysis by CAR-NK cells in their surroundings. 

Therefore, it was analyzed whether CAR-NK cell-mediated tumor cell lysis also affected 

human MG and their activity. Interestingly, when soluble factors from a cytotoxicity assay in 

a transwell system influenced MG cells, their phagocytosis activity was significantly increased, 

similar to stimulation with IFN-γ (Fig. 27), indicating that CAR-NK cell activity might 

contribute to activation of immune cells within the TME. 

Taken together, CAR-NK cell therapy affects MG in terms of activation and phagocytosis, 

while the presence of MG appeared to enhance CAR-NK cell-mediated tumor cell lysis. 

Moreover, MG tolerance towards cytotoxic mediators such as perforin and GrB following 

CAR-NK cell degranulation was higher than that of glioma cells.   

 

Figure 27: Microglial phagocytosis activity is increased upon adjacent CAR-NK cell-mediated tumor cell lysis. 

Phagocytosis activity of human MG in response to adjacent CAR-NK cell-mediated tumor cell lysis in a transwell 
system (CAR-NK vs. LN-319, E/T ratio 1:1). hIFN-γ [100ng/ml] served as a positive control for cell stimulation. 

Mean values ± SD are shown; n=3. **p < 0.01. 

 

3.4 aPD-1 encoding HER2-AAV vectors 

The PD-1/PD-L1 axis contributes to the immunosuppressive TME of glioma to a great extent. 

Additionally, lysis of tumor cells by CAR-NK cells has been shown to mediate PD-L1 

upregulation in surrounding cell types (Fig. 19), which further reinforces the suppression of 

anti-tumor immune responses. To counteract this suppression and to re-activate the immune 

system, HER2-AAV vectors can be applied to induce the secretion of aPD-1 after transduction 

of HER2+ cells. Previous studies already reported a sufficient transduction efficiency of HER2-

AAVs in human renal and breast cancer cells [251], [310]. The HER2-AAVs used in this study 

harbor a coding sequence for a fusion protein directed against murine PD-1 (HER2-AAVaPD1) 

(depicted in Fig. 10A-C), as the human Fc part used previously [310] was replaced by the 
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corresponding murine sequence. After the transduction of target cells, the production of an 

scFv-Fc fusion construct is induced. Two scFv-Fc molecules then dimerize via their Fc domains 

to form a Y-shaped antibody-like molecule, a so-called aPD-1 immunoadhesin. HER2-AAVIgG-

Fc encoding only the murine Fc part of aPD-1 served as control. Detection of the recombinant 

aPD-1 was facilitated by an HA-tag.  

 

3.4.1 In vitro transduction efficacy of HER2-AAV 

To assess transduction efficiency on the mRNA level, RNA of target cells was isolated 24 hours 

post-HER2-AAV transduction and aPD-1 levels were determined via qPCR using a primer 

pair binding within the scFv region of aPD-1. Upon transduction of target cells with HER2-

AAVaPD-1, mRNA of the aPD-1 transgene was detected only in HER2+ cells (Fig. 28), indicating 

high specificity of the DAPRins on their capsid surface. Moreover, transduction efficiency 

correlated with expression levels of human HER2 on target cells. None of the murine HER2- 

cells incubated with HER2-AAVaPD-1 produced relevant amounts of aPD-1, and neither did 

HER2+ cells that were incubated with HER2-AAVIgG-Fc control vectors. In contrast, aPD-1 levels 

were higher in the supernatant of LN-319-HER2 cells modified to overexpress HER2 when 

compared to parental HER2+ LN-319 cells. Compared to LN-319-HER2, LN-319 and Tu9648-

HER2, transgene amplification was lowest in GL261-HER2 cells with 0.38-fold amplification 

as compared to housekeeping genes. 

  

Figure 28: Expression of HER2-AAV-encoded aPD-1 on the RNA level. Quantification of transgene expression 
on the mRNA level as determined by qPCR. RNA was isolated four days post-transduction; SDHA and 18s were 

used as housekeeping genes for reference. (Rel. norm. values ± SD are shown; n=3. *p < 0.05).  
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Next, transduction efficiency was investigated on the protein level. Therefore, cell lysates of 

HER2-AAV-transduced GL261-HER2 target cells were analyzed via Western blot. It was 

shown that aPD-1 is present at its expected size of ~68 kDa within target cells on days 2, 6 and 

10 after viral transduction (Fig. 29A). 

 

Figure 29: Expression of HER2-AAV-encoded aPD-1 on the protein level. (A) Cell lysates of transduced GL261-
HER2 cells were prepared 2, 6 and 10 days after transduction with HER2-AAVaPD-1 (4.5x105 gc/cell). Western blot 

analysis was performed using an HA-tag-specific antibody. Actin was used as a loading control. Lysates from 
untransduced cells (n.t.) and recombinant aPD-1 were used as controls. (B) HER2 expression of murine (GL261, 

Tu9648) and human (LN-319, LNT-229, U251MG, U138MG, U87MG, G55T2) glioma cell lines (wild-type cells are 
depicted in black, HER2-overexpressing derivatives are depicted in blue) as well as human primary (MNOF-1300) 

and patient-derived (CB013) cells as determined via flow cytometry. (C) Four days post-incubation with HER2-
AAV (4.5x105 genome copies/cell), cell culture supernatants were collected and aPD-1 expression was analyzed 

via Western blot using an HA-specific antibody. The aPD-1 band is a size of ~68 kDa.   
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No decrease in aPD-1 signal intensities over time was observed, suggesting constant amounts 

of the immunoadhesin up to 10 days post-HER2-AAV transduction. In untransduced cells, no 

aPD-1 signal was detected. Since it is conceivable that transduced tumor cells produce aPD-1, 

but do not secrete it to a sufficient amount, it was assessed whether the immunoadhesin is 

present in the cell culture supernatant upon delivery of the transgene into target cells. Indeed, 

aPD-1 protein secretion was confirmed using Western blot analysis, as the immunoadhesin 

was successfully detected in the supernatant of transduced cells (Fig. 29B). Similar to 

transduction on the mRNA level, transduction efficiency on the protein level also correlated 

with the HER2 expression level on target cells. aPD-1 band intensities of samples of transduced 

HER2-overexpressing cells were higher than those of cells expressing HER2 at endogenous 

levels (Fig. 29B and C). Cells that were transduced with the HER2-AAVIgG-Fc control virus did 

not produce and secrete aPD-1, and neither did HER2-AAVaPD-1-transduced murine target cells 

lacking the antigen (GL261 WT and Tu9648 WT). Of note, also HER2+ human primary glioma 

cells as well as patient-derived glioma cells secreted aPD-1 upon transduction with HER2-

AAVaPD-1.  

 

Figure 30: Secretion of HER2-AAV-encoded aPD-1 in a time-dependent manner. (A) aPD-1 transgene 
expression over time in GL261-HER2 (top), Tu9648-HER2 (middle) and LN-319 (bottom) cells monitored by 

Western blot analysis using an HA-specific antibody.  

Furthermore, levels of aPD-1 in cell culture supernatants of GL261-HER2, Tu9648-HER2 and 

LN-319 accumulated over time and persisted for up to 7 days without showing signs of 

degradation (Fig. 30A). In summary, HER2-AAVaPD-1 mediates aPD-1 gene delivery with high 

specificity and causes the subsequent constant production and secretion of aPD-1. 
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3.4.2 Establishment of a sandwich ELISA approach for the detection of HER2-AAV-

encoded aPD-1 

To quantify concentrations of secreted HA-tagged PD-1-directed immunoadhesins, an 

enzyme-linked immunosorbent assay (ELISA) was established. First, a protein standard for an 

aPD-1 standard curve was generated. Therefore, HEK293T/A cells were transiently transfected 

with a transfer plasmid encoding aPD-1. Over 4 days, the supernatant was harvested and 

purified using Protein A affinity chromatography (Fig. 31A). As transfection control, 

HEK293T/A cells were incubated with a GFP plasmid (Fig. 31B). Purified aPD-1 was 

concentrated and detected at its expected size by Western blot analysis (Fig. 31C). Its 

concentration was determined via microBCA. For aPD-1 quantification via ELISA, an HA-tag 

antibody was used as capture antibody for aPD-1 binding, which was subsequently detected 

via a murine IgG-specific antibody (Fig. 31D). 

 

Figure 31: Production and purification of recombinant aPD-1 for the establishment of a sandwich ELISA. (A) 

HEK293T/A cells were transfected with an aPD-1 transfer plasmid. aPD-1 containing supernatants were collected 
and aPD-1 was purified via Protein A affinity chromatography. (B) As transfection control, HEK293T/A cells were 

transfected with a GFP plasmid. (C) A western blot was performed using different concentrations of the 
recombinant aPD-1. HA-Tag-specific antibodies were used and aPD-1 was detected at ~68 kDa. (D) Schematic 
representation of the sandwich ELISA approach. Secreted aPD-1 binds to an HA-Tag capture antibody and is 

detected via an HRP-coupled detection antibody directed against the murine Fc part of aPD-1. 

To determine both sensitivity and detection limit of the established assay, antibody dilutions 

were titrated using a checkerboard titration to assess antibody as well sample concentration at 

the same time and the ELISA was performed with serial dilutions of the recombinant αPD-1 

standard. The lowest amount of aPD-1 that was detectable by the method was 25 ng (Fig. 32A). 
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HER2-transduced GL261 and Tu9648 cells as well as LN-319 and LN-319-HER2 cells were 

transduced with aPD-1 encoding HER2-AAV vectors and cell culture supernatants were 

analyzed by the newly established ELISA. Cell culture supernatants of either untreated or 

HER2-AAVaPD-1-transduced WT murine GL261 and Tu9648 cells served as a negative 

control. Only HER2+ target cells which were transduced with HER2-AAVaPD-1 produced the 

immunoadhesin (Fig. 32B). Similar to the data obtained in qPCR and Western blot before, aPD-

1 levels were positively correlated with the HER2 expression on the target cells. For instance, 

endogenously HER2+ LN-319 cells produced 0.64 µg aPD-1 / 100 µl supernatant, while HER2-

overexpressing LN-319-HER2 cells produced nearly double amounts (1.13 µg aPD-1 / 100 µl 

supernatant). Only minimal amounts of aPD-1 were found after transduction of HER2- murine 

glioma cells with HER2-AAVaPD-1 (0.09 µg / 100 µl supernatant (GL261 WT) and 0.04 µg / 100 

µl supernatant (Tu9648 WT)).  

Taken together, the established sandwich ELISA facilitated the precise determination of aPD-

1 levels, which represented a prerequisite for the evaluation of HER2-AAVaPD-1 transduction 

efficacy in in vivo models. 

 

Figure 32: Quantification of in vitro produced aPD-1 via sandwich ELISA. (A) ELISA using serial dilutions of 
purified aPD-1. The immunoadhesin was detected via antibodies directed against the HA-tag- and the murine Fc 

portion of aPD-1. Mean values ± SD are shown; n=2. (B) Supernatants of in vitro transduced glioma cells were 
analyzed by Sandwich-ELISA using an HA-specific antibody. Non-transduced (untreated) target cells and murine 

wildtype (WT) cells not expressing the target antigen were used as controls. The dotted line represents the 
detection limit at 0.025 µg. Mean values ± SD are shown; n=3. ***p < 0.001.  
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3.4.3 Functionality of HER2-AAV-encoded aPD-1 

So far, it was shown that HER2-AAVs are able to efficiently mediate the production and 

secretion of aPD-1. However, the functionality of the immunoadhesin still needed to be 

demonstrated. Therefore, HER2-AAV-encoded aPD-1 was functionally characterized 

concerning its target binding capacity and ability to block the PD-1/PD-L1 checkpoint 

interaction. First, specific target binding was assessed via a binding assay employing HT1080 

cells overexpressing PD-1 as depicted in Fig. 33A. Either parental HT1080 WT cells or PD-1-

expressing HT1080 cells were cultivated in aPD-1-containing supernatant of transduced 

glioma target cells and binding of aPD-1 to PD-1 was detected via a fluorochrome-labeled 

antibody directed against the murine Fc-part of aPD-1. As a positive control, recombinant 

purified αPD-1 was used, while supernatant of HER2-AAVIgG-Fc cells served as a negative 

control. After transduction of murine and human glioma cells with HER2-AAVaPD-1, specific 

binding of the secreted aPD-1 immunoadhesin, as well as the recombinant aPD-1, to PD-1 on 

HT1080-PD1 cells was found (Fig. 33B). In contrast, no binding was detected when 

supernatant of cells that were transduced with the control vector was used. It was shown 

before that amounts of aPD-1 in the supernatant accumulate over time post-transduction (Fig. 

30A), and consequently, more aPD-1 molecules bound to PD-1 were found when supernatant 

was harvested after 48 h or 72 h as compared to 24 h (Fig. 33C). Since HT1080 cells do not 

endogenously express PD-1 but have been genetically modified to do so, freshly isolated 

murine splenocytes were used for target binding assays as a biological ex vivo system. 

Splenocytes comprise immune cells such as T cells, which were activated with PMA and 

ionomycin to induce PD-1 expression (Fig. 33D). Similar to the target binding assay before, 

activated splenocytes were incubated with supernatant of HER2-AAV- transduced GL261-

HER2 or GL261 WT cells. In the ex vivo situation, recombinant as well as HER2-AAV-encoded 

aPD-1 secreted from GL261-HER2 cells also bound to PD-1 on activated splenocytes. Neither 

transduction of GL261 WT cells with HER2-AAVaPD-1 nor transduction of GL261-HER2 cells 

with HER2-AAVIgG-Fc mediated PD-1 binding (Fig. 33D and E).  
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Figure 33: Target binding of HER2-AAV-encoded aPD-1. (A) Schematic representation of the PD-1 binding 
assay. PD-1-expressing cells are cultivated in aPD-1-containing supernatant of transduced glioma cells, then 

binding of aPD-1 to PD-1 is detected via flow cytometry using a fluorochrome-labeled antibody directed against 
the murine Fc part of aPD-1. (B) Specific binding of HER2-AAV-encoded aPD-1 to HT1080-PD1 (blue) and PD-1 

negative HT1080 WT cells (gray). Supernatants (SN) from glioma cells that were transduced with HER2-AAVaPD-1 
or the control HER2-AAVIgG-Fc were tested; recombinant aPD-1 served as a positive control. (C) Analysis of aPD-1 
target binding in a time-dependent manner. Cell culture supernatant of transduced GL261 cells (WT and HER2+) 

was harvested at different time points post-transduction and was used for an aPD-1 binding assay. (D) PD-1 
expression on murine splenocytes after stimulation with DynaBeads. (E) Specific target antigen recognition of 

HER2-AAV-encoded aPD-1 on PD-1 expressing splenocytes. Freshly isolated murine splenocytes were stimulated 
with CD3/CD28 Dynabeads for 48 h to upregulate PD-1 expression before SN of transduced GL261-HER2 cells 

was added.  

To further confirm the functionality of the aPD-1 immunoadhesin, a PD-1/PD-L1 blockade 

bioassay using T cells that express an NFAT-regulated reporter gene was performed. In 

particular, PD-1-expressing T effector cells were incubated with PD-L1-expressing aAPC cells, 

resulting in TCR inhibition and the subsequent suppression of NFAT-mediated luciferase 

expression in the absence of a checkpoint inhibitor (Fig. 34A). The supernatant of transduced 

glioma cells containing aPD-1-immunoadhesins blocked PD-1/PD-L1 interaction and was able 

to re-establish TCR activation in effector T cells (Fig. 34B). In summary, these data confirm that 

HER2-AAV-encoded aPD-1 specifically recognizes its target receptor after secretion from 

transduced target cells and is able to re-activate T cells upon PD-1 blockade in vitro.  
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Figure 34: PD-1/PD-L1 axis disruption of HER2-AAV-encoded aPD-1. (A) Schematic representation of the PD-
1/PD-L1 blockade bioassay. PD-L1-expressing murine aAPC/CHO-K1 target cells harbor an engineered cell 

surface protein mediating antigen-independent activation of T cells. The cells were incubated with murine PD-1 
expressing effector T cells carrying a luciferase reporter driven by an NFAT response element. aPD-1 in the cell 
culture supernatant disrupts the PD-1/PD-L1 interaction between aAPC/CHO-K1 target cells and T cells. This 

allows activation of T cell receptors, resulting in luciferase expression via NFAT activation. (B) After the addition 
of aPD-1-containing cell culture supernatant, TCR activation was measured by assessing NFAT-dependent 

induction of luciferase expression. Bioluminescence is represented in relative light units (RLU). Recombinant 
aPD-1 served as a positive control. 

 

3.4.4 The effect of HER2-AAV transduction on target cells 

Since target cells are designated to produce and secrete the immunoadhesin, tumor cell 

viability should not be excessively impaired in response to viral transduction. Therefore, 

proliferation and cell viability of the glioma cell lines GL261, Tu9648 and LN-319 after 

transduction was determined.  Target cell proliferation was assessed 24 h as well as 72 h after 

transduction with either HER2-AAVaPD-1 or HER2-AAVIgG-Fc. In none of the evaluated cell lines, 

a significant decrease in proliferation activity was observed, irrespective of the timepoint of 
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the analysis (Fig. 35A). Moreover, no differences in proliferation in response to HER2-AAVaPD-

1 or HER2-AAVIgG-Fc were found. However, when cell viability was analyzed via PI staining 24 

h after transduction, a slight, yet significant increase in cell death was observed in response to 

both HER2-AAVaPD-1 or HER2-AAVIgG-Fc transduction (Fig. 35B). Nevertheless, the number of 

dead cells did not exceed 10% in either cell line, which suggests that those effects are not 

biologically relevant.  

 

Figure 35: The Effect of HER2-AAV transduction on proliferation and viability of glioma cells. (A) 

Proliferation of glioma cells was measured by crystal violet staining 24 h and 72 h post transduction with HER2-
AAVIgG-Fc or HER2-AAVaPD-1. (B) Viability of glioma cells 24 h post transduction with HER2-AAVIgG-Fc (light blue) 
or HER2-AAVaPD-1 (petrol) as determined by propidium iodide (PI) FACS (mean values ± SD are shown; n=3. *p < 

0.05). 
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Since for the specific combination therapy approach, the deployment of HER2 molecules as 

target antigens relies on their constitutive expression and presentation on the cell surface, the 

effect of viral transduction on HER2 expression on target cells was investigated. Via flow 

cytometry, it was assessed whether transduction by HER2-AAVs leads to a downregulation 

of HER2 on GL261-HER2, Tu9648-HER2 or LN-319. No downregulation in response to 

transduction in either cell line was observed (Fig. 36A). Next, it was analyzed whether viral 

transduction affected the expression of PD-L1, but in contrast to CAR-NK cell therapy, HER2-

AAV transduction did not mediate the upregulation of PD-L1 on the tumor cell lines (Fig. 36B). 

 

Figure 36: The effect of HER2-AAV transduction on HER2 and PD-L1 expression on glioma cells. (A) HER2 
expression in response to HER2-AAVaPD-1 transduction was determined after 24 h via flow cytometry. (B) PD-L1 

expression on glioma cells before and after HER2-AAVaPD1 transduction.  

Viral transduction could also induce increased production and secretion of soluble factors 

from transduced target cells. Concerning the activation of the immune system, the release of 

inflammatory cytokines is of crucial importance, especially in an immunosuppressed glioma 

TME. Therefore, the effect of HER2-AAV transduction on cytokine production of both GL261-

HER2 and GL261 WT cells was investigated. First, to avoid bias in data interpretation, it was 

addressed whether viral transduction of murine glioma cells with the HER2 antigen itself 

affected cytokine secretion. Basal cytokine levels of GL261-HER2 cells in comparison with 

GL261 WT cells were assessed, but no differences in cytokine levels of IFN-γ, CXCL1, TNF-α, 
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MCP-1, IL-12p70, IL-27, IL-1β, GM-CSF, IL-10, IFN-β and IFN-α were observed. However, IL-

23 secretion was found to be significantly increased in GL261-HER2 cells (Fig. 37A). Upon 

transduction with HER2-AAVs, increased levels of MCP-1, IL-23 and IL-27 were detected only 

in GL261-HER2 target cells (Fig. 37B, top), whereas in HER2- GL261 WT cells no differences 

to baseline levels was observed (Fig. 37B, bottom). Levels of IFN-γ, CXCL-1, TNF-α, IL-12p70, 

IL-1β, GM-CSF, IL-10, IFN- β and IFN- α remained unchanged (data not shown). 

 

Figure 37: The effect of HER2-AAV transduction on cytokine secretion of target tumor cells. (A) Analysis of 
cytokine secretion of GL261 WT and lentivirally transduced Gl261-HER2 cells. Mean values ± SD are shown; n=3, 
*p < 0.05. (B) Secretion of inflammatory cytokines produced by murine GL261-HER2 (top) or WT (bottom) cells in 
response to transduction with HER2-AAVaPD-1 as compared to transduction with HER2-AAVIgG-Fc was determined 

using a bead-based immunoassay. As a control, cells were stimulated with recombinant murine IFN-γ at a 
concentration of 100ng/ml. Mean values ± SD are shown; n=3. **p < 0.01. 

Increased levels of inflammatory cytokines were not only found in GL261-HER2 target cells, 

but also in cell types that constitute a relevant part of the cellular microenvironment of the 

brain, like MG and astrocytes. In human MG, a significant increase in levels of IL-6 (C20: 3-

fold; HMC3: 2-fold) and IL-8 (C20: 1.5-fold; HMC3: 2-fold) was observed (Fig. 38, blue 
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quarters). In HMC3, levels of MCP-1 (2-fold), GM-CSF (2.5-fold) and IFN-λ1 (3-fold) were also 

significantly increased. In contrast, levels of cytokines secreted from HER2- murine MG that 

were above the detection limit, such as IFN-γ, CXCL1 (BV2), TNF-α and GM-CSF (EOC2) did 

not increase when incubated with HER2-AAVs (Fig. 38, purple quarter). In astrocytes, levels 

of IFN-β were only significantly increased (3-fold) in human cells, levels of murine astrocytes 

remained at baseline in response to transduction (Fig. 38, green quarter).  

Taken together, transduction with HER2-AAVs modulated the cytokine release of HER2+ 

target cells and slightly diminished their viability, whereas overall cell proliferation and target 

antigen expression was not affected. 

 

 

Figure 38: The Effect of HER2-AAV on cytokine secretion of target resident brain cells. Levels of various 
inflammatory cytokines produced by human microglia (blue square), murine microglia (purple square) and 

human and murine astrocytes (green square) in response to HER2-AAVaPD-1 transduction were determined with a 
bead-based immunoassay. As a control, cells were stimulated with recombinant murine or human IFN-γ at a 

concentration of 100 ng/ml. Mean values ± SD are shown; n=3. *p < 0.05, **p < 0.01. 
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3.4.5 Interaction of HER2-AAV and CAR-NK cells 

For the combination therapy approach, both CAR-NK cells and HER2-AAVs will exert their 

functions locally at the tumor site. Therefore, it is of crucial importance that HER2-AAV 

transduction and CAR-NK cell-mediated glioma cell lysis do not interfere with each other.  In 

a comparative cytotoxicity assay, transduced GL261, Tu9648 and LN-319 glioma cells were 

subjected to CAR-NK cell attack. No difference in CAR-NK cell killing efficiency towards 

transduced glioma cells, irrespective of whether the vector encoded aPD-1 or not, as compared 

to untreated cells was found (Fig. 39A). Furthermore, CAR-NK cells lack HER2 expression and 

do not serve as targets for HER2-AAV (Fig. 39B and C). 

 

Figure 39: The Effect of HER2-AAV transduction on killing capacity of CAR-NK cells. (A) Killing efficiency of 
CAR-NK cells towards murine glioma cells was assessed 72 h post-transduction with a cytotoxicity assay (2 h co-

culture, E/T ratio 5:1; mean values ± SD are shown; n=3). (B) HER2 expression on CAR-NK cells. (C) A binding 
assay using cell culture supernatant from CAR-NK cells that had been incubated with HER2-AAVs for 72 h. 
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3.5 In vivo analyses 

3.5.1 Expression of HER2 and PD-L1 on glioma cells in vivo 

For subsequent in vivo HER2-AAV biodistribution studies, GL261-HER2 and LN-319 cells 

were used. Since GL261-HER2 cells were injected in immunocompetent mice, the presence of 

a human surface molecule on the tumor cells might have resulted either in tumor cell clearance 

or HER2 loss. To confirm that GL261-HER2 tumor cells retain their HER2 expression in vivo, 

untreated tumors were explanted 8 weeks post tumor cell injection and HER2 expression was 

analyzed via flow cytometry. In cell culture, 93% of GL261-HER2 cells were HER2+, whereas 

the explanted tumor comprised of 33.2% HER2+ cells (Fig. 40A, top). 

 

Figure 40: HER2- and PD-L1 expression of glioma cells in vivo. (A) HER2 expression of explanted subcutaneous 
GL261-HER2 tumors from C57BL/6 mice and LN-319 tumors from Crl:NU(NCr)-Foxn1nu mice 8 weeks post 

tumor cell injection, respectively. (B) PD-L1 expression on in vitro cultivated GL261-HER2 and LN-319 cells as 
compared to cells that were isolated from a 5-week old subcutaneous tumor (GL261-HER2 tumor from C57BL/6 

mouse and LN-319 tumor from Crl:NU(NCr)-Foxn1nu mouse). 

In this context, it should be taken into account that explanted tumors consist of various cell 

types other than the initially injected GL261-HER2 tumors cells, such as stromal cells, 

fibroblasts and immune cells. In comparison, 91.6 % of LN-319 cells in cell culture were HER2+, 

and explanted LN-319 tumors comprised of 34.2 % of HER2+ cells (Fig. 40A, bottom).  

Furthermore, tumor cells are known to upregulate PD-L1 as an immune evasion mechanism 

in vivo. In vitro, GL261-HER2 cells do not express PD-L1, but on HER2+ tumor cells explanted 

from tumors of immunocompetent mice, increased PD-L1 expression was found in 60% of cells 

(Fig. 40B, top). In LN-319 tumors that were grown in immunodeficient mice, no increase in 
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PD-L1 expression was observed (Fig. 40B, bottom). Taken together, continuous expression of 

the target antigen on GL261-HER2 cells 8 weeks post initial subcutaneous tumor cell injection 

was confirmed, whereas the analysis of explanted tumors of immunocompetent mice also 

revealed upregulation of PD-L1 by the tumor cells in vivo, further emphasizing the importance 

of checkpoint inhibition for anti-tumor immune responses.  

3.5.2 Distribution kinetics and functionality of HER2-AAV-encoded aPD-1 in vivo 

Gene delivery of checkpoint inhibitors using HER2-AAVs aims towards high local drug 

concentrations as compared to low systemic drug concentrations. Consequently, the anti-

tumor immune response might locally be deblocked without the risk of systemic side effects. 

Previous in vitro studies in this project already revealed the potent transduction efficiency of 

HER2-AAVs in HER2+ target cells as well as the subsequent production and secretion of 

functional aPD-1. As a next step, the characteristics of HER2-AAV biodistribution and aPD-1 

production in vivo and the effect of transduction regarding safety, with respect to immune 

responses and possible toxicities was investigated in the GL261-HER2 mouse model. 

Furthermore, it was assessed whether neutralizing antibodies (nAbs) against the vector were 

generated and whether or not transduction efficacy was dependent on the route of HER2-AAV 

application. Therefore, the transduction efficiency achieved by HER2-AAVs was investigated 

and compared in vivo after a local injection and after systemic intravenous administration (Fig. 

41A). Both the subcutaneous and the orthotopic intracranial GL261-HER2, as well as the 

subcutaneous LN-319 xenograft mouse model, was used to address this question. Animals 

were sacrificed 3, 7 and 10 days post HER2-AAV injection. Serum and tissue samples were 

obtained and aPD-1 concentrations, as well as the presence of nAbs, were evaluated by ELISA 

and neutralization assays, respectively. Furthermore, the transduction efficiency of HER2-

AAVs after local injection into the tumor was compared to systemic administration via 

intravenous injection.  
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Figure 41: Distribution kinetics of HER2-AAV-encoded aPD-1 in vivo and generation of neutralizing 

antibodies. (A) Workflow of the kinetics study analyzing secreted aPD-1 and neutralizing antibodies (nAbs). 
HER2-AAVaPD1 vector was injected either intravenously or intratumorally into subcutaneous or intracranial 

GL261-HER2 tumors in syngeneic C57Bl/6 mice. Serum and tissues were obtained 3, 7 and 10 days post-HER2-
AAV injection, and aPD-1 concentrations, as well as the presence of nAbs, were evaluated by ELISA and 

neutralization assays, respectively. (B) aPD-1 concentration in tumor tissue and organs in the subcutaneous 
xenograft (top), the subcutaneous syngeneic (middle) and the orthotopic intracranial (bottom) mouse model after 
intratumoral (left) and intravenous (right) AAV administration determined by ELISA. Organ and tumor lysates of 

untreated mice served as negative controls. The dotted line represents the detection limit. Negative values were 
set to 0 for illustration. n=3. 
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3.5.2.1 Distribution of aPD-1 in immunodeficient mice 

To be able to investigate aPD-1 kinetics in human glioma cells in vivo without potential 

immune responses against the vector, immunodeficient Crl:NU(NCr)-Foxn1nu nude mice were 

subcutaneously injected with LN-319 cells as a xenograft model. aPD-1 was expressed in all 

injected tumors, irrespective of the AAV administration route (Fig. 41B, top). Interestingly, 

aPD-1 concentrations increased in a time-dependent manner after HER2-AAV administration, 

reaching a maximum at day 10 after intratumoral injection (mean value of 7.2 μg aPD-1 per 

300 μg protein). Besides in tumor tissue, aPD-1 was found in the heart, lung, kidney and spleen 

ranging from 0.05 µg to 1.63 µg aPD-1 per 300 µg protein. The increase in aPD-1 levels over 

time was not as distinct in animals that received intravenous injections. However, the amount 

of aPD-1 that was produced within 7 days after intravenous HER2-AAV injection (2.15 µg 

aPD-1 per 300 μg protein) was significantly higher as compared to untreated mice (Fig. 41B, 

top right). aPD-1 levels in organs of intravenously treated mice were higher than in 

intratumorally treated mice, ranging 0.06 µg to 3.07 µg aPD-1 per 300 µg protein in heart, lung, 

kidney and spleen. 

3.5.2.2 Distribution of aPD-1 in immunocompetent mice 

Similar to the results obtained in the xenograft mouse model, aPD-1 was also detected in all 

tumor samples post intravenous and intratumoral AAV administration in the 

immunocompetent subcutaneous GL261-HER2 syngeneic glioblastoma model. Overall, aPD-

1 concentrations were only slightly lower than in tumors of immunodeficient mice (mean 

values of 6.4 µg (immunocompetent mice) vs. 7.2 µg (immunodeficient mice) per 300 µg 

protein, respectively) (Fig. 41B, middle). In the cohort of intratumorally treated mice, 

maximum aPD-1 amounts were observed at day 3 post-transduction with a mean value of 3.7 

μg aPD-1 per 300 μg protein. Still, this concentration was 2-fold lower than the mean 

maximum reached in tumors of immunodeficient Crl:NU(NCr)-Foxn1nu mice. aPD-1 was 

produced exclusively within the tumor, while cells of other organs remained mainly 

untransduced (Fig. 41B, middle left). In mice that had received intravenous HER2-AAV 

injections, a steady and significant increase in aPD-1 concentrations in tumor tissue over time 

was observed, ranging from mean values of 0.7 µg on day 3 to 2.1 µg on day 7, and 3.6 µg 

aPD-1 per 300 µg protein on day 10. In this case, aPD-1 was detected in the spleen, kidney, 

liver and lung; however, in these tissues aPD-1 concentrations only ranged from 0.05 μg to 
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0.66 μg per 300 μg protein (Fig. 41B, middle right). In general, the amount of aPD-1 in 

peripheral organs was lower in this model as compared to the xenograft model (mean value 

of 0.35 µg vs. 1.6 µg per 300 µg protein, respectively).  

Also in orthotopic GL261-HER2 tumors of immunocompetent C57BL/6 mice that were 

intratumorally injected with HER2-AAVaPD-1, aPD-1 was detectable in all tumors, ranging from 

1.7 µg to 4.4 µg aPD-1 of 300 µg total protein (Fig. 41B, bottom left). The maximum 

concentration was observed 3 days post-HER2-AAV injection with a mean value of 3.9 μg 

aPD-1 in 300 μg total protein. Small amounts of aPD-1 were also found in the lung, kidney and 

spleen. The aPD-1 levels in tumors slightly decreased over time. Notably, in the orthotopic 

tumor model no aPD-1 was detected in brain tumors after intravenous HER2-AAV 

administration (Fig. 41B, bottom right). 

 

Figure 42: Functionality of in vivo secreted aPD-1. Target antigen binding of in vivo secreted aPD-1 in tumor 
interstitial fluid (TIF) of subcutaneous LN-319 tumors 7 days post intratumoral or intravenous HER2-AAVaPD-1 

injection. 

Taken together, the transduction efficiency of HER2-AAVs in vivo was confirmed. Vectors 

mediated specific aPD-1 gene delivery to tumor lesions, resulting in high intratumoral drug 

concentrations and comparatively low aPD-1 levels in peripheral organs. Importantly, in vivo 

secreted aPD-1 was shown to be functional, as confirmed by the analysis of aPD-1-containing 

tumor interstitial fluid (TIF), which revealed aPD-1 binding to PD-1 in vitro (Fig. 42). 
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3.5.3 Cytokine responses after HER2-AAV transduction in vivo 

To investigate a possible increase of inflammatory cytokines in response to HER2-AAV-

mediated immune activation, cytokine profiles were determined after vector injection. Local 

expression of aPD-1 in the TME of brain tumors did not result in an excessive increase in serum 

concentrations of inflammatory cytokines. There was however a trend for increased levels of 

IFN-γ, TNF-α, MCP-1 and IL-10 10 days after vector administration, and significantly 

increased levels of IL-23 (Fig. 43). 

 

Figure 43: Cytokine levels in the serum of HER2-AAVaPD-1–treated animals bearing an intracranial tumor. Sera 
of mice bearing orthotopic intracranial tumors were collected at different time points (day 3, 7 and 10) after a 

single intratumoral HER2-AAVaPD-1 injection. Cytokine levels were determined using a bead-based LEGENDplex 
assay. Sera from healthy and from tumor-bearing untreated mice were used as controls. Mean values are shown; 

n=3. *p < 0.05. 

 

3.5.4 Generation of neutralizing antibodies against HER2-AAV 

Since AAV gene therapy is often compromised due to pre-existing or newly generated 

neutralizing antibodies (nAbs) against the vector, this issue was addressed using serum 

obtained in the HER2-AAV kinetics study. It was shown before that nAbs against AAV 

serotypes exist in laboratory animals including mice. Serum of HER2-AAV treated mice was 

collected and used for a neutralization employing HER2-Luciferase-AAVs (Fig. 44A).  

Notably, the transduction activity of HER2-AAV was already inhibited by sera of untreated 

mice, suggesting the presence of pre-existing nAbs (Fig. 44B). Sera from injected animals 

reduced the gene transfer activity of HER2-AAV even more with the strongest inhibitory effect 

observed with sera obtained 7 and 10 days post intratumoral HER2-AAV injection.  
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Figure 44: Generation of neutralizing antibodies against HER2-AAV in vivo. (A) Workflow of the HER2-AAV 
neutralization assay. HER2-Luciferase AAVs were incubated with mice sera before exposure to HER2+ target 
cells. Luciferase expression of transduced cells was determined by the addition of the Bright Glo luciferase 

substrate and measuring the luminescence of the resulting product. Luminescence correlates with transduction 
efficiency, allowing the analysis of the presence of nAbs in serum samples. (B) The generation of nAbs in 
syngeneic subcutaneous (top) and orthotopic intracranial (bottom) mouse models was evaluated using a 

luminescence-based neutralization assay. Relative luminescence in comparison to transduction control in the 
absence of serum is indicated (PBS). Human plasma (HP) was used as a positive control. Sera of untreated mice 

(ØAAV) or mice sacrificed 3, 7 or 10 days post-HER2-AAV injection were analyzed (individual values are shown 
as dots, black bars represent mean values, n=3. *p < 0.05, **p < 0.01). (C) The generation of nAbs in the 

subcutaneous syngeneic (left, middle) and the orthotopic intracranial (right) mouse model following either single 
or double intratumoral (left, right) and intravenous (middle) HER2-AAV injection was evaluated using a 

luminescence-based neutralization assay. Sera of untreated mice (ØAAV) or mice sacrificed 7 or 10 days post-
HER2-AAV injection were analyzed (individual values are shown as dots, black bars represent mean values, n=3. 

*p < 0.05, **p < 0.01). 
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Similar results were obtained after intravenous administration of the vector, indicating the 

generation of nAbs regardless of whether HER2-AAVs were injected locally or systemically. 

Also in the orthotopic intracranial model, the inhibitory activity of mouse sera on transduction 

increased over time, suggesting the formation of nAbs (Fig. 44B, bottom). The same time-

dependent effect was observed after intravenous AAV administration. Of note, nAb levels 

were significantly increased in response to double HER2-AAV injections (on day 0 and day 3) 

in the sera of animals bearing subcutaneous GL261-HER2 tumors (Fig. 44C). In summary, 

these data indicate the presence of pre-existing neutralizing antibodies towards HER2-AAVs, 

and levels further increased over time after vector administration, irrespective of the 

administration route. 

 

3.5.5 The effect of CAR-NK cell / HER2-AAV combination therapy on survival 

3.5.5.1 Subcutaneous GL261-HER2 mouse model 

The combination of HER2-AAVs and the resulting local secretion of aPD-1-directed 

immunoadhesins with CAR-NK cells is intended to exploit complementary mechanisms of 

action and thus achieve synergistic effects. The CAR-NK cells are thought to induce an 

increased release of tumor-specific antigens via lysis of tumor cells and thereby promote a 

local anti-GB immune reaction. After modulation of the immunosuppressive TME by local 

production of aPD-1, the immune response triggered by CAR-NK cells could be potentiated. 

Based on the previously obtained data from the HER2-AAV kinetics study, a treatment scheme 

for survival experiments was established. The effect of HER2-AAV administration (local or 

systemic administration of vectors) was studied alone and in combination with CAR-NK cells 

in the subcutaneous as well as in the orthotopic intracranial GL261-HER2 mouse model. The 

impact on tumor growth and symptom-free survival of the animals was quantified. 

In the subcutaneous GL261-HER2 mouse model, mice were injected with 104 GL261-HER2 

cells in the area of the right flank. As therapy, intratumoral or intravenous injections of 1011 gc 

HER2-AAVs and intratumoral injections of 107 CAR-NK cells were applied (Fig. 45A). Mice 

were treated with HER2-AAVs on day 0, 3 and 7 for tumor cells to produce aPD-1 before the 

start of CAR-NK cell therapy on day 7. As controls, mice received parental NK-92 cell, CAR-

NK cell or HER2-AAV monotherapies. To determine whether HER2-AAV transduction alone 
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affected survival, mice were injected with the HER2-AAVIgG-Fc vector which does not encode 

aPD-1. Treatment was terminated after a maximum of 3 injections (1 per week) and tumor 

growth was monitored using caliper instruments. In a pilot survival study, local treatment 

with HER2-AAVaPD-1 or HER2-AAVIgG-Fc + CAR-NK had no significant effect (median survival 

of 23 and 18 days, respectively), whereas administration of the combination therapy 

profoundly delayed tumor growth and significantly prolonged survival (median survival of 

37 days, Fig. 45B and C). 

 

Figure 45: Combination therapy conveys a survival benefit upon intratumoral HER2-AAV administration in 

the subcutaneous GL261-HER2 model. (A) Therapy scheme for subcutaneous GL261-HER2 tumors. 1011 gcs 
HER2-AAVs are either injected locally (intratumoral) or systemically (intravenous), 107 CAR-NK cells are injected 

locally (intratumoral). (B) Survival rates of different mouse cohorts after single or combined intratumoral 
treatment with HER2-AAVaPD-1 or HER2-AAVIgG-Fc and CAR-NK cells or NK-92 WT cells, respectively. Treatment 

was initiated once tumors reached a size of 80 mm3. (n= 5-10 per group, **p < 0.01). (C) Tumor volumetrics of mice 
cohorts that are shown in (B). 

However, tumors in these experiments were at a very advanced stage, since treatment was 

only initiated once tumors had reached a size of 80 mm3. To investigate whether the synergistic 

effect of CAR-NK cells and HER2-AAVaPD-1 would be clearer in earlier stages, tumors were 

injected at lower volumes (40 mm3) in the next experiment. Since the administration of parental 

NK-92 cells only attained a median survival of 16 days in the previous study, this cohort was 

no longer included in the survival analysis. Animals that received the CAR-NK cell 
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monotherapy showed a median survival of 25 days, which is 11 days longer as compared to 

untreated animals. Similar survival rates were reached when mice were injected with HER2-

AAVaPD-1 alone, resulting in median survival of 28 days after intratumoral administration (Fig. 

46A) and of 25 days after intravenous administration (Fig. 46B). In contrast, the HER2-AAVIgG-

Fc monotherapy did not mediate prolonged survival, irrespective of the injection routes 

(median survival of 17 i.t. injection and 20 days i.v. injection). Animals receiving the 

combination therapy (HER2-AAVaPD-1 + CAR-NK) exhibited slower tumor growth and 

significantly increased survival rates as compared to all other control cohorts (Fig. 46) with 

more than 50% complete tumor rejections. Both intratumoral and intravenous administration 

of HER2-AAVs was effective; however, more mice rejected the tumor after intratumoral 

injection (i.t.: 3/5, i.v.: 2/5). No weight loss or other signs indicating treatment-related toxicities 

in any of the treatment groups were observed during the study.  

Taken together, these data confirm the anti-tumor effect of adoptive CAR-NK cell transfer 

combined with HER2-AAVaPD-1 gene therapy in the subcutaneous GL261-HER mouse model.  

 

Figure 46: Survival benefit in mice receiving intratumoral HER2-AAV in the subcutaneous GL261-HER2 

model. (A) Survival rates of different mouse cohorts after single or combined intratumoral treatment with HER2-
AAVaPD-1 or HER2-AAVIgG-Fc and CAR-NK cells, respectively. Treatment was initiated once tumors reached a size 

of 40 mm3. (n= 5 per group, **p < 0.01). (B) Survival rates of different mouse cohorts after single or combined 
intravenous treatment with HER2-AAVaPD-1 or HER2-AAVIgG-Fc and CAR-NK cells, respectively. Treatment was 

initiated once tumors reached a size of 40 mm3. (n= 5 per group, **p < 0.01). 
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3.5.5.2 Orthotopic intracranial GL261-HER2 mouse model 

Next, observations made in the subcutaneous mouse model were confirmed in the orthotopic 

intracranial model. On day 0, 105 GL261-HER2 cells were orthotopically implanted via 

stereotactic injection. Tumor cell engraftment was confirmed by small animal high field MRI 

measurements. From day 7, 2x106 CAR-NK cells and 3x1010 gc HER2-AAVs were intracranially 

injected in 3 µl medium once a week. Intratumoral AAV injection was chosen based on results 

obtained in the kinetics study, which revealed that no aPD-1 is delivered to the brain upon 

intravenous vector application (Fig. 41B, bottom right). The CAR-NK cells were also 

administered intratumorally because preclinical work in several mouse models has already 

shown that at least in these models the CAR-NK cells are not able to pass the BBB in sufficient 

numbers. Treatment was terminated after 3 injections, while tumor growth was monitored by 

continuous MRI measurements (Fig. 47A).  
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Figure 47: Survival benefit in mice receiving HER2-AAVaPD-1 + CAR-NK cells in the orthotopic intracranial 

GL261-HER2 model. (A) Therapy scheme for orthotopic intracranial GL261-HER2 tumors. (B) Survival rates of 
different mouse cohorts after single or combined intratumoral treatment with 3x1010 HER2-AAVaPD-1 or HER2-
AAVIgG-Fc and 2x106 CAR-NK cells, respectively (n= 4-7 per group, **p < 0.01). (C) Representative MR images of 

mice of different treatment cohorts in the orthotopic intracranial GL261-HER2 model. Mice were imaged weekly 
starting at day 7 post orthotopic intracranial GL261-HER2 injection. Red asterisks mark days of treatment 

application (untreated mice were sham-injected with medium).   
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Similar to data obtained in the subcutaneous mouse model, administration of the combination 

therapy of HER2-AAVaPD-1 and CAR-NK cells also significantly prolonged survival in the 

orthotopic intracranial model as compared to all control cohorts (median survival of 74 days 

as compared to HER2-AAVIgG-Fc + CAR-NK (40 days), HER2-AAVaPD-1 (37 days) HER2-AAVIgG-

Fc   (27 days), CAR-NK (30 days) or untreated animals (25.8 days) at the time point of analysis 

at day 80 post initial tumor cell implantation) (Fig. 47B). All animals of the control cohorts 

succumbed to tumor burden within 53 days of the trial. Progression of tumor growth was 

considerably delayed in animals receiving the combination of HER2-AAVaPD-1 and CAR-NK 

cells, but also in those receiving the HER2-AAVaPD-1 monotherapy (Fig. 47C, Fig. 48 and 

Appendix Fig. 1-6). Interestingly, tumor growth in two mice of the HER2-AAVaPD-1/CAR-NK 

combination cohort rapidly progressed between day 7 and day 14 but was controlled during 

the rest of the treatment period. One mouse completely rejected the initially fast-growing 

tumor, while the other one showed stable disease without distinct signs of progression from 

day 21 onwards (Fig. 48F and Appendix Fig. 6). In general, the tumor was eventually rejected 

in 3/7 mice upon administration of the combination therapy. Similar to the subcutaneous 

model, no weight loss or other signs indicating treatment-related toxicities were observed in 

any of the treatment cohorts. 

In summary, survival data obtained in the subcutaneous as well as in the orthotopic 

intracranial mouse model show a potent anti-tumor effect of the HER2-AAVaPD-1/CAR-NK 

combination therapy.  
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Figure 48: Volumetries of orthotopic intracranial tumors of mice of different treatment cohorts. Tumor 
volumes were determined using weekly MRI data of mice bearing orthotopic intracranial GL261-HER2 tumors 

(n= 4-7 per group). 
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4 Discussion 

Immunotherapy is an emerging field in the clinical management of cancer, representing the 

shift from exclusive tumor-targeting towards the re-engagement of the patients’ immune 

system to combat tumor growth. Since the expression of PD-L1 on GB cells has been described, 

immunotherapy with ICIs is a promising approach for tumor treatment. However, systemic 

administration of ICIs bears the risk of autoimmune-like side effects, while the intratumoral 

drug concentration reached may not be sufficient. Therefore, in this thesis, the delivery of an 

anti-PD-1 immunoadhesine through targeted AAVs as a novel approach towards local 

immunotherapy has been evaluated. There is mounting evidence pointing towards the 

effectiveness of combining multiple therapeutics rather than applying monotherapies [330], 

[331], wherefore the effects of checkpoint inhibition were investigated in combination with 

HER2-specific CAR-NK cell therapy. The prevailing immunosuppression within the TME of 

glioma might be disrupted via CAR-NK cell-mediated release of tumor antigens from lysed 

GB cells in combination with local intratumoral checkpoint inhibition through aPD-1-

encoding HER2-AAV. In this project, those two components were analyzed concerning their 

applicability, their influence on target and bystander immune cells as well as their combined 

impact on anti-tumor effects in vivo.  

4.1 CAR-NK cell therapy  

CAR-T cell therapy has dominated the field of CAR research and development for several 

years now.  During this time, substantial progress has been made in the treatment of recurrent 

refractory B cell malignant tumors by CAR-T cell therapy, resulting in the approvement of two 

CD19-CAR-T products against acute lymphocytic leukemia (ALL) and large B cell lymphomas 

[332]. Nonetheless, this therapy is associated with several off-target and side effects such as 

cytokine release syndrome (CRS) and neurotoxicity (ICANS) or GvHD [333], [334].  In this 

context, CAR-NK cell therapy harbors the advantage of multiple cytotoxic mechanisms 

coupled with the possibility of “off-the-shelf”-manufacturing as well as a superior safety 

record due to the absence of CRS and GvHD [335], [336]. In the last few years, CAR-NK cell 

approaches have been investigated in other tumor entities as well. For instance, the clinical 

response of patients suffering from B cell malignancies that received CD19-specific CAR-NK 

cells exceeded 70 % and even led to complete remission in 7 out of 11 patients 

(NCT03056339,[337]). 
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The potent cytotoxic activity of CAR-NK cells towards HER2+ glioma cells has been reported 

before and was confirmed in this project in several murine cell lines in vitro [29] (Fig. 13). 

However, in addition to signaling stimulated by the CAR, CAR-NK cells are able to exert their 

cytotoxic functions via various other mechanisms such as engagement of Fas Ligand (FasL) or 

TNF-related apoptosis-inducing ligand (TRAIL), and complex mechanisms of interaction of 

human NK cell receptors with human ligands serve to either inhibit or activate NK cell 

cytotoxicity [338], [339].  Therefore, to exclude xenogeneic reactivity and to model human 

disease more closely, CAR-NK cells were also cultured with human glioma target cell lines as 

well as with primary and patient-derived glioma cells in this study (Fig. 13 and 16). Besides 

HER2 as target antigen, CAR-NK cells that target EGFR or the constitutively active variant 

EGRFvIII also exert strong cytotoxicity against primary GB cells and cell lines in vitro [340], 

[341]. In vivo, the release of tumor neo-antigens following GB cell lysis by adoptively 

transferred CAR-NK cells might initiate anti-tumor immune responses upon the activation of 

host antigen-presenting cells (APCs) and T cells [342]. Indeed, in this study, the administration 

of a combination therapy of CAR-NK cells and aPD-1-encoding HER2-AAVs resulted in a 

significant therapeutic benefit in GL261-HER2 glioblastoma models in immunocompetent 

mice (Fig. 45-47). These results encourage the use of CAR-NK cells as a component of glioma 

immunotherapy. Also in other studies, the promotion of tumor cell death as a means to 

enhance immunogenicity has been proposed to have possible synergistic effects when 

combined with immunotherapy [163], [343]. In line with that, the NK cell-mediated 

recruitment of DCs to tumor lesions has been reported to enhance immunotherapy with PD-1 

antibodies [344]. In turn, NK cell and CD8+ T cell infiltration were increased upon anti-PD-1 

therapy of GB and melanoma brain metastases, which resulted in prolonged survival of 

experimental animals [345], [346]. Another study employing the orthotopic intracranial GL261 

glioma mouse model reported NK cell recruitment and extended survival in mice that received 

PD-1 antibodies conjugated with poly(β-L-malic) acid [347]. A recent study by Lin et al. 

provided the first clinical evidence for the effectiveness of an NK cell/ICI combination therapy 

in non-small cell lung cancer (NSCLC).  In this work, patients received the PD-1 antibody 

Pembrolizumab in combination with allogeneic NK cell therapy, which resulted in 

prolongation of median overall survival as compared to patients receiving the anti-PD-1 

monotherapy (15.5 months vs. 13.3 months) [348].  
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In this project, CAR-NK cells were successfully injected intratumorally into orthotopic 

intracranial tumors, since previous studies have also shown that those cells are not able to 

cross the BBB upon intravenous administration (unpublished data). Although progressing 

tumor growth has been associated with destabilization and decreased integrity of the BBB via 

the degradation of tight junctions [349], migration of systemically administered cells into the 

brain parenchyma is still impaired on account of the BBB. Besides tumor burden, the 

administration of radiotherapy (RT) has also been reported to compromise the integrity of the 

BBB by increased fenestration of the endothelial barrier [64], [65], [350]. In this context, Weiss 

et al. were able to achieve therapeutic synergy in mice bearing orthotopic GL261-tumors after 

the administration of NKG2D-CAR-T cells in combination with RT. Still, they reported that 

intravenously injected mice were less likely to survive as compared to intratumorally injected 

mice, reinforcing the challenge of poor infiltration of immune cells into the brain parenchyma 

upon intravenous administration [351]. Although several groups reported the successful 

intravenous administration of autologous NK cells, patients that received NK cell therapy in 

those studies suffered from hematological malignancies rather than from solid tumors, for 

instance from acute myeloid leukemia (AML) or chronic myeloid leukemia (CML) [352], [353].  

These findings support the administration route that was chosen for this study and indicate 

that local infusion might represent the superior injection strategy for CAR-NK cells in solid 

tumors [354], [355]. Furthermore, no treatment-related side effects or toxicities after local 

administration of HER2-specific CAR-NK cells were observed in this study. Lethal organ 

toxicity after infusing HER2-directed engineered cells has been a concern since a patient died 

of acute respiratory distress and pulmonary edema following the infusion of autologous 

HER2-specific CAR-T cells, possibly due to HER2 expression on healthy lung tissue [356]. 

However, modified vectors and protocols have shown that safe administration of HER2 CAR-

T cell therapy employing the same FRP5-antibody fragment as used in this study is feasible 

[357]. Furthermore, HER2-specific CAR-NK cells are generally not subject to systemic 

administration, but rather to local infusion via intratumoral injection. In the currently active 

phase I clinical trial CAR2BRAIN at the University Hospital Frankfurt, the world's first CAR-

NK cell study for patients with brain tumors, patients suffering from recurrent HER2+ 

glioblastoma receive repetitive local injections of CAR-NK cells into the tumor and the 

resection cavity after relapse surgery (unpublished data). HER2 expression is reported to be 

absent in the brain under physiological conditions, and upregulation has so far only been 
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observed in proliferative astrocytes, as found in astrogliotic lesions [358]–[360]. In this regard, 

the lack of neurotoxicity observed in the dose-escalation cohort of the CAR2BRAIN-trial is 

further encouraging. The study has successfully completed the dose escalation without 

encountering dose-limiting toxicity or safety concerns. A low proportion of the CAR-NK cells 

injected into the brain tumor has been found to reach the systemic circulation. However, the 

amount of CAR-NK cells in the blood has been reported to be relatively low, and the CAR-NK 

cells disappeared from the blood after only several days. Study patients were closely 

monitored for cardiac toxicity, but no such complication was observed (unpublished data).  

4.2 Cytokine release upon CAR-NK cell therapy 

Secretion of cytokines by CAR-NK cells has been reported to differ from the cytokine-release-

syndrome (CRS)-evoking cytokines generated by CAR-T cells, such as TNF-α, IL-1 and IL-6 

[361], [362]. In in vitro studies of this project, CAR-NK cells secreted increased levels of IFN-γ, 

IL-1α, TNF-α, IL-8, MCP-1 and IL-10 and perforin upon activation by target cell killing (Fig. 

20), while other groups detected the secretion of IFN-γ, GrB, sFasL, IL-8 and IL-10 [219]. 

Although HER2-specific CAR-NK cells secreted cytokines that are associated with CRS, no 

relevant toxicities were observed in experimental animals used in this thesis and previous 

projects [29], [222]. Moreover, with so far 15 patients treated in the CAR2BRAIN-trial, no cases 

of CRS or immune-effector-cell-associated-neurotoxicity-syndrome (ICANS) were observed. 

This is in line with a recent publication which reports a lower risk for CRS and ICANS with 

CAR-NK cells as compared to CAR-T cells [337]. Also other phase I/II trials did not report 

severe adverse events after NK cell administration [352], [353], [363].  

Within the brain, CAR-NK cell-mediated tumor cell lysis most likely affects other cell types 

typically present within a TME, such as tumor cells themselves as well as immune cells. The 

surrounding TME was shown to react to nearby tumor cell lysis by CAR-NK cells via the 

secretion of inflammatory cytokines (Fig. 18). Especially MG secreted elevated levels of IL-6 

and IL-8 in response to tumor cell lysis. IL-8 functions as a chemokine and attracts neutrophils 

to sites of inflammation [364]. Another important immune modulator that was found to be 

released in response to CAR-NK cell-mediated tumor cell killing was IL-6. It is known to be 

secreted by macrophages and is of importance in tumor control, as it can antagonize the effect 

of Tregs [365], [366]. However, it is important to consider the context-dependent activity of 

cytokines in cancer research and therapy. In this regard, intratumoral as well as serum levels 
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of cytokines in response to CAR-NK cell therapy should be closely monitored in order to be 

able to intervene appropriately if necessary. For instance, IL-6 has also been reported to play 

a role in the invasiveness of glioma [367], while elevated IL-8 serum levels have been reported 

to be associated with worse responses to ICIs [368].  

CAR-NK cells themselves also contribute to cytokine secretion to the TME, even when not 

being in direct contact with target cells, as they are also affected by the release of soluble factors 

of other CAR-NK cells nearby which are engaged in tumor cell lysis. Levels of IFN-γ, TNF-α, 

IL-8 and MCP-1 were found to be significantly increased (Fig. 18). Although MCP-1 has been 

reported to aid lymphocyte recruitment in B16F10 melanoma [369], studies in GL261 glioma 

mouse models revealed that MCP-1 expression was associated with increased infiltration of 

Tregs and myeloid-derived suppressor cells (MDSCs) [370]. TNF-α boosts the inflammatory 

response via the activation of macrophages including their subsequent release of further pro-

inflammatory cytokines and mainly conveys anti-tumor effects within the TME. For instance, 

when immunotherapies were combined with TNF-α antagonists, therapy efficiency was 

severely diminished in murine colon carcinoma and melanoma models  [371], [372]. On the 

other hand, chronic TNF-α signaling has been shown to cause activation-induced cell death of 

effector T cells, ultimately fueling tumor growth [373]. In addition, aPD-1-induced 

upregulation of TIM-3 was shown to be TNF-α dependent. TIM-3 as a secondary checkpoint 

molecule in CD8+ T cells strongly triggers TIL exhaustion, suggesting the combination of aPD-

1 and anti-TNF-α therapies [374]–[376]. IFN-γ along with perforin and granzyme B exerts 

cytotoxic effects as it promotes apoptosis in tumor cells. Still, it has also been shown to trigger 

pro-tumorigenic effects [377]–[379]. However, studies have shown that the modulation of the 

TME by NK cell-mediated IFN-γ secretion is of immense importance in GB targeting [198], 

[380].  

4.3 Regulation of surface molecules in response to CAR-NK cell therapy 

Glioma cells frequently misuse the PD-1/PD-L1 checkpoint to evade anti-tumor immune 

responses, which represents a major determinant of the immunosuppressive TME [381], [382]. 

Not only GB cells themselves but also lymphocytes such as Tregs as well as MG contribute to 

the dominant immunosuppression via the expression of PD-L1 [383]–[385], which in some 

cases has been shown to result from cytokine signaling of GB cells and subsequent modulation 

of protein expression on tumor-infiltrating MG [155]. Moreover, in breast cancer cells, PD-L1 
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expression is induced as a result of therapeutic interventions such as chemotherapy [386], 

[387]. Also, data obtained in this study revealed the impact of CAR-NK cell therapy on PD-L1 

expression of surrounding cells. PD-L1 was found to be upregulated in several cell types 

including tumor cells and immune cells such as NK cells, MG and astrocytes (Fig. 19). Since 

those cell types contribute to the tumor infiltrate to a great extent, PD-L1 expression may 

contribute to sustained immunosuppression within the TME and subsequent inhibition of 

anti-tumor responses [244]. PD-L1 upregulation on surrounding cells in response to CAR-NK 

cell activation was mainly caused by secreted IFN-γ (Fig. 21). NK cells, in general, have been 

reported to produce Th1-type cytokines including IL-1β, IL-2, IL-10, IL-12, TNF-α, and IFN-γ 

upon tumor cell-related activation [192], [193], which in turn facilitates the activation of 

effector lymphocytes and myeloid cells [187], [195], [388]. As mentioned above, cytokine 

measurements upon activation of CAR-NK cells in this study indeed revealed significantly 

increased levels of TNF-α (twofold), IFN-γ (twofold), IL-10 (twofold) (Fig. 20), which has been 

reported before [219]. Moreover, levels of and IL-8 (fourfold), MCP-1 (twofold), perforin 

(threefold) and IL-1α (twofold) were found to be significantly increased. The finding of IFN-

γ-dependent upregulation of PD-L1 is consistent with the literature since, besides phosphatase 

and tensin homolog (PTEN) loss in GB cells, IFN-γ was reported to be the major driver of PD-

L1 expression in cells of the TME [381], [389], [390]. Furthermore, another group reported IFN-

γ induced PD-L1 expression on GL261 glioma cells, macrophages and MG in vitro [391]. 

Although unstimulated MG and astrocytes express PD-L1 on a basal level, it has been shown 

that inflammation leads to PD-L1 upregulation on MG in vivo. In a murine study of 

neuroinflammation, ~20% of MG from naive mice were PD-L1+, while brain infection led to an 

increase to over 90% [392]. In our GL261-HER2 mouse model, we also found increased PD-L1 

expression on murine tumor cells 8 weeks post tumor cell inoculation (Fig. 40). This effect is 

likely to be intensified upon CAR-NK cell therapy, thereby promoting the suppression of 

potent immune reactions and hampering the effectiveness of the therapeutic intervention. 

Furthermore, PD-L1 has recently been associated with the induction of Tregs, since PD-L1 

expression has been shown to promote the expression of FOXP3 in those cells [393]. Based on 

these data, the need for a combination with anti-PD-1 ICIs becomes even more eminent. 

Indeed, NK cell responses have been shown to be diminished when tumor cells express high 

levels of PD-L1, which was invertible when PD-L1 or PD-1 checkpoint inhibitors were 

administered [213]. Nonetheless, the combination therapy of CAR-NK cells and HER2-AAV-
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mediated checkpoint inhibition was proven to be effective (Fig. 45-47), suggesting that PD-L1 

upregulation on surrounding cells had no inhibiting implications for both approaches. In line 

with that, a synergistic effect between NK cell-mediated tumor cell lysis and checkpoint 

inhibition (anti-PD-L1 treatment) was recently reported by Poznanski et al. In their study, NK 

cells derived from lung cancer patients were expanded ex vivo and subsequently exhibited 

potent tumor cell lysis in functional cytotoxicity assays. NK cells maintained strong IFN-γ 

production, which induced PD-L1 expression in tumor cells as seen in this present study as 

well (Fig. 21) and reinforced anti-PD-L1 response [394]. Similar results were obtained by Julia 

et al., where Avelumab (anti-PD-L1-antibody) treatment augmented NK cell-mediated lysis of 

triple-negative breast cancer cells. PD-L1 levels were positively correlated with the 

susceptibility towards Avelumab-mediated ADCC [395].  

Not only PD-L1 upregulation is an issue when assessing targeted CAR-NK cells therapies, but 

also target antigen downregulation. Since this is a common mechanism that tumor cells 

employ to evade CAR-specific targeting, the second part of the proposed combination therapy, 

namely the viral transduction and intratumoral aPD-1 expression, would be affected as well. 

In this study, however, evaluation of HER2 expression stability in response to CAR-NK cell 

attack as well as in response to HER2-AAV transduction in vitro did not reveal downregulation 

of the antigen on a short-term basis (Fig. 17 and 36). In previous work from our group, HER2 

expression in response to CAR-NK cell therapy was evaluated in several glioblastoma mouse 

models on a long-term basis as well, and no downregulation of HER2 after repetitive 

intratumoral CAR-NK cell injections was observed [29]. The same study also confirmed that 

HER2 expression is relatively stable in patients suffering from a glioblastoma relapse as 

compared to the initial tumor. In this context, antigen loss which has been reported i.e. for 

EGFRvIII was not observed for HER2. In this context, it is also important to consider that 

mechanisms of CAR-NK cell-mediated tumor cell lysis can be both CAR-dependent and NK 

receptor-dependent, which implies that also cells lacking the target antigen might become 

subject to attack. Therefore, not only antigen specificity accounts for CAR-NK cell activity, but 

also the interplay of stimulatory and inhibitory signals recognized via NK cell receptors 

themselves [396], [397].  
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4.4 Possible mechanisms to augment CAR-NK cell function in the TME 

Similar to the cytotoxicity data obtained in the present study, Yilmaz et al., also observed 

considerable killing efficiencies in vitro [355]. However, cytotoxic activity was diminished 

upon in vivo injection due to the secretion of immunosuppressive cues such as TGF-β or IL-10 

by cells like macrophages or Tregs [355]. As a pro-tumor cytokine, TGF-β has been shown to 

downregulate both the activating NK cell receptors and their ligands on tumor cells in the 

brain [398]–[402]. Therefore, the application of TGF-β kinase inhibitors might prevent the 

decrease in NK cell cytotoxic capacity and engage the activation of NK receptors NKG2D and 

CD16 [403]. In fact, in glioma or medulloblastoma patients the neutralization of TGF-β in the 

TME restored the anti-tumor function of NK cells [404]–[406]. Besides the suppression of NK 

cell activation, brain tumor cells employ mechanisms such as HLA-E or Lectin-like transcript-

1 (LLT1) expression to foster NK cell inhibition [406]–[410]. Two studies reported the 

stimulation of NK cell activity against GB cells via siRNA-mediated HLA-E or LLT1 blockade 

[406], [411], [412].  

As mentioned above, CAR-NK cells produced and secreted IFN-γ upon target cell recognition 

(Fig. 20), which has been shown to promote the differentiation of GB stem cells [413]. However, 

another effect of IFN-γ-induced stem cell differentiation was increased sensitivity to 

chemotherapy, implying that synergy of combined therapies could further be promoted via 

the application of multiple therapeutic strategies [414], [415]. In this regard, the 

immunosuppressive TME is generally characterized by the interaction of multiple 

immunosuppressive mechanisms and may potentially be disrupted by combination therapy 

with a cocktail of optimized HER2-AAVs encoding two or more immunoadhesins with 

different targets. While systemic administration of combination ICI therapy has been shown 

to increase immune-related adverse effects and is therefore limited, local combination therapy 

enabled by the combinatorial intratumoral application of HER2-AAVs may become feasible. 

For instance, in murine glioma models, the inhibition of immunosuppressive lymphocytes 

such as Tregs, which are abundant in glioma patients’ blood samples [132],  via the 

administration of neutralizing antibodies against CD25 increased the anti-tumor response of 

cytotoxic T cells and even led to 100% glioma cell rejection in combination with DC vaccination 

[58], [416]. Additionally, direct activation of T cells utilizing an agonistic OX40 antibody, which 

enhances the function of activated T cells, has been shown to improve the efficacy of vaccines 



Discussion 

103 
 

in preclinical glioma models [417], and might therefore serve as an additional "payload" for 

the HER2-AAV system to create synergy with CAR-NK cell and aPD-1 therapy.  

Apart from that, CTLA-4 represents another promising target for ICI therapy, as 

administration of the CTLA-4 antibodies, Ipilimumab or Tremelimumab, has been shown to 

result in prolonged survival in melanoma patients [418], [419]. Furthermore, there is evidence 

that Ipilimumab treatment profoundly boostered cytotoxic activity and the subsequent 

secretion of IL-2 and IFN-γ in NK cells [420]. NK cell-mediated tumor cell lysis has also been 

shown to be enhanced by blockade of T cell immunoreceptor with Ig and ITIM domains 

(TIGIT) in an in vivo lung adenocarcinoma model [421], [422]. In line with that, a study by 

Woroniecka et al. on T cell exhaustion signatures reported that the most dysfunctional T cells 

in GB patients expressed multiple immune checkpoints [232]. Accordingly, the combination 

of CAR-NK cell therapy with inhibitors of various checkpoint proteins at once, facilitated via 

the administration of AAVs encoding inhibitors of CTLA-4 and TIGIT or OX40 agonists might 

augment preferable outcomes in cancer therapy [423]. In addition, the in-depth 

immunomonitoring program of the CAR2BRAIN study can be employed to reverse-translate 

therapy-induced alteration in tumor tissue obtained from patients of the CAR2BRAIN-

CHECK cohort (CAR-NK cells + anti-PD-1) after CAR-NK cell monotherapy or combination 

therapy with CAR-NK cells and anti-PD-1 checkpoint inhibition to identify additional 

promising targets. In this context, CAR-based cell therapy in combination with AAV-mediated 

multimodal targeted treatment might enable more personalized therapeutic options for the 

clinical management of GB in the future. 

4.5 Tolerance of microglia and astrocytes towards CAR-NK cell lysis 

Gliomas are known to be frequently infiltrated by immune cells such as MG and astrocytes 

[93], [113], [424]. As bystander immune cells, both cell types appeared to be affected by nearby 

CAR-NK cell-mediated tumor cell lysis in terms of cytokine production (Fig. 18). However, 

they were not affected by CAR-NK cell attack themselves (Fig. 25), not even when expressing 

high amounts of the HER2 target antigen (Fig. 24), suggesting that they tolerate cytotoxic cues 

to a greater extent than other cell types such as tumor cells. Successful degranulation of CAR-

NK cells upon contact with MG and astrocytes proved that CAR-NK cell activity was not 

actively inhibited by the target cells (Fig. 26). Furthermore, not all unaffected target cell types 

expressed the non-classical MHC-I molecule HLA-E (Fig. 26), which is known to engage with 
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the inhibitory NK cell receptor NKG2A [329], [425], indicating that those cells employ a 

different strategy to countenance the attack.  As regulators of immune responses in the central 

nervous system, those cells might require the ability to remain resistant to cytotoxic attack 

facilitated by perforin-mediated cell lysis or the induction of apoptosis by other immune 

effector cells such as CD8+ T cells or NK cells during an ongoing immune response. There is 

evidence that immune cells are able to engage mechanisms that shield themselves from 

granule-mediated cell death. As stated in a review by Osińska et al., CD8+ T cells and NK cells 

have been reported to inhibit perforin-mediated pore formation in their cell membrane via the 

impediment of perforin binding [426]–[428]. Another mechanism of resistance to perforin has 

been linked to cathepsin B, which has been associated with the proteolytic inactivation of 

perforin by tumor cells [429], [430]. Tumor cell resistance to NK cell-mediated lysis was also 

reported by Lehmann et al., who found that similar to the findings of this present study, NK 

cells become activated but target cells remained unaffected. In their study, Lehmann et al. also 

found the insufficient binding capacity of perforin to the target cell membrane to be the reason 

for resistance to NK cell attack [431]. But not only the effects of perforin can be undermined, 

also the actitvity of the apoptosis-initiator GrB has been shown to be inhibited in several cell 

types. This is facilitated by the serpin proteinase inhibitor-9 (PI-9) [432], [433], which does not 

only protect CD8+ T cells or NK cells from misdirected cell lysis but also bystander cells such 

as B cells, monocytes and DCs [433]–[438]. The determination of PI-9 expression levels in MG 

and astrocytes might help identify the reason for their tolerance towards CAR-NK cell-

mediated cytotoxicity. In this context, PI-9 upregulation in response to exposure to 

inflammatory cytokines such as TNF-α and IFN-γ has been described [439], [440], which were 

also shown to be secreted by activated CAR-NK cells in this study (Fig. 20). 

Apart from that, MG, in general, are of enormous interest in brain tumor research, since they 

are able to display ambivalent characteristics due to their vast heterogeneity and plasticity. 

Tumor cells frequently render them incapable of T cell activation, while their innate functions 

are exploited with respect to the secretion of MG-derived growth factors or pro-tumorigenic 

cytokines, which eventually leads to recruitment and stimulation of Tregs and the promotion 

of immune evasion and subsequent tumor cell survival [99], [118], [119], [441]. However, data 

obtained in the present study suggest that CAR-NK cell-mediated tumor cell lysis might have 

an activating effect on MG, since the secretion of inflammatory cytokines, the expression of 
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activation markers as well as phagocytic activity was shown to be increased upon adjacent 

tumor cell death (Fig. 18, 22 and 27). But in the glioma TME, direct contact between tumor cells 

and MG has been shown to result in their re-programming to an M2-like pro-tumor phenotype  

[442]. In this context, one study revealed MG activation and increased phagocytic activity 

similar to the results obtained in the present study, but only in the first 3 h of co-cultivation 

with GB cells. After 6 h, this effect was no longer evident [443], underlining the dominant 

crosstalk between tumor cells and MG towards prominent immunosuppression. But not only 

MG are commissioned as tumor promoters, also astrocytes are rendered reactive and pro-

tumorigenic [444]–[446], wherefore targeting of the MG/astrocyte–GB cell crosstalk harbors 

the auspicious potential for the development of anti-glioma therapies [447], [448]. For instance, 

GB cells exploit the SIRPα-CD47 axis by expression of the anti-phagocytic protein CD47 on 

their surface, which inhibits cytotoxic effector function and enables immune evasion [449]–

[451]. Gholamin et al. showed that blockade of the SIRPα-CD47 axis via a CD47 antibody 

abolished pro-tumorigenic effects in MG and prolonged animal survival in patient-derived 

xenograft models of pediatric brain tumors [450]. In line with that, anti-tumor effects of MG 

were also restored upon intracranial injection of IL-12-encoding AAVs, resulting in delayed 

tumor progression and increased survival [451], [452]. Of note, IL-12 has also been shown to 

enhance the cytotoxicity of NK cells towards solid tumors [453]. Taken together, with respect 

to its immense versatility, the AAV system proposed in the present study might also be 

employed for the targeting and re-programming of formerly pro-tumorigenic immune cells 

such as MG and astrocytes or the augmentation of cytotoxic effector cells. 

4.6  Refinement of targeted CAR-NK cell therapies for the treatment of glioblastoma 

Although CAR-NK cells used in this study exhibited superior killing efficiencies as compared 

to parental NK cells and were able to mediate prolonged survival and tumor clearance upon 

the combination with HER2-AAV-encoded aPD-1 (Fig 13 and 45-47), this sort of adoptive cell 

therapy can still be adjusted to increase efficiency even further. This comprises the selection 

and modification of the CAR construct or the choice of effector cell in general. For instance, 

the use of primary NK cells would make sublethal irradiation of NK cells superfluous and 

enable expansion in vivo. For safety reasons, the currently used NK-92 cell line has to be 

irradiated before administration to the patient due to its origin from a lymphoma patient. 

Recently, research focused on the employment of primary NK cells for therapeutic 
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intervention; however, there are still various obstacles to overcome. For instance, efficient 

expansion under good manufacturing practice (GMP) conditions, as well as reliable viral 

transduction, needs to be improved substantially [454].  

Furthermore, another mechanism to enhance CAR-NK cell activity engages the silencing of 

NK inhibitory receptors. Modified CAR constructs have been shown to promote CAR-T cell 

proliferation, while the cells were also less susceptible to the inhibitory effects of IL-4 in the 

TME, wherefore the modification of CAR-NK cell constructs might represent a valuable 

strategy as well [397], [455]. Besides the modification of the CAR construct, dual targeting 

approaches are also currently under evaluation for creating synergy with CAR-NK cell 

therapies. For instance, the bi-specific antibody NKAB-ErbB2 synergized with CAR-NK cells 

due to the crosslinking lymphocytes and tumor cells, resulting in improved cytotoxicity and 

enhanced anti-tumor activity towards HER2+ target cells and tumor clearance in the majority 

of animals [456].  

4.7 Intratumoral delivery of immune checkpoint inhibitors 

Immunotherapy via intravenous administration of ICIs has revolutionized the treatment of 

various malignancies [226]. In GB, both tumor cells and monocytes/macrophages express PD-

L1, which hinders CD8+ and CD4+ T cell activation [155], [244]. Therefore, immunotherapy 

with ICIs directed against the PD-1/PD-L1 axis is a promising approach for GB treatment. In a 

study involving 35 patients, Pembrolizumab (anti-PD-1) increased survival in the neoadjuvant 

setting [457], however, several randomized trials in recurrent or adjuvant settings exploring 

ICI monotherapy failed to meet their primary endpoint [56]. Besides disadvantages such as 

the limited response in cancer patients (between 15 % up to 40 %), prevalent grade 3 - 4 

immune-related adverse events (5 % up to 16 % of cases) and tremendous costs due to the high 

amount of inhibitors that are needed for treatment, only 5 -10 % of the administered amount 

of monoclonal ICI antibodies reach the target tissue upon systemic application [458]–[461]. 

However, the amount of ICI that has to reach the tumor to fully exert its function in conveying 

potent PD-1/PD-L1 blockade still has to be determined. Although response rates of patients to 

ICI treatment have been shown to be improved after combined administration of e.g. aPD-1 

and aCTLA-4, the combination of multiple ICIs also potentiates the risk of severe toxicities. 

For instance, in the Checkmate-067 study, patients suffering from advanced melanoma 

received either Nivolumab, Ipilimumab or a combination of both. The occurrence of serious 
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immune-related adverse events (irAEs) resulted in the discontinuation of 42% of patients that 

received the combination therapy as compared to 13% and 15% that received Nivolumab or 

Ipilimumab monotherapies, respectively [462]–[464]. Consequently, also the combination of 

inhibitors of immune checkpoints such as TIM-3 or LAG-3 with other ICIs might result in more 

frequent and more severe adverse events [465], [466].  

In line with that, cargo gene expression limited to the tumor area will result in high 

intratumoral and low systemic drug concentrations, enhancing the efficacy and 

simultaneously limiting toxicities in the form of irAEs [467]. In the past few years, several 

groups investigated the local delivery of ICIs via strategies such as antibody-loaded 

montanide emulsions, polymeric microparticles or cell lines that are genetically engineered to 

continuously express and secrete the desired ICI [468]–[470]. In this context, by local or 

systemic injection of AAVs, local expression and secretion of ICIs after the transduction of 

tumor cells becomes feasible. 

4.8 Local expression of aPD-1 via HER2-AAV-mediated transgene delivery  

Currently, AAVs are the most effective tool for in vivo gene delivery and subsequent 

expression in target cells [471]. To avoid gene transfer into non-relevant cells, receptor-

targeted AAVs that allow for selective genetic modification of target cells have been 

established [251], [297]. The use of HER2-targeted AAVs as vectors enables the specific gene 

transfer of a-PD1 in HER2+ glioma cells. Since maximum packaging capacity is not 

recommended to exceed 3.3 kb [472], incorporation of the genetic information of a full-length 

IgG is not achievable. In this context, Johnson et al. generated simian immunodeficiency virus 

(SIV)-specific immunoadhesins, which are smaller, antibody-like molecules comprising of the 

Fc region of an IgG and the ligand-binding portion of a receptor molecule [473] and enabled 

long-lasting expression within experimental animals upon delivery via AAV vectors [474]. 

Similar to this strategy, the HER2-AAVs used in the present study harbor a coding sequence 

for an aPD-1 fusion protein that is ~2.6 kb in size [310], [311]. The selective transfer of ICIs by 

engineered HER2-AAV vectors has been shown before in human breast and ovarian cancer 

cell lines as well as in a murine renal carcinoma cell line [251], [310].  

In vitro data obtained in this study demonstrated the potent transduction efficacy in GB cells 

of both murine and human origin as confirmed on the transcriptional as well as on the 
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translational level (Fig. 28-30). Also, the transduction of human primary glioma cells with the 

vector was achieved (Fig. 29). Constant aPD-1 protein levels could be found within transduced 

cells 10 days after initial transduction, indicating stable gene expression upon vector entrance 

without signs of degradation (Fig. 30), which is a general advantage as opposed to the short 

half-life of systemically administered antibodies in mice [475]. After target cell transduction 

by AAVs, the viral genome persists in the host cell as an episome and transgene expression is 

maintained for the lifetime of the cell [476], [477]. Of note, gene expression has been reported 

to be maintained for years in post-mitotic cells such as muscle cells after a single AAV injection 

[478]. Knowledge about sustained transgene expression is particularly relevant when 

designing treatment schemes using HER2-AAVs as therapeutic gene transfer vectors. 

Continuous transgene expression especially in the brain has been described due to the slow 

turnover rate of brain-resident cell types [479] but has also been reported upon transduction 

of post-mitotic tissue such as liver and muscle [480], [481].   

The release of HER2-AAV-encoded aPD-1 has also been confirmed after transduction of 

various murine and human cell lines (Fig. 29B). In general, transduction efficacy was highly 

HER2-dependent and the amount of secreted aPD-1 was increased in LN-319 glioma cells 

which overexpressed HER2 (Fig. 29B and C). These data underscore the compelling specificity 

of this targeted approach. Moreover, the ability of HER2-AAV-encoded aPD-1 to bind to its 

natural target receptor PD-1 was confirmed in vitro as well as in vivo, indicating correct folding 

and dimerization of the immunoadhesin following its secretion by glioma cells (Fig. 33B). 

However, the binding assay using HT1080 cells that have been genetically modified to express 

murine aPD-1 represents a rather engineered system, therefore data based on a biological ex 

vivo system where freshly isolated murine splenocytes were used for target binding assays 

have also been generated (Fig. 33E). Furthermore, the disruption of the PD-1/PD-L1 axis was 

shown via the re-activation of T cell activity, suggesting that secreted aPD-1 is also able to 

restore T cell immunity in vivo (Fig. 34). Finally, aPD-1 functionality was confirmed with 

interstitial fluid generated in vivo from HER2-AAVaPD-1-treated s.c. tumors (Fig. 42). 

For glioma cells to produce and secrete aPD-1, cell viability must not be impaired. On the 

contrary, the death of some tumor cells might evoke desired anti-tumor immune responses. 

Although slightly decreased cell viability was observed 24 h after transduction, ~90% of 

transduced cells remained unaffected (Fig. 35). It has been reported that AAV transduction 
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only affects the viability of undifferentiated cells to a greater extend [482]. Another group 

found no decrease in cell viability and proliferation rate either 3, 6 or 9 days after AAV 

transduction [483]. Also, innate immune responses to AAV vectors have been reported to be 

rare [484]. Still, significant upregulation of MCP-1 (twofold), IL-23 (2.5-fold) and IL-27 (2.5-

fold) were found in glioma target cells in response to HER2-AAV transduction (Fig. 37). 

Transduction has also been reported to cause TLR9-dependent production of type I IFNs by 

human plasmacytoid dendritic cells (pDCs) in vitro [485]. However, AAV vectors are incapable 

of activating the inflammasome, suggesting that interaction between the immune system and 

the administered AAVs is unlikely to interfere with gene therapy success [486]. Exuberant 

immune activation in response to immunotherapy, which in some cases resulted in multi-

organ failure and death, has been reported multiple times [487], [488]. In this context, AAV 

therapy is generally considered safe, and also no cytokine storms or other immune-related 

adverse events that are known to occur after systemic administration of conventional ICIs have 

been observed [289]. In line with that, also no evidence for excessive cytokine production in 

response to HER2-AAV treatment in vivo was found (Fig. 43). HER2-AAV transduction did 

not result in downregulation of the target antigen, so CAR-NK cells were still able to lyse 

glioma cells (Fig. 36A and 39A). Even though following ligand binding HER2 is internalized 

via receptor-mediated endocytosis [489], it is recycled and brought back to the cell membrane 

rather than to be degraded in the lysosome [490]. Consistent with those data, interference of 

both therapy approaches can be excluded based on data obtained in the present study. 

4.9 Distribution kinetics of HER2-AAV-encoded aPD-1 in vivo  

Since knowledge about the characteristics of the in vivo secretion of HER2-AAV-encoded aPD-

1 is crucial for the implementation of a combination therapy with CAR-NK cells, aPD-1 

biodistribution kinetics was evaluated in several mouse models. Being a prerequisite 

regarding both HER2-targeted therapies, stable HER2 expression in vivo was confirmed in the 

syngeneic as well as in the xenograft mouse model (Fig. 40). In both models, high transduction 

efficacies and accordingly high levels of aPD-1 in subcutaneous tumors that had been treated 

with HER2-AAVs either intravenously or intratumorally were reached (Fig. 41B). In 

orthotopic intracranial tumors, aPD-1 was only found upon intratumoral HER2-AAV 

administration, indicating that the vectors are not able to cross the BBB and reach the tumor 

(Fig. 41B). The AAV9 serotype may be more suitable as a vector to achieve gene transfer to the 
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brain since it possesses a natural tropism towards CNS tissue [491]. For instance, AAV9 vectors 

encoding IFN-β have successfully been used to treat GB in orthotopic mouse models after 

intravenous administration [492] and efforts to re-target AAV9 vectors to GB cells are ongoing 

in the Buchholz laboratory.  

Of paramount importance for the proposed strategy, after injection of the vector, aPD-1 was 

produced almost exclusively within the tumor, while cells of other organs remained mainly 

untransduced (Fig. 41B). Minimal concentrations of aPD-1 were found only in lung, spleen, 

liver and kidney tissue. It is conceivable that either HER2-AAVs entered the bloodstream and 

transduced the other organs or aPD-1 produced by tumor cells was transported to the 

periphery via vasculature as well. Minimal off-target effects following HER2-AAV 

administration have been reported before [310]. To confirm off-target transduction of the 

organs, aPD-1 RNA levels would need to be determined and serum of experimental animals 

should be analyzed for aPD-1 abundance. However, aPD-1 levels in organs were ~20-fold 

lower than in tumor tissue, indicating a high transduction selectivity and specificity. In 

contrast, other groups reported severe liver toxicities following transduction of liver cells after 

intravenous WT AAV2 injection [297], which we did not observe after HER2-AAV 

administration. 

Checkpoint inhibitors that are currently used for the treatment of cancer patients are full-

length IgGs such as Pembrolizumab (anti-PD-L1) or Nivolumab (anti-PD-1). For HER2-AAV-

mediated ICI delivery in a clinical setting, sequences of already approved ICIs should be 

incorporated in the vectors. Reul et al. were able to show that transduction of target cells with 

HER2-AAVs encoding the sequence of the approved antibody Nivolumab (human anti-PD-1) 

resulted in successful secretion of functionally active Nivolumab. However, significantly 

lower amounts of the transgene product have been determined as compared to the murine 

αPD-1 antibody (0.153 ng per mg total protein vs. 1.9 ng per mg total protein, probably due to 

mitigated transduction efficacy in the context of increased packaging capacity [310]. 

Nevertheless, targeted delivery of a full-length IgG has still been proven to be achievable in 

an in vivo setting. 

A major challenge in AAV-mediated gene therapy is the generation of nAbs against the vector 

capsid.  Natural exposure to wild-type AAV triggers humoral immunity early in life, and 
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antibodies directed against serotype 2 are among the most prevalent in humans, ranging up 

to 70% [493], [494]. It has also been reported before that sera of lab animals contain pre-existing 

antibodies against AAV serotypes such as AAV1, AAV2, AAV6 and AAV9 [495]. Also in the 

present study, evidence for pre-existing nAbs against AAV2 in serum of experimental animals 

was found (Fig. 44B). In animals that received treatment, nAb titers increased over time after 

a single injection, which is why double injections of the vector did not result in higher aPD-1 

concentrations. In fact, double injections rather led to increased nAb titers, regardless of the 

administration route (Fig. 44C). However, given the pre-existence and further generation of 

nAbs, still high aPD-1 concentrations in tumor tissue were observed (Fig. 41B). To avoid 

recognition by pre-existing antibodies, further modifications that aim to shield neutralizing 

epitopes on the capsid surface have been evaluated. For instance, crosslinking synthetic 

polymers such as polyethylene glycol to the capsid surface has already been performed by 

several groups and resulted in reduced neutralization activity [496], [497]. As mentioned 

before, AAV9 represents a promising tool for the transduction of brain tissue following 

intravenous administration, and the prevalence of nAbs directed against this serotype is also 

lower in humans [498], [499]. A group of researchers has been able to target the brain after a 

single intravenous injection of AAV9 which had been packaged into extracellular vesicles to 

avoid nAb-mediated neutralization [500].  

In summary, it was shown that the transduction of HER2+ cells in vivo leads to high aPD-1 

levels in tumors after intratumoral AAV administration and for subcutaneous tumor models 

even after intravenous AAV administration, while only low systemic concentrations were 

reached. Furthermore, the release of inflammatory cytokines was observed in response to 

AAV administration. Taken together with the functionality of aPD-1 to restore T cell activity 

demonstrated in vitro, the use of targeted HER2-AAVs mediating the production of aPD-1 

immunoadhesin can modify the immunosuppressive TME and holds promise for GB therapy. 
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4.10 The effect of combined HER2-AAV/CAR-NK cell therapy on survival  

In this study, immune checkpoint blockade in combination with CAR-NK cell therapy was 

shown to have a beneficial effect on survival in an immunocompetent glioblastoma mouse 

model. A dominant synergistic effect of CAR-NK cells and HER2-AAVaPD-1 was observed in 

the subcutaneous as well as in the orthotopic intracranial mouse model. Tumors of animals 

receiving the combination therapy grew slower, and their survival was significantly prolonged 

as compared to all control cohorts (Fig. 46) with a (median survival of 74 days as compared to 

HER2-AAVIgG-Fc + CAR-NK (40 days), HER2-AAVaPD-1 (37 days) HER2-AAVIgG-Fc (27 days), 

CAR-NK (30 days) or untreated animals (25.8 days)). Complete tumor rejection was observed 

in 3/7 mice in the orthotopic intracranial model and 3/5 mice in the subcutaneous model upon 

intratumoral administration of the combination therapy. Intravenous administration was 

impractical on account of the BBB, as neither CAR-NK cells nor HER2-AAV-encoded aPD-1 

was able to reach the brain after intravenous administration (Fig. 41B and unpublished data). 

Nonetheless, intratumoral immunotherapy is recently considered a promising opportunity for 

the conversion of “cold” tumors into “hot” tumors. As reviewed by Marabelle et al., 

intratumoral immunotherapy harbors many advantages over systemic administration [501]. 

As mentioned before, not all patients benefit from systemically injected immunotherapies, 

which might depend on the limited bioavailability within tumor lesions. Studies have shown 

that higher doses of ICIs correlate with enhanced efficacy of the drug [502], [503], but higher 

ICI doses also result in more severe irAEs [502], [504]. It was also discussed before that the 

combination of multiple ICIs further increases the risk for treatment-related toxicities. Another 

study reported tumor relapse in mice that have been systemically injected with ICIs, most 

likely due to the absence of the specific epitope that was targeted by the intervention. 

However, the addition of intratumoral immunotherapy prevented cancer relapse by 

stimulation and subsequent anti-tumor effects of CD8+ T cells [505].  

Mounting of a sustained adaptive immune response requires both priming and anti-tumor 

activity of T cells. The release of neo-antigens or tumor-associated antigens upon the lysis of 

tumor cells by CAR-NK cells is likely to induce a potent stimulation of the immune system by 

both local priming of T cells and their dissemination into the periphery to ensure systemic 

activation of the immune system. Once this anti-tumor response is triggered, intratumoral 

delivery of aPD-1 by HER2-AAVs will likely facilitate the continuing immune activation by 
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preventing the immunosuppressive traits of the TME to prevail. Recruitment of peripheral 

immune cells by a therapy-induced release of tumor antigens is especially relevant in “cold” 

tumors such as GB. In fact, tumor growth in animals that received the combination therapy in 

this study was effectively controlled in the majority of mice (Appendix Fig. 6). 2/7 animals 

showed no signs of tumor progression for weeks after initial treatment stopped, while 3/7 mice 

completely rejected the tumor. 2/7 mice eventually succumbed to tumor burden, but the onset 

of tumor progression was delayed until 4 weeks after the last treatment administration, while 

tumor volumes of control animals began to escalate during or within 1 week after treatment 

had stopped (Appendix Fig. 1-6). These data suggest that the combination therapy triggered a 

long-lasting immune response that was able to control tumor growth. Also, the well-known 

off-target toxicities that are associated with systemic immunotherapy administration were not 

observed in animals receiving intratumoral immunotherapy.  

Although the evidence of anti-tumor effects that are triggered by the combination therapy in 

mice is encouraging, there are limitations regarding the transferability to the situation in 

humans. The methylcholanthrene-induced GL261 model, one of the most frequently used 

orthotopically implanted immunocompetent mouse models, was chosen for the present study 

[506], [507]. The highly mutated GL261 cell line has been shown to be sensitive towards 

immune checkpoint blockade in a study reporting complete tumor clearance in over 50% of 

GL261 bearing mice [508]. Survival benefit and macrophage re-polarization upon anti-PD-1 

administration in immunocompetent mice bearing intracranial tumors has also been reported 

[509]. Still, it has to be considered that murine cell lines are not able to fully model the precise 

TME of human GB. Several limitations of the GL261 model have been reviewed by Haddad et 

al. [510]. As mentioned above, this model was chemically induced and therefore carries a high 

mutational burden [511], as opposed to the low mutational burden of human GB [151], [512]. 

For instance, high MHC-I expression as well as numerous non-synonymous exome mutations 

and neoepitopes have been reported for GL261 [506]. In this context, it is of great importance 

to ensure that the successful immunotherapy implemented in this study is not biased by the 

high tumor mutational load of GL261 cells. With the divergence in success rates between 

preclinical immunotherapy experiments and actual clinical trials [510], [513], [514], Genoud et 

al. propose the use of models that display the mutational load and microenvironment in 
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scenarios more closely related to human GB, such as the SB28 model, which was not induced 

chemically but genetically [508]. 

Furthermore, the feasibility of intratumoral immunotherapy is of course dependent on the 

accessibility of tumor lesions, which has been particularly difficult in brain malignancies. Still, 

even tumors of the CNS have been shown to be a possible subject to local injection, as patients 

in the CAR2BRAIN trial receive intratumoral CAR-NK cells injections via a so-called rickham 

cathether. However, there are still some issues that need to be explored before the 

implementation of the CAR-NK/AAV combination therapy in a clinical setting. For instance, 

the number, as well as frequency, of injections has to be determined, and also the dose and 

volume of intratumoral injections had to be carefully chosen. These questions have already 

been addressed in the CAR2BRAIN trial for CAR-NK cells so far, but still, they need to be 

elucidated for AAVs. Also, the treatment schedule could be optimized, with respect to 

repeated treatments and the timing (separate vs. combined injection) of CAR-NK and AAV 

administration. 

Taken together, this study revealed synergistic anti-tumor effects of CAR-NK cell therapy in 

combination with HER2-AAV-mediated intratumoral immunotherapy. To further stimulate 

immune effector cells a combination of immunostimulatory drugs or ICIs might be feasible via 

the intratumoral administration of AAV. CAR-NK cell therapy might be compatible with co-

injection of a variety of AAVs that are able to mediate the local release of immune modulators, 

especially in patients that do not respond to classical ICI therapy. Based on the evidence 

gathered in this study, further exploration of the proposed treatment approach might pave the 

way for more personalized immunotherapy in GB patients.  

 

4.11 Conclusions and outlook 

Data obtained in this study reveal that target-activated CAR-NK cells can induce upregulation 

of checkpoint molecules on neighboring tumor and immune cells, emphasizing the potential 

benefit of a combination therapy with an ICI-encoding HER2-AAV. Hence, HER2-AAVaPD-1 

induce local secretion of the aPD-1 immunoadhesin by transduced tumor cells, which can 

modulate the immunosuppressive TME, support re-activation of T cells and thereby mediate 

synergistic effects when combined with adoptive transfer of CAR-NK cells (Fig. 11). Moreover, 
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the option to combine AAVs with different payloads may provide an advantage over the 

traditional systemic application of anti-PD1 antibodies. Taken together, evidence gathered in 

this study reveals that intratumoral as well as intravenous injection of HER2-AAVaPD-1 in 

combination with CAR-NK cell-mediated tumor cell lysis resulted in a significant therapeutic 

benefit without treatment-related side effects, representing a promising novel strategy for GB 

immunotherapy.  

These results encourage the next step to evaluate the impact of combined therapy on the 

composition and signaling pathways within the TME. The mechanisms underlying the 

cooperation of CAR-NK cells and HER2-AAV-mediated aPD-1 therapy will need to be 

investigated via detailed analyses of local and systemic changes of the immune reaction via 

exploration of the immune infiltrate, transcriptome analyses of immune cells and T cell 

receptor (TCR) sequencing for the determination of immunogenic antigens [515], [516]. In 

particular, the different lymphocyte subpopulations, as well as their activity, will be 

determined by RNA sequencing as well as multipanel FACS analysis. The aim is to achieve a 

better understanding of the immune response which are triggered by the combination therapy 

and the recognition of new targets for HER2-AAV mediated immunomodulation. 

Additionally, multispectral high-throughput histology will be employed to histologically 

characterize the various immune cell populations and their interactions not only with each 

other but also with stroma cells, tumor cells and the vasculature. In tumor tissue, the 

infiltration and the activation of T cells will be assessed, while the number and polarization of 

microglial cells and macrophages will be determined in the TME. To address the risk of 

neurotoxicity and systemic toxicity of the combination therapy, organs of experimental 

animals will be examined for lymphocyte and macrophage/microglial infiltration, neuronal 

loss and signs of astrogliosis. 

Furthermore, TCR sequencing will reveal tumor-reactive T cell signatures by combined 

scVDJ/RNA-seq from sorted tumor-infiltrating lymphocytes as described previously [517]. 

TCR sequences will be used to track back T cell clonotypes and for comparison between the 

treatment cohorts. As a mechanistic control for preclinical efficacy experiments, CD8+ T cell 

depletion experiments are planned in the subcutaneous and orthotopic intracranial 

GL261/HER2 mouse models. 
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Since especially HER2-targeted AAV vector particles are a highly important innovative tool 

for immunotherapy of GB, research currently focuses on improving the gene delivery activity 

mediated by HER2-AAV. In particular, insertion of the HER2-specific DARPin into alternative 

capsid insertion sites, such as the GH2/GH3 loop in VP1, is currently being investigated. This 

strategy has recently been published to accommodate the functional surface display of 

nanobodies [518] and could be implemented for a delivery system employing AAV9 to 

improve the targeting of specific cell types within the brain.   

Moreover, the choice of the target antigen might need to be reconsidered due to HER2-AAV 

and CAR-NK cells targeting the same antigen. Since HER2+ target cells will only produce the 

transgene product throughout their lifetime, target cell lysis by CAR-NK cells will likely 

hamper the accumulation of sufficient aPD-1 levels in the TME. However, due to the high 

flexibility in AAV and CAR-NK cell target selection as well as for AAV payload, the system 

has the potential to customize immunotherapy to the malignant cells and the 

microenvironment of a specific tumor. Still, it remains to be investigated what threshold needs 

to be reached for HER2-AAV-encoded aPD-1 to be therapeutically effective. Data obtained in 

this study do not provide sufficient evidence whether systemic effects of immune checkpoint 

blockade, e.g. in peripheral lymphoid organs such as lymph nodes or the spleen are crucial for 

therapeutic success. Once these questions have been addressed, the AAV vector dose that 

needs to be applied can be adjusted accordingly. Additional data on the aPD-1 levels required 

to evoke an immune response in combination with other treatment modalities such as CAR-

NK cells are required. Moreover, upon administration of AAV therapy in a clinical setting, 

serum levels of checkpoint inhibitors should be closely monitored to avoid side effects similar 

to those observed after systemic ICI injection.  

Finally, the combination of local administration of CAR-NK cells with an anti-PD1 antibody 

will likely be tested in patients suffering from HER2+ recurrent GB in the upcoming cohort of 

the CAR2BRAIN trial. The scientific translational program of the study will help to address 

many of the questions regarding the mechanism of synergy between anti-PD1-strategies and 

CAR-NK cells and will allow refinement and further development of the therapeutic approach 

using AAVs as a delivery system in future studies.  
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6 Appendix 

 

Appendix figure 1: MR images of animals receiving intratumoral sham-injections (medium).  
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Appendix figure 2: MR images of animals receiving intratumoral injections of HER2-AAVIgG-Fc.  
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Appendix figure 3: MR images of animals receiving intratumoral injections of CAR-NK cells.  
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Appendix figure 4: MR images of animals receiving intratumoral injections of HER2-AAVIgG-Fc and CAR-NK 

cells.  
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Appendix figure 5: MR images of animals receiving intratumoral injections of HER2-AAVaPD-1.  
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Appendix figure 6: MR images of animals receiving intratumoral injections of HER2-AAVaPD-1 and CAR-NK 

cells.  
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