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1. ABSTRACT 

Despite the tremendous clinical success of chimeric antigen receptor (CAR)-expressing 

T cells, severe side effects have been associated with CAR T cell therapy. Moreover, 

production for individual patients still requires an extensive and time-consuming 

manufacturing process, which presses the need for clinical alternatives. The continuously 

expandable and well-established natural killer (NK) cell line NK-92 might represent such 

alternative. Irradiated NK-92 cells provide a safe and consistent way to produce 

NK effector cells in a GMP-compliant and cost-effective way. Furthermore, NK-92 can be 

redirected by CARs to mediate antigen specific tumor lysis.  

We recently developed the universal adapter CAR (AdCAR) system. Utilizing adapter 

molecules (AM), antigen recognition and CAR-driven immune cell activation were split into 

a two-step process. The system allows precise quantitative (on-/off-switch) as well as 

qualitative (change and combination of target antigens) regulation of immune cell function. 

AdCARs are based on the unique properties of a novel scFv targeting a “neo”-epitope-like 

structure derived from the endogenous vitamin biotin. Biotinylation of antibodies, which 

are already approved by the American Food and Drug administration (FDA) and European 

Medicines Agency (EMA), such as cetuximab or trastuzumab, generates functional AM 

with a known safety profile for AdCAR NK-92 therapy and facilitates translation into 

clinical settings.  

The primary goal of this thesis was the development of a highly flexible CAR system for 

universal tumor targeting to overcome the existing limitations of CAR therapy, especially 

for solid tumors. We used lentiviral vectors for the transduction process and single-cell 

sorted successfully transduced AdCAR NK-92 cells using flow cytometry. The clone with 

the highest CAR surface expression and highest viability was chosen for further 

experiments. We thoroughly characterized AdCAR NK-92 cells for their NK receptor 

expression as well as for the expression of immune checkpoints and chemokine 

receptors. For functional assessment we utilized standard calcein release cytotoxicity 

assays as well as impedance-based real-time live cell analysis technology. AdCAR NK-92 

cells successfully induced significant lysis of various hematological malignancies such as 

lymphoma and leukemia as well as solid tumors such as melanoma and various 

carcinomas in vitro but only in the presence of biotinylated antibodies (bAb) targeting 

antigens that are sufficiently expressed on the tumor cell surface. Therefore, classic tumor 

antigen evasion mechanisms such as antigen downregulation can be counteracted by 

simultaneous or successive addition of different bAb. Specific AdCAR-mediated 
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cytotoxicity could be demonstrated regardless of tumor cell expression of inhibitory 

ligands. To bridge the gap between in vitro and in vivo assessment of AdCAR NK-92 cell 

function, we generated three-dimensional tumor cell models that are physiologically more 

relevant and predictive than standard two-dimensional assays. AdCAR NK-92 cells were 

capable of successful tumor spheroid infiltration and specific long-term tumor cell lysis. 

Utilizing CAR-modified NK-92 cells targeting the immune checkpoint molecule B7-H3 

(CD276), a tumor-associated antigen severely overexpressed on a variety of solid 

cancers, we assessed the ability of CAR NK cell-based immunotherapy to overcome a 

variety of the obstacles exerted by the immunosuppressive tumor microenvironment 

(TME). Moreover, we used CRISPR/Cas9 technology to generate CAR NK-92 cells with a 

NKG2A (CD159a) knock-out (KO) and assessed whether we could boost CAR-mediated 

effector function by eliminating a highly expressed inhibitory NK receptor. The 

CRISPR-mediated NKG2A KO as well as blocking the NKG2A receptor with an inhibitory 

antibody did not significantly boost CAR-mediated cytotoxic potential of CD276-CAR 

NK-92 cells suggesting that CAR-induced tumor lysis is independent of the expression of 

inhibitory receptors on NK-92 cells. 

In conclusion, we generated a universal CAR-engineered and an antigen-specific CAR 

NK-92 cell line. These cells can be manufactured as an “off-the-shelf, on-demand” 

standardized product whose powerful effector function can be tightly regulated for tunable, 

patient-individualized targeting of hematological and solid cancers. 
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2. ZUSAMMENFASSUNG 

Die Immuntherapie und insbesondere chimäre Antigenrezeptoren haben in den letzten 

Jahren beeindruckende Erfolge verzeichnen können. Trotz der Zulassung mehrerer 

autologer CAR T-Zell Therapien für die Behandlung von hämatologischen 

Krebserkrankungen ist es wichtig, dass weitere therapeutische Alternativen erforscht 

werden, um die noch vorhandenen Problematiken der teils schweren Nebenwirkungen 

oder des zeit- und kostenintensiven Produktionsprozesses zu beheben. Die gut 

charakterisierte und von der FDA bereits klinisch zugelassene NK-92 Zelllinie stellt eine 

vielversprechende Option dar, funktionelle, CAR-modifizierte Immunzellen kostengünstig 

und nach strengen Qualitätsmanagement-Vorgaben zu generieren. Diese können dann 

eingesetzt werden, um serienmäßig spezifische Immuntherapie von hämatologischen und 

soliden Tumoren durchzuführen. 

Mit dem im Rahmen der vorliegenden Dissertation generierten und validierten Adapter 

CAR System ist es möglich, durch den Einsatz verschiedener biotinylierter 

Adaptermoleküle in einem Zwei-Stufen-Prozess antigenspezifische Immunzellaktivität zu 

induzieren. Das System ermöglicht dabei die quantitative sowie qualitative 

Feinregulierung der ausgelösten Immunantwort. Das AdCAR erkennt spezifisch ein 

Neoepitop, das bei der Biotinylierung von Adaptermolekülen entsteht. Dabei können 

sowohl monoklonale Antikörper, als auch Antikörperfragmente oder andere kleine 

Moleküle als Adapter fungieren. Dies ermöglicht auch die Nutzung bereits klinisch 

zugelassener Antikörper, die schnell und kostengünstig biotinyliert werden können, um so 

mit patientenindividualisierter Therapie auf tumorspezifische Mechanismen zur 

Immunevasion zu reagieren. 

Das Primärziel dieser Doktorarbeit bestand in der Entwicklung, Generierung, 

Charakterisierung und funktionellen Testung von AdCAR NK-92 Zellen. Mittels lentiviraler 

Transduktionssysteme wurden NK-92 Zellen mit dem AdCAR ausgestattet und 

anschließend mit Hilfe durchflusszytometrischer Verfahren separiert, um Einzelzellklone 

zu generieren, die eine besonders hohe CAR Expression aufweisen. Die Population mit 

der höchsten Expression und der höchsten Viabilität wurde im Folgenden ausführlich 

charakterisiert und dann funktionell in verschiedenen in vitro Untersuchungen getestet. 

Dabei konnte sowohl gegen hämatologische Erkrankungen, wie Lymphome oder 

Leukämien, als auch gegen verschiedenste solide Tumorentitäten eine signifikant erhöhte 

und AdCAR-spezifische Tumorlyse gemessen werden. Die Intensität der zytotoxischen 

Reaktion war dabei proportional zur Antigenexpression auf den Tumorzellen. Zudem 
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wurde ein neues drei-dimensionales Tumormodell etabliert, welches die Effektivität von 

AdCAR NK-92 Zellen auch in einem Szenario zeigen konnte, das einer potentiellen in vivo 

Situation mehr ähnelt als klassische zwei-dimensionale Modelle. Darüber hinaus konnte 

sowohl in 2D als auch in 3D Modellen gezeigt werden, dass die spezifische AdCAR NK-

92 Aktivität bei verschiedenen Tumorentitäten ein Nachwachsen der Tumorzellen 

verhindert. 

Weiterhin wurde ein direktes CAR Konstrukt entwickelt und in NK-92 exprimiert, das den 

Immuncheckpoint CD276 erkennt. Dieses Oberflächenprotein ist auch auf Normalzellen 

zu finden, wird aber von Krebszellen hochreguliert, da es die T-Zell-induzierte 

Immunantwort mindert. Die CD276-CAR NK-92 Zellen wurden benutzt, um den Effekt von 

verschiedenen Faktoren der Umgebung solider Tumoren, das TME, zu untersuchen. 

Dabei konnte gezeigt werden, dass, durch die Nutzung von NK-92 Zellen als CAR-Vehikel 

im Vergleich zu primären Immunzellen, viele der immunsuppressiven Faktoren keine 

Auswirkungen auf die CAR-induzierte Immunantwort haben. 

Beim Versuch, die CAR NK-92 Funktionalität durch den CRISPR/Cas9-vermittelten KO 

des inhibitorischen NK Zell Rezeptors NKG2A noch weiter zu erhöhen, konnte gezeigt 

werden, dass die Höhe der CAR-spezifischen Tumorlyse unabhängig von der Expression 

inhibitorischer und aktivierender Rezeptoren der NK-92 Zellen sowie den entsprechenden 

Liganden auf den Tumorzelloberfläche ist. 

Zusammenfassend wurden für diese Arbeit mehrere CAR NK-92 Zelllinien hergestellt und 

erfolgreich funktionell charakterisiert. CAR NK-92 Zellen bieten viele Vorteile gegenüber 

der klassischen CAR T-Zell Therapie und könnten in der Zukunft potentiell als universelle 

und kostengünstige Immuntherapie für die Behandlung verschiedenster 

Tumorerkrankungen genutzt werden. 
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6. INTRODUCTION 

6.1 Cancer 

Accounting for around one in six deaths worldwide, cancer is the second leading cause of 

death.[1] In many middle- and high-income countries, cancer even tops cardiovascular 

disease for highest mortality.[2] Worldwide, approximately 19.3 million new cancer cases 

and almost 10 million cancer deaths occurred in 2020.[3] Cancerous cells are 

characterized by abnormal proliferation and their ability to invade healthy tissue or migrate 

to other parts of the body via the circulatory or lymphatic systems.[4] Usually, cell growth 

and function is tightly regulated. The development of cancer is a multi-step process in 

which cells gradually lose their regulation due to the accumulation of a series of genetic 

mutations. These mutations occur as gain of function of proto-oncogenes as well as loss 

of function mutations in tumor suppressor or DNA repair genes and are caused by a 

variety of physical factors such as exposure to radiation, chemical components including 

tobacco and alcohol as well as biological factors such as infections with certain viruses.[5,6] 

During this process of tumor progression, cells acquire more mutations with favorable 

traits that offer selective advantages.[4] These advantages not only include an increased 

growth rate with a sustained proliferative potential enabling replicative immortality but also 

evasion of growth suppressors, resistance to cell death, elevated levels of invasive and 

metastatic as well as angiogenetic signaling and the reprogramming of energy 

metabolism.[7] Furthermore, cancer cells can develop mechanisms to evade destruction by 

the innate and adaptive immune system.[8] 

 

6.1.1 Hematologic malignancies 

Hematologic malignancies are cancers that affect the hematopoietic and lymphoid 

systems. Leukemia arises from aberrant hematopoietic stem cells (HSC) and can be 

subdivided into different types including acute lymphocytic (ALL), chronic lymphocytic 

(CLL), acute myeloid (AML) and chronic myeloid (CML) leukemia. A malignant lymphoma 

is characterized by neoplastic lymphocytes and the most common lymphomas are the 

Hodgkin's (HD) and non-Hodgkin's lymphoma (NHL).[9] Together, leukemia and lymphoma 

account for around 9% of all newly diagnosed cancers.[10]  
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Lymphoma cells are malignant precursor lymphocytes arrested at a specific stage of 

lymphocytic differentiation. The accumulation of various genetic mutations results in the 

clonal expansion of aberrant T or B cells, and, subsequently, the formation of either a 

solid or leukemic malignancy.[11] These tumor cells show a similar antigen expression 

profile and home to similar sites compared to their physiological counterparts.[12] 

Approximately 95% of all lymphomas are of B cell origin and about 20 new cases of 

lymphoma are diagnosed per 100,000 people per year.[13]  

Standard therapeutic approaches include radio- and/or systemic chemotherapy. Novel 

antibody-based therapies have increased long-term survival rates for patients with HD and 

high-grade NHL to 90% and 50%, respectively. Relapsing patients can be treated with 

second-line salvage treatments, including high-dose chemotherapy (HCT) followed by 

autologous stem cell transplantation (ASCT).[14] 

 

6.1.2 Solid tumors 

A solid cancer is a discrete tumor mass that forms within a specific type of tissue and can 

occur anywhere in the body. With approximately 320,000 newly diagnosed cases in 2020, 

melanoma represents ~1.7% of all cancer entities.[3] The majority of cases occur in 

developed countries where melanoma ranks as the sixth most frequently diagnosed 

cancer overall.[15] Following the introduction of novel therapeutic concepts, such as 

immune checkpoint inhibitors and targeted therapies, melanoma-related death rates have 

steadily declined since. In only three years, from 2013 to 2016, overall mortality 

decreased by 17.9%.[16] Currently, the five-year survival rate for patients with primary 

melanoma of the skin from the time of initial diagnosis is 93%. However, early detection is 

the most important factor for beneficial outcome. The five-year survival rate for patients 

with late-stage or metastatic melanoma is only 10-30%, even with modern 

immunotherapeutic approaches.[17] Melanoma can be classified into four main stages 

depending on various factors according to the official Tumor-Node-Metastasis (TNM) 

staging system by the American Joint Committee on Cancer (AJCC). The staging system 

describes characteristics of the primary tumor, such as thickness and mitotic rate, the 

involvement of nearby lymph nodes and development of distant metastases.[18] Standard 

of care treatment for small, early-stage melanoma (thickness <1 mm) is surgical removal. 

Moreover, targeted therapy with BRAF and MEK inhibitors in BRAF V600 mutated 

melanomas has shown to be more impactful than chemotherapy with dacarbazine or 
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temozolomide. Immunotherapy using high-dose interleukin 2 (IL-2) is used to prolong 

survival for late-stage melanoma. 

Neuroblastoma (NB) is by far the most common extracranial tumor in infants and young 

children. While NB represent 6-10% of all childhood cancers, it accounts for ca. 15% of all 

cancer-related deaths in the pediatric population.[19,20] NB can be classified into low-, 

intermediate-, and high-risk groups based on clinical and molecular features.[21] The 

average five-year survival rate for NB is 81% and for children with low-risk NB, the 

five-year survival rate is higher than 95%. Since NB is characterized by a major clinical 

heterogeneity which ranges from spontaneous regression or differentiation in low-risk NB 

to cases of aggressive, metastatic disease. Overall survival for patients with late-stage or 

metastatic NB is below 50%, despite intensive multimodal therapy including induction 

chemotherapy, surgical resection, radiotherapy, high-dose chemotherapy, which is often 

followed by autologous stem cell transplantation and immunotherapy with monoclonal 

antibodies (mAb) targeting the cell-surface disialoganglioside GD2 in combination with 

cytokines and retinoic acid.[22,23] Patient age plays a pivotal role since overall outcome for 

younger patients is usually better.[24] To help classify NB, the International Neuroblastoma 

Risk Group Staging System (INRGSS) uses results from computer tomography (CT) or 

magnetic resonance imaging (MRI), while the International Neuroblastoma Staging 

System (INSS) uses results from the surgery. Since the INRGSS stage can be determined 

before a potential therapy and surgery is part of many initial treatment plans, the INRGSS 

is utilized more widely. Staging includes assessment of tumor growth into vital structures 

such as nearby organs or around important blood vessels. 

 

6.2 Metastasis 

Metastases are defined as secondary tumors that manifest in a part of the body far from 

the original cancer.[25] Tumor cells can metastasize to soft tissue organs such as the lung 

and the liver, which are the most frequent sites of metastasis. The third most common site 

is the bone, often including the spine or the ribs.[26] Metastatic development, although 

severe improvement has been made over the last decades, remains an incurable disease 

and is the main cause of cancer-related mortality.[27] 

Patients with solid tumors regularly release large amounts of cancer cells to the 

circulation, however, only very few cells are able to form solid metastases since they need 
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to overcome various obstacles including successful invasion of tissues and survival of 

immune surveillance.[28] Moreover, secondary sites are primed by the primary tumor to 

generate a pre-metastatic niche. This priming process involves soluble factors and 

extracellular vesicles that induce vascular leakage and form a microenvironment that is 

more susceptible for tumor cell colonization.[29] 

 

6.3 Tumor microenvironment 

Solid tumors are surrounded by an immunosuppressive microenvironment that consists of 

a variety of cells including tumor-associated fibroblasts, macrophages, dendritic cells, 

neutrophils, regulatory T cells (Tregs) and myeloid derived suppressor cells (MDSCs) as 

well as blood and lymph vessels, extracellular matrix and multiple secreted or cell 

membrane-bound molecules.[30,31] The immunosuppressive properties of the TME enables 

tumor cells to escape immune surveillance by impairing immune cell infiltration and 

effector function leading to tumor growth and metastatic development.[32]  

Tumor infiltration with T lymphocytes has been demonstrated throughout various tumor 

entities. Intratumoral infiltration with cytotoxic CD8+ T cells was correlated to a more 

beneficial overall outcome and is therefore more predictive than the classical tumor 

staging system.[33–35] However, a good prognosis is highly dependent on the composition 

of tumor infiltrating lymphocytes (TILs). MDSCs and Tregs can suppress effector function of 

cytotoxic immune cells from both the adaptive and innate immune system. Soluble factors 

such as transforming growth factor (TGF) beta, which are highly secreted within the TME, 

have been shown to facilitate metastatic development as well as tumor escape 

mechanisms due to inhibition of cytotoxic signaling pathways in immune cells as well as 

downregulation of activating receptors and upregulation of inhibitory receptors on tumor 

cells.[36–38] Furthermore, metabolic dysregulation by catabolizing enzymes such as 

indoleamine 2,3-dioxygenase promotes an acidic TME which is linked to inhibition of 

cytotoxic TIL proliferation and tumor cells exposed to an acidic pH demonstrate elevated 

levels of invasiveness and metastatic development.[39–41]  

To elicit a strong anti-tumor response against solid tumors, immune cells need to 

overcome the challenges posed by the TME including physiological barriers, 

immunosuppressive cells and cytokines as well as oxidative stress.[36,42]  
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6.4 Immune system and cancer 

The characteristics of the human immune system have been highly debated for a long 

time. Currently it is accepted that the human body can react to foreign pathogens and 

tumors in two different ways, namely with the adaptive and the innate immune response. 

Both, the innate and the adaptive immune system depend on the activation of 

leukocytes.[12] 

The innate immune system, including NK cells, macrophages and granulocytes, relies on 

the recognition of germline-encoded pattern-recognition receptors (PRR) to fight 

pathogens immediately after exposure. The adaptive immunity is mostly composed of 

highly specialized cells, like B and T cells, that act as an adaptation to pathogen 

infection.[43]  

Tumor cells are malignant cells that are only able to grow uncontrollably if they manage to 

evade the surveillance of the innate and adaptive immune system.[7,44] Due to genetic 

mutations that these malignant cells acquire over time, they often show an altered protein 

expression profile compared to their physiological state.[45] These mutations can lead to 

the expression of foreign proteins that are not expressed in healthy cells and are called 

tumor-specific antigens (TSA).[46] In contrast, tumor cells can show an enhanced protein 

expression of tumor-associated antigens (TAA).[47] TAA expression, even within the same 

tumor entity, can be very heterogeneous in regards to intensity and distribution, which 

causes difficulties for targeted therapy of solid tumors.[48] Moreover, tumor cells have been 

frequently shown to alter their antigen expression profile as part of various immune 

evasion strategies.[49] 

 

6.4.1 Natural killer cell-based immune response 

While the adaptive immune response relies on time-consuming clonal expansion and 

differentiation of specialized B and T cells, the innate immune response can act instantly 

upon recognition of foreign particles. The immediate immune reaction is carried out within 

the first four hours by non-specific effector cells. It is followed by the early induced 

response that promotes recruitment and activation of immune cells such as macrophages, 

dendritic cells and natural killer cells.[12] Only if a foreign organism or tumor cell can 

overcome these early defense mechanisms, the adaptive immune response is 

activated.[12] 
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NK cells, as innate lymphocytes, recognize cancerous cells by a condition known as 

“missing self”, which describes abnormally low levels of major histocompatibility complex 

(MHC) class I surface expression.[50,51] In humans, MHC is known as human leukocyte 

antigen (HLA). NK cell activation is tightly regulated by the balance of binding of activating 

receptors, such as NKG2D (CD314) or DNAM-1 (CD226), to “induced self” ligands - 

molecules that are expressed at low levels on healthy cells but are abnormally 

upregulated on tumor cells - as well as inhibitory receptors, such as NKG2A (CD159a) 

and HLA class I molecules, including the classical HLA-A, -B and –C or the non-classical 

HLA-E and -G.[52] This “altered self” hypothesis describes NK cell activation as the result 

of the combination of the “missing self” and “induced self” concepts. Only if the activating 

signals overpower the inhibitory signaling, NK cell-mediated cytotoxicity is induced.[53,54] 

NK cells account for 5-15% of human blood leukocytes and can be subdivided by their 

CD56 expression level.[55] CD56bright NK cells make up the majority of NK cells and are 

responsible for the secretion of immunomodulatory cytokines such as interferon gamma 

(IFN-γ) and tumor necrosis factor alpha (TNF-α) and beta (TNF-β), which further stimulate 

the endogenous immune system and can indirectly enhance anti-tumor activity.[56,57] 

CD56dim NK cells are characterized by their powerful cytotoxic function. Upon activation, 

these NK cells release lytic granules containing perforin, granulysin, granzyme A and B as 

a result of an intracellular signaling cascade. This cascade is carried out by tyrosine 

kinases that can phosphorylate tyrosine residues on certain molecules. A major 

component of this tyrosine kinase signaling is the immunoreceptor tyrosine-based 

activation motif (ITAM) which can be found on the cytoplasmic tails of e.g. CD3 or various 

Fcγ receptors as well as activating NK cell receptors such as NKG2D. On the other hand, 

immune checkpoint receptors, such as TIGIT, TIM-3 or LAG-3, carry immunoreceptor 

tyrosine-based inhibitory motifs (ITIMs) that, upon binding to their ligands, phosphorylate 

different cytoplasmic molecules within the NK cell, thus inhibiting effector activation. 

When the activating cascade overpowers the inhibitory signals, the released perforin 

forms transmembrane pores by polymerization after attaching to the membrane-bound 

phosphorylcholine on target cells. Granzymes belong to the family of serine proteases 

which are capable of cleaving proteins.[58] Together with granulysin they induce apoptosis 

once they reach the cytoplasm of the target cell through the perforin-induced pores. The 

interaction of all three effector proteins is needed for effective cytotoxicity.[12] While most of 

the NK cell-dependent cytotoxicity is due to the release of cytolytic granules, other 

mechanisms of apoptosis induction have been discovered as well such as the expression 
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of Fas ligand (FasL or CD178) or TNF-related apoptosis-inducing ligand (TRAIL, 

CD253).[59,60] Moreover, CD56dim NK cells express the Fcγ receptor III (CD16 or FcγRIII), a 

key mediator of antibody-dependent cellular cytotoxicity (ADCC).[57] CD16 recognizes the 

Fc (Fragment, crystallizable) part of the antibody subclasses immunoglobulin G (IgG) 1 

and IgG3, representing an antigen-specific mode of action for NK cells.[12] 

 

6.4.2 The NK-92 cell line 

NK-92 is a stable, immortalized cell line with the characteristics of primary NK cells. It was 

isolated from a patient with NHL and characterized in 1994 by Hans Klingemann and 

colleagues at the British Columbia Cancer Agency.[61] It is one of only few clonal cell lines 

consisting of pure NK cells with consistent proliferative characteristics and the only NK cell 

line with robust cytotoxic effector function comparable to primary NK cells, although they 

resemble the immunomodulatory CD56bright blood NK cell population.[62] NK-92 cells are 

negative for the surface expression of CD16 and are therefore not able to induce ADCC.  

To date, NK-92 has been utilized in various phase I and phase II clinical studies 

examining its efficacy in treating hematological as well as solid malignancies. Due to their 

origin as tumor cell line, NK-92 cells have to be γ-irradiated with 10 Gy prior to application 

to induce double-strand DNA breaks and, in turn, completely nullify proliferation and 

prohibit long-term persistence.[63] In various clinical studies NK-92 cells could be safely 

administered in multiple doses of up to 1010 cells per m2 without the induction of short- and 

long-term side effects.[63–65] 

 

6.5 Chimeric antigen receptors 

Genetic transfer of synthetic antigen-specific T cell receptors (TCRs) or CARs is used to 

increase the cytotoxic efficacy of lymphocytes.[66] The TCR is directly dependent on 

association with the CD3 complex, expression of either CD8 or CD4 and 

antigen-presentation on the MHC molecule. Contrarily, CAR-mediated cytotoxicity is 

independent thereof.[67] This can lead to a more effective recognition of tumor cells which 

often show a dysregulated MHC expression.[66] 

The human TCR is a disulfide-linked heterodimer of the four distinct T cell receptor 

glycoproteins α, β, γ and δ. These can form the two different dimers α:β and γ:δ.[68] Their 
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primary protein sequences are similar to the Fab fragment of immunoglobulins and they 

contain clonally variable regions that determine antigen specificity. However, in contrast to 

antibodies, the α:β TCR can only function on a cell surface and can only recognize 

peptides that are presented on the MHC of other cells.[69] After binding to the MHC 

molecules, the TCR non-covalently associates with invariant CD3 subunits, CD3γ, CD3δ, 

CD3ε or CD3ζ (Figure 1). These subunits carry ITAMs, which are phosphorylated by 

Src-kinases and then serve as docking sites for other kinases.[70] They are therefore 

responsible for coupling antigen recognition to multiple signal transduction pathways.[71] 

 

Figure 1: CD3-TCR complex with their respective subunits and ITAMs 

CARs combine an antigen-recognition domain with an intracellular domain into a single 

chimeric protein.[66] The antigen-binding domain usually derives from the variable regions 

of the heavy (VH) and light (VL) chain of monoclonal antibodies (mAb), which are fused to 

generate the single-chain variable fragment (scFv).[72] They exhibit similar antigen 

specificity when compared to complete mAb while being much smaller. For intracellular 

signal transduction the antigen-binding domain is connected to a CD3ζ chain derived from 

the TCR complex.[73] The scFv and the intracellular signaling domain are linked by an 

extracellular hinge region and a transmembrane (TM) domain. 
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Figure 2: Structural composition of chimeric antigen receptors 

Over the years, CARs underwent constant development. The first generation of CARs 

only carries intracellular ITAMs, a CD3ζ- or FcRγ-domain. The second and third 

generation of CARs exhibit one or, respectively, two additional co-stimulatory domains 

such as CD28, CD134 (OX40) or CD137 (4-1BB). These intracellular signaling domains 

increase the in vivo persistence and proliferation of CAR-modified T cells.[66,74] Which of 

these domains is clinically superior has yet to be determined. So far CD28-based CAR 

constructs have shown higher cytotoxic potency while 4-1BB-based CARs usually persist 

longer in the in vivo setting (Figure 2).[75] Fourth and fifth generation CARs incorporate a 

third stimulatory signal or even an additional membrane receptor. They combine signaling 

of third generation CARs with various immunomodulatory cytokines that augment immune 

cell activation or provide resistance to the TME.[76] 

 

6.5.1 CAR T cells 

CAR-engineered T cells have demonstrated remarkable results in clinical and pre-clinical 

trials and, so far, CAR T cells are the only approved cellular CAR therapeutic. Their 

invention dates back to 1989, where Zelig Eshhar and colleagues performed the first 

redirection of T cell specificity through genetic engineering.[77] They replaced the 

extracellular α and β chain of a TCR with immunoglobulin variable heavy and variable light 

chains and demonstrated that this “T-body” showed effector function specific to the 

introduced immunoglobulin chains.[78] The next big milestone was crossed in 2017 when 

two autologous CD19-redirected CAR T cell therapies against diffuse large B cell 
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lymphoma (DLBCL), B-ALL and follicular lymphoma, namely tisagenlecleucel (Kymriah®, 

Novartis) and axicabtagene-ciloleucel (Yescarta®, Gilead), were approved by the FDA 

after merely completing phase II clinical trials. While tisagenlecleucel comprises a 4-1BB 

co-stimulatory domain, axicabtagene-ciloleucel utilizes a CD28 intracellular signaling 

domain. Both drugs produced outstanding clinical results inducing long-lasting remission 

in 80% of lymphoma patients.[79] To date, two more anti-CD19 CARs have been approved, 

Tecartus® (Gilead) and Breyanzi® (Juno Therapeutics), for the treatment of mantle cell 

lymphoma (MCL) and DLBCL, respectively. The most recent achievements in the CAR T 

cell field were the approvals of the first non-CD19-targeted therapeutics. Idecabtagene 

vicleucel (Abecma®, Bluebird Bio) and ciltacabtagene autoleucel (Carvykti®, Janssen), 

second generation CARs targeting the B cell maturation antigen (BCMA), are utilized to 

treat patients with relapsed and refractory multiple myeloma.[80,81] 

 

Table 1: FDA-approved CAR T cell therapies 

Brand name Target Signal domain Indication Approval date 

Kymriah CD19 41BB - CD3ζ 

Diffuse large B cell lymphoma 

Follicular lymphoma 

B cell precursor ALL 

Aug 30, 2017 

Yescarta CD19 CD28 - CD3ζ 
Diffuse large B-cell lymphoma 

Follicular lymphoma 
Oct 18, 2017 

Tecartus CD19 CD28 - CD3ζ 
Mantle cell lymphoma 

B cell precursor ALL 
Jul 24, 2020 

Breyanzi CD19 41BB - CD3ζ Diffuse large B-cell lymphoma Feb 05, 2021 

Abecma BCMA 41BB - CD3ζ Multiple myeloma Mar 26, 2021 

Carvykti BCMA 41BB - CD3ζ Multiple myeloma Feb 28, 2022 

 

Despite astonishing success rates, T cell-based CAR therapy still shows major 

drawbacks. Severe side effects such as neurotoxicity, affecting neural tissues, and 

cytokine release syndrome (CRS), a systemic inflammatory response affecting all organs, 

are frequently observed in patients receiving CAR T cell therapy. These potentially lethal 

conditions can develop due to overstimulation of immune cells and the resulting 

production of large amounts of cytokines such as IL-6 and IFN-γ.[82,83] CRS can be 

subdivided into five grades of severity and typical symptoms include but are not limited to 

hypotension, high fever and tachycardia. Standard treatment involves the application of 

competitive IL-6R agonists and corticosteroids for non-responsive patients.[84] 
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The manufacturing process of autologous CAR T cells requires the isolation of peripheral 

mononuclear blood cells (PBMCs) of, to some extent, heavily pre-treated patients. This 

pre-treatment with cytostatic drugs or radio therapy can significantly impair PBMC yield in 

terms of quantity as well as quality. Therefore, patients need to be treatment-free for two 

weeks before the isolation process.[85] In combination with the additional four weeks of 

CAR T cell manufacturing, survival time of patients is an important limitation. Moreover, 

production cost for a single CAR T cell therapy is extensive with prices of up to $350,000. 

Currently, these costs are just too high to be sustainable even for a socialized healthcare 

system.[86] On the other hand, generation of “off-the-shelf” allogeneic CAR T cells, 

CAR-engineered T cells from healthy donors, would always carry the risk of inducing 

graft-versus-host disease (GvHD) because the donor T cells could misidentify the host as 

“non-self” and cause potentially lethal side effects.[87] 

 

6.5.2 CAR NK cells 

In the context of the major drawbacks of CAR-engineered T cells, alternative cell sources 

for CAR modification are direly needed. NK cells provide an interesting approach as they 

are less likely to induce IL-6-mediated CRS or neurotoxic events, they provide multiple, 

antigen-independent mechanisms of cytotoxic function as well as the feasibility of “off-the-

shelf” manufacturing, where the final therapy product does not have to be produced 

individually for each patient.[55]  

NK cells usually display a different cytokine phenotype compared to T cells. While 

CAR T cells secrete a broad variety of interleukins, including the aforementioned IL-6, 

studies have shown that CAR NK cell activation predominantly leads to the production of 

IFN-γ or GM-CSF and is therefore far less likely to induce CRS.[88,89] Since these severe 

side effects significantly affect CAR T cell treatment costs, the lack of lengthy post-

treatment hospitalization severely lowers associated expenditure.[90] Moreover, the risk of 

on-target/off-tumor toxicity is low due to limited persistence of CAR NK cells and ex vivo 

expanded NK cells from an allogeneic source, in contrast to T cells, do not carry the risk 

of GvHD induction.[91,92] This enables CAR NK cells to be generated patient-independently 

from various sources such as PBMCs, umbilical cord blood (UCB) cells, hematopoietic 

progenitor cells (HPCs) and induced pluripotent stem cells (iPSCs) to be readily available 

for treatment.[93]  
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However, major obstacles for the application of CAR-engineered primary NK cells remain. 

Transduction efficiency with either, lentiviral as well as retroviral vectors has not 

generated satisfying results. Single-cell sorting and subsequent cultivation and expansion 

of primary immune cells is difficult and recovery after cryopreservation, which is 

mandatory for an “off-the-shelf” product, is poor with low cytotoxic function.[63] Thus, the 

majority of CAR NK cell studies, to date, have been performed with NK-92 cells which 

have demonstrated good transduction efficiencies with lentiviral CAR vectors. NK-92 cells 

are easily cryopreserved and expanded upon thawing without showing impairment of 

cytotoxic effect even after multiple freeze/thaw cycles. CAR-modified NK-92 cells can be 

easily generated in a GMP-compliant manner and expanded to high cell numbers to meet 

the clinical need, thus, severely reducing manufacturing time and associated costs.[94] 

Irradiation of CAR NK-92 cells impairs in vivo proliferation and persistence. Therefore, 

usually multiple infusions with an NK-92-based CAR product are required for treatment.[95] 

 

6.6 Adapter CAR technology 

To broaden the spectrum of possible immunotherapeutic targets for flexible 

CAR-engineered immune cell therapy, a universal adapter CAR was developed and 

evaluated during this thesis. The AdCAR is based on the unique properties of a novel 

scFv, mBio3, targeting a “neo”-epitope-like structure derived from the endogenous vitamin 

biotin, which can be linked to the Fc part of a mAb, mAb fragments or small molecules 

(SM).[96] Biotin, also known as vitamin H or B7, is a hydrophilic coenzyme which is 

essential to all lifeforms.[97] It is involved in gluconeogenesis, the synthesis of fatty acids 

and metabolism of amino acids.[98] Biotinylation of adapter molecules (AM) forms an 

irreversible amide bond with the antibody, thus, creating the “linker-label-epitope” (LLE) 

targeted by the AdCAR. Therefore, AdCAR-driven immune cell activation is the result of a 

two-step process: Specific target antigen recognition utilizing biotinylated antibodies (bAb) 

and CAR-mediated intracellular signal transduction upon LLE binding (Figure 2). The 

system allows precise quantitative (on-/off switch) as well as qualitative (change and 

combination of target antigen) fine-tuning of effector cell function. Other, comparable 

universal CAR approaches with T and also NK cells based on a FITC tag or the biotin-

streptavidin interaction have already demonstrated promising pre-clinical results.[99–101] 

These CAR systems, however, utilize the scFv-mediated recognition of non-physiological 
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AMs that are foreign to the human body and, thus, can potentially cause severe 

immunogenic reactions. 

 

Figure 3: Schematic representation of AdCAR NK-92 function and structure. (Grote et al., 2021) 

 

6.7 Data analysis 

All statistical analyses were performed with GraphPad Prism 8 software (GraphPad 

Software Inc., San Diego, CA, USA). While for the comparison of two experimental groups 

a standard t-test was utilized, the analysis of statistical significance between multiple 

groups was conducted using a one-way ANOVA test. Flow cytometry data were analyzed 

using FlowJo software V10.0.8 (FlowJo LLC., BD Biosciences, Franklin Lakes, NJ, USA). 
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7. AIM OF THE THESIS 

Personalized therapy of cancers has become increasingly attractive with deeper 

understanding of tumor biology. The recent clinical success of chimeric antigen 

receptor-modified T cells has demonstrated that CARs can be a robust tool to redirect and 

stimulate immune responses. In order to overcome the obstacles posed by classical CAR 

T cell therapy, an adapter CAR was developed that can tackle tumor immune evasion 

mechanisms with its inherent ability to target multiple antigens sequentially or even 

simultaneously. 

The primary aim of the present thesis was the successful generation, characterization and 

functional assessment of a powerful AdCAR-engineered NK cell product. In combining the 

universal applicability of the AdCAR with the flexibility of the first FDA-approved “off-the 

shelf” NK cell line NK-92, we aimed at generating a strong, universal “on-demand” cellular 

anti-cancer product. In the present thesis we sought to identify antigen structures on 

hematologic malignancies as well as solid tumors that can be targeted using already 

FDA-approved and clinically relevant antibodies. These antibodies can be easily modified 

to generate non-immunogenic adapter molecules that we utilized for the in-detail 

evaluation of AdCAR NK-92 cell therapy efficacy.  

The secondary aim of this thesis was to further characterize the benefits of NK-92 cells as 

CAR drivers. CD276-specific CAR-engineered NK-92 cells were generated to study 

CAR-mediated cytotoxicity in 3-dimensional tumor models that better mimic the more 

complex in vivo situation. Additionally, influences exerted by the TME, which have been 

demonstrated to hamper primary immune cell function, were assessed for the effect on 

CAR NK-92 cell efficacy. Finally, novel CRISPR/Cas9 technology was implemented in 

order to evaluate a potential enhancement of CAR NK-92 cell cytotoxicity. 
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8. RESULTS AND DISCUSSION 

8.1 Publication 1 

Adapter chimeric antigen receptor (AdCAR)-engineered NK-92 cells: an off-the-shelf 

cellular therapeutic for universal tumor targeting 

Adapter chimeric antigen receptor (AdCAR)-modified NK-92 cells can be manufactured as 

an “off-the-shelf, on-demand” standardized product whose effector function can be tightly 

regulated to provide a universal and cost-effective therapeutic option for safe and tunable 

targeting of lymphoma cells. 

In cooperation with Miltenyi Biotec, a special second generation adapter CAR for the 

transduction of the continuously expandable cell line NK-92 was generated that is based 

on the mAb “mBio3”-derived scFv targeting a “neo”-epitope-like structure consisting of the 

endogenous vitamin biotin in the context of monoclonal antibodies as linkers whose 

context is introduced in the patent application EP3315511A1.[96] It comprises an IgG4 

hinge domain, a CD8 transmembrane domain, CD28 co-stimulatory as well as CD3ζ 

signaling domains. For detection and enrichment of AdCAR-transduced NK-92 cells a 

truncated CD34 (tCD34) domain is co-expressed after a furin P2A site (Figure 1b). The 

P2A peptide is derived from the porcine teschovirus. In this case, it separates the chimeric 

antigen receptor and the CD34 tag during translation and leads to an equimolar 

expression. The AdCAR technology utilizes biotin-labeled antibodies (bAb) as adapter 

molecules (AM) to translate tumor specific antigen recognition into immune effector cell 

activation.  

The present study included the characterization of the newly generated AdCAR NK-92 cell 

line as well as its functional analysis. As a proof of principle, various commercially 

available lymphoma cell lines as well as primary patient-derived lymphoma cells were 

co-cultivated with AdCAR NK-92 cells in various settings to assess optimal AdCAR 

functionality. Furthermore, the secondary aim of this study was to examine the potential of 

AdCAR NK-92 cells to counteract tumor evasion strategies. 

Successfully transduced NK-92 cells were single-cell sorted and, since we found that CAR 

expression was proportional to CAR-mediated cytotoxic efficacy, the clone that was 

screened for the highest CAR expression as well as for highest viability was utilized for 

further experiments. AdCAR NK-92 cells showed stable AdCAR surface expression for at 
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least 150 days after cell sorting (Figure 2b) with an average viability of >90%. Importantly, 

cell proliferation rate was not impaired by the transduction process (Figure 2c).  

Further characterization of AdCAR NK-92 cells was conducted by flow cytometric analysis 

of the NK cell receptor profile as well as important immune checkpoint receptors in 

comparison to untransduced NK-92 parental cells as well as primary NK cells from three 

healthy donors. Compared to primary NK cells, the NK-92 and AdCAR NK-92 cells used 

in this thesis showed lower expression of DNAM-1 (CD226), one of the main activating 

NK receptors. Another important activating receptor, NKG2D (CD314), was almost 

completely absent on AdCAR NK-92 cells. Furthermore, AdCAR-transduced NK-92 cells 

displayed very high expression of KIR2DL2/DL3 (CD158b), a member of the killer cell 

immunoglobulin-like receptor (KIR) family recognizing the human HLA-C1/2 peptide, and 

thus, inhibiting NK effector function. Interestingly, NKp80, an activation receptor on all 

activated NK cells, which induces NK cell mediated cytotoxicity and cytokine production, 

was only present on the isolated NK cells and not on NK-92 cells (Figure 2d). AdCAR 

NK-92 immune checkpoint receptor expression profile was similar compared to primary 

NK cells and parental NK-92 cells (Figure 2e). 

For functional analysis of AdCAR NK-92 cells, lymphoma cell lines Raji, Daudi and JeKo-1 

were immunophenotyped using flow cytometry. They were screened for the expression of 

various lymphoma antigens (Table 1) and, subsequently, utilized as target cells in 

cytotoxicity assays and co-incubated with AdCAR-transduced as well as parental NK-92 

cells in various effector-to-target ratios. AdCAR-mediated cytolysis of all lymphoma cell 

lines was significantly increased within two hours upon addition of bAb targeting highly 

expressed antigens at different titrated concentrations (Figure 3d & f). The absence of 

either the bAb or its correspondent target antigen completely prevented AdCAR activity. 

NK-92 cytotoxicity and antigen expression levels (median fluorescence intensity, MFI) 

correlated significantly (Figure 3e). Since AdCAR NK-92 cells induced cellular cytotoxicity 

in a bAb dose-dependent manner (Figure 3a), a bAb concentration of 100 ng/ml, which 

delivered the best results, was chosen for all functional AdCAR NK-92 experiments. 

Altering antibody concentration decreased the respective AdCAR NK-92-mediated 

cytolysis. Also, contrary to primary NK cells, AdCAR NK-92 cells lack CD16 (FcγRIII) 

expression and cannot be retargeted by IgG1 antibodies.[62] Therefore, AdCAR-mediated 

cytotoxic effect is specific and tunable, and formation of the immunological synapse is 

directly controlled by bAb titration. Unbound human biotin, even at supraphysiological 

levels did not interfere with AdCAR function (Figure 3b). AdCAR NK-92 cells also showed 
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increased cytolysis of patient-derived tumor cells that had been previously isolated from 

blood samples from one patient diagnosed with a hematogenously disseminated MCL and 

three patients with CLL. MCL and CLL cells were immunophenotyped (Table 2) and co-

incubated with AdCAR NK-92 cells in the presence or absence of a bCD19 or bCD20 AM 

(Figure 6a-d). Irradiation of NK-92 cells with 10 Gy prior to testing, as required in all 

clinical trials, had no significant effect on target cell lysis when AdCAR NK-92 cells were 

used immediately after irradiation. However, AdCAR NK-92 cells gradually lost effector 

function and underwent apoptosis over the course of 24-72 hours (Figure 3g), thus, 

preventing permanent engraftment of NK-92 cells without the need of a safety switch as 

suggested for CAR T cells in the clinical setting.[102] It has been shown that irradiated CAR 

NK-92 cells can safely be administered multiple times to further increase efficiency.[103] 

Importantly, AdCAR NK-92 cells demonstrated no fratricide of parental NK-92 cells upon 

co-incubation with a biotinylated CD56 antibody. 

Next, AdCAR NK-92 cells were screened for the secretion of a variety of cytokines 

released during cytolysis. Multiple cytokines, such as IL-10 (36-fold; p<0.0004), granulysin 

(27-fold; p<0.002), IFN-γ (65-fold; p<0.01), MCP-1 (40-fold; p<0.04) and TNF-α (28-fold; 

p<0.0002), were significantly increased after co-incubation of AdCAR NK-92 cells with 

lymphoma cells. Elevated levels were only detectable upon AdCAR induction via specific 

biotinylated antibodies. NK-92 cells alone showed medium basal secretion of the NK cell 

effector molecules granzyme B and perforin which was further augmented after AdCAR 

activation (2.2-fold and 1.3-fold, respectively) but did not reach statistical significance 

(Figure 3h). TNF-related apoptosis-inducing ligand (TRAIL, CD253) upregulation on 

AdCAR NK 92 cells could be observed after co-incubation with Raji cells and bCD19 for 

6 hours using flow cytometry (MFI: AdCAR NK-92 only: 2.08 ± 0.18; AdCAR NK-92 + Raji: 

2.36 ± 0.06; AdCAR NK-92 + Raji + bCD19: 4.48 ± 0.29) while expression of Fas ligand 

(FasL, CD178), another important apoptosis-inducing transmembrane protein, was not 

elevated (Figure 3i). 

We also tested whether AdCAR activation by co-incubation with lymphoma cells would 

permanently decreases cytotoxic effector function of AdCAR NK-92 cells due to immune 

exhaustion. AdCAR NK-92 cells were co-incubated with Raji cells and a bCD19 AM for 

various time points and screened for the expression of immune checkpoint receptors, 

whose increased expression has been shown to be responsible for decreased immune 

effector function, at indicated time points (Figure 5b). Only CD96 (TACTILE), CD223 

(LAG-3) and CD366 (TIM-3) were significantly elevated with peak expression levels after 
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24 hours of stimulation. AdCAR NK-92 cells were then subjected to continuous re-

stimulation by addition of fresh lymphoma cells every 24 hours for a total of 72 hours and 

again screened for immune checkpoint receptor expression. Slightly elevated CD96 

expression levels could be observed, while CD223 and CD366 were moderately 

increased. For functional testing, we compared the continuously re-stimulated AdCAR 

NK-92 cells with unstimulated control AdCAR NK-92 cells using Raji cells as target and 

bCD19 as well as bCD20 as adapter molecules (Figure 5c). We found no significant 

decrease in CAR-mediated cytotoxic effector function after re-stimulation. Thus, AdCAR 

NK 92 cells did not show relevant signs of exhaustion even after multiple killing events. 

In previous CAR T cell studies targeting CD19 in leukemia and lymphoma, patients tumor 

cells reacted to therapy by down-regulation of CD19.[82,104,105] Using a JeKo-1 antigen-loss 

model AdCAR NK-92 cells demonstrated their ability to target multiple antigens 

simultaneously and react to tumor antigen loss by switching target structures simply 

utilizing a different bAb while retaining therapeutic efficacy. JeKo-1 CD19 and/or CD20 

knockout (KO) cell lines were mixed at an equal ratio and subsequently co-incubated with 

AdCAR NK-92 cells in the presence or absence of bCD19 and/or bCD20 antibodies. 

Addition of AdCAR NK-92 cells alone to the JeKo-1 target cell mix did not decrease target 

cell count or alter the ratio of the respective subpopulations. However, co-incubation with 

specific biotinylated antibodies induced AdCAR-mediated lysis of respectively antigen 

positive subpopulations while the antigen negative subpopulations were spared 

(Figure 4a). With the combination of bCD19 and bCD20, AdCAR NK-92 cells almost 

completely eradicated CD19+ and CD20+ JeKo-1 cells (Figure 4b). Thus, AdCAR NK-92 

cells specifically lyse tumor cells only in the presence of a bAb targeting an antigen that is 

expressed on the surface of the tumor cell. If tumor cells down-regulate antigen 

expression levels in response to immune therapy, AdCAR NK-92-mediated activity can 

easily be retained by switching target antigens through the addition of a different bAb. 

AdCAR NK-92 cells can be manufactured as an “off-the-shelf, on-demand” standardized 

product whose effector function can be tightly regulated. They may provide a universal 

and cost-effective therapeutic option for safe and tunable targeting of malignant cells. This 

study proved that biotinylation of already FDA-approved antibodies such as rituximab 

(anti-CD20) is capable of creating functional AM for AdCAR NK-92 therapy, thus, 

facilitating translation into clinical settings. 
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8.2 Publication 2 

Adapter chimeric antigen receptor (AdCAR)-engineered NK-92 cells for the 

multiplex targeting of bone metastases 

CAR T cells have demonstrated tremendous clinical success in treating hematological 

malignancies. However, CAR-mediated immunotherapy of solid tumors, so far, has only 

had limited effectivity due to the lack of reliable target structures and phenotypic tumor 

plasticity. “Off-the-shelf” AdCAR NK-92 cells display robust anti-tumor activity against 

cancers metastasizing to the bone. They can overcome typical obstacles in solid tumor 

immunotherapy through the utilization of clinically approved, therapeutic antibodies as 

exchangeable adapter molecules which, in turn, facilitates clinical translation. 

The present study assesses AdCAR NK-92-mediated anti-tumor efficacy against solid 

tumors and is a direct extension of the previous AdCAR study that was focused on the 

generation and characterization of the AdCAR-modified NK-92 cell line (Publication 1). To 

this day, standard therapeutic approaches, such as surgery, chemotherapy or radiation 

therapy, only show mediocre success in preventing or treating bone metastatic disease. 

The complexity and heterogeneity of solid tumors in conjunction with therapeutic 

resistance of dormant tumor cells make bone metastasis one of the most common causes 

of cancer-related mortality.[27] The difficulty for modern immunotherapy remains finding 

suitable target structures that enable a specific anti-tumor response while sparing healthy 

tissue.  

Tumor cell lines were newly established utilizing outgrowth cultures of tumor material from 

resected bone metastases that were provided by the Department of Orthopedic Surgery, 

University Hospital Tuebingen (UKT) (Table 1). The cell line panel comprises a mammary, 

renal cell and colon carcinoma as well as a melanoma cell line. They were authenticated, 

characterized and subsequently utilized as target cells for evaluation of AdCAR NK-92 

cell-mediated targeting of solid tumors. The secondary aim of the study was to develop 

and assess ideas for clinical implementation of AdCAR NK-92 therapy. 

For the present study, we utilized a small panel of potential target antigens that are 

commonly found in solid tumors and are targeted by already FDA-approved therapeutic 

antibodies. We utilized respective bAb against these antigens for flow cytometric 

characterization of the four different bone metastatic cell lines (Figure 1 and Table 2). 
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Phenotypes varied greatly throughout the different tumor entities. Interestingly, all cell 

lines shared ubiquitous expression of CD276, an immune checkpoint molecule of the B7 

family. For each cell line, the four different antigens with the highest respective surface 

expression levels were chosen to serve as target structures for AdCAR NK-92 cell 

treatment since we have previously shown that antigen expression correlated with 

AdCAR-mediated cytolysis.[106] Next, we further characterized the tumor cell lines by flow 

cytometric assessment of NK ligand expression (Table 3). Equivalently, cell lines 

demonstrated a very heterogeneous expression profile. The NK ligand HLA-ABC, for 

instance, was completely absent on the colon carcinoma MCK83 while the renal cell 

carcinoma MAC, the mammary carcinoma MAM and the melanoma MeGa17 expressed it 

abundantly. 

For functional evaluation of AdCAR NK-92 cells, they were co-incubated with 

calcein-labeled tumor cell lines for two hours (Figure 2). AdCAR-mediated cytotoxicity was 

significantly increased against all bone metastatic cell lines, but only in the presence of a 

bAb targeting one of the previously selected antigens. AdCAR NK-92 cells without bAb or 

in combination with a bAb targeting antigens that were not expressed by the tumor cells 

did not show considerable tumor lysis. Findings were further underscored by the use of 

the xCELLigence real-time cell analysis system. Tumor cell lines were seeded and 

impedance was measured continuously, thereby tracking tumor cell growth or death over 

time (Figure 3). The dimensionless cell index is proportional to adherent and therefore 

viable tumor cells. Addition of AdCAR NK-92 cells alone to the tumor cells did not 

significantly impair tumor growth. Only the addition of specific bAb elicited a strong 

AdCAR-mediated immune cell response and significant tumor cell lysis could be 

demonstrated within four hours. Importantly, no long-term tumor regrowth was observed 

with adapter molecules targeting highly expressed antigens. As a next step, we 

established a cytokine secretion profile to screen for NK cell effector molecules and to 

further characterize AdCAR NK-92 cell-mediated tumor lysis (Figure 4). Therefore, 

AdCAR-modified as well as parental NK-92 cells were co-incubated with the renal cell 

carcinoma cell line MAC in the presence or absence of a specific bAb for 6 hours and the 

supernatant was harvested and subsequently analyzed using a Bio-Plex Pro human 

cytokine 17-plex assay. Among others, enhanced secretion of granulysin (24-fold; 

p<0.0006) and granzyme B (6-fold, p<0.0001) as well as IFN-γ (10-fold; p<0.0009) and 

TNF-α (32-fold; p<0.0001) was detectable, but only in the presence of a biotinylated 

EGFR antibody. The secretion of granulysin and granzyme B may directly account for 
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increased tumor lysis. IFN-γ and TNF-α stimulate the endogenous immune system and 

can indirectly enhance anti-tumor activity in the clinical setting. 

Cellular immunotherapy in vitro studies mainly focus on tumor cell monolayer culture 

systems, thus, only allowing for limited validity in the translation process to the in vivo 

situation. We, therefore, established a three-dimensional spheroid tumor model using 

GFP-transduced tumor cells to evaluate AdCAR-specific intratumoral functionality 

(Figure 5). Tumor spheroids were co-incubated with AdCAR NK-92 cells and fluorescence 

signal was measured using the Celigo S imaging cytometer. Compared to control 

spheroids, AdCAR NK-92 cells in the presence of specific biotinylated antibodies 

demonstrated significantly increased cytotoxicity of up to 81% after 48 hours and up to 

93% after 96 hours, thus proving AdCAR NK-92 cell functionality and effectivity in a 

three-dimensional setting that can help bridge the gap towards in vivo studies. 

In this study, we demonstrated that CAR-modification of the NK-92 cell line with our 

AdCAR system can enable promising therapeutic opportunities for the treatment of a 

variety of metastatic tumor entities. Although future research needs to evaluate the 

therapeutic potential of AdCAR NK-92 cells in pre-clinical in vivo and clinical settings, 

results reported throughout the present study seem promising. For clinical translation, 

tumor samples from bone marrow biopsies or surgery can be screened for possible target 

structures using a standardized flow cytometric panel, as presented in this study, or by 

ultra-high content imaging. AdCAR NK-92 cells can be expanded as a well-characterized 

GMP-compliant master cell bank in a batch culture and individually scaled according to 

treatment doses and number of patients. Biotinylation of clinically approved antibodies 

provides adapter molecules with a known safety profile. They can be applied 

simultaneously or consecutively to treat highly heterogeneous tumors and counteract 

tumor antigen evasion strategies.  

In summary, AdCAR NK-92 cells combine “off-the-shelf” availability with personalized and 

controllable elimination of tumor cells, thus, establishing a potent cellular product with 

universal applicability and quick clinical translation potential for the treatment of solid 

tumors. 

 

8.3 Publication 3 

CD276 as a novel CAR NK-92 therapeutic target for neuroblastoma 
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The immune checkpoint molecule B7-H3 (CD276) is a promising target structure for 

CAR-engineered NK-92 cell-based immunotherapy of pediatric NB. CD276-CAR NK-92 

cells can be produced as a readily available “off-the-shelf” cellular product in a 

GMP-compliant and affordable fashion for the treatment of high-risk NB and potentially 

other solid cancers. 

NB is a pediatric tumor derived from sympathoadrenal progenitor cells within the neural 

crest. As the most common extracranial neoplasm in childhood it accounts for 8-10% of all 

pediatric malignancies and more than 15% of cancer-related deaths in children are 

caused by NB.[107,108] Standard of care treatment for NB includes surgical removal, radio- 

and chemotherapy as well as adjuvant autologous stem cell transplantation.[22] Modern 

immunotherapeutic approaches include the use of mAb targeting the disialoganglioside 

GD2.[23] However, despite multi-factor therapy, overall survival of patients suffering from 

high-risk NB, which is characterized by spontaneous relapse, metastatic development and 

drug resistance, is below 50%.[109] Novel therapeutic options that tackle the major 

obstacles of solid tumor, and especially NB, therapy are urgently needed. 

For solid tumors, one of the major challenges is the lack of a real tumor-specific antigen. 

Abundant surface expression of an antigen that is associated with a tumor entity but is 

also expressed on normal tissue could increase the risk of unwanted on-target off-tumor 

toxicities.[110] Furthermore, antigen expression within a tumor is often heterogeneous and 

most antigens are not broadly expressed across different tumor entities. 

CD276 is an immune checkpoint molecule that plays a pivotal role in regulation of the 

innate and adaptive immune response and recently emerged as a prognostic marker for 

various solid tumors.[111–114] It was previously reported that CD276 mRNA is ubiquitously 

expressed in a variety of cells. Immunohistochemical (IHC) analysis, however, only 

showed weak or absent CD276 protein expression in normal tissue but high expression 

levels in solid tumors.[115] In this study, we analyzed various commercially available NB 

cell lines for the expression of CD276 using flow cytometry (Figure 2a). We found that all 

examined NB cell lines abundantly expressed CD276 on their surface. Next, 

formalin-fixed, paraffin-embedded NB tissue sections of patients with aggressive and/or 

recurrent disease were stained for CD276 expression using IHC. Four out of five samples 

showed a moderate or high cytoplasmic as well as surface membrane expression of 

CD276 (Figure 1).  
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To date, CD276 has been examined as target structure for various therapeutic 

approaches in pre-clinical and early phase clinical trials. One of the most promising 

antibody candidates is the radioactive, 131 iodine-labeled anti-CD276 mAb omburtamab 

that received FDA’s breakthrough therapy designation in 2017 for the treatment of NB 

associated CNS metastases.  

CD276-specific CAR T cells have shown promising results in pre-clinical trials assessing 

efficacy for the treatment of a variety of adult as well as pediatric tumors, including brain 

tumors, gastrointestinal carcinoma and melanoma.[116–119] Clinical CD276-CAR T cell 

studies are mainly in their early stages and no active trial focuses specifically on the 

treatment of NB. The majority of clinical CAR T cell studies on NB spotlight 

disialoganglioside GD2 as target structure. While GD2-CAR T cells have shown promising 

results in treatment of NB, several obstacles remain.[120] One of the major drawbacks of 

CAR T cell therapy is the occurrence of severe side effects such as neurotoxicity or 

cytokine release syndrome (CRS). Pre-clinical in vivo studies showed the induction of fatal 

neurotoxic events after treatment of NB with GD2-specific CAR T cells.[121,122] Moreover, 

autologous CAR T cells are generated from isolated peripheral blood lymphocytes. Here, 

isolation yield, transduction efficiency, T cell subtype distribution, and activation state can 

vary greatly, affecting overall product composition and quality. 

As an alternative effector cell source, NK cells have become increasingly popular due to 

their innate potent anti-tumor activity and distinct safety profile in the allogeneic setting. 

Recently, CAR-modified primary NK cells targeting CD19 in patients with relapsed or 

refractory NHL or CLL demonstrated good clinical response without the induction of 

typical CAR T cell-associated side effects.[123] However, since genetic modification of 

primary NK cells is problematic with low transfection efficiencies and varying CAR 

functionality, the majority of CAR NK cell studies have been performed with the NK-92 

cells.[124] 

In the present study, we introduced a second generation CD276-targeting chimeric 

antigen receptor with a CD28 co-stimulatory domain to the NK-92 cell line. The 

anti-CD276 scFv is derived from clone “m851”. Truncated CD34 is co-expressed as 

marker gene (Figure 3a). After transduction, cells were sorted using flow cytometry and 

multiple single-cell clones were cultivated and expanded. The population with the highest 

CAR expression was chosen for further experiments. Over the course of more than six 

months, CAR expression levels as well as NK-92 cell proliferation and viability remained 

stable (Figure 3b-d). 
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For further characterization CD276-CAR NK-92 cells were screened for the expression of 

a variety of activating and inhibitory NK cell receptors, as well as immune checkpoint 

molecules and chemokine receptors using flow cytometry, and compared to parental 

NK-92 cells as well as isolated primary NK cells (Figure 4a-c). 

Compared to primary NK cells, CD276-CAR NK-92 cells showed slightly lower expression 

levels of DNAM-1 (CD226) and similar levels of NKG2D (CD314), two of the main 

activating NK receptors. Moreover, CD276-CAR NK-92 cells displayed high expression of 

CD94 and NKG2A (CD159a), two membrane receptors that form an immune checkpoint 

complex recognizing the human HLA-E peptide, which is often elevated in solid tumors, 

including the NB cell lines used in this study (Figure 2b).[125] Binding of CD94/NKG2A to 

HLA-E was shown to inhibit NK effector function in various tumor entities.[126] Expression 

of other immune checkpoint molecules, such as PD-1, TIM-3 or TIGIT, was not elevated in 

CD276-CAR NK-92 cells, compared to isolated NK cells. Also, CD276-CAR NK-92 cells 

as well as primary NK cells showed the expression of three major chemokine receptors, 

CD183 (CXCR3), CD184 (CXCR4) and CD197 (CCR7), which play a pivotal role in 

immune cell mobilization and trafficking. 

For functional analysis CD276-CAR NK-92 cells were co-incubated with NB cell lines. 

Compared to parental NK-92 cells, specific lysis of NB cells significantly increased up to 

80% after two hours (Figure 5a). Importantly, CD276-CAR NK-92 cells demonstrated 

target specificity since they did not induce any CAR-mediated lysis of the CD276-negative 

control cell line KG1a. Irradiation with 10 Gy immediately prior to application, as required 

in all clinical trials with NK-92 cells to fully inhibit proliferation, did not show impairment of 

CAR-mediated NB cell lysis. Over time, CD276-CAR NK 92 cells gradually underwent 

apoptosis and, subsequently, lost effector function (Figure 5b). Applicability of irradiated 

CAR NK-92 cells was already demonstrated in various in vivo xenograft models.[103,127,128] 

Using the xCELLigence real-time live cell analysis system, we confirmed that CD276-CAR 

NK-92 cells were able to induce strong, specific cytotoxicity of NB cell lines within the first 

two hours of application (Figure 5c). Moreover, CD276-CAR NK-92 cells were capable of 

eliminating a sufficient amount of NB cells to fully prevent tumor regrowth. Here, utilization 

of irradiated CD276-CAR NK-92 cells did not impair their cytotoxic efficacy and, likewise, 

did not allow for tumor regrowth. To further characterize CD276-CAR NK-92 function, a 

cytokine secretion profile was established to screen for the secretion of important 

cytokines during cytolysis, including NK cell effector molecules (Figure 5d). Upon addition 

of NB cells, compared to parental NK-92 cells, CD276-CAR NK-92 cells showed elevated 
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secretion of various interleukins as well as the pro-inflammatory molecules IFN-γ and 

TNF-α, which stimulates the immune system and indirectly enhance anti-tumor activity.[92] 

CAR-mediated NK cell effector function was based on perforin secretion but not 

granulysin or granzyme B release. Importantly, no elevated levels of IL-6, one of the 

driving forces of CRS induction, were detectable, thus, underscoring previous in vivo and 

clinical studies that found no induction of severe side effects, such as neurotoxicity or 

CRS, upon CAR NK-92 cell application.[64] 

Since the assessment of NK effector function in classical in vitro assays is usually based 

on tumor cell monolayer culture systems, we developed a three-dimensional NB cell 

culture model, which is physiologically more relevant and predictive, thus, bridging the gap 

between in vitro and in vivo models.[129] Three-dimensional cultures of GFP-transduced 

NB cell lines were grown for four days and spheroid fluorescence was tracked using the 

Celigo S imaging cytometer. To evaluate cytotoxic potential of CD276-CAR NK-92 cells, 

they were co-incubated with NB spheroids and monitored for over 96 hours (Figure 6a-c). 

Compared to parental NK-92 cells, CAR NK-92 cells were able to efficiently lyse 

three-dimensional NB spheroids within 48-72 hours. Only for one cell line, CAR-mediated 

cytotoxicity was not sufficient to eradicate the spheroid over the given time period. In 

addition, we assessed whether γ-irradiation of CD276-CAR NK-92 cells prior to the 

experiment had a negative impact on NB spheroid lysis. Integrated fluorescence intensity 

of spheroids co-incubated with irradiated effector cells was decreased significantly less 

after 24 hours, compared to a non-irradiated control. However, by increasing 

effector-to-target (E:T) ratio, irradiated CD276-CAR NK-92 cells were able to completely 

lyse NB spheroids in a time frame comparable to non-irradiated CD276-CAR NK-92 cells 

(Figure 6d). Furthermore, introduction of fresh CD276-CAR NK-92 cells by sequential 

addition of irradiated effector cells increased CAR-mediated cytotoxic effector function and 

expanded the therapeutic window (Figure 6e). Subsequent steps for evaluation of 

CD276-CAR NK-92 cell function will include pre-clinical in vivo models and the 

assessment of CAR NK-92 cells in the context of the immunosuppressive TME.  

In this study, we have generated CAR-modified NK-92 cells targeting the pan-cancer 

antigen CD276. The cells have shown efficient eradication of NB cell lines in in vitro 

monolayer cell cultures as well as three-dimensional spheroid models. CD276-CAR 

NK-92 cells may provide a powerful, novel “off the shelf” treatment option for high-risk NB 

and potentially other solid tumor entities. 
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8.4 Publication 4 

In vitro Evaluation of CD276-CAR NK-92 Functionality, Migration and Invasion 

Potential in the Presence of Immune Inhibitory Factors of the Tumor 

Microenvironment 

Genetic engineering of primary immune cells with CARs has generated powerful tools for 

adjuvant immunotherapy of hematological as well as solid malignancies. One of the major 

obstacles of solid tumor therapy, however, is the immunosuppressive tumor 

microenvironment that significantly impairs efficacy of CAR T as well as CAR NK cell 

treatment approaches.  

In the present study, we report that combining the positive features of a CD276-CAR with 

the well-characterized NK-92 cell line generates a powerful cellular product with a strong 

resilience to some of the most prominent negative factors exerted by the TME that can be 

easily manufactured under GMP guidelines as a readily available, “off-the-shelf” treatment 

option for melanoma. 

Malignant cutaneous melanoma is a highly aggressive tumor that, although it only 

accounts for around 4% of all skin cancers, is more lethal than any other skin cancer.[1,130] 

Clinical prognosis for patients diagnosed with early-stage melanoma is generally 

favorable. Outcome for patients with metastatic disease, however, is very poor with a 

five-year survival rate of approximately 10%.[17] Novel therapy options with protein kinase 

inhibitors targeting specific driver mutations and immune checkpoint inhibitors blocking the 

CTLA-4 and/or PD-1 signaling axis have revolutionized treatment of patients with 

advanced melanoma.[131] Non-responsiveness or acquired resistance to targeted therapy 

can be attributed to various tumor evasion mechanisms that also involve the highly 

immunosuppressive TME.[132,133] The TME consists of a variety of cells such as 

tumor-associated fibroblasts, macrophages, dendritic cells, neutrophils, Tregs and MDSCs 

as well as extracellular matrix (ECM) and secreted or cell membrane-presented 

molecules. The immunosuppressive properties of the TME allow tumor cells to escape 

immune-surveillance by impairing immune cell infiltration and cytotoxic effector function, 

thus supporting tumor growth and metastatic development.[30] CAR modification of primary 

immune cells has been shown to significantly boost immune effector function in solid 

malignancies, including melanoma.[134,135] However, major obstacles, such as the lack of 
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tumor specific antigens, the aforementioned hostile TME as well as insufficient immune 

cell homing and infiltration, still remain. Therefore, new advanced treatment strategies for 

therapy-resistant or metastatic melanoma are urgently needed. 

CD276 (B7-H3) has recently emerged as a potential target structure. The immune 

checkpoint molecule is reported to be aberrantly overexpressed in solid tumors, including 

melanoma, while expression in normal tissue is rather weak.[112] In the present study, we 

have analyzed multiple commercially available melanoma cell lines for their CD276 

expression levels using flow cytometry. All melanoma cell lines that were screened 

showed uniform abundance of CD276 surface expression (Figure 1).  

In an earlier study, we have generated a CAR-modified NK-92 cell line targeting CD276 

and successfully demonstrated its strong cytotoxic effector function against NB cells in 

vitro.[136] The primary goal of the present study was to broaden the potential therapeutic 

spectrum of CD276-CAR NK-92 cells and to evaluate whether melanoma cells can be 

successfully targeted as well. Secondly, we assessed whether CAR NK-92 cell-based 

immunotherapy can overcome obstacles posed by the TME in melanoma and lastly, we 

sought to increase cytotoxic immune cell function of CD276-CAR NK-92 cells by knocking 

out one of the few inhibitory NK cell receptors expressed by the NK-92 cell line, NKG2A 

(CD159a), using CRISPR/Cas9 technology. 

Three out of the eight melanoma cell lines that were screened for CD276 expression, 

FM-3, Mel-Juso and WM115, were chosen as proof of principle for functional analysis of 

CD276-CAR NK-92 cells. The cell lines were first characterized for the surface expression 

of a variety of important NK cell ligands (Table 1) and, subsequently, co-incubated with 

the CAR NK-92 cells. After two hours upon co-incubation, significantly elevated 

CD276-CAR-mediated cytotoxicity could be demonstrated in vitro (Figure 2a-c). Even at 

low E:T ratios, up to 70% of the melanoma cells were lysed. Monitoring of tumor cell 

growth with the xCELLigence RTCA system demonstrated that upon addition of 

CD276-CAR NK-92 cells, immune effector function that occurred within the first two to 

three hours was sufficient to fully prevent tumor regrowth over a much longer period of 

time (Figure 2d-f). Moreover, irradiation of NK-92 cells did not significantly impact 

cytotoxicity. Furthermore, we underscored earlier studies by demonstrating that 

NK effector function was mainly carried out by release of cytotoxic granules with 

granulysin, granzyme B and perforin, whereas no induction of apoptosis occurred via 

FasL and TRAIL upregulation (Figure 2g-h).[106,136] 
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Utilizing a spheroid model, we assessed whether CD276-CAR NK-92 cells are equally 

effective in targeting three-dimensional melanoma cell cultures that can better mimic the 

in vivo situation and are therefore physiologically more relevant and predictive than 

standard two-dimensional cell culture assays (Figure 4).[129,137] Compared to parental 

NK-92 cells, CAR-engineered NK-92 cells were able to significantly increase tumor lysis of 

all melanoma spheroids and full eradication of one of the cell lines could be observed after 

only 48 hours. Interestingly, untransduced NK-92 cells seem to be able to effectively 

infiltrate tumor spheroids without the induction of specific tumor cell lysis. CD276-CAR 

NK-92 cells, however, demonstrated their high cytotoxic potential by lysing tumor 

spheroids from the outside, indicating that lysis of the spheroids is not dependent on 

complete infiltration (Figure 6a). 

During melanoma progression, elevated levels of growth factor secretion and the 

subsequent growth of additional fibrous tissue surrounding the tumor site impair immune 

cell migration. To enhance immune cell migration, melanoma spheroids were 

supplemented with soluble C-X-C motif chemokine 12 (CXCL12), a highly effective 

chemoattractant expressed in, among others, melanoma cells which binds the C-X-C 

chemokine receptor type 4 (CXCR-4) that is expressed in NK-92 cells.[136,138] We could 

demonstrate that CD276-CAR NK-92 cells are able to successfully migrate through small 

pores of a trans-well system while retaining their cytotoxic efficacy (Figure 6b). The 

pre-treatment of NK-92 cells with prostaglandin E2 (PGE2), in contrast to primary NK cells, 

did not impair migration or cytotoxic potential.[139] 

The second aim of this study was to evaluate whether CD276-CAR NK-92 cells can 

overcome known factors of the TME, which have been shown to negatively affect 

cytotoxic potential of immune cells, including primary NK cells. The predominantly hypoxic 

and acidic conditions in the TME in combination with an anti-inflammatory cytokine milieu 

consisting of, among others, TGFβ can significantly impair CAR-mediated effector 

function.[140–142] 

The hypoxic environment within solid tumors has been shown to downregulate activating 

NK cell receptors as well as the secretion of NK effector molecules such as perforin and 

granzyme B.[143,144] Hypoxic culture conditions for a short period of time reduced 

CD276-CAR NK-92 cell viability by approximately 30%. When NK-92 cells were deprived 

of oxygen for longer time periods, NK-92 cell viability was decreased up to 80%. 

Decreased viability of CAR NK-92 cells was proportional to reduced cytotoxic effector 

function (Figure 3a-c). Since NK-92 cells have to be irradiated for clinical use to prevent 
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uncontrolled in vivo proliferation and effective cytotoxicity is restricted to a 48-72 hour time 

window after irradiation, decreased immune effector function induced by long-term 

exposure to hypoxia (>72 hours) should not be a critical issue. 

Soluble factors such as TGFβ not only play a pivotal role in metastasis formation and 

tumor escape during immunotherapy.[145,146] Elevated levels of TGFβ have been linked to 

upregulated expression of inhibitory receptors, downregulated expression of activating 

receptors and reduced immune effector function in primary NK cells.[36,37,147] CD276-CAR 

NK-92 cells did not show any significant decrease of CAR-mediated cytotoxicity after 

treatment with high concentrations of TGFβ even at low E:T ratios, which suggests that, in 

contrast to CAR NK cells, TGFβ seems to have no negative effect on CD276-CAR 

NK-92-mediated tumor lysis (Figure 3d-f). The acidic environment within tumors is caused 

by the induction of metabolic enzymes such as indoleamine 2,3-dioxygenase (IDO) and 

the increased secretion of lactate. Acidity in tumors has been associated with inhibited 

proliferation and reduced cytotoxicity of NK cells.[148,149] In contrast to primary NK cells, 

CD276-CAR NK-92 cells did not show impaired cytotoxicity or proliferation after 

pre-treatment with high concentrations of sodium L-lactate (Figure 3g-i). Lastly, we 

assessed whether treatment with soluble factors secreted by melanoma cells, such as 

TGFβ, IL-10, IDO, nitric oxide (NO) and prostaglandins, could also weaken immune 

effector function of NK-92 cells. These molecules are regularly secreted by tumor cells, 

especially melanoma, and have been shown to induce an immunosuppressive phenotype 

in primary immune cells.[150–152] Cultivation of NK-92 cells in cell culture supernatants that 

were harvested from fibroblasts and cancer-associated fibroblasts (CAF), that play a 

pivotal role in tumor neo-vascularization, had no significant impact on CAR-mediated 

tumor lysis while melanoma supernatants only slightly affected CD276-CAR NK-92 cell 

function (Figure 3j-o).[153,154]  

Lastly, we assessed whether a pre-incubation under hypoxic conditions, in low pH 

environment, in melanoma cell culture supernatant or various combinations thereof could 

impair CD276-CAR NK-92 cytotoxic function against melanoma spheroids. Fluorescence 

images of the melanoma spheroids were taken regularly over 96 hours (Figure 5a-b) and 

integrated fluorescence intensity of spheroids co-incubated with NK-92 cells was 

compared to untreated control spheroids (Figure 5c-d). Interestingly, incubation in low pH 

slightly delayed CAR-mediated cytotoxicity. However, after 48 to 72 hours all spheroids 

co-incubated with CD276-CAR NK-92 cells, regardless of the respective pre-incubation, 

were completely eradicated and no tumor regrowth could be observed afterwards. 
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In the context of various TME-mediated immune escape strategies, HLA-E and HLA-G 

expression is often elevated in melanoma and all three melanoma cell lines showed 

surface expression of HLA-E (Table 1).[155] Since its respective receptor NKG2A is one of 

the few inhibitory receptors expressed by NK-92 cells, we generated five different NKG2A 

KO variants of the CD276-CAR NK-92 and parental NK-92 cell line using CRISPR/Cas9 

technology (Figure 7a-c). The respective NK-92 cells with the most efficient KO were 

subsequently single-cell sorted to generate pure cell lines. However, no significant 

improvement of CAR-mediated cytotoxicity could be observed with the NKG2A KO cells or 

with CD276-CAR NK-92 cells that had been pre-treated with a blocking anti-NKG2A 

antibody suggesting that CAR-mediated effector function in CD276-CAR NK-92 cells is 

independent of inhibitory NK ligands. 

The next step in the pre-clinical evaluation of CD276-CAR NK-92 cell function will be the 

establishment of various in vivo models, including patient-derived xenograft (PDX) and 

humanized mouse models, to validate the preliminary results acquired throughout this and 

earlier studies. 

In summary, CAR-modified NK-92 cells could overcome the majority of the most 

prominent negative factors of the TME in two-dimensional as well as three-dimensional 

assays, which suggests that NK-92 cells might represent a superior CAR vehicle for the 

treatment of melanoma and solid tumors compared to primary immune cells. Combining 

the positive features of a CD276-CAR with the NK-92 cell line and its strong resilience to 

influences exerted by the TME generated a powerful cellular product that can be easily 

manufactured under GMP guidelines as a readily available, “off-the-shelf” treatment option 

for melanoma and other solid tumors. 
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Adapter chimeric antigen receptor (AdCAR)-engineered NK-92 cells: an off-the-shelf 
cellular therapeutic for universal tumor targeting
Stefan Grotea, Joerg Mittelstaetb, Caroline Badena, Kenneth Chun-Ho Chana, Christian Seitz a, Patrick Schlegela, 
Andrew Kaiserb, Rupert Handgretingera, and Sabine Schleichera

aDepartment of Hematology and Oncology, University Hospital Tuebingen, Children’s Hospital, Tuebingen, Germany; bMiltenyi Biotec GmbH, Bergisch 
Gladbach, Germany

ABSTRACT
Despite the recent success of CAR T cells targeting CD19 and CD22 in hematological malignancies, the 
production of CAR T cells still requires an extensive manufacturing process. The well-established NK-92 
cell line provides a promising alternative to produce CAR-modified effector cells in a GMP-compliant, cost- 
effective way. NK-92 can be redirected against a variety of surface antigens by our adapter CAR (AdCAR) 
system utilizing biotinylated antibodies (bAb) as adapter molecules. Selected bAb were capable of 
inducing significant AdCAR NK-92-mediated lysis of non-Hodgkin lymphoma (NHL) and mantle-cell 
lymphoma (MCL) cell lines as well as primary MCL and chronic lymphocytic leukemia (CLL) cells. AdCAR 
specificity was proven using a JeKo-1 CD19/CD20 knockout antigen-loss model. Moreover, through 
combinations of bAb, AdCAR NK-92 cells are capable of combatting tumor antigen evasion mechanisms. 
In conclusion, we successfully generated the AdCAR NK-92 cell line which can be manufactured as an “off- 
the-shelf, on-demand” product allowing universal and tunable tumor targeting.
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Introduction

First-generation chimeric antigen receptors (CARs) are 
synthetically designed receptors that connect the antigen- 
binding region of a monoclonal antibody (mAb), typically 
a single-chain variable fragment (scFv), with an intracellular 
CD3ζ signaling domain through a T cell receptor transmem
brane domain.1–5 Second- and third-generation CARs consist 
of additional intracellular co-stimulatory domains, such as 4– 
1BB (CD137), CD28 or OX40.6 When a CAR binds to its 
respective target antigen, T cell activation is initiated leading 
to immune effector cell proliferation, cytokine secretion and 
target cell lysis in an MHC-independent manner.2 Currently, 
all FDA-approved CAR products are second-generation CAR 
T cells used to treat a variety of high-grade or refractory 
hematological malignancies.4,7–9 Despite the recent clinical 
success of CAR T cell therapies, several obstacles and chal
lenges remain.

The manufacturing process of CAR T cell products is very 
time-consuming and costly. Furthermore, the quality of patient 
PBMC can vary greatly and the amount required for produc
tion cannot always be met.10,11 Especially for pediatric or 
heavily pretreated patients, it is often difficult to collect enough 
lymphocytes with a single round of leukapheresis.12–15 Long- 
term persistence of CAR T cells can lead to severe neurotoxi
city and cytokine release syndrome (CRS).16,17 It was recently 
reported that NK cells as an allogeneic product with a better 
safety profile could prove to be a potent alternative effector cell 
source for CAR therapy.18,19 CAR modification of peripheral 
blood as well as umbilical cord NK cells has been extensively 

studied recently with promising results for the targeting of 
hematological malignancies, first and foremost using CD19 as 
target structure.20–23

However, similar to primary T cells, expansion capacity 
varies greatly for NK cells from peripheral blood, and gener
ally, transfection efficiency is especially low which makes CAR 
NK production challenging.24,25 Although it was shown that 
retroviral modification of primary NK cells to express genes 
that encode interleukin-15 increased in vivo expansion as well 
as persistence, Jeff Miller and colleagues demonstrated that 
persistence of adoptively transferred NK cells, which is usually 
very low, is strongly dependent on the conditioning regiment 
that the patients received.19,26,27

In our study, we used a well-established NK cell line, NK-92, 
for modification with a CAR. Continuously expandable NK-92 
cells can be easily manufactured in a GMP-compliant manner. 
Irradiated NK-92 cells were shown to be safe in clinical trials 
even at high intravenous doses of up to 1010 cells.28 

Additionally, the efficacy of CAR-engineered NK-92 cells in 
various pre-clinical studies has been previously shown, and, to 
date, only few active clinical trials for the treatment of cancer 
involve CAR NK-92 cells.20,28–30 Although in vivo persistence 
due to irradiation safety requirements is low, the superb ex vivo 
expansion potential to high cell numbers makes NK-92 an ideal 
platform for the generation of CAR-engineered immune 
cells.26,31

The majority of current CAR therapy strategies target 
a single-specific tumor antigen which restricts CAR T or 
CAR NK cells as a potential therapy option for heterogeneous 
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tumor entities and also leaves them vulnerable to classic tumor 
antigen evasion mechanisms.32,33 Patients with B cell malig
nancies, for example, being treated with anti-CD19 CAR T cells 
show high initial response rates, however, also high relapse 
rates with reemerging CD19− tumor cell subpopulations.34 In 
order to tackle these obstacles, the idea of modular CARs 
targeting multiple tumor-specific antigens was proposed.32

Our recently developed adapter CAR (AdCAR) technology 
utilizes biotin-labeled antibodies (bAb) as adapter molecules 
(AM) to translate tumor-specific antigen recognition into 
immune effector cell activation. The AdCAR is based on the 
unique properties of a novel scFv targeting a “neo”-epitope-like 
structure consisting of the endogenous vitamin biotin in the 
context of monoclonal antibodies as linkers, referred to as 
linker-label-epitope (LLE), whose context is introduced in the 
patent application EP3315511A1.35–37

NK-92 cell-mediated target cell lysis is the result of a two- 
step process: antibody-specific binding to the target cell surface 
and binding of the AdCAR-modified NK-92 cells to the bAb 
(Figure 1a). AdCAR specificity relies solely on the bAb used, 
leading to almost unlimited possibilities in tumor antigen 
targeting.

Combining the flexible targeting and controllability of the 
AdCAR with the “off-the-shelf” properties of the NK-92 cells 
led to the creation of a universal, on-demand cellular CAR NK 
product which was tested with primary lymphoma cells, differ
ent lymphoma cell lines and a lymphoma antigen-loss model.

Methods

Design of the AdCAR system

The second-generation adapter CAR is based on the mAb 
“mBio3”-derived single-chain variable fragment (scFv). 
Further, it comprises an IgG4 hinge domain, a CD8 transmem
brane domain, CD28 co-stimulatory, as well as CD3ζ signaling 
domains. Truncated CD34 (tCD34) is co-expressed after 
a furin P2A site for detection and enrichment.

Generation of AdCAR-construct and lentiviral vectors

Lentiviral particles (LVP) were produced in Lenti-X 293 T cells 
(Clontech) after lipofection (Lipofectamine 3000, Thermo 
Fisher) with a second-generation packaging plasmid, a VSV- 
G envelope plasmid, and the respective AdCAR transfer plas
mid. LVP containing supernatants were concentrated using 
Lenti-X concentrator (TaKaRa) and stored at −80°C until 
further use.

Generation of AdCAR-engineered NK-92 cells

NK-92 cells were seeded at a concentration of 1.25 � 106 cells/ 
ml of MEM Alpha Medium (Thermo Fisher Scientific), sup
plemented with 8 ng/µl of protamine sulfate (Sigma-Aldrich) 
and 2.5 µM of BX-795 (Cayman Chemical Company). 
Subsequently, cells were transduced with AdCAR lentiviral 
particles for 16 h. Transduced cells were cultivated in NK-92 
complete medium. Transduction efficiency was determined by 
flow cytometric analysis of CD34 marker gene surface expres
sion using a BD FACSCanto II flow cytometer. Cells were 
subsequently single-cell sorted and screened for highest CAR 
expression. Results were analyzed using FlowJo software 
V10.0.8 (BD Biosciences).

Cell lines and culturing conditions

NHL cell lines Raji and Daudi and mantle-cell lymphoma 
(MCL) cell line JeKo-1 were purchased from the European 
Collection of Authenticated Cell Cultures (ECACC) or the 
American Type Culture Collection (ATCC) and maintained in 
RPMI 1640 medium (Thermo Fisher Scientific) supplemented 
with 10% heat-inactivated fetal bovine serum (FBS) (Thermo 
Fisher Scientific) containing stable L-glutamine (Glutamax, 
Thermo Fisher Scientific), referred to as RPMI complete med
ium. Lenti-X 293 T cells (Clontech) were cultivated in DMEM 
high glucose (4.5 g/L) medium (Thermo Fisher Scientific) con
taining GlutaMAX supplemented with 10% FBS and 1 mM 

Figure 1. Schematic representation of AdCAR NK-92 function and structure. The NK-92 cells were generated with an adapter CAR recognizing a neoepitope on 
biotinylated antibodies which are directed against surface antigens on tumor cells (a). Schematic representation of the lentiviral transfer plasmid encoding the AdCAR 
construct comprising a CD28 co-stimulatory domain and a CD34 tag sequence (b), which was provided by Miltenyi Biotec.
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sodium pyruvate (Thermo Fisher Scientific). NK-92 cells were 
purchased from ATCC and maintained at a concentration of 
105 cells/ml in MEM Alpha Medium containing GlutaMAX 
supplemented with 20% FBS and 100 U/ml IL-2 
(PROLEUKIN, Aldesleukin Chiron) referred to as NK-92 com
plete medium. Primary MCL cells were isolated from a blood 
sample from a patient diagnosed with a hematogenously dis
seminated mantle-cell lymphoma. Primary CLL cells were iso
lated from blood samples from three patients diagnosed with 
chronic lymphocytic leukemia. All primary cells were main
tained in RPMI 1640 medium (Thermo Fisher Scientific) sup
plemented with 10% pooled AB-serum from healthy donors 
(Transfusion Medicine, University Hospital Tuebingen). The 
study was approved by the ethics committee at the Medical 
Faculty of the Eberhard Karls University and the University 
Hospital Tuebingen (reference number 13/2007 V). Human 
material was collected after obtaining informed consent in 
accordance with the Helsinki protocol.

All media contained 1x antibiotic-antimycotic solution 
(Thermo Fisher Scientific) consisting of 100 U/mL of penicillin, 
100 µg/mL of streptomycin and 0.25 µg/ml amphotericin B. All 
cell lines were maintained at 37°C in a humidified 5% CO2 
atmosphere and regularly tested for mycoplasma contamination.

Generation of CD19/CD20 JeKo-1 knockout variants using 
CRISPR/Cas9 technology

The JeKo-1 wildtype (CD19+/CD20+) cell line was used to 
generate three distinct knockout variants (CD19−/CD20+, 
CD19+/CD20− and CD19−/CD20−) using CRIPR/Cas9 tech
nology and kindly provided by Miltenyi Biotec.

Antibody biotinylation

The FDA-approved CD20 antibody Rituximab was acquired 
from Hoffmann-La Roche, Basel, Switzerland. The chimeric 
CD19 antibody 4G7SDIE was acquired from SYNIMMUNE 
GmbH, Tuebingen, Germany. It was approved by the local 
ethics committee for experimental settings. Both, Rituximab 
and 4G7SDIE, were biotinylated by Davids Biotechnologie 
GmbH, Regensburg, Germany. All other bAb were acquired 
from Miltenyi Biotec, Bergisch Gladbach, Germany.

Flow cytometry

Staining of lymphoma and CLL cells was conducted using 
primary biotinylated or fluorophore-labeled mAb with antigen 
specificity of interest. Cells were co-incubated with antibodies 
at 4°C in flow cytometry buffer containing PBS (Sigma- 
Aldrich) supplemented with 2% FBS and 0.5 M EDTA (Sigma- 
Aldrich) for 15 min. Unbound antibody was washed off by 
centrifugation (4°C, 350 g, 5 min) and, for cells stained with 
bAb, a secondary, fluorophore-labeled anti-biotin antibody 
was added for 15 min followed by another washing step. 
Surface antigen expression was analyzed using a BD 
FACSCanto II flow cytometer.

Calcein release-based cytotoxicity assay (CRA)

Target cells were labeled with 10 µM of calcein acetoxymethyl 
(Calcein AM) (Thermo Fisher Scientific) at a concentration of 
106 cells/ml in RPMI medium supplemented with 2% FBS. 
AdCAR NK-92 cells were thoroughly washed, resuspended in 
RPMI medium supplemented with 2% FBS and co-incubated 
with target cells with and without biotinylated antibodies for 
2 h at various effector-to-target (E:T) ratios. AdCAR-specific 
cytotoxicity was determined by fluorescence measurement 
using the Spark microplate reader (Tecan).

Real-time label-free live cell analysis

Lymphoma cell lines were adjusted to a concentration of 105 

cells/ml in RPMI complete medium and seeded in E-Plate 96 
VIEW (OLS) micro-well plates that had been coated with 
170 µg/ml of fibronectin (Corning) for 1 h. Effector AdCAR 
NK-92 cells were adjusted to an E:T ratio of 5:1 in NK-92 
complete medium without IL-2 and co-incubated with the target 
cells. Utilizing the xCELLigence real-time cell analysis (RTCA) 
system, cells were monitored for over 24 h. Lymphoma cell 
viability was calculated using the RTCA 2.0 software and 
AdCAR-mediated cytotoxicity was subsequently determined.

Flow cytometry-based cytotoxicity assays using an 
antigen loss model

To visualize antigen-specific killing, JeKo-1 wildtype, JeKo-1 
CD19 knockout (KO), JeKo-1 CD20 KO and JeKo-1 CD19/ 
CD20 double KO variants were incubated at a 1:1:1:1 ratio 
with 25.000 cells per JeKo-1 variant (in total 100.000 cells) 
plus 500.000 AdCAR NK-92 cells (E:T 5:1) in equal parts of 
RPMI complete medium and NK-92 complete medium 
without IL-2 at 37°C. Furthermore, bCD19 or bCD20 mAb 
and combinations thereof were added. Cells were incubated 
for indicated time intervals and then analyzed using a BD 
CantoFACS II flow cytometer. AdCAR NK-92 cells were 
identified by CD34 CAR marker gene expression, JeKo-1 
in total by GFP expression and JeKo-1 subpopulations by 
CD19 and CD20 expression. Trucount Tubes (BD 
Biosciences) were used for quantification and acquisition, 
with a stopping gate at 20.000 beads. Normalized viability of 
target cells was calculated using FlowJo software.

Quantification of cytokine release

Target and effector cells were co-incubated in equal parts of 
target cell complete medium and NK-92 complete medium 
without IL-2 at an E:T ratio of 5:1 at 37°C for 6 h, supernatants 
were collected and stored at −80°C until further use. AdCAR 
NK-92 maximum degranulation was achieved using the cell 
activation cocktail (BioLegend) containing PMA/Ionomycin.

Cytokine release was determined using the Bio-Plex Pro 
human cytokine 17-plex assay (Bio-Rad), the human perforin 
ELISA kit (Thermo Fisher Scientific) and the LEGEND MAX 
human granulysin and granzyme B ELISA kits (BioLegend).
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Data analysis

All statistical analyses were performed with GraphPad Prism 8 
software (GraphPad Software Inc.). Flow cytometry data were 
analyzed using FlowJo software V10.0.8 (FlowJo LLC).

Results

NK-92 cells were transduced with lentiviral vectors encoding 
the adapter CAR with a CD28 co-signaling domain (Figure 1b). 
Transduction efficiency of NK-92 was determined via flow 
cytometric analysis of CD34 marker gene surface expression 
which correlates with CAR expression. We found that the 
AdCAR was efficiently expressed on the surface of transduced 
NK-92 cells which were subsequently single-cell-sorted by 
FACS for high CAR expression (Figure 2a). Ten individual 
NK-92 clones were tested for CAR expression using flow cyto
metry. The NK-92 clone with the highest CAR expression and 
highest viability was chosen for further experiments. AdCAR 
NK-92 cells showed stable AdCAR surface expression for at 
least 150 d after cell sorting (Figure 2b) with an average viabi
lity of >90%. Notably, the proliferation rate was not impaired 
by the transduction process compared to untransduced, par
ental NK-92 cells (Figure 2c).

To compare the NK cell receptor profile of NK-92 cells and 
primary NK cells, as well as analyzing the effects of CAR 
transduction on the NK receptor expression of NK-92 cells, 
flow cytometry was used. Compared to primary NK cells, NK- 
92 and AdCAR NK-92 cells showed lower expression of 

DNAM-1 (CD226), one of the main activating NK receptors. 
Another important activating receptor, NKG2D (CD314) was 
almost completely absent on AdCAR NK-92 cells. 
Furthermore, AdCAR-transduced NK-92 cells displayed very 
high expression of KIR2DL2/DL3 (CD158b), a member of the 
killer-cell immunoglobulin-like receptor (KIR) family recog
nizing the human HLA-C1/2 peptide, and thus, inhibiting NK 
effector function. Interestingly, NKp80, an activation receptor 
on all activated NK cells, which induces NK cell-mediated 
cytotoxicity and cytokine production, was only present on the 
isolated NK cells and not on NK-92 cells (Figure 2d). Next, 
AdCAR NK-92 cells were characterized for the expression of 
important immune checkpoint receptors via flow cytometry 
and compared to parental NK-92 as well as isolated NK cells 
from three healthy donors (Figure 2e). AdCAR NK-92 cells 
showed a similar immune checkpoint receptor expression pro
file, compared to primary NK cells and parental NK-92 cells 
apart from a slight decrease in expression of TIGIT, a protein 
that directly inhibits NK cell cytotoxicity.

We then tested whether AdCAR NK-92 cells combined with 
different biotinylated antibodies targeting lymphoma cells 
could induce AdCAR-mediated antigen-specific cytotoxicity. 
As proof of principle for the functionality and specificity of 
AdCAR NK-92 cells in vitro, the lymphoma cell lines Raji, 
Daudi (both NHL) and JeKo-1 (MCL) were used. The cell 
lines were immunophenotyped via flow cytometry for lym
phoma antigen expression (Table 1) and used as target cells 
for functional analyses.

Figure 2. Generation and characterization of AdCAR NK-92 cells. CD34 marker gene expression was measured via flow cytometry on untransduced (gray, filled) and 
transduced NK-92 cells before (black line) and after (gray line) single-cell sort (a) and monitored for 150 d (b). Average proliferation rate of parental NK-92 and sorted 
AdCAR NK-92 was measured over the same time frame and calculated as mean ± SD (c). AdCAR-transduced and parental NK-92 cells were characterized for the 
expression of activating and inhibitory NK receptors as well as immune checkpoint receptors via flow cytometry. Results were compared to flow cytometric analysis of 
isolated NK cells from three healthy donors. Median fluorescence intensity ± SD was calculated using FlowJo software, n = 3 (d, e).
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Using a standard calcein release cytotoxicity assay (CRA), 
AdCAR NK-92 cells were co-incubated with calcein-labeled 
lymphoma cells with and without bAb for 2 h. For determina
tion of the optimal antibody concentration lymphoma cells 
were co-incubated with varying amounts of bCD19 and 
AdCAR NK-92 cells. The AdCAR NK-92 cells induced cellular 
cytotoxicity of Raji cells in a bCD19-dose-dependent manner 
(Figure 3a). A concentration of 100 ng/ml was chosen for all 
biotinylated antibodies for further functional assays. Altering 
antibody concentration decreased the AdCAR NK-92- 
mediated cytotoxicity. Thus, the AdCAR NK-92 effect is tun
able, directly depending on the concentration of bAb used. 
Since biotin, which is conjugated to the mAb, is an endogenous 
vitamin, we tested whether free biotin decreases AdCAR- 
mediated cytotoxicity. Notably, AdCAR NK-92 cells retained 
their specific cytotoxic ability even in the presence of unbound 
biotin that exceeded physiological concentrations which 
proves that the AdCAR specifically binds to the neoepitope 
on biotinylated antibodies and not biotin itself (Figure 3b). Raji 
cells were incubated with bCD19 and varying concentrations of 
NK-92 effector cells (Figure 3c). Interestingly, titration of 
effector cell concentration showed that at low E:T ratios the 
AdCAR still reliably enhanced NK-92 effector function in the 
presence of a specific bAb.

Most importantly, AdCAR NK-92 but not untransduced 
NK-92 cells significantly induced cellular cytotoxicity against 
all lymphoma cell lines but only in the presence of bAb target
ing antigens expressed on lymphoma cell lines (Figure 3d). 
Biotinylated antibodies targeted against antigens that were 
not expressed on the cell surface were not capable of inducing 
AdCAR-mediated responses, thus proving AdCAR specificity. 
Moreover, NK-92 cytotoxicity and antigen expression levels 
(MFI) correlated significantly for the NHL cell line Raji 
(R2 = 0.695; 95%-CI: 0.2166–0.9748; P = .0198) and the MCL 
cell line JeKo-1 (R2 = 0.8942; 95%-CI: 0.6689–0.9922; 
P = .0013) (Figure 3e). Utilizing the xCELLigence real-time 
cell analysis (RTCA) assay, kinetics of NK-mediated cytotoxi
city following co-incubation of AdCAR NK-92 cells and Raji 
cells were assessed (Figure 3f). The dimensionless cell index is 
indicative of target cell viability and therefore anti- 
proportional to tumor lysis. The assay demonstrated a rapid 
decrease in cell index of Raji cells following the addition of 
AdCAR NK-92 cells but only in the presence of the respective 
biotinylated antibodies bCD19 and/or bCD20 while no con
siderable AdCAR-effect was detectable in the absence of bAb.

Essentially, irradiation of NK-92 cells prior to testing, as 
required in all active clinical trials using NK-92, had no 

significant effect on target cell lysis when AdCAR NK-92 cells 
were used immediately after irradiation; however, AdCAR NK- 
92 cells gradually lost effector function and underwent apop
tosis over time (Figure 3g).

Furthermore, an NK-92 cytokine secretion profile was 
established to screen for the secretion of a variety of cytokines, 
including NK cell effector molecules. Various cytokines were 
significantly increased after co-incubation of AdCAR- 
transduced NK-92 cells with Raji cells. IL-10 (36-fold; 
p < .0004), granulysin (27-fold; p < .002), IFN-γ (65-fold; 
p < .01), MCP-1 (40-fold; p < .04) and TNF-α (28-fold; 
p < .0002) showed significantly elevated levels but only upon 
AdCAR induction via specific biotinylated antibodies. Notably, 
NK-92 cells alone showed medium basal secretion of granzyme 
B, MIP-1b and perforin which was further augmented after 
AdCAR activation (2.2-fold, 1.5-fold and 1.3-fold, respectively) 
but did not reach statistical significance (Figure 3h). TNF- 
related apoptosis-inducing ligand (TRAIL, CD253) upregula
tion on AdCAR NK-92 cells could be observed after co- 
incubation with Raji cells and bCD19 for 6 h (MFI: AdCAR 
NK-92 only: 2.08 ± 0.18; AdCAR NK-92 + Raji: 2.36 ± 0.06; 
AdCAR NK-92 + Raji + bCD19: 4.48 ± 0.29) while expression 
of Fas ligand (FasL, CD178), another important apoptosis- 
inducing transmembrane protein, was not elevated (Figure 3i).

In order to determine whether AdCAR activation also 
induced NK-92 fratricide, AdCAR-engineered NK-92 cells 
were co-incubated with calcein-labeled, parental NK-92 cells. 
Favorably, co-incubation of bCD56 with NK-92 target cells and 
AdCAR-transduced NK-92 effector cells did not show 
a significant increase in lysis of parental NK-92 cells (Figure 3j).

To prove the specificity of our AdCAR system, a JeKo-1 
CD19 and/or CD20-knockout (KO) model was used. JeKo-1 
wildtype, JeKo-1 CD19 KO, JeKo-1 CD20 KO and JeKo-1 
CD19/CD20 double KO variants were mixed at an equal ratio 
and subsequently co-incubated with AdCAR NK-92 cells at an 
E:T ratio of 5:1 in the presence or absence of bCD19 and/or 
bCD20 antibodies for 4 h and 24 h. Subsequently, cells were 
analyzed via flow cytometry.

Addition of AdCAR NK-92 cells alone to the JeKo-1 target 
cell mix did not decrease target cell count or alter the ratio of 
the respective subpopulations. However, co-incubation with 
specific biotinylated antibodies induced AdCAR-mediated 
lysis of respective antigen positive subpopulations while the 
antigen-negative subpopulations were spared (Figure 4a). With 
the combination of bCD19 and bCD20, AdCAR NK-92 cells 
eradicated CD19+ and CD20+ JeKo-1 cells almost completely 
(Figure 4b). Thus, the AdCAR NK-92 cells specifically lyse 

Table 1. Surface antigen expression of lymphoma cell lines. Raji, Daudi and JeKo-1 cell lines were screened for target antigen expression using flow cytometry. 
Lymphoma cells were co-incubated with primary biotinylated antibodies for 15 min at 4°C. Antigen expression was detected using a secondary PE-coupled anti-biotin 
antibody. Mean positivity and mean fluorescence index (MFI) values ± SD were calculated using staining with the secondary antibody alone as a negative control, n = 3.

Raji Daudi JeKo-1

Positive cells MFI Positive cells MFI Positive cells MFI

CD19 99.97 ± 0.06% 107.72 ± 22.13 99.90 ± 0.00% 74.08 ± 4.50 97.93 ± 1.90% 21.93 ± 3.51
CD20 95.8 ± 3.99% 44.57 ± 15.78 98.5 ± 0.69% 85.85 ± 40.91 97.07 ± 3.35% 40.42 ± 19.28
CD22 99.1 ± 0.35% 47.90 ± 6.80 98.60 ± 0.69% 77.32 ± 26.56 24.07 ± 3.48% 1.80 ± 0.09
CD30 2.77 ± 0.92% 1.10 ± 0.10 0.57 ± 0.21% 1.04 ± 0.01 1.49 ± 0.49% 1.07 ± 0.02
CD38 98.43 ± 1.59% 57.50 ± 20.20 95.07 ± 1.16% 191.70 ± 11.45 81.07 ± 2.35% 17.69 ± 4.47
CD70 98.83 ± 1.68% 92.02 ± 23.64 41.97 ± 8.38% 2.93 ± 0.52 98.47 ± 0.29% 35.11 ± 8.53
CD79b 66.23 ± 9.82% 5.24 ± 2.08 98.30 ± 1.01% 76.67 ± 24.13 96.30 ± 0.56% 27.66 ± 0.59
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Figure 3. AdCAR NK-92-mediated tumor cell lysis. AdCAR NK-92 cells were co-incubated with calcein-labeled lymphoma cell lines in the presence or absence of 
indicated biotinylated antibodies for 2 h. Specific lysis is shown as mean ± SD, n = 3. Using the Raji cell line as target, an optimal bAb concentration of 100 ng/ml was 
chosen after titration of bCD19 (a). Free biotin added in excess of physiological concentrations showed no impairment of AdCAR-mediated lysis of lymphoma cells (b). 
Various E:T ratios utilizing AdCAR NK-92 cells as effectors and Raji cells as target were analyzed using a calcein release assay (c). Biotinylated antibodies, already utilized 
for the flow cytometry screening panel (Table 1), were tested with Raji, Daudi and JeKo-1 cells as target in a CRA (d). Target antigen expression levels were correlated 
with their respective AdCAR NK-92-mediated tumor cell lysis (e). Kinetics of AdCAR-mediated lysis of Raji cells was assessed using the xCELLigence real-time cell-analysis 
system at an E:T ratio of 5:1 (f). Cytotoxic effector function of AdCAR NK-92 cells irradiated with 10 Gy at indicated time points was assessed using Raji cells as target (g). 
The release of cytokines by NK-92 cells was measured using the Bio-Plex Pro human cytokine 17-plex assay and is shown as a heatmap (h). AdCAR NK-92 cells were co- 
incubated with Raji cells in the presence or absence of bCD19 for 6 h and screened for expression of FasL (CD178) and TRAIL (CD253) via flow cytometry (i). Finally, 
AdCAR NK-92-mediated lysis of calcein-labeled parental NK-92 cells using bCD56 as adapter molecule (j) was tested for the assessment of possible fratricide.
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tumor cells only in the presence of a bAb targeting an antigen 
that is expressed on the surface of the tumor cell. If tumor cells 
down-regulate antigen expression levels in response to 
immune therapy, AdCAR NK-92-mediated activity is easily 
retained by switching target structures through the addition 
of a different bAb.

Next, we tested whether AdCAR activation by co- 
incubation with lymphoma cells would permanently decrease 
the cytotoxic effector function of AdCAR NK-92 cells due to 
immune exhaustion. Therefore, AdCAR NK-92 cells were co- 
incubated with Raji cells and bCD19 for 4, 24 or 48 h at an E:T 
ratio of 5:1 and screened for expression of the immune check
point receptors at indicated time points (Figure 5b). Notably, 
only CD96 (TACTILE), CD223 (LAG-3) and CD366 (TIM-3) 

were significantly elevated with peak expression levels after 
24 h of stimulation. We then subjected AdCAR NK-92 cells 
to continuous re-stimulation by the addition of fresh Raji cells 
every 24 h for a total of 72 h and again screened for immune 
checkpoint receptor expression. Only slightly elevated CD96 
expression levels could be observed, while CD223 and CD366 
were moderately increased. For functional testing, we com
pared the continuously re-stimulated AdCAR NK-92 cells 
with unstimulated control AdCAR NK-92 cells using Raji 
cells as target and bCD19 as well as bCD20 as adapter mole
cules (Figure 5c). We found no significant decrease in CAR- 
mediated cytotoxic effector function after re-stimulation. Thus, 
AdCAR NK-92 cells did not show relevant signs of exhaustion 
after multiple killing events.

Figure 4. JeKo-1 cell line target antigen-loss model. JeKo-1 CD19 and/or CD20 knock-out (KO) cell lines were mixed at an equal 1:1:1:1 ratio and co-incubated with 
AdCAR NK-92 cells at an E:T ration of 5:1 in the presence and/or absence of indicated bAb for 24 h and analyzed using flow cytometry (a). Ratio of KO variants after 
cytotoxicity assay is shown as a mean of three independent experiments (b).
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Figure 5. Immune checkpoint receptor expression profile and cytotoxic effector function of AdCAR NK-92 cells upon re-stimulation with Raji cells. AdCAR NK-92 cells 
were co-incubated with Raji cells at an E:T ratio of 5:1 either for indicated time points (filled bars) or re-stimulated every 24 h with fresh Raji cells for 72 h (checkered 
pattern) and screened for immune checkpoint receptor expression (a). Re-stimulated AdCAR NK-92 cells were co-incubated with calcein-labeled Raji cells at an E:T ratio 
of 5:1 for 2 h. Specific cytotoxicity was calculated and compared to un-stimulated control AdCAR NK-92 cells (b). Specific lysis is shown as mean ± SD, n = 3.

Table 2. Surface antigen expression of primary cells derived from different B cell malignancies. Patient-derived, primary MCL and CLL cells were co-incubated with 
primary biotinylated antibodies for 15 min at 4°C. Antigen expression was detected using a secondary, PE-coupled anti-biotin antibody. Mean positivity and mean 
fluorescence index (MFI) values ± SD were calculated using staining with the secondary antibody alone as a negative control.

Primary MCL (W) Primary CLL (AWK) Primary CLL (FA) Primary CLL (M)

Positive cells MFI Positive cells MFI Positive cells MFI Positive cells MFI

CD19 91.67% 46.81 90.05% 184.92 95.30% 254.32 90.70% 153.47
CD20 94.27% 300.12 90.90% 41.04 66.07% 12.1 81.11% 12.42

Figure 6. AdCAR NK-92-mediated lysis of primary cells of different B cell malignancies. AdCAR NK-92 cells were co-incubated with calcein-labeled patient-derived, 
primary MCL cells (one patient, (a) and CLL cells (three different patients, (b-d) in the presence or absence of indicated biotinylated antibodies for 2 h. Specific lysis is 
shown as mean ± SD, n = 3.
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Further, we wanted to examine whether AdCAR NK-92 
cells were also capable of inducing CAR-mediated cytotoxicity 
against patient-derived, primary tumor cells. Therefore, we 
used tumor cells that had been previously isolated from 
a blood sample from one patient diagnosed with 
a hematogenously disseminated mantle-cell lymphoma and 
three patients with chronic lymphocytic leukemia. These cells 
were immunophenotyped (Table 2) and used as target cells in 
a standard CRA. AdCAR NK-92 cells were able to induce 
significant cellular cytotoxicity in the presence of specific bAb 
(Figure 6). Likewise, the addition of bAb targeting non- or very 
low expressed antigens did not induce any AdCAR-related 
lysis. Evidently, AdCAR NK-92 cells are effective in specifically 
targeting various patient-derived, primary tumor cells.

Discussion

Tumor heterogeneity remains a major obstacle even for 
advanced immunotherapeutic options such as CAR 
T cells. NK cells provide an interesting approach as an 
alternative cell source for CAR therapy.38,39 Most current 
pre-clinical and clinical trials work with either allogeneic 
donor NK cells or NK-derived cell lines since primary, 
autologous NK cells can easily be silenced by tumor cells 
through self-antigens.21,40,41 NK-92 is a continuously 
expandable cell line that lacks the expression of most inhi
bitory receptors.31 It constitutively expresses a variety of 
activating receptors.42 The lack of KIR expression and con
stitutive expression of activating receptors allows for the 
high cytotoxic nature of NK-92 cells which have been 
shown to be effective and safe in various pre-clinical 
trials.28,40,43–46 To avoid malignant expansion through 
in vivo proliferation of the NHL-derived NK-92, cells 
need to be γ-irradiated prior to administration.28,43 

Irradiation with 10 Gy blocks NK-92 proliferation limiting 
its life span to only a few days while retaining most of their 
cytolytic activity. This increases safety since without perma
nent engraftment NK-92 cells there is no need for active 
elimination after application using a CAR T-like safety 
switch.47 Conversely, CAR-transduced NK-92 cells could 
safely be administered multiple times to further increase 
efficiency.48

In the present study, we demonstrated that the combi
nation of the well-established NK-92 cell line with the 
controllability of our newly developed Adapter CAR system 
enables distinct therapeutic options for a multitude of 
malignancies while counteracting drawbacks of conven
tional CAR T cell therapy such as tumor evasion strategies 
like antigen loss. By targeting extracellular antigen struc
tures using specific biotinylated antibodies (bAb) NK- 
mediated cell lysis could be successfully induced in multiple 
lymphoma cell lines as well as various primary tumor cells. 
The absence of either the bAb or its corresponding target 
antigen prevents AdCAR activity. Additional controllability 
of AdCAR NK-92 cells is demonstrated by the fact that 
cytolytic activity occurred in a concentration-dependent 
fashion. Contrary to primary NK cells, AdCAR NK-92 
cells lack the CD16 (FcγRIII) expression and cannot be 

retargeted by IgG1 antibodies.40 Therefore, the formation 
of the immunological synapse is simply controlled by bAb 
titration.

Transduction of NK-92 cells with the AdCAR was 
shown to be stable for at least 150 d without limiting the 
NK-92 cells proliferative or cytotoxic activity. Thus, “off- 
the-shelf” AdCAR NK-92 cells provide a cost-effective 
alternative to standard CAR T cells which have to be 
produced individually for each patient.49 These direct 
CAR-mediated immune cell approaches also lack the flex
ibility of a universal CAR. In previous CAR T cell studies 
targeting CD19 tumor cells reacted to therapy by down- 
regulation of CD19.49–52 Using a JeKo-1 antigen-loss 
model AdCAR NK-92 cells demonstrated their ability to 
target multiple antigens simultaneously. They were able to 
react to tumor antigen loss by switching target structures 
simply utilizing a different bAb while retaining therapeutic 
efficacy. Other universal CAR approaches with T cells, 
including the presented adapter CAR, as well as NK cells 
have already shown promising results.32,35,36,53,54 However, 
CAR systems using adapter molecules that are foreign to 
the human body can cause immunogenic reactions and 
make clinical translation difficult. Even CAR systems uti
lizing endogenous molecules as tag such as biotin may 
face challenges due to the potential immunogenicity of 
avidin and streptavidin as well as their high affinity for 
physiological biotin in the clinical setting.54,55 Here, the 
AdCAR is based on an scFv targeting a “neo”-epitope-like 
structure, the linker-label-epitope, consisting of biotin in 
the context of a mAb, instead of biotin itself.37 Specificity 
was proven since we saw no interference of unbound 
biotin even at supraphysiological levels. Thus, using 
AdCAR NK-92 cells is a promising approach to circum
vent adverse immunogenic reactions of other CAR systems 
and therefore decrease the risk of severe side effects dur
ing therapy. Moreover, this study proved that biotinylation 
of already FDA-approved antibodies such as Rituximab is 
capable of creating functional adapter molecules for 
AdCAR NK-92 therapy thus facilitating translation into 
clinical settings. Our data represent preliminary results 
which have to be further investigated in vivo using differ
ent mouse models of hematological malignancies as well 
as solid tumors to evaluate AdCAR efficacy and predict 
the response to AdCAR NK-92 immunotherapy in 
patients.

To conclude, AdCAR NK-92 cells can be manufactured as 
an “off-the-shelf, on demand” standardized product whose 
effector function can be tightly regulated. They may provide 
a universal and cost-effective therapeutic option for safe and 
tunable targeting of malignant cells.
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Simple Summary: Metastatic disease remains one of the biggest challenges for tumor therapy. The
aim of our study was the preclinical evaluation of adapter chimeric antigen receptor (AdCAR)-
engineered NK-92 cell efficacy as a possible treatment strategy for various types of bone metastatic
cancers. We confirmed that AdCAR NK-92 cells successfully induces tumor cell lysis in bone metas-
tasis cell lines derived from mammary, renal cell and colorectal carcinoma as well as melanoma in a
specific and controllable manner, thus, establishing a potent cellular product with universal applica-
bility and quick clinical translation potential for the treatment of solid tumors, including metastases.

Abstract: Background: Since metastatic spreading of solid tumor cells often leads to a fatal outcome
for most cancer patients, new approaches for patient-individualized, targeted immunotherapy are
urgently needed. Methods: Here, we established cell lines from four bone metastases of different
tumor entities. We assessed AdCAR NK-92-mediated cytotoxicity in vitro in standard cytotoxicity
assays as well as 3D spheroid models Results: AdCAR-engineered NK-92 cells successfully demon-
strated distinct and specific cytotoxic potential targeting different tumor antigens expressed on cell
lines established from bone metastases of mammary, renal cell and colorectal carcinoma as well as
melanomas. In that process AdCAR NK-92 cells produced a multitude of NK effector molecules
as well as pro inflammatory cytokines. Furthermore, AdCAR NK-92 showed increased cytotoxi-
city in 3D spheroid models which can recapitulate in vivo architecture, thereby bridging the gap
between in vitro and in vivo models. Conclusions: AdCAR NK-92 cells may provide an interesting
and promising “off-the-shelf” cellular product for the targeted therapy of cancers metastasizing to
the bone, while utilization of clinically approved, therapeutic antibodies, as exchangeable adapter
molecules can facilitate quick clinical translation.

Keywords: NK-92; adapter; chimeric antigen receptor; bone metastasis; solid tumors

1. Introduction

Cancer is one of the leading causes of death worldwide [1]. Despite the development
of new therapeutic approaches and significant improvement of survival rates in the last 20
years, metastatic disease, primarily to the bone, lungs and brain, remains incurable and is
the main cause of cancer-associated mortality [2]. Bone is the third most common site for
tumor metastasis after the lungs and the liver [3,4]. Depending on the origin of the primary
tumor, bone metastases are diagnosed in approximately 75% of patients with breast or
prostate cancer and to a lesser extent in other cancers, including lung, kidney, liver and
melanoma [5].
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The most frequent site affected by bone metastasis is spine, including thoracic spine
(63.6%) and lumbar spine (53.8%), followed by ribs (57.5%), pelvis (54.1%), sternum (44.3%),
scapula (25.1%), and femur (24.8%) [6]. Bone metastases are often associated with hypercal-
cemia, severe bone pain, pathological fractures and spinal cord compression, leading to
increased morbidity in cancer patients [7].

The treatment of bone metastases in patients with solid tumors is generally palliative,
with very limited opportunities for complete eradication. Given the limited success of
standard therapies at preventing or treating bone metastatic cancer novel therapeutic
strategies designed to destroy dormant disseminated tumor cells and existing cancer
metastases is an objective of paramount importance. Adoptive immunotherapy may
represent such an innovative treatment option for bone metastases but has not been
assessed in detail yet.

Chimeric antigen receptor (CAR)-modified lymphocytes represent a promising im-
munotherapeutic approach that involves the genetic modification of immune cells to
express synthetic recombinant receptors on the cell surface, leading to predefined target
specificity [8]. The CAR fusion protein typically comprises an extracellular single-chain
variable fragment (scFv) of an antibody for target recognition, a hinge region to provide
flexibility, a transmembrane region, and an intracellular activation domain for signal trans-
duction. The core component of the CAR endodomain contains either the CD3ζ portion
of the TCR complex or the γ-chain of the high-affinity IgE Fc receptor (first generation
CAR), whereas the addition of one or two costimulatory domains derived from CD28,
4-1BB, OX40, ICOS or CD27 for example resulted in second and third generation CAR T
cells with sustained activation, persistence and improved functions. Upon expression in
lymphocytes, the CAR can engage its target antigen and thereby activating a variety of
effector responses resulting in targeted cell killing [9].

Immunotherapy using autologous CD19 CAR T cells has resulted in impressive
clinical response rates in patients with relapsed or refractory B cell malignancies [10–12].
Recently, the US Food and Drug Administration (FDA) and the European Medicines
Agency (EMA) approved two CD19 CAR T cell therapeutics, Kymriah (Tisagenlecleucel)
and Yescarta (Axicabtagene ciloleucel), for patients with acute lymphoblastic leukemia and
certain types of relapsed or refractory large B cell lymphoma. However, the patient-specific
nature of this cell therapy, complex manufacturing workflows and the substantial risk of
severe side effects, including cytokine release syndrome (CRS) and immune effector cell–
associated neurotoxicity syndrome (ICANS) have led to concerns over costs and safety [13].
In addition, difficulties in obtaining sufficient numbers of autologous T cells for CAR
production from heavily pretreated, lymphopenic patients may pose a further problem,
illustrating the clinical need for alternative CAR effector cell sources.

There is a rapidly growing interest in NK cells for CAR engineering due to their potent
anti-tumor activity and safety in an allogeneic, “off-the-shelf” format which could overcome
some of the limitations associated with autologous CAR T cell therapies. In a recent phase
1 and 2 trials, CD19-specific CAR-engineered primary NK cells have shown a tremendous
clinical response in patients with relapsed or refractory CD19-positive non-Hodgkin’s
lymphoma (NHL) or chronic lymphocytic leukemia (CLL) without the induction of typical
CAR T cell-associated side effects such as cytokine release syndrome, neurotoxicity or graft-
versus-host disease [14]. The majority of CAR NK cell studies to date, however, have been
performed with NK-92 cells, a FDA-approved human cell line, which can be effectively
expanded to high cell numbers and easily manufactured in a GMP-compliant manner. More
importantly, early phase clinical trials have demonstrated the safety of irradiated NK-92
cells as an allogeneic cell therapeutic in patients with advanced hematological malignancies
and solid tumors [15–17]. These properties make NK-92 cells an interesting option for
CAR engineering and the development of standardized “off-the-shelf“ cell products with
enhanced antitumor activity for adoptive cancer immunotherapy [18]. Despite the progress
in treating hematological malignancies, CAR T cells in patients with solid tumors have
demonstrated only limited antitumor activity [19]. Antigen escape is a key barrier for
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expanding the use of CAR-modified immune effector cells towards solid cancers with
their more diverse surface antigen repertoires which are likely to fail single-targeted CAR
therapy [20].

Since antigen heterogeneity and phenotypic plasticity of tumor cells present additional
obstacles to the current development of CAR-based immunotherapies, efforts are being
made to boost flexibility and improve the effectiveness by engineering modular chimeric
antigen receptors so that the antigen recognition domain is split from the signaling domain
of a conventional CAR, hence the target antigen can be switched or re-directed more readily
without the requirement of re-engineering the CAR-modified immune effector cells [21].

We previously established a modular adapter CAR (AdCAR) platform which consists
of AdCAR-expressing NK-92 cells that cannot recognize target antigens directly but are
redirected to a target structure referred to as linker-label epitope, which consists of the
endogenous vitamin biotin, conjugated to an adapter molecule (AM), e.g., a monoclonal
antibody, in the context of special linker moiety, thereby allowing an on/off switch of CAR
activity, and facilitating flexible targeting of various tumor antigens depending on the pres-
ence and specificity of the biotinylated AM [22–26]. Since novel or preexisting therapeutic
antibodies can be easily labeled with biotin, there are almost unlimited possibilities in
tumor antigen targeting using the AdCAR technology.

Bringing together the advantages of NK-92 cells as an “off-the-shelf” therapeutic and
the controllable multiplex targeting capacity of the AdCAR system, led to the generation
of a universal, on-demand CAR NK product which can be maintained and expanded at
low cost in a GMP compliant manner for clinical use. Here, we outline the preclinical ap-
proach using AdCAR NK-92 cells in combination with therapeutic antibodies for targeting
and elimination of bone metastatic cells in vitro using newly established bone metastatic
cancer cell lines from different tumor entities, including mammary carcinoma, colorectal
carcinoma, renal cell carcinoma and melanoma.

2. Results
2.1. Establishment and Characterization of Newly Developed Bone Metastasis Cell Lines

Tumor material from resected bone metastases and blood samples of the patients were
provided by the Department of Orthopedic Surgery, University Hospital Tuebingen (UKT)
(Table 1).

Table 1. Patient data for tumor cells from bone metastasis resections.

Patient Age [years] Patient Sex Metastatic Site Tumor Entity Designation

Patient 1 63 f Scapula Mammary carcinoma MAC
Patient 2 17 m Spine L3/L4 Renal cell carcinoma MAM
Patient 3 54 m Spine C7 Colorectal carcinoma MCK83
Patient 4 47 m Acetabulum Melanoma MeGa17

Cell lines were established from outgrowth cultures and successfully cultivated for
more than 30 passages. All assays conducted throughout the present study were performed
with cell lines in early passages between 5 and 7 to prevent potential, cell culture-induced
mutational changes. Cell line authentication was performed by Eurofins Scientific using
short tandem repeat (STR) analysis. Tumor cells were immunophenotyped for extracellular
expression of tumor antigens that can be targeted by therapeutic antibodies using flow
cytometry (Figure 1 and Table 2).
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Figure 1. Cell line immunophenotyping. Bone metastatic cell lines were screened for tumor antigen surface expression
using flow cytometry. Cells were co-incubated with primary biotinylated antibodies for 15 min at 4 ◦C. Antigen expression
was detected using a secondary PE-coupled anti-biotin antibody (black line) using staining with the secondary antibody
alone as negative control (grey area).

Table 2. Cell line immunophentoyping. Tumor cells were co-incubated with primary biotinylated antibodies. Antigen
expression was detected using a secondary PE-coupled anti-biotin antibody. Percentage of stained cells and median
fluorescence index (MFI) values were calculated using staining with the secondary antibody alone as negative control.

Cell Line
Percentage of Stained Cells

CD146 CD171 CD200 CD221 CD271 CD274 CD276 CD340 EGFR GD2

MAC 97.70% 11.80% 13.90% 68.50% 44.60% 0.40% 100.00% 97.90% 99.90% 1.78%
MAM 99.80% 99.90% 5.29% 99.40% 2.06% 0.65% 99.90% 99.70% 100.00% 4.04%

MCK83 5.62% 0.45% 0.31% 59.60% 0.13% 0.46% 99.50% 81.20% 85.80% 0.44%
MeGa17 99.20% 42.90% 62.10% 70.40% 22.80% 1.23% 99.00% 44.10% 27.20% 1.91%

Median Fluorescence Index (MFI)

CD146 CD171 CD200 CD221 CD271 CD274 CD276 CD340 EGFR GD2

MAC 45.48 1.15 1.23 4.10 1.91 1.03 106.65 9.39 183.42 1.21
MAM 194.20 79.54 1.16 11.27 0.99 1.03 113.92 11.59 92.86 1.35

MCK83 1.22 1.00 0.96 6.26 0.77 0.97 31.39 10.08 12.41 1.14
MeGa17 172.52 3.49 7.71 9.06 1.96 0.96 67.70 5.00 2.78 1.18

All cell lines shared high expression of B7-H3 (CD276), a recently emerging immune
checkpoint molecule of the B7 superfamily. The epithelial growth factor receptor (EGFR),
an important oncogene in the development of lung and colorectal cancer, is expressed in the
mammary carcinoma MAC, the renal cell carcinoma MAM and the colorectal carcinoma
MCK83 but not in the melanoma MeGa17. Interestingly, the melanoma cell adhesion
molecule MCAM (CD146) was not only expressed in the MeGa17 cell line but also in the
MAM cell line.

Further characterization of the tumor cell lines was conducted by flow cytometric
assessment of cell surface expression of well-known NK cell ligands (Table 3). The colorectal
carcinoma MAC, renal cell carcinoma MAM and melanoma MeGa17 showed comparable
NK ligand expression profiles. Uniformly, all cell lines expressed human leukocyte antigen
E (HLA-E), a major ligand for the inhibitory receptor complex CD94/NKG2A on NK
cells, as well as the major histocompatibility complex (MHC) class I chain-related protein
A and B (MICA/B), a protein that acts as an activating signal for NK cells through the
natural killer group 2, member D (NKG2D or CD314) receptor. Moreover, all four cell
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lines expressed death receptor 5 (CD262), Nectin 2 (CD112) and PVR (CD155). CD262
is a cell surface receptor of the TNF-receptor superfamily that binds the tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (TRAIL) and mediates apoptosis. CD262
and CD112 are important ligands for DNAM-1 (CD226) triggering activating signaling
cascades. They can also trigger an inhibitory NK response by activation of the immune
checkpoint receptor TIGIT. Interestingly, the NK ligand HLA-ABC was completely absent
on MCK83 cells while MAC, MAM and MeGa17 cells expressed it widely.

Table 3. Characterization of tumor cell lines for NK ligand expression. Tumor cells were co-incubated with fluorescently
labeled antibodies. MFI values were calculated using staining with the respective isotype control antibody.

Cell Line CD48 CD50 CD54 CD58 CD95 CD102 CD112 CD155 CD261 CD262

MAC 1.47 1.69 5.46 73.22 23.35 1.27 34.41 128.96 3.01 16.87
MAM 1.36 1.78 7.31 30.55 9.54 1.13 69.73 192.65 6.06 59.84

MCK83 1.84 1.75 1.29 5.54 4.26 1.27 15.32 89.62 4.15 14.91
MeGa17 1.25 1.58 9.66 31.32 2.18 1.13 16.27 50.20 1.22 15.03

HLA-ABC HLA-
DR HLA-E HLA-G MICA/B ULBP1 ULBP2/5/6 ULBP3 ULBP4

MAC 52.41 0.90 9.18 0.98 6.53 3.45 1.26 0.68 0.75
MAM 19.07 0.87 8.07 0.81 21.25 3.15 1.00 1.67 1.53

MCK83 0.47 0.92 10.01 0.82 9.07 6.09 1.09 1.25 1.41
MeGa17 23.33 12.10 7.55 1.34 7.27 2.45 1.37 0.92 0.77

2.2. AdCAR NK-92 Cells Specifically Lyse Bone Metastasis Cell Lines In Vitro

NK-92 cells were transduced with lentiviral vectors encoding the second generation
adapter CAR with a CD28 co-signaling domain and an intracellular immunoreceptor
tyrosine-based activation motif (ITAM) from the CD3 zeta chain (CD3ζ). Cells were
subsequently single-cell sorted for highest CAR expression and functionality. Transduction
process and AdCAR NK-92 cell characterization was previously described [23]. AdCAR
NK-92 cells showed stable AdCAR surface expression for at least 150 days after cell sorting
with an average viability of >90%. Proliferation rate was not impaired by the transduction
process compared to untransduced, parental NK-92 cells.

Functional assessment of AdCAR NK-92-mediated cytotoxicity was conducted using
the previously established metastatic tumor cell lines earlier described in this manuscript
as target cells. Calcein-labeled tumor cells were co-incubated with AdCAR NK-92 as
well as parental NK-92 cells in the presence and/or absence of biotinylated antibodies
(bAb) targeting antigens highly expressed on the tumor cells. AdCAR NK-92 but not
untransduced NK-92 cells significantly induced cellular cytotoxicity against all tumor cell
lines but only in the presence of a bAb targeting antigens sufficiently expressed on the
cell surface (Figure 2a–d), thus, underscoring the controllability of the AdCAR system.
Correlation of median fluorescence index (MFI) as an indicator of antigen density on tumor
cell surface and specific cell lysis of MAC, MAM, MCK83 and MeGa17 cells resulted in R2

values of 0.5157, 0.1161, 0.7650 and 0.5375, respectively.
Next, we examined the kinetics of AdCAR-mediated cytotoxicity after addition of

specific biotinylated antibodies. Utilizing the xCELLigence real-time label-free live cell anal-
ysis (RTCA) system based in cell impedance measurement, tumor cells were co-incubated
with AdCAR and parental NK-92 cells with and without bAb and monitored for over
12 h. The dimensionless cell index is proportional to the amount of live tumor cells. NK-
mediated cytotoxicity is assessed by measurement of cell index decrease. AdCAR NK-92
cells but not parental NK-92 cells successfully lysed the tumor cells of renal cell carcinoma
MAM and melanoma MeGa17 in less than 4 h, but only in the presence of a specific bAb
(Figure 3a,b). Specific tumor cell lysis correlated with surface expression of the respective
antigen and no long-term tumor regrowth was observed with adapter molecules targeting
highly expressed antigens.
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Figure 2. AdCAR NK-92-mediated metastatic tumor cell lysis. AdCAR NK-92 cells were co-incubated with calcein-labeled
tumor cell lines MAC (a), MAM (b), MCK83 (c) and MeGa17 (d) in the presence or absence of indicated biotinylated
antibodies for 2 h at indicated E:T ratios. Specific lysis is shown as mean ± SD, n = 3. ****: p < 0.0001; ***: p < 0.001;
**: p < 0.01; *: p < 0.1; ns: p ≥ 0.1.

To further examine NK-92-mediated lysis, a cytokine secretion profile was established
to screen for secretion of a variety of cytokines, including NK cell effector molecules. Vari-
ous cytokines were significantly increased after co-incubation of AdCAR-transduced NK-92
cells with MAC cells (Figure 4). GM-CSF (22-fold; p < 0.002), IL-10 (10-fold, p < 0.0002),
granulysin (24-fold; p < 0.0006), granzyme B (6-fold, p < 0.0001), IFN-γ (10-fold; p < 0.0009),
MIP-1b (2-fold; p < 0.008) and TNF-α (32-fold; p < 0.0001) showed significantly elevated lev-
els but only upon AdCAR induction via specific biotinylated antibodies. While enhanced
secretion of granulysin and granzyme B directly account for increased tumor lysis, IFN-γ
and TNF-α stimulate the endogenous immune system and indirectly enhance anti-tumor
activity. Secretion of MCP-1 and perforin was not significantly augmented after AdCAR
activation (1.7-fold and 1.4-fold, respectively).
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Figure 3. Kinetics of AdCAR-mediated tumor cell lysis. AdCAR NK-92 cells were co incubated
with unlabeled tumor cell lines MAM (a) and MeGa17 (b) in the presence or absence of indicated
biotinylated antibodies and constantly monitored over time using the xCELLigence real time cell
analysis system. NK-mediated tumor cell lysis is depicted as decrease in the dimensionless “cell
index”, n = 3.

2.3. NK-92 Cells Exhibit Successful AdCAR-Mediated Cytotoxicity in a Three-Dimensional Tumor
Cell Model

While the majority of in vitro studies about cellular immunotherapy are still based
on tumor cell monolayer culture systems, examination of three-dimensional (3D) tumor
models allows for limited translation to the in vivo situation. Thus, we generated multicel-
lular spheroids of the GFP-transduced cell lines. Since just one out of the four cell lines
successfully grew as a solid spheroid, only the renal cell carcinoma MAM was used to
assess cytotoxic potential of AdCAR NK-92 cells in a 3D model.

After four days of culture tumor spheroids were co-incubated with either AdCAR-
transduced or parental NK-92 cells in the presence or absence of biotinylated antibodies
and monitored for over 96 h. Fluorescence signals of MAM spheroids co-incubated with
NK-92 cells were correlated with untreated control spheroids (Figure 5a,b). After 48 h
AdCAR NK-92 cells in combination with bCD146, bCD276 or bEGFR successfully increased
NK-mediated lysis of MAM tumor cells to 76.9%, 81.1% and 80.3%, while AdCAR NK-92
cells in combination with bCD171 showed specific lysis of 51.4% of tumor cells. After 96 h
AdCAR-mediated cell lysis increased to 82.3% (bCD146), 57.0% (bCD171), 83.5% (bCD276),
93.3% (bEGFR).
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Figure 4. Cytokine secretion profile of AdCAR NK-92 cells. AdCAR NK-92 cells as well as parental
NK-92 cells were co-incubated with the tumor cell line MAC in the presence and absence of bEGFR
for 6 h at an E:T ratio oif 5:1. The release of cytokines was measured using the Bio-Plex Pro human
cytokine 17-plex assay and is shown as a heatmap. PMA/Ionomycin was used as control to induce
maximum cytokine secretion.

3. Discussion

To date, conventional therapies have limited success in preventing or treating bone
metastasis due to the complex nature of the bone microenvironment, tumor heterogeneity,
and the therapeutic resistance of dormant tumor cells. Despite significant advancement
of conventional therapies, such as surgery, chemotherapy, hormone or radio therapy,
metastatic disease remains virtually incurable and still is one of the most common causes
for cancer-associated mortality [2].

Our recently developed AdCAR platform combines a modular adapter chimeric
antigen receptor with the universal applicability of the NK-92 cell line, thus creating an
“off-the-shelf” cellular product for the treatment of cancer [23]. Currently, universal CAR
approaches with T or NK cells using adapter molecules that are foreign to the human
body like the affinity-enhanced monomeric streptavidin 2 (mSA2) can potentially cause im-
munogenic reactions and make clinical translation difficult [27,28]. Even adapter molecules
tagged with endogenous molecules such as biotin could potentially cause adverse reactions
due to the immunogenicity of avidin and streptavidin [29]. The adapter system used herein
is based on a scFv targeting a “neo”-epitope-like structure, the linker label epitope, con-
sisting of biotin in the context of a mAb, instead of biotin itself [26]. Hence, application of
AdCAR NK-92 cells can circumvent adverse immunogenic reactions of other CAR systems
and decrease the risk of severe side effects during therapy.
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Figure 5. AdCAR NK-92-mediated lysis of 3D tumor spheroids. GFP-transduced cell lines MAM was grown as 3D spheroids
in ultra-low attachment plates and subsequently co-incubated with AdCAR NK-92 or parental NK-92 cells and indicated
biotinylated antibodies for 96 h in at least three individual experiments. Fluorescence images show representative MAM
spheroids at indicated time points (a). Integrated fluorescence intensity of tumor spheroids was measured regularly using
the Celigo S Imaging Cytometer (Nexcelom, Lawrence, MA, USA), compared to untreated control spheroids and is shown
as mean ± SD, n = 3 (b).

The flexibility of the presented AdCAR system can further counteract drawbacks of
conventional CAR T cell therapy such as off-tumor toxicity or tumor evasion strategies.
Previous CAR T cell studies showed downregulation of the target antigen as a reaction
to therapy which ultimately leads to immunotherapy resistance [30–32]. Additionally,
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since only few antigens are uniquely specific for solid tumors, eradication of tumor cells
while simultaneously sparing healthy tissue is a major concern of CAR T cell therapy [33].
Utilizing a standardized flow cytometry screening panel enables target options that are
tailored on a patient-individualized basis. In case of tumor antigen evasion during therapy,
the target structure can be easily switched by application of a different bAb while still
retaining therapeutic efficacy. Moreover, simultaneous or consecutive use of different
biotinylated antibodies in combination with AdCAR NK-92 cells may provide a possible
treatment strategy for highly heterogeneous tumors and is able to counteract tumor antigen
loss and off-tumor/on-target toxicity. Utilization of biotinylated antibodies, which are
already approved by the FDA, such as cetuximab or trastuzumab generates functional
adapter molecules with a known safety profile for AdCAR NK-92 therapy and facilitates
translation into clinical settings.

In this study, we demonstrated that CAR-modification of the NK-92 cell line with
our AdCAR system can enable promising therapeutic opportunities for the treatment of
a variety of metastatic tumor entities. AdCAR NK-92 cells effectively eliminated tumor
cells from the newly established cell lines derived from bone metastases of renal cell,
mammary and colorectal carcinomas, as well as melanomas in standard in vitro cytotoxicity
assays within two hours. Specificity of cytolytic activity was achieved by prior screening
for suitable target antigen structures on tumor cell lines and utilization of respective
biotinylated antibodies as adapter molecules. Due to the lack of FcγRIII (CD16) expression
on NK-92 cells, the formation of the immunological synapse is simply dependent on bAb
titration [34]. AdCAR NK-92 cells that were co-incubated without bAb or with bAb without
specificity of interest lead to little to no tumor lysis. Additional controllability of AdCAR
NK-mediated cytotoxicity is underscored by the fact that cytolytic activity occurred in a
concentration-dependent manner [23]. Moreover, AdCAR NK-92 cells are functionally
independent of the target cells’ NK ligand profile. Specific AdCAR-mediated cytotoxicity
could be demonstrated regardless of tumor cell surface expression of inhibitory ligands
such as HLA-E which was shown to have negative effects cytotoxic activity of primary NK
cells [35,36].

As shown in first in vivo and clinical CAR NK-92 trials the NK cell line was less
likely to induce severe side effects such as neurotoxicity and cytokine release syndrome
(CRS) [37,38]. Likewise, in the present study, IL-6, a driving causation of CRS, was not
produced by AdCAR NK-92 cells after co-incubation with either tumor cell line or a
specific bAb. The secretion of the pro-inflammatory cytokines IFN-γ and TNF-α, as
shown by AdCAR NK-92 cells co-incubated with the target cell line and a specific bAb,
may, additionally, stimulate the endogenous immune system and enhance anti-tumor
activity [18].

One of the key necessities of CAR-immune cell therapies to be successful for the
treatment of solid tumors and, especially, in the metastatic setting is their capability of
immune cell homing and tumor infiltration [39–41]. Establishment of three-dimensional
in vitro spheroids enables accurate assessment of a range of in vivo biological processes [42].
Here, AdCAR NK-92 cells are clearly able to efficiently lyse tumor spheroids in an antibody-
dependent manner. Furthermore, they have been shown to be resistant to the tumor
microenvironmental influences such as the secretion of transforming growth factor beta
(TGFβ) which was reported to account for tumor resistance to immunotherapy [18,43,44].
Future research needs to evaluate the therapeutic potential of AdCAR NK-92 cells in pre-
clinical in vivo and clinical settings. Particularly, mouse bone metastasis models will be of
major importance to assess AdCAR NK-92 biodistribution, homing and infiltration.

As previously described, frozen CAR-engineered NK-92 cells can be thawed and
expanded as a batch culture in gas permeable cell culture bags. Doubling time of CAR
NK-92 cells is approximately 32 to 36 h and culture yields can be individually scaled
according to treatment doses and number of patients treated [45]. Safety was proven in a
recent phase I clinical trial with CD33-specific CAR NK-92 cells. No dose-limiting toxicities
were observed upon repeated intravenous infusions of up to 5 × 109 irradiated cells per
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dose [37]. Several other early phase clinical trials with CAR-engineered NK-92 cells are also
currently being carried out in Europe, China and the US (clinicaltrials.gov; NCT 02742727,
03383978, 04050709).

For clinical translation, metastatic tumor cells isolated from bone marrow biopsies
or surgery can be quickly screened for their target antigen expression profile with the
implemented, standardized antibody panel using flow cytometry or ultra-high content
imaging techniques. AdCAR-engineered NK-92 cells could be utilized to eradicate dissem-
inated, dormant metastatic tumor cells within the bone marrow as well as micrometastases.
Furthermore, for the treatment of large bone metastases, AdCAR NK-92 cells could be
given as intratumoral injections or also be applied after surgery at the resection site to
eliminate non-resectable tumor residues. A well-characterized, GMP-compliant qualified
master cell bank of CAR NK-92 cells as a reliable source for subsequent production of
patient doses, enables therapeutic translation within hours of the surgery [38,46]. Together
with biotinylated therapeutic antibodies, universal “off-the-shelf” AdCAR NK-92 cells can
be utilized for flexible and patient-individualized therapy, thus, enabling broadly available
and more affordable immunotherapy for cancer patients independent of specialized facili-
ties. Their specific properties make AdCAR NK-92 cells a promising treatment option for
bone metastases.

4. Materials and Methods
4.1. Cell lines and Culturing Conditions

NK-92 cells were purchased from ATCC and maintained at a concentration of 105

cells/mL in MEM Alpha Medium containing stable L-glutamine (GlutaMAX, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 20% FBS and 100 U/mL IL 2
(Proleukin, Aldesleukin, Chiron, Emeryville, CA, USA) referred to as NK-92 complete
medium. MAC, MAM, MCK83 and MeGa17 cell lines were established from biopsy tumor
samples from resected bone metastases provided by the Department of Orthopedic Surgery,
University Hospital Tuebingen (UKT). Newly established cell lines and matched tumor
samples, as well as patient’s blood lymphocytes for comparison, were authenticated by
short-tandem-repeat analysis (Eurofins Scientific, Luxembourg City, Luxembourg) to verify
cell origin and identity. Tumor cell lines were cultivated in RPMI 1640 medium (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA) containing GlutaMAX, referred
to as RPMI complete medium, maintained at 37 ◦C in a humidified 5% CO2 atmosphere
and regularly tested for mycoplasma contamination. The present study was approved
by the ethics committee at the Medical Faculty of the Eberhard Karls University and the
University Hospital Tuebingen (reference number 008/20114/BO2). Human material was
collected after obtaining informed consent in accordance with the Helsinki protocol. All
media contained 1x antibiotic-antimycotic solution (Thermo Fisher Scientific, Waltham,
MA, USA).

4.2. Design of the AdCAR System

The second-generation adapter CAR is based on the mAb “mBio3”-derived single-
chain variable fragment (scFv) targeting a “neo”-epitope-like structure, the linker label
epitope, consisting of biotin in the context of a mAb. Exact constitution of the AdCAR
construct and generation of AdCAR-engineered NK-92 cells was previously described [23].

4.3. Biotinylated Antibodies

Antibodies were either purchased as bAb from Miltenyi Biotec (Bergisch-Gladbach,
Germany) or acquired from the UKT pharmacy and biotinylated by Davids Biotechnologie
(Regensburg, Germany).
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Antigen Clone Antibody Order # Lot Supplier

CD146 541-10B2 n/a 130-092-852 5190627154
Miltenyi Biotec, Bergisch

Gladbach, Germany

CD171 REA163 n/a 130-100-702 5190607129
Miltenyi Biotec, Bergisch

Gladbach, Germany

CD200 OX-104 n/a 130-106-064 5191021606
Miltenyi Biotec, Bergisch

Gladbach, Germany

CD221 REA271 n/a 130-103-973 5190627184
Miltenyi Biotec, Bergisch

Gladbach, Germany

CD271 REA844 n/a 130-112-608 5190627191
Miltenyi Biotec, Bergisch

Gladbach, Germany

CD274 n/a Atezolizumab n/a n/a
Hoffmann-La Roche, Basel,

Switzerland

CD276 FM276 n/a 130-095-514 5190627174
Miltenyi Biotec, Bergisch

Gladbach, Germany

CD340 n/a Trastuzumab n/a n/a
Hoffmann-La Roche, Basel,

Switzerland

EGFR n/a Cetuximab n/a n/a
Merck KgaA, Darmstadt,

Germany

GD2 n/a
Dinutuximab

beta
n/a n/a

Eusa Pharma,
Hertfordshire, Great Britain

4.4. Flow Cytometry

Staining of cells was conducted using primary biotinylated mAb with antigen speci-
ficity of interest. Cells were incubated with specific antibodies at 4 ◦C in flow cytometry
buffer containing PBS (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2% FBS
and 0.5 M EDTA (Sigma-Aldrich, St. Louis, MO, USA) for 15 min. Unbound antibody was
washed off by centrifugation (4 ◦C, 350 g, 5 min) and stained with a secondary, fluorophore-
labeled anti-biotin antibody (Anti-Biotin PE, clone: REA746, Miltenyi Biotec, Bergisch
Gladbach, Germany) for 15 min followed by another washing step. Surface antigen ex-
pression was analyzed with the secondary antibody alone as a negative control using a BD
FACSCanto II flow cytometer (BD, Franklin Lakes, NJ, USA).

4.5. Calcein Release-Based Cytotoxicity Assay (CRA)

Target cell staining with Calcein AM (Thermo Fisher Scientific, Waltham, MA, USA)
as well as the protocol for the calcein release-based cytotoxicity assay (CRA) was described
previously [23,45].

4.6. Real-Time Label-Free Live Cell Analysis

Bone metastasis cell lines were adjusted to a concentration of 105 cells/mL in RPMI
complete medium and seeded in E-Plate 96 VIEW (OLS, Bremen, Germany) micro-well
plates. Effector AdCAR NK-92 cells were adjusted to an E:T ratio of 5:1 in NK-92 complete
medium without IL-2 and co-incubated with the target cells in the presence or absence
of specific bAb. Utilizing the xCELLigence real-time cell analysis (RTCA, OLS, Bremen,
Germany) system, cells were monitored for over 12 h. Tumor cell viability was calculated
using the RTCA 2.0 software (OLS, Bremen, Germany) and AdCAR-mediated cytotoxicity
was subsequently determined.

4.7. Quantification of Cytokine Release

Cytokine release of AdCAR NK-92 cells upon AdCAR induction was determined
using the Bio-Plex Pro human cytokine 17-plex assay (Bio Rad, Hercules, CA, USA). The
respective protocol was described previously [23].
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4.8. 3D Spheroid Cytotoxicity Assay

GFP-transduced metastatic tumor cells were grown as three-dimensional spheroids
and co-incubated with NK-92 as well as AdCAR NK-92 cells in the presence or absence of
biotinylated antibodies. The respective protocol was described previously [23].

4.9. Data Analysis

All statistical analyses were performed with GraphPad Prism 8 software (GraphPad
Software Inc., San Diego, CA, USA). Flow cytometry data were analyzed using FlowJo
software V10.0.8 (FlowJo LLC, Ashford, OR, USA).

5. Conclusions

Innovative immunotherapy for the treatment of solid cancers and especially metastatic
disease is urgently needed. Adapter CAR-engineered NK-92 cells are able to combine their
“off-the-shelf” availability with personalized and controllable elimination of metastatic
tumor cells, thus, establishing a potent cellular product with universal applicability and
quick clinical translation potential for the treatment of solid tumors, including metastases.
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Abstract
Despite advanced understanding of its biology and improvements in standard of 
care treatment, the outcome for children with neuroblastoma (NB), the most com-
mon solid extracranial tumor in pediatrics, remains poor. Particularly, frequent re-
lapse and high mortality rates of high-risk NB patients necessitate new therapeutic 
approaches such as chimeric antigen receptor (CAR)-modified immune cells. CAR T 
cells recently showed incredible clinical response targeting CD19 and CD22 in he-
matological malignancies. However, targeting solid cancers remains a difficult chal-
lenge and production of autologous CAR T-cell products still requires an extensive 
manufacturing process. The well-established natural killer (NK)-92 cell line provides 
a promising alternative to produce “off-the-shelf” CAR-modified effector cells. In the 
present study, we demonstrate that the immune checkpoint molecule B7-H3 (CD276) 
is aberrantly expressed on NB cells. Second generation CD276-CAR-engineered but 
not parental NK-92 cells were capable of specific and long-term elimination of NB 
cells in vitro while sparing CD276-negative cancer cells. Furthermore, CD276-CAR 
NK-92 cells showed increased cytotoxicity in a three-dimensional NB spheroid model 
which can recapitulate in vivo morphology as well as cell connectivity, polarity, gene 
expression, and tissue architecture, thereby, bridging the gap between in vitro and 
in vivo models. CD276-CAR NK-92 cells produced a multitude of NK effector mol-
ecules as well as pro-inflammatory cytokines that can stimulate the immune system. 
CD276-CAR surface expression and cytotoxic effector function remained stable for 
more than 6 months. Data show that CD276-CAR NK-92 may be a promising treat-
ment option for patients with high-risk NB.
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1  | INTRODUC TION

Neuroblastoma (NB) is a pediatric tumor derived from sympath-
oadrenal progenitor cells within the neural crest and is the most 
common extracranial solid neoplasm in childhood, accounting for 
8%-10% of all pediatric malignancies but more than 15% of deaths 
from cancer in children.1,2 This tumor entity is characterized by 
an extreme clinical heterogeneity, which ranges from spontaneous 
regression or differentiation to cases of aggressive metastatic dis-
ease for which patient survival is below 50% despite intensive 
multimodal therapy.3 Treatment of high-risk NB currently includes 
induction chemotherapy, surgical resection, radiotherapy, high-
dose chemotherapy, which is often followed by autologous stem 
cell transplantation and immunotherapy with monoclonal anti-
bodies (mAb) targeting the cell-surface disialoganglioside GD2 in 
combination with cytokines and retinoic acid.4,5 However, drug 
resistance and disease recurrence as well as late effects remain 
significant challenges in patients with high-risk NB. Thus, novel 
targeted therapies to improve cure rates while minimizing toxici-
ties are urgently needed.

Chimeric antigen receptor (CAR)-modified lymphocytes rep-
resent a promising immunotherapeutic approach that involves 
the genetic modification of immune cells to express synthetic re-
combinant receptors which induce lymphocyte activation upon 
antigen binding.6 CAR T cells have gained enormous clinical rec-
ognition with impressive response rates reported in patients re-
ceiving autologous CD19-redirected T cells for the treatment of 
relapsed or refractory B-cell malignancies.7-9 Two autologous 
CD19 CAR T cell products were recently approved by the US 
Food and Drug Administration (FDA) and the European Medicines 
Agency for patients with acute lymphoblastic leukemia and certain 
types of relapsed or refractory large B-cell lymphoma. However, 
CAR T cells can induce severe side effects, including cytokine 
release syndrome (CRS) and neurotoxicity, and the fact that this 
treatment must be produced on a patient-individual basis makes 
the manufacturing process complex and expensive.10 Since au-
tologous CAR-T cells are made from the patients' own peripheral 
blood lymphocytes, yield, transduction efficiency, T-cell subtype 
distribution, and activation state can vary, affecting overall prod-
uct composition and quality.

Although current CAR-based immunotherapeutic strategies 
focus on T cells as effector cells, natural killer (NK) cells have become 
an increasingly attractive alternative because of their potent anti-tu-
mor activity and safety in an allogeneic setting which could over-
come some of the obstacles of autologous CAR T cell therapies. The 
majority of CAR NK cell studies to date have been performed with 
NK-92 cells, an IL-2 dependent, continuously expanding human NK 
cell line, which exhibits phenotypic and functional characteristics of 
activated NK cells, except the expression of FcγRIII (CD16).11 In pre-
clinical studies, NK-92 cells exhibited persistent antitumor activity 
against different hematological malignancies and solid tumors.12,13 
In addition, the safety of irradiated NK-92 cells was demonstrated 
in phase  I clinical trials, with some of the patients experiencing 

long-lasting treatment responses.14-16 These properties make NK-92 
cells an interesting option for CAR-engineering, thus develop-
ing a standardized “off-the-shelf” therapeutic for adoptive cancer 
immunotherapy.17

Whereas CAR T cells have proven highly effective in the treat-
ment of hematological malignancies, they have shown only limited 
activity in solid tumors.18 A major obstacle for immunotherapy 
in solid tumors is the lack of real tumor-specific antigens, which 
translates to the targeting of tumor-associated antigens overex-
pressed on tumors but shared with normal tissues which increases 
the potential risk of significant on-target off-tumor toxicity.19 
In addition, antigen expression is often heterogeneous within a 
tumor and most antigens are not broadly expressed across differ-
ent tumor types.

CD276 (B7-H3) belongs to the B7 family of immune checkpoint 
molecules, which are important regulators of the adaptive immune 
response and emerging key players in human cancer.20-24 While it 
appears that CD276 mRNA is ubiquitously expressed in many tissues 
and cell types, immunohistochemical (IHC) analysis demonstrates 
that the expression of CD276 protein is either absent or weak in 
normal.25,26 In contrast, CD276 protein is frequently overexpressed 
in the majority of solid human tumors such as prostate cancer, non-
small-cell lung cancer, pancreatic cancer, breast cancer, ovarian 
cancer, and colorectal cancer and within the tumor vasculature as 
well.27 This disparity may in large part be due to the reduced levels 
of microRNA-29 which are inversely related to the upregulation of 
CD276 expression in malignant cells.28 Overexpression of CD276 
contributes to tumor immune evasion, an increased potential for 
metastasis and frequently correlates with rapid cancer progression 
and poor clinical outcome in several malignancies, such as pancreatic 
adenocarcinoma, prostate cancer, ovarian cancer, lung cancer, and 
renal carcinoma.29-33 In a recent publication Zhang et al analyzed the 
transcriptional profiles of five Gene Expression Omnibus datasets 
of clinically annotated NB cases which revealed that high CD276 
expression was associated with poor overall survival.25,34-36 Within 
both primary and metastatic tumors, CD276 may be expressed on 
multiple cell types, including differentiated tumor cells, tumor-ini-
tiating or cancer stem cells, cancer-associated fibroblasts, and cells 
of the tumor vasculature.27,37-39 Compared with other immune 
checkpoints, CD276 not only regulates innate and adaptive immu-
nity but also promotes cancer progression and metastasis through 
various non-immunologic functions. These diverse properties in 
combination with the differential expression in tumors vs healthy 
tissues make CD276 a prime target for novel immunotherapeutic 
strategies.40 CD276-specific mAb and antibody-drug conjugates 
were evaluated in xenograft mouse models and phase I clinical trials, 
showing specific antitumor activity and a good safety profile.41-44 In 
addition, CAR T cells targeting CD276 have been reported to me-
diate significant antitumor effects in preclinical studies of different 
solid tumors, including NB.45-51

In this study, we evaluate the benefit of CD276-CAR-engineered 
NK-92 cells as a potential “off-the-shelf” cellular therapeutic for the 
recognition and targeting of NB cells.
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2  | MATERIAL S AND METHODS

2.1 | Cell lines and culturing conditions

Neuroblastoma cell lines LAN-1, SH-SY5Y, SK-N-AS, SK-N-BE, 
and IMR-32 were purchased from the European Collection of 
Authenticated Cell Cultures. The NB cell line Kelly and the acute 
myeloid leukemia (AML) cell line KG-1a were purchased from Cell 
Line Services. The NB cell line LS was established by Rudolph 
et al and kindly provided by Prof. Handgretinger, University Hospital 
Tuebingen, Children's Hospital, Germany.52 All tumor cell lines were 
maintained in Roswell Park Memorial Institute (RPMI) 1640 medium 
supplemented with 10% heat-inactivated fetal bovine serum (FBS) 
(Thermo Fisher Scientific), 2 mmol/L L-glutamine, and 1 mmol/L so-
dium pyruvate (Biochrom), referred to as RPMI complete medium.

Lenti-X 293T cells (Clontech) were cultivated in DMEM high 
glucose (4.5  g/L) medium (Thermo Fisher Scientific) containing 
GlutaMAX supplemented with 10% FBS and 1 mmol/L sodium pyru-
vate (Thermo Fisher Scientific). NK-92 cells were purchased from the 
American Type Culture Collection and maintained at a concentration 
of 105 cells/mL in Minimal Essential Medium (MEM) Alpha Medium 
containing GlutaMAX (Thermo Fisher Scientific) supplemented with 
20% FBS and 100 U/mL IL-2 (PROLEUKIN, Aldesleukin, Chiron) re-
ferred to as NK-92 complete medium. Primary NK cells were isolated 
from healthy donors using the EasySep human NK cell isolation kit 
(STEMCELL Technologies) and maintained in RPMI  1640 medium 
(Thermo Fisher Scientific) supplemented with 10% pooled AB-serum 
from healthy donors (Transfusion Medicine, University Hospital 
Tuebingen, Germany).

All media contained 1× antibiotic-antimycotic solution (Thermo 
Fisher Scientific) consisting of 100 U/mL of penicillin, 100 µg/mL of 
streptomycin, and 0.25 µg/mL amphotericin B. All cells and cell lines 
were maintained at 37°C in a humidified 5% CO2 atmosphere and 
were regularly tested for mycoplasma contamination.

2.2 | Flow cytometry

Cells were stained at 4°C using the indicated antibodies in flow cy-
tometry buffer containing PBS (Sigma-Aldrich) supplemented with 
2% FBS and 0.5 mol/L EDTA (Sigma-Aldrich) for 15 minutes. Using 
a BD FACSCanto II flow cytometer live cells were gated based on 
forward and side scatter. CD276-CAR expression on NK-92 cells was 
determined by CD34 marker gene expression.

2.3 | Immunohistochemistry

Immunohistochemistry for B7-H3 was performed on formalin-
fixed, paraffin-embedded tissue sections. Staining was performed 
using an automated immunostainer (BenchMark ULTRA; Ventana 
Medical Systems) according to the manufacturer's protocol with a 

murine anti-human-CD276 (6A1) mAb (Abcam) as primary antibody. 
Cytoplasmic B7-H3 expression was independently evaluated by two 
investigators and was assessed as percentage of stained tumor cells 
compared to total tumor cells. A semiquantitative score of the cyto-
plasmic staining intensity (IHC grade) was calculated as 0 (negative), 
1 (weak), 2 (moderate), or 3 (strong).33

2.4 | Generation of lentiviral vectors

A 2nd generation lentiviral vector plasmid encoding the CD276-
specific CAR (CD276-CAR) construct was acquired from Creative 
Biolabs. The CD276-CAR was generated by conjugating a 
B7-H3  clone m851-derived scFv on a 2nd generation CAR back-
bone incorporating an EF1α promotor, a CD8 hinge domain, a CD28 
transmembrane domain, and the cytoplasmic CD28 co-stimulatory 
as well as CD3-ζ signaling domains. Truncated CD34 (tCD34) is co-
expressed after a T2A site for detection and enrichment. The trans-
fer plasmid encoding a green fluorescent protein (GFP)-luciferase 
construct was obtained from Dr Irmela Jeremias, Helmholtz Center, 
Munich, Germany.

Lentiviral particles (LVP) were produced in Lenti-X™ 293T 
(Clontech) after lipofection (Lipofectamine 3000, Thermo Fisher) of 
a 2nd generation packaging plasmid, a VSV-G envelope plasmid and 
the indicated transfer plasmid. LVP containing supernatants were 
concentrated using Lenti-X concentrator (TaKaRa) and stored at 
−80°C until further use.

2.5 | Lentiviral transduction

NK-92 cells were seeded at a concentration of 1.25 ×  106  cells/
mL of MEM Alpha Medium, supplemented with 8 ng/µL of prota-
mine sulfate (Sigma-Aldrich) and 2.5  µmol/L of BX-795 (Cayman 
Chemical Company) and transduced with CD276-CAR LVP for 
16 hours. Transduced cells were cultivated in NK-92 complete me-
dium. Transduction efficiency was determined by flow cytomet-
ric analysis of CD34 surface expression. CD276-CAR NK-92 cells 
were subsequently single-cell sorted and screened for the highest 
CAR-expression.

Neuroblastoma cells were seeded at 5.0 × 104 or 1.25 × 105 cells/
mL in RPMI medium without supplements and subsequently trans-
duced with GFP-luciferase LVP for 16 hours. Cells were maintained 
in RPMI complete medium. Transduction efficiency was determined 
by flow cytometry.

2.6 | Calcein-release cytotoxicity assay

Target cells were labeled with 10  µmol/L of calcein acetoxym-
ethyl (Calcein AM) (Thermo Fisher Scientific) at a concentra-
tion of 106  cells/ml in RPMI medium supplemented with 2% FBS. 
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CD276-CAR NK-92 cells were thoroughly washed, resuspended in 
RPMI medium supplemented with 2%  FBS and co-incubated with 
target cells for 2 hours. CD276-CAR-specific cytotoxicity was de-
termined by fluorescence measurement using the Spark multimode 
microplate reader (Tecan).

2.7 | Real-time label-free live cell analysis

Neuroblastoma cell lines were adjusted to a concentration of 
105  cells/mL in RPMI complete medium and seeded in E-Plate 96 
VIEW (OLS) micro-well plates. Effector CAR NK-92 cells were ad-
justed to an E:T ratio of 5:1 in NK-92 complete medium without IL-2 
and co-incubated with the target cells. Utilizing the xCELLigence 
real-time cell analysis (RTCA) system, cells were monitored for 
72 hours. NB cell viability was calculated using the RTCA 2.0 soft-
ware and CAR-mediated cytotoxicity was subsequently determined.

2.8 | Neuroblastoma three-dimensional spheroid 
cytotoxicity assay

GFP-positive NB cells were adjusted to a concentration of 
5.0 × 103 cells/mL and seeded in a 96-well low-attachment U-bottom 
plate (Nexcelom). Spheroids were grown for 72 hours and were sub-
sequently co-incubated with CD276-CAR NK-92 cells. Fluorescence 
was measured using the Celigo  S imaging cytometer (Nexcelom) 
at indicated time points over a period of at least 96  hours. CAR-
mediated cytotoxicity was calculated using the average integrated 
fluorescence intensity of NB spheroids.

2.9 | Quantification of cytokine release

Target and effector cells were co-incubated in equal parts of target 
cell complete medium and NK-92 complete medium without IL-2 at 
an E:T ratio of 5:1 at 37°C for 6 hours, supernatants were collected 
and stored at −80°C until further use. CD276-CAR NK-92 maxi-
mum degranulation was achieved using the cell activation cocktail 
(BioLegend) containing phorbol 12-myristate 13-acetate (PMA)/
ionomycin.

Cytokine release was determined using the Bio-Plex Pro human 
cytokine 17-plex assay (Bio-Rad), the human perforin ELISA kit 
(Thermo Fisher Scientific), and the LEGEND MAX human granulysin 
and granzyme B ELISA kits (Biolegend).

2.10 | Data analysis

All statistical analyses were performed with GraphPad Prism 8 soft-
ware (GraphPad Software Inc). Flow cytometry data were analyzed 
using FlowJo software V10.0.8 (FlowJo LLC).

3  | RESULTS

3.1 | B7-H3 is aberrantly expressed on NB cells

To determine whether B7-H3 (CD276) is a suitable target antigen 
for CAR-based immunotherapy of NB, we analyzed CD276 expres-
sion on NB cell lines and patient tumor samples. Formalin-fixed, 
paraffin-embedded NB tissue sections of patients with aggressive 
and/or recurrent disease were stained for CD276 expression using 
immunohistochemistry with 4 of 5 samples showing a moderate or 
high cytoplasmic and membrane expression of CD276 (Figure  1). 
Next, the established high-grade NB cell lines LAN-1, Kelly, and LS 
were screened for CD276 surface expression by flow cytometry. All 
NB cell lines abundantly expressed CD276 which makes the antigen 
ideal for targeted, CAR-based NB therapy (Figure 2A).

Age (y) Gender Clinical stage
IHC 
grade

Stained 
tumor 
cells (%)

Patient 1 3 M NB IV relapsed 1 70

Patient 2 5 F NB III 3 90

Patient 3 7 F NB IV relapsed 3 100

Patient 4 5 F NB IV relapsed 2 80

Patient 5 6 M NB IV relapsed 2 80

For further characterization of the NB cell lines they were 
screened for the expression of known NK cell ligands by flow cy-
tometry (Figure 2B). All three cell lines showed similar NK  ligand 
expression profiles. Uniformly, they expressed human leukocyte 
antigen E (HLA-E) which is a major ligand for the inhibitory re-
ceptor complex CD94/NKG2A on NK cells. Furthermore, LAN-1, 
Kelly and LS cells shared a relatively low expression of major his-
tocompatibility complex (MHC) class I chain-related protein A and 
B, a protein that acts as an activating signal for NK cells through 
the natural-killer group 2, member D (NKG2D or CD314) receptor 
on NK-92 cells. Moreover, all three cell lines expressed Nectin-2 
(CD112) and PVR (CD155). These two receptors are known targets 
to DNAM-1 (CD226) triggering an activating signaling cascade, as 
well as the immune checkpoint receptor TIGIT triggering an inhibi-
tory NK response. Interestingly, the inhibitory NK ligand HLA-ABC 
was completely absent on Kelly cells and LAN-1 cells only showed 
mediocre expression while HLA-ABC expression was elevated on 
LS cells.

3.2 | Lentiviral transduction of NK-92 cells results in 
surface expression of CD276-specific CARs

A CAR construct with an anti-CD276 scFv derived from clone 
“m851” was subcloned into a second generation lentivirus vector. 
The CD276-CAR is encoded under the control of the human elonga-
tion factor 1 alpha promoter and it is co-expressed with truncated 
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CD34 as marker gene (Figure  3A). VSV-G pseudotyped lentiviral 
particles were produced to transduce the human NK cell line NK-
92. Transduction efficiency was determined by flow cytometry of 
CD34 marker gene surface expression. Cells were subsequently 
single-cell-sorted and eight NK-92 clones were screened for CAR 
expression and proliferation. The NK-92 cell clone with the highest 
CD276-CAR expression was chosen for further experiments.

To analyze whether transduction of NK-92 cells with the CD276-
CAR construct would impair proliferation, cell number, and viability 
as well as CAR expression was monitored regularly. We were able to 
show that neither proliferation nor viability (>90% at all times; data 
not shown) of CD276-CAR NK-92 cells were decreased compared to 
parental NK-92 cells. Additionally, CAR expression levels were sta-
ble for more than 6 months (Figure 3B-D).

F I G U R E  1   Immunostaining of neuroblastoma tissue for CD276 expression. Formalin-fixed, paraffin-embedded neuroblastoma tissue 
sections of five patients with aggressive and/or recurrent disease were stained for CD276 expression using immunohistochemistry and 
evaluated by two independent investigators for positivity of staining and staining intensity using an immunohistochemical grading score 
[Color figure can be viewed at wileyonlinelibrary.com]

(A) (B)

(C)

(E)

(D)
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3.3 | CD276-CAR NK-92 cells express different 
receptor profile compared to primary NK cells

To examine whether CAR transduction had any effect on NK-92 re-
ceptor expression profile and how NK-92 cells compare to primary NK 
cells from healthy donors, cells were screened for the expression of a 
variety of activating and inhibitory NK cell receptors, as well as immune 
checkpoint molecules and chemokine receptors using flow cytometry.

Compared to primary NK cells, NK-92 and CD276-CAR NK-92 
cells showed a slightly lower expression of DNAM-1 (CD226) while 
expression of NKG2D (CD314), two of the main activating NK re-
ceptors, was similar compared to isolated NK cells. Furthermore, 
parental and CD276-CAR-transduced NK-92 cells displayed high 
expression of CD94 and NKG2A (CD159a), two membrane recep-
tors that form an immune checkpoint complex recognizing the 
human HLA-E peptide, and thus, inhibiting NK effector function. 
Interestingly, NKp80, a receptor expressed on all activated NK 
cells was only present on the isolated NK cells and not on NK-92 
cells (Figure 4A).

NK-92 and isolated NK cells exhibited a similar pattern of immune 
checkpoint receptor expression (Figure 4B). PD-1, the receptor for 
PD-L1 and first- and second-line target for immune checkpoint inhi-
bition-based cancer therapies, was not highly expressed. In contrast, 
NK-92 cells as well as isolated NK cells showed substantial expres-
sion of CD96 (TACTILE) and TIGIT, two recently emerging targets for 
immune checkpoint inhibition.

Flow cytometric analysis showed high expression of three of 
the most important chemokine receptors, CD183 (CXCR3), CD184 
(CXCR4), and CD197 (CCR7), in both NK-92 as well as primary NK 
cells, while CD181 (CXCR1) expression was completely absent in the 
NK-92 cell line (Figure 4C).

3.4 | CD276-CAR NK-92 cells specifically lyse 
CD276+ NB cell lines in vitro

To determine whether CD276-CAR NK-92 cells were able to spe-
cifically lyse NB cells through CAR signaling, they were co-incubated 

F I G U R E  2  CD276 and NK ligand expression profile analysis of neuroblastoma (NB) cell lines. NB cell lines LAN-1, Kelly, and LS were 
analyzed for B7-H3 (CD276) surface expression (A) and characterized using a panel of known NK cell ligands (B) via flow cytometry



     |  7 of 15GROTE et al.

with calcein-labeled NB cells at various effector-to-target (E:T) ra-
tios. Compared to parental NK-92 cells, specific lysis of NB cells in-
creased up to 80% after 2 hours even at low E:T ratios (Figure 5A). 
Importantly, CD276-CAR NK-92 cells did not show unwanted off-
target effects since they did not induce any CAR-specific lysis of the 
CD276-negative control cell line KG1a. Since irradiation of NK-92 

cells is required in all active clinical trials, we tested whether irra-
diation had an impact on cytotoxic efficacy. Parental NK-92 and 
CD276-CAR NK-92 cells were irradiated with 10 Gy and used as ef-
fector cells in a standard Calcein-release cytotoxicity assay (CRA) 
assay. Essentially, irradiation immediately prior to utilization did 
not significantly impact CAR-mediated lysis of the NB cell lines. 

F I G U R E  3  Schematic representation of CD276-CAR plasmid and generation of CD276-CAR NK-92 cells. Schematic representation of 
the lentiviral transfer plasmid encoding the CD276-CAR construct which was purchased from Creative Biolabs (A). The second generation 
CAR comprises a CD28 co-stimulatory domain and a CD34 tag sequence. CD34 marker gene expression was measured via flow cytometry 
on untransduced (grey, filled) and transduced NK-92 cells before (black line) and after (grey line) single-cell sort (B) and monitored for 6 mo 
(C). Average proliferation rate of parental NK-92 and sorted CD276-CAR NK-92 was measured over the same time frame and calculated as 
mean ± SD (D), n = 3, ns: P = .6012. CAR, chimeric antigen receptor. 
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However, CD276-CAR NK-92 cells gradually lost effector function 
and underwent apoptosis over time (Figure 5B).

Next, we wanted to examine NK-92-mediated cytotoxicity of 
the NB cell lines over a longer time period. The xCELLigence RTCA 
system offers the opportunity to monitor label-free adherent cells in 
real-time and determine begin and end of cytotoxicity. NB cells were 
co-incubated with CD276-CAR NK-92 or parental NK-92 cells and 
electrical impedance was measured every 5 minutes for over 36 hours 
(Figure 5C). Electrical impedance is depicted as the dimension-less 
“cell index” which is directly proportional to the amount of adherent 
cells at certain time points compared to the beginning of the exper-
iment. All three NB cell lines showed a significant decrease of their 
cell index not later than 2 hours after addition of CD276-CAR NK-92 
cells. No lysis was detected when parental NK-92 cells were used. 
Importantly, CD276-CAR NK-92 cells were capable of eliminating a 
sufficient number of NB cells to fully prevent regrowth. Furthermore, 
utilization of irradiated CD276-CAR NK-92 cells did not impair cyto-
toxic ability and, likewise, did not allow for tumor regrowth.

Next, the NK-92 cytokine secretion profile analyzed for a variety 
of cytokines, including NK cell effector molecules, using the Bio-Plex 
Pro human cytokine 17-plex assay (Figure 5D). After co-incubation 
with NB cells, CD276-CAR NK-92 cells drastically increased secre-
tion of various cytokines such as IL-2 (10- to 36-fold) and IL-10 (5- to 
19-fold). We also detected an increase in secretion of the pro-inflam-
matory molecules IFN-γ (21- to 82-fold) and TNF-α (38- to 85-fold). 
NK effector function was mainly based on perforin release (10-fold 
increase) and not granzyme B or granulysin secretion (1.3- and 2-fold 
increase respectively).

3.5 | CD276-CAR NK-92 cells successfully target 
NB spheroids

The majority of immunotherapy in vitro studies are based on tumor 
cell monolayer culture systems, neglecting the three-dimensional (3D) 

F I G U R E  4  Characterization of CD276-CAR NK-92 cells. CD276-
CAR-transduced and parental NK-92 cells were characterized for 
the expression of NK receptors (A), immune checkpoint molecules 
(B) and chemokine receptors (C) via flow cytometry. Results were 
compared to flow cytometric analysis of isolated NK cells from 
three healthy donors. Median fluorescence intensity ± SD was 
calculated using FlowJo software, n = 3. CAR, chimeric antigen 
receptor

F I G U R E  5  CD276-CAR NK-92-mediated tumor cell lysis. CD276-CAR NK-92 cells as well as untransduced control NK-92 cells were 
co-incubated with calcein-labeled neuroblastoma cell lines LAN-1, Kelly and LS as well as the CD276-negative acute myeloid leukemia cell 
line KG1a for 2 h. Specific tumor cell lysis is shown as mean ± SD, n = 3 (A). CD276-CAR and parental NK-92 cells were irradiated with 10 Gy 
and used as effector cells in a CRA with neuroblastoma (NB) cell lines LAN-1, Kelly, and LS at an E:T ratio of 5:1 after indicated time points. 
Specific tumor cell lysis is shown as mean ± SD, n = 3 (B). Irradiated and non-irradiated CD276-CAR NK-92 cells as well as untransduced 
NK-92 cells were co-incubated with unlabeled NB cell lines and constantly monitored over time using the xCELLigence RTCA system. NK-
mediated tumor cell lysis is portrayed as decrease in the dimensionless “cell index”, n = 3 (C). The release of cytokines by CD276-CAR NK-92 
and parental NK-92 cells in the presence or absence of NB cells was measured using the Bio-Plex Pro human cytokine 17-plex assay and is 
shown as a heatmap (D). *P < .1; **P < .01; ***P < .001; ****P < .0001; ns = P ≥ .1. CAR, chimeric antigen receptor
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tumor structure, thereby allowing limited translation to the in vivo 
situation. Due to this fact, 3D multicellular NB spheroids were used 
to investigate infiltration and intratumoral cytotoxicity of CD276-CAR 
NK-92 cells. 3D cultures of the GFP-transduced NB cell lines Kelly, 
LAN-1 and LS were monitored for spheroid growth and fluorescence 
intensity using the Celigo S imaging cytometer. After 4 days of culture 
NB spheroids were co-incubated with either CD276-NK-92 or parental 
NK-92 cells and monitored for over 96 hours (Figure 6A).

While parental NK-92 cells did not have a substantial impact on 
spheroid growth, CD276-CAR NK-92 cells eradicated LAN-1 spher-
oids completely after less than 48  hours (Figure  6B,C). Similarly, 
spheroids established from the cell line Kelly were eliminated al-
most entirely after 72 hours. However, CAR-mediated cytotoxicity 
was not sufficient to completely lyse spheroids of the cell line LS 
over the given time period. CD276-CAR NK-92 cells demonstrated 
the ability to specifically target and eliminate NB cells in a 3D spher-
oid model.

In addidtion, we examined whether irradiation of CD276-CAR 
NK-92 cells had a negative impact on cytotoxic effect and we found 
that, by utilizing irradiated effector cells, the integrated fluores-
cence intensity of NB spheroids (Kelly cell line) only decreased to 
about 60% after 24  hours and remained stable for an additional 
120  hours. Interestingly, by increasing effector to target ratio to 
15:1, irradiated CD276-CAR NK-92 cells were able to completely 
lyse the NB spheroid in a time frame comparable to non-irradiated 
CD276-CAR NK-92 cells at an E:T ratio of 5:1 (Figure 6D). Thus, we 
tested whether sequential addition of irradiated CD276-CAR effec-
tor NK-92 cells at low E:T ratios could increase cytotoxic effector 
function. Neuroblastoma spheroids using the Kelly cell line were 
co-incubated with CD276-CAR and parental NK-92 that were irra-
diated prior to addition to the tumor cells. Every 48 hours effector 
cells were added. The introduction of fresh CD276-CAR NK-92 cells 
increased CAR-mediated cytotoxic effector function and expanded 
the therapeutic window (Figure 6E).

4  | CONCLUSIONS

The treatment of patients with refractory or relapsed NB still poses 
a big challenge for modern medicine. The latest standard therapy 
of high-risk NB, according to the Children's Oncology Group proto-
col, includes immunotherapy with mAb targeting disialoganglioside 
(GD2) in combination with immunostimulatory molecules and reti-
noic acid.4,53-55 Furthermore, there are currently 12 active clinical 

trials for CAR T cell-based therapy of NB of which only one trial does 
not employ GD2 as its primary target antigen and GD2-CAR T cells 
show promising results in treatment of NB.56,57 However, expression 
levels of GD2 vary greatly within NB and low expression of GD2 be-
fore immunotherapy correlated with higher relapse rate in patients 
under GD2-targeted therapy.58 Furthermore, one of the main ob-
stacles of CAR T  cell therapies, besides cost-efficiency, is the oc-
currence of severe side effects due to on-target, off-tumor toxicity. 
Pre-clinical studies of NB mouse models showed the induction of 
fatal neurotoxic events after treatment with GD2-specific CAR T 
cells.59,60 An ideal candidate for CAR T-based therapy needs to be 
abundantly expressed on the tumor surface and scarce on normal 
tissue to minimalize toxicity. Consequently, new options for targeted 
immunotherapy of NB are needed.

CD276 (B7-H3) is an important immune checkpoint molecule and 
member of the B7 superfamily. It recently emerged as a prognostic 
marker for various tumor types and a promising immunotherapeu-
tic target structure.40,61,62 CD276 is aberrantly expressed in a vari-
ety of solid cancers, including NB.63,64 The high expression across 
multiple tumor types and restricted expression in normal tissue 
make CD276 an attractive pan-cancer target for immunotherapy. 
Currently, there are multiple active clinical trials evaluating the effi-
cacy of omburtamab, a radioactive, 131 iodine-labeled anti-CD276 
mAb that received FDA's breakthrough therapy designation in 2017 
for the treatment of NB-associated CNS metastases. For relapsed or 
refractory high-risk NB the ongoing pivotal phase II trial is expected 
to enter the biologics license application process later in  2020.65 
As for CAR T cells, CD276 has been evaluated as a potential immu-
notherapy target for a variety of solid tumor entities in pre-clini-
cal studies.46 CD276-CAR T cell therapies show potent efficacy in 
preclinical models of a variety of malignancies, including pediatric 
solid tumors, brain tumors, pancreatic adenocarcinoma, liver cancer, 
colon cancer, breast cancer, cervical cancer, ovarian cancer, and mel-
anoma.26,45-48,66,67 To date, there are only a few clinical trials focus-
ing in CD276 as target which are still in their early stages and there 
is not one active trial specifically for NB.

In the present study, we introduced a second generation CD276-
targeting CAR to the well-established, FDA-approved NK  cell line 
NK-92. Since NB cells generally have a low level of MHC class I ex-
pression, using NK cells is a very appealing option for immunother-
apy.68,69 Improved NK isolation and expansion protocols compensate 
for initially low cell quantities of autologous NK cells and allogeneic 
NK cells provide graft vs tumor effect while preventing graft vs host 
disease.70-72 However, genetic modification of primary NK cells has 

F I G U R E  6  CD276-CAR NK-92-mediated lysis of 3D neuroblastoma spheroids. GFP-transduced neuroblastoma cell lines LAN-1, Kelly, 
and LS were grown as 3D spheroids and subsequently co-incubated with CD276-CAR NK-92 or parental NK-92 cells for 96 h in at least three 
individual experiments. Representative fluorescence images show LAN-1 spheroids (A). Integrated fluorescence intensity of neuroblastoma 
(NB) spheroids (LAN-1, Kelly, LS) was measured regularly using the Celigo S Imaging Cytometer (Nexcelom), representative fluorescence 
pictures of the NB spheroids are shown after co-incubation of 96 h (B, C). NK-92 and CD276-CAR NK-92 cells were irradiated prior to 
co-incubation and added to tumor spheroids (Kelly) at indicated E:T ratios and compared to non-irradiated effector cells (D). NB spheroids 
(Kelly) were treated with irradiated CD276-CAR as well as parental NK-92 cells at an E:T ratio of 5:1. Fresh, irradiated effector cells were 
added twice every 48 h (E). Integrated fluorescence intensity was compared to untreated control spheroids and is shown as mean ± SD, 
n = 3. CAR, chimeric antigen receptor [Color figure can be viewed at wileyonlinelibrary.com]
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been and still is problematic with low transfection efficiencies and 
poor CAR functionality.73-75

Utilization of the NK-92 cell line, however, provides a flexible 
and consistent platform for CAR-engineered immune cell produc-
tion. CD276-CAR expression as well as viability of NK-92 was stable 
for over 6 months and no loss of cytotoxic function could be ob-
served. CD276-CAR NK-92 cells exhibited NK signaling independent 
of MHC expression as well as expression of other inhibitory ligands 
on NB cells.

The first in vivo studies as well as clinical trials with CAR-
engineered NK-92 cells showed that they were less likely to induce 
severe side effects such as neurotoxicity and CRS.76,77 Likewise, in 
the present study, IL-6, one of the driving forces of CRS was not 
produced by CD276-CAR NK-92 cells after co-incubation with NB 
cells. The secretion of pro-inflammatory cytokines such as IFN-γ and 
MIP-1b, as seen in our experiments, can further stimulate the endog-
enous immune system and, in turn, enhance anti-tumor activity.17

One of the key necessities of CAR-immune cell therapies to be 
effective in solid tumors and especially in the metastatic setting is 
their capability of homing and infiltration within tumors.78,79 Our 
data clearly indicate that CD276-CAR NK-92 cells were able to ef-
ficiently infiltrate and lyse NB spheroids which mimic features of a 
solid tumor. Future testing of CD276-CAR NK-92 cells will include 
preclinical in vivo models for NB as well as evaluating strategies to 
protect CAR-engineered NK-92 cells from the immunosuppressive 
conditions of the tumor microenvironment.

As outlined, the use of an NK cell line such as NK-92 offers 
certain advantages over primary NK cells which can overcome ob-
stacles like variable transduction efficiency and limited expansion 
potential, that can obstruct clinical translation of donor-derived NK 
cells.80 In addition, the robust ex vivo expansion of NK-92 cells to 
high cell numbers under good manufacturing practice, an exquisite 
safety profile, as well as the ease of genetic modification make this 
cell line an ideal platform for targeting tumors with CARs.81,82

On the downside, due to their origin from a non-Hodgkin lym-
phoma patient, γ-irradiation of NK-92 cells has to be performed 
before transfusion into a recipient. Preclinical titration experiments 
demonstrated that an irradiation dose of 10 Gy is sufficient to inhibit 
proliferation of unmodified NK-92 cells as well as CAR-engineered 
NK-92 cells, without affecting their in vitro cytotoxicity for at least 
48 hours or reducing in vivo antitumor activity in xenograft mod-
els.77,83-85 Autologous CAR T-cell products can be frozen after trans-
duction and will expand in vivo upon injection of relatively small 
amounts of the cells. In contrast, NK cells in general and especially 
NK cell lines need to be expanded to a therapeutic dose before in-
fusion. Irradiation will prevent any in vivo expansion, which makes 
repeated therapeutic dosages necessary for continued control of 
cancer growth. Therefore, the manufacturing process has to be ad-
justed accordingly.

Adapting the strategy developed for unmodified NK-92 cells, 
Burger et al 2019 described the use of a qualified master cell bank of 
CAR-engineered NK-92 cells as a reliable source for subsequent pro-
duction of patient doses for clinical trials.77,86 To bridge the lag phase 

of cell proliferation after thawing and to have a therapeutic dose of 
CAR NK-92 cells readily available for a patient within <1 week, a 
process was established which relies on a maintenance culture of the 
CAR NK-92 cells. From this maintenance culture therapeutic dos-
ages can be expanded in batch culture within 5-6 days upon seeding 
the cells at an initial density of 5 × 104 cells/mL in 2 L of medium in 
gas permeable cell culture bags. After approximately 3.5 doublings 
(doubling time of CAR NK 92 cells: 32-36 hours), the culture yields a 
total cell number of 1 × 109 which can be further expanded depend-
ing on the individual cell dose per patient or the number of patients 
treated simultaneously. In a recent phase I clinical trial with CD33-
specific CAR NK-92 cells for the treatment of AML, no dose-limiting 
toxicities were observed upon repeated intravenous infusions of up 
to 5 × 109 irradiated cells per dose.76

In summary, we have generated CAR-engineered NK-92 cells 
which successfully eliminate NB cell lines in monolayer cultures 
as well as 3D models in vitro by targeting the pan-cancer antigen 
CD276, thus providing a potential new “off-the-shelf” treatment op-
tion for high-risk neuroblastoma and potentially other solid tumor 
entities.
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Abstract: Background: Melanoma is the most lethal of all skin-related cancers with incidences
continuously rising. Novel therapeutic approaches are urgently needed, especially for the treatment
of metastasizing or therapy-resistant melanoma. CAR-modified immune cells have shown excellent
results in treating hematological malignancies and might represent a new treatment strategy for
refractory melanoma. However, solid tumors pose some obstacles for cellular immunotherapy,
including the identification of tumor-specific target antigens, insufficient homing and infiltration of
immune cells as well as immune cell dysfunction in the immunosuppressive tumor microenvironment
(TME). Methods: In order to investigate whether CAR NK cell-based immunotherapy can overcome
the obstacles posed by the TME in melanoma, we generated CAR NK-92 cells targeting CD276 (B7-
H3) which is abundantly expressed in solid tumors, including melanoma, and tested their effectivity
in vitro in the presence of low pH, hypoxia and other known factors of the TME influencing anti-
tumor responses. Moreover, the CRISPR/Cas9-induced disruption of the inhibitory receptor NKG2A
was assessed for its potential enhancement of NK-92-mediated anti-tumor activity. Results: CD276-
CAR NK-92 cells induced specific cytolysis of melanoma cell lines while being able to overcome a
variety of the immunosuppressive effects normally exerted by the TME. NKG2A knock-out did not
further improve CAR NK-92 cell-mediated cytotoxicity. Conclusions: The strong cytotoxic effect of a
CD276-specific CAR in combination with an “off-the-shelf” NK-92 cell line not being impaired by
some of the most prominent negative factors of the TME make CD276-CAR NK-92 cells a promising
cellular product for the treatment of melanoma and beyond.

Keywords: CD276; B7-H3; chimeric antigen receptor; NK-92; immune therapy; melanoma;
CRISPR/Cas9

1. Introduction

Malignant cutaneous melanoma, which develops from the pigment forming cells of the
skin, is a highly aggressive tumor characterized by an increasing worldwide incidence [1].
Although melanoma accounts for only 4% of all skin cancers, it causes the highest number
of skin cancer-related deaths [2]. The majority of patients diagnosed with melanoma have
early-stage disease, and the prognosis is generally favorable although heterogeneous. In
contrast, outcome for patients with metastatic disease is poor, with a five-year survival rate
of approximately 10% [3].

Besides targeted therapy with BRAF and MEK inhibitors in BRAF V600 mutated
melanomas, immune checkpoint inhibitors have revolutionized the treatment of patients
with advanced melanoma and other cancers. Blockade of the CTLA-4 or/and PD-1 sig-
naling axis enhances T-cell-mediated antitumor immune responses, leading to improved
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survival and durable responses in patients [4]. However, a significant proportion of pa-
tients either does not respond or show progression after the initial response to checkpoint
inhibitor treatment. Multiple mechanisms, such as downregulation of the immune check-
point ligands by the tumor, activation of alternative cancer signaling pathways, mutations
in genes involved in IFN-γ signaling, immuno-editing and changes in the tumor microenvi-
ronment (TME) have been shown to contribute to both primary and acquired resistance to
immune checkpoint inhibitors [5,6]. A further challenge is posed by their mode of action, as
immune checkpoint inhibitors can also induce immune-related adverse effects that require
careful monitoring and immediate treatment [7–9]. Therefore, new treatment strategies for
therapy-resistant progressed melanoma are still of great significance.

Novel immunotherapeutic approaches aim at utilizing the innate cytotoxic ability of
lymphocytes by specifically redirecting immune cells to target tumor cells using chimeric
antigen receptors (CAR), synthetic recombinant receptors that combine target antigen
binding with immune cell activation [10]. Most prominently, CD19-targeting autologous T
cells were recently approved by the US Food and Drug Administration (FDA) as well as the
European Medicines Agency (EMA) for the treatment of relapsed or refractory B-cell ma-
lignancies. CD19-CAR T cells have demonstrated tremendous clinical responses in treating
acute lymphoblastic leukemia and certain types of relapsed or refractory large B cell lym-
phoma resulting in preponed approval after evaluation of phase 2 clinical studies [11,12].
The occurrence of, partially, severe side effects such as cytokine release syndrome (CRS) or
neurotoxic events as well as the extensive manufacturing process of a custom, autologous
T cell product, have yet hindered the inclusion of CAR T cells as a general treatment
option [13].

NK cells have become an increasingly attractive alternative effector cell source for
CAR-modification because of their potent innate anti-tumor activity. Phase 1 and 2 trials
with CD19-CAR-engineered NK cells have shown impressive responses in patients with
relapsed or refractory non-Hodgkin’s lymphoma (NHL) or chronic lymphocytic leukemia
(CLL). In addition, associated side effects such as graft-versus-host disease (GvHD), CRS
or severe neurotoxicity were not reported [14]. However, the majority of studies including
CAR-modified NK cells so far have been performed with NK-92 cells. NK-92 is an IL-2-
dependent, continuously expanding human NK cell line which exhibits phenotypic and
functional characteristics of activated, primary NK cells that has been approved by the
FDA for patient treatment [15]. NK-92 cells were shown to be easily expandable in a GMP-
compliant manner to sufficient cell numbers for clinical use [16]. Moreover, irradiated
NK-92 cells have demonstrated clinical safety and persistent anti-tumor activity against
hematological malignancies as well as solid cancers [17–21]. Compared to primary NK cells,
they only express few inhibitory receptors such as NKG2A [22]. CAR-modified NK-92
cells could be manufactured as an “off-the-shelf”-available CAR immune cell product,
reducing production complexity and, subsequently, financial expenditure [23]. Several
early phase clinical trials with CAR-engineered NK-92 cells are currently being carried
out in Europe, China and the US (clinicaltrials.gov; NCT 02742727, 02839954, 02892695,
03656705, 03940833).

Along with the tremendous success CAR therapies have had in treating hematolog-
ical malignancies, so far, they have only demonstrated limited effectivity against solid
tumors [24]. The biggest challenges are the lack of tumor-specific antigens, tumor antigen
heterogeneity, immune cell homing and infiltration as well as the immunosuppressive TME.

CD276 (B7-H3) is a member of the B7 superfamily of immune checkpoints and re-
cently emerged as an important prognostic tumor marker as well as a promising target
structure for immunotherapy [25–27]. Although CD276 mRNA is reportedly ubiquitously
expressed in various human tissue types, assessment of CD276 translational status using
immunohistochemistry demonstrated only weak or absent protein expression on normal
tissue [28,29]. Importantly, CD276 is overexpressed in a variety of solid tumors, including
melanoma [27]. Such overexpression was reported to play a pivotal role in tumor vascular-
ization, metastasis and overall poor clinical prognosis [30,31]. Since CD276 is expressed
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on different cell types within the tumor, like differentiated as well as stem-like cells or
even tumor vasculature, immunotherapy targeting B7-H3 may have great potential for
complete tumor eradication [32,33]. So far, different anti-CD276 blocking antibodies have
been examined in pre-clinical as well as phase 1 clinical studies and have demonstrated a
good safety and powerful anti-tumor profile [34,35]. Additionally, CD276-specific chimeric
antigen receptors have been developed and tested as CAR-engineered T cells in multiple
pre-clinical studies targeting various solid tumors including melanoma [36–40].

The tumor microenvironment consists of a variety of cells including tumor-associated
fibroblasts, macrophages, dendritic cells, neutrophils, regulatory T cells (Tregs) and myeloid
derived suppressor cells (MDSC) as well as extracellular matrix and multiple secreted or
cell membrane-presented molecules. Due to the immunosuppressive properties of the TME,
tumor cells are able to escape immune-surveillance by impairing immune cell infiltration
and cytotoxic functions, thus supporting tumor growth and metastasis [41].

To elicit a strong anti-tumor immune response in solid tumors, CAR-engineered NK
cells need to overcome major challenges, such as insufficient homing and infiltration due to
the lack of cognate chemokine signals and physiological barriers, immunosuppressive cells
and cytokines, low pH, oxidative stress and lack of immune-stimulating cytokines [42,43].
Soluble factors such as TGFβ, which are highly secreted within the TME, have been shown
to facilitate metastatic development as well as tumor escape mechanisms during treat-
ment with primary immune cells [44,45]. TGFβ directly impairs NK cell immune effector
function through inhibition of the T-bet transcription factor (SMAD3) which reduces cyto-
toxicity and IFN-γ secretion [42,46]. Furthermore, TGFβ upregulates expression of NK cell
inhibitory receptors while at the same time downregulating activating receptors such as
NKp30 and NKG2D or their respective ligands, such as MHC class I polypeptide-related
sequence A (MICA), on cancer cells [47,48]. Moreover, metabolic dysregulation by the
induction of nutrient-catabolizing enzymes such as indoleamine 2,3-dioxygenase (IDO)
and the secretion of large amounts of lactate promote an acidic tumor environment and
is linked to growth arrest of tumor-infiltrating NK cells [49,50]. Lactate accumulation in
the TME is associated with limited NK cell-mediated cytotoxicity through downregulation
of activating NK receptors [51]. Furthermore, melanoma cells exposed to an acidic pH
demonstrate elevated levels of invasiveness and metastatic development [52,53]. Another
factor impairing effectivity of tumor-infiltrating NK cells is the hypoxic environment within
solid tumors. Hypoxia has been shown to downregulate activating NK cell receptors as
well as the secretion of NK effector molecules such as perforin and granzyme B [54,55].

Contrary to primary NK cells, there is very few data investigating effects of the
immunosuppressive TME for NK-92 cell-based immunotherapy. In the present study, we
analyzed effectivity of CAR NK-92 cells targeting CD276 in vitro in the presence of low pH,
hypoxia and other known factors of the TME.

2. Materials and Methods
2.1. Cell Lines and Culturing Conditions

Cutaneous melanoma cell lines FM-3 and WM115 were purchased from the European
Collection of Authenticated Cell Cultures (ECACC, Wiltshire, UK), the cell line Mel-Juso
was purchased from the German Collection of Microorganisms and Cell Cultures GmbH
(DSMZ, Braunschweig, Germany), the cell lines M14, SK-MEL-2 and UACC62 were ac-
quired from the American Type Cell Culture Collection (ATCC, Manassas, VA, USA) and
the cell lines SK-MEL-5 and SK-MEL-28 were purchased from Cell Lines Services (CLS,
Eppelheim, Germany). All tumor cell lines were maintained in RPMI 1640 GlutaMAX™
medium containing 2 mM stable L-glutamine and supplemented with 10% heat inactivated
fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA), referred to as
RPMI complete medium.

Dermal fibroblasts were purchase from PromoCell (Heidelberg, Germany) and cul-
tivated in RPMI complete medium. Cancer-associated fibroblasts were established as a
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by-product from biopsy tumor samples provided by the Department of Orthopedic Surgery,
University Hospital Tuebingen (UKT) and also cultivated in RPMI complete medium.

Lenti-X 293T cells (Takara Bio, Kyoto, Japan) were cultivated in DMEM high glu-
cose (4.5 g/L) medium (Thermo Fisher Scientific, Waltham, MA, USA) containing Gluta-
MAX supplemented with 10% FBS and 1 mM sodium pyruvate (Thermo Fisher Scientific,
Waltham, MA, USA). NK-92 cells were purchased from the American Type Culture Collec-
tion (ATCC) and maintained at a concentration of 105 cells/mL in MEM Alpha Medium
containing GlutaMAX (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
20% FBS and 100 U/mL IL-2 (Proleukin, Aldesleukin, Chiron, Emeryville, CA, USA)
referred to as NK-92 complete medium.

All media contained 1× antibiotic-antimycotic solution (Thermo Fisher Scientific,
Waltham, MA, USA) consisting of 100 U/mL of penicillin, 100 µg/mL of streptomycin
and 0.25 µg/mL amphotericin B. All cells and cell lines were maintained at 37 ◦C in a
humidified 5% CO2 atmosphere and were regularly tested for mycoplasma contamination.

2.2. Flow Cytometry

Cells were stained at 4 ◦C using the indicated antibodies in flow cytometry buffer
made of PBS (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 2% FBS and 0.5 M
EDTA (Sigma-Aldrich, St. Louis, MO, USA) for 15 min. Using a BD FACSCanto II flow
cytometer, live cells were gated based on forward and side scatter. CD276-CAR expression
on NK-92 cells was determined by CD34 marker gene expression.

2.3. Generation of Lentiviral Vectors

A second generation lentiviral vector plasmid encoding the CD276-specific chimeric
antigen receptor (CD276-CAR) construct was acquired from Creative Biolabs, Shirley,
NY, USA. Exact constitution of the CD276-CAR construct was previously described [22].
The transfer plasmid encoding a GFP-luciferase construct was obtained from Dr. Irmela
Jeremias, Helmholtz Center, Munich, Germany.

Lentiviral particles (LVP) were produced in Lenti-XTM 293T (Takara Bio, Kyoto,
Japan) after lipofection (Lipofectamine 3000, Thermo Fisher Scientific, Waltham, MA,
USA) of a second generation packaging plasmid, a VSV-G envelope plasmid and the
indicated transfer plasmid. LVP containing supernatants were concentrated using Lenti-X
concentrator (Takara Bio, Kyoto, Japan) and stored at −80 ◦C until further use.

2.4. Lentiviral Transduction

Exact transduction process of CD276-CAR-engineered NK-92 cells was described
previously [22]. Melanoma cells were seeded at 5.0 × 104 cells/mL or 1.25 × 105 cells/mL
in RPMI medium without supplements and subsequently transduced with GFP-luciferase
LVP for 16 h. Cells were maintained in RPMI complete medium. Transduction efficiency
was determined by flow cytometry.

2.5. Calcein-Release Cytotoxicity Assay (CRA)

Target cell staining with Calcein AM (Thermo Fisher Scientific, Waltham, MA, USA)
as well as the protocol for the calcein release-based cytotoxicity assay (CRA) was described
previously [22,56].

2.6. Real-Time Impedance-Based Live Cell Analysis

Melanoma cell lines were adjusted to a concentration of 105 cells/mL in RPMI com-
plete medium and seeded in E-Plate 96 VIEW (OLS, Bremen, Germany) micro-well plates.
Effector CAR NK-92 cells were adjusted to an E:T ratio of 5:1 in NK-92 complete medium
without IL-2 and co-incubated with the target cells. Utilizing the xCELLigence real-time
cell analysis (RTCA) system, cells were monitored for at least 72 h. Melanoma cell via-
bility was calculated using the RTCA 2.0 software and CAR mediated cytotoxicity was
subsequently determined.
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2.7. Cytokine Secretion Analysis

Cytokine release of CD276-CAR NK-92 cells was determined using the Bio-Plex Pro
human cytokine 17-plex assay (Bio Rad, Hercules, CA, USA). The respective protocol was
described previously [56].

2.8. Analysis of CD276-CAR NK-92 Cell-Mediated Cytotoxicity under Hypoxic Conditions

For the assessment of the influence of hypoxic conditions on cytotoxic efficacy of
NK-92 cells, CD276-CAR-engineered as well as parental NK-92 cells were cultivated in
a specialized incubator at 37 ◦C in a humidified 5% CO2, 1% O2 atmosphere for 24 or
168 h. Subsequently, they were utilized as effector cells in standard calcein release assays
as described above under hypoxic conditions.

2.9. Testing the Influence of TGFβ on CD276-CAR NK-92 Cells

NK-92 and CD276-CAR NK-92 cells were cultivated in NK-92 complete medium
with TGFβ at indicated concentrations for 48 h and subsequently used as effector cells in
standard calcein release assays as described above.

2.10. Analysis of the Influence of Lactate on CD276-CAR NK-92 Cells

NK-92 and CD276-CAR NK-92 cells were cultivated in NK-92 complete medium
with sodium L-lactate (Merck, Darmstadt, Germany) at indicated concentrations for 72 h.
pH-values were measured using the LAQUAtwin pH-22 pH-meter (Horiba, Kyoto, Japan)
and cells were subsequently used as effector cells in standard calcein release assays as
previously described.

2.11. Generation of Melanoma Supernatants

FM-3, Mel-Juso and WM115 cells, human skin fibroblasts as well as cancer-associated
fibroblasts (CAF) were seeded in 6-well plates in RPMI complete medium at a concentration
of 6.25 × 104 cells/mL. They were cultivated at 37 ◦C for 72 h. Cells were harvested,
centrifuged and the medium supernatant was collected carefully. pH values were measured
using the LAQUAtwin pH-22 pH-meter (Horiba, Kyoto, Japan).

Next, CD276-CAR NK-92 cells as well as parental NK-92 cells were cultivated in
melanoma or fibroblast supernatants at a concentration of 105 cells/mL for 48 h and
subsequently used as effector cells in standard calcein release assays as described above.

2.12. Generation of Melanoma 3D Spheroids for the Assessment of CD276-CAR-Mediated
Cytotoxicity of NK-92 Cells

GFP-transduced melanoma cells were adjusted to a concentration of 5.0 × 103 cells/mL
and seeded in a 96-well low attachment U-bottom plate (Nexcelom, Lawrence, MA,
USA). Spheroids were grown for 72 h and were subsequently co-incubated with CD276-
CAR NK-92 cells. Fluorescence was measured using the Celigo S imaging cytometer
(Nexcelom, Lawrence, MA, USA) at indicated time points over a period of 96 h. CAR-
mediated cytotoxicity was calculated using the average integrated fluorescence intensity of
melanoma spheroids.

2.13. Tracking of NK-92-Mediated Tumor Cell Invasion

NK-92 as well as CD276-CAR NK-92 cells were assessed for their invasion potential.
(CD276-CAR) NK-92 cells were stained using CellTracker™ Deep Red dye (Thermo Fisher
Scientific, Waltham, MA, USA) according to the staining protocol provided by the manu-
facturer. Melanoma 3D spheroids were co-incubated with NK-92 cells at an E:T ratio of 5:1
and monitored using the Celigo S imaging cytometer (Nexcelom, Lawrence, MA, USA) at
indicated time points over a period of 120 h.
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2.14. Assessment of NK-92 Migration

For the assessment of NK-92 migration potential, GFP-transduced WM115 melanoma
cells were grown as 3D spheroids according to protocol. Melanoma spheroids were
then incubated with or without CXCL12 and/or prostaglandin E2 (PGE2) at indicated
concentrations for the remaining experiment according to the publication by Berahovic at al.
2006 [57]. NK-92 cells as well as CD276-CAR NK-92 cells were seeded in a HTS Transwell-
96 Well permeable supports with barcode, tissue culture treated, 5.0 µm pore size plate
(Corning, Corning, NY, USA) at an E:T ratio of 20:1 in NK-92 complete medium without
IL-2. The trans-well plate was put on top off the spheroid low-attachment plate to allow
for NK-92 cell migration. After 24 h, the trans-well plate was removed and fluorescence of
the spheroid was regularly measured using the Celigo S imaging cytometer (Nexcelom,
Lawrence, MA, USA) over a period of 72 h. NK-92-mediated cytotoxicity was calculated
using the average integrated fluorescence intensity of melanoma spheroids.

2.15. CRISPR/Cas9-Mediated Knock-Out of NKG2A in CD276-CAR NK-92 Cells
2.15.1. SgRNA Design

Five different sgRNAs (Table 1) were employed to disrupt the NKG2A gene. NKG2A-
1, NKG2A-2 and NKG2A-3 were designed using the CHOPCHOP software version 3 [58].
NKG2A-4 and NKG2A-5 sequences were obtained from the NKG2A Human Gene Knock-
out Kit (KN203062, OriGene, Rockville, MD, USA).

Table 1. Nucleotide sequences for NKG2A sgRNAs

Name Nucleotide Sequence

NKG2A-1 GAAGCTCATTGTTGGGATCC
NKG2A-2 TTGAAGGTTTAATTCCGCAT
NKG2A-3 ACTGGAGTTCTTCGAAGTAC
NKG2A-4 AGGCAGCAACGAAAACCTAA
NKG2A-5 GGTCTGAGTAGATTACTCCT

2.15.2. Assessment of CRISPR/Cas9 In Vitro Cutting of NKG2A Gene

The cutting potential of the designed sgRNAs was determined by the in vitro cleavage
of target DNA with ribonucleoprotein (RNP) complex protocol (IDT).

2.15.3. Generation of CRISPR-Mediated Knock-Out of NKG2A Gene in CD276-CAR
NK-92 Cells

V3 Cas9 RNP and chemically modified sgRNAs were incubated at a molar ratio of 1:2
(45 pmol to 90 pmol) at room temperature for 15 minutes [59]. After complex formation,
105 NK-92 cells were transfected using the 10µL Neon Transfection kit (ThermoFisher
Scientific, Waltham, MA, USA) with the following electroporation settings: 1.200 V, 20 ms,
1 pulse (Neon System, ThermoFisher Scientific, Waltham, MA, USA). Finally, cells were
transferred to a 48 well-plate in fresh NK-92 complete medium.

2.15.4. Assessment of CRISPR-Mediated Modification of NKG2A at Genomic Level in
CAR-NK-92 Cells

On day 5 post-electroporation, the CRISPR-modified cells were harvested for DNA
isolation. DNA was extracted with the NucleoSpin Tissue kit following the manufacturer’s
instructions (Macherey-Nagel, Düren, Germany) and was subsequently employed in a PCR
reaction (100 ng). The genomic region including the CRISPR target site was specifically
amplified with GoTaq Green DNA polymerase master mix (Promega, Madison, WI, USA)
using following protocol: initial denaturation of 95 ◦C for 2 min followed by 40 cycles
of 40 s at 95 ◦C, 40 s at 55 ◦C and 1 min at 68 ◦C. The PCR reaction was cleaned up
from unincorporated nucleotides and other reagents with QIAquick PCR purification kit
following the commercial protocol (Qiagen, Hilden, Germany) and then Sanger-sequenced
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(Table 2) by Eurofins Genomics (Konstanz, Germany). The results were further analyzed
with ICE software (Synthego, Redwood City, CA, USA).

Table 2. Nucleotide sequences for NKG2A PCR primers

Primer Nucleotide Sequence

Forward 1 TACTCGTTCTCCACCTCACC
Reverse 1 TAACGTGAAAATTCCCCTTGTAATC
Forward 2 ATTTACCAGCCCATGAAGATGT
Reverse 2 TCCATGAAAAGCAAAAACTGAA

2.15.5. Measurements of CRISPR-Mediated Knock-Out Score of NKG2A at Protein Level in
NK-92 Cells

Cells were harvested for FACS analysis 5 days after electroporation. NKG2A-FITC
antibody (130-114-091, Miltenyi Biotec, Bergisch Gladbach, Germany) was employed for
flow cytometry analysis (FACS Calibur, BD Biosciences, Franklin Lakes, NJ, USA) following
the commercial protocol. The gating strategy was set up using FlowJo software according to
the positive population observed in the control sample. The knock-out score was calculated
as the NKG2A negative population presented in the CRISPR-modified cells.

2.16. Data Analysis

All statistical analyses were performed with GraphPad Prism 8 software (GraphPad
Software Inc., San Diego, CA, USA). Flow cytometry data were analyzed using FlowJo
software V10.0.8 (FlowJo LLC., BD Biosciences, Franklin Lakes, NJ, USA).

3. Results

B7-H3 was shown to be a promising option of targeted immunotherapy. We previously
showed that CD276-CAR NK-92 cells were effective in targeting neuroblastoma cells
in vitro [22]. To examine whether CD276-CAR NK-92 cells can also successfully target
melanoma, commercially available melanoma cell lines, among others FM-3, Mel-Juso and
WM115, were screened for their CD276 surface expression using flow cytometry (Figure 1).

Figure 1. The commercially available melanoma cell lines FM-3 (a), Mel-Juso (b) and WM115 (c) were
screened for their B7-H3 (CD276) surface expression using flow cytometry. CD276 antigen expression
(black) was determined using a FITC-labeled anti-CD276 antibody and compared to the respective
isotype antibody (white).

All melanoma cell lines that were screened during this study showed uniform abun-
dance of CD276 expression. As a proof of principle, the three cell lines FM-3, Mel-Juso and
WM115 were chosen for subsequent experiments.

We characterized the cell lines for surface expression of important NK cell ligands
using flow cytometry (Table 3). All cell lines showed abundant expression of various
types of human leukocyte antigens, including HLA-E, a major ligand for the inhibitory
receptor complex CD94/NKG2A on NK cells. Furthermore, high expression levels of the
major histocompatibility complex (MHC) class I chain-related protein A and B (MICA/B),
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a protein that, upon binding to the natural killer group 2, member D receptor NKG2D
(CD314), induces an activating signaling cascade in NK cells, could be demonstrated for
the FM-3 and Mel-Juso cell lines. Moreover, all three cell lines expressed Nectin 2 (CD112),
PVR (CD155) as well as death receptor 5 (CD262). By binding to the tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (TRAIL), CD262 can induce NK-mediated
apoptosis. CD112 and CD155 are pivotal ligands for the DNAX Accessory Molecule-1
DNAM-1 (CD226) triggering NK cell activation. However, CD112 as well as CD155 can
also induce an inhibitory cascade by activation of the immune checkpoint receptor TIGIT
on NK cells.

Table 3. Characterization of melanoma cell lines for NK ligand expression. Tumor cells were co-incubated with fluorescently
labeled antibodies and analyzed using flow cytometry. MFI values were calculated using staining with the respective
isotype control antibody.

CD48 CD50 CD54 CD58 CD95 CD102 CD112 CD155 CD261 CD262

FM-3 1.50 1.49 22.71 34.67 3.08 1.28 9.17 56.28 0.97 9.65
Mel-Juso 1.38 1.48 9.40 55.23 0.93 1.26 15.70 80.10 2.79 6.23
WM115 1.49 1.65 1.98 144.49 3.45 1.21 5.46 22.80 1.63 9.40

HLA-ABC HLA-DR HLA-E HLA-G MICA/B ULBP1 ULBP2/5/6 ULBP3 ULBP4
FM-3 34.24 14.53 4.89 20.68 11.37 0.49 2.52 0.48 1.20

Mel-Juso 30.86 33.69 7.11 22.73 21.45 0.58 7.03 0.78 0.20
WM115 87.21 44.80 8.07 21.88 3.12 0.66 2.43 0.52 0.42

Next, the melanoma cell lines were used as target cells in standard calcein release as-
says (CRA) to assess the specific cytotoxic potential of CD276-CAR NK-92 cells (Figure 2a–c).
CD276-CAR NK-92 cells as well as parental NK-92 cells were co-incubated with calcein-
labeled melanoma cells. After two hours, a significant increase in specific CAR-mediated
tumor lysis could be demonstrated for all three cell lines. Even at low E:T ratios, specific
cytotoxicity increased up to 70%. Previously, we have shown that CD276-CAR NK-92 cells
showed no undesirable off-target effects since CAR-mediated cytotoxicity only occurred
in the presence of CD276 surface expression on target tumor cells [22]. In order to exam-
ine the kinetics of CAR-mediated cytolysis, CD276-CAR NK-92 as well as untransduced
NK-92 cells were co-incubated with unlabeled melanoma cells and monitored using the
xCELLigence real-time cell analysis (RTCA) system (Figure 2d–f). Electrical impedance is
measured and interpreted as the dimensionless cell index. Increase in cell index describes
tumor cell growth while cell index decrease is proportional to tumor cell death. A signifi-
cant decrease in tumor cell viability could be shown within two hours upon addition of
CD276-CAR NK-92 cells and no tumor regrowth was detectable over a longer period of
time. Furthermore, we tested whether γ-irradiation of NK-92 cells with 10 Gy, as required
in all NK-92 clinical trials, would decrease CAR-mediated cytotoxic potential. We found
that the difference between irradiated and non-irradiated cytotoxicity was only marginal
and did not reach statistical significance.

Next, a cytokine secretion profile for CD276-CAR and parental NK-92 cells upon
co-incubation with melanoma cells was established to screen for the release of NK effector
molecules (Figure 2g). Compared to parental NK-92 cells, co-incubation of CD276-CAR
NK-92 cells with melanoma cells significantly increased secretion of various interleukins,
among others, IL-6 (98- to 317-fold) and IL-10 (6- to 15-fold). Furthermore, a drastic increase
of pro-inflammatory cytokines such as IFN-γ (44- to 81-fold) and TNF-α (101- to 225-fold)
could be detected. Increase of NK effector molecule release, granulysin (4-fold), granzyme
B (3- to 4-fold) and perforin (5- to 7-fold), was evenly distributed. Additionally, flow
cytometric analysis showed no increase in surface expression of two important pathways in
NK-mediated apoptosis induction, Fas ligand (FasL) and TNF-related apoptosis-inducing
ligand (TRAIL), in CD276-CAR NK-92 cells upon co-incubation with melanoma cells
(Figure 2h).
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Figure 2. CD276-CAR NK-92 cells were co-incubated with calcein-labeled melanoma cell lines at indicated effector-to-target
(E:T) ratios. Specific cytotoxicity was measured after 2 h and is shown as mean ± SD, n = 3 (a–c). To assess the kinetics
of CD276-CAR-mediated tumor lysis, irradiated and non-irradiated CD276-CAR NK-92 as well as parental NK-92 cells
were co-incubated with unlabeled melanoma cells at an E:T ratio of 5:1. Tumor cell viability was monitored using the
real-time live cell analysis (RTCA) xCELLigence system, n = 3 (d–f). NK-92 cytokine secretion in the presence or absence of
melanoma target cells was determined using the Bio-Plex Pro human cytokine 17-plex assay and is shown as a heatmap (g).
CD276-CAR NK-92 cell surface expression levels of FasL (CD178) and TRAIL (CD253) were screened using flow cytometry
before and after co-incubation with melanoma cell lines (h); **** p < 0.0001.
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The immunosuppressive microenvironment surrounding solid tumors has been
shown to negatively affect cytotoxic potential of NK cells. We examined how hypoxic or
acidic culture conditions and soluble factors secreted by cancer cells or cancer-associated,
such as transforming growth factor beta (TGFβ), influence CAR-mediated effector function
of NK-92 cells.

First, NK-92 and CAR-transduced NK-92 cells were cultivated under hypoxic condi-
tions (5% CO2, 1% O2) for 24 and 168 h. In a standard CRA, compared to cells cultivated in
standard conditions, CD276-CAR NK-92 cells showed slightly decreased cytotoxic potential
after hypoxic cultivation for 24 h but after cultivation for 168 h, specific CAR-mediated
cytotoxicity drastically decreased to circa 20% (Figure 3a–c). Importantly, NK-92 cell viabil-
ity was also impaired by 30% and 80%, respectively. Next, we investigated the effect of
the immunosuppressive TGFβ. CD276-CAR NK-92 and NK-92 cells were cultivated with
soluble TGFβ at concentrations of 10 ng/mL and 50 ng/mL for 48 h. Cytotoxic efficacy
was assessed in a CRA and compared to untreated NK-92 and CD276-CAR NK-92 cells
(Figure 3d–f). We found no significant decrease in cytotoxicity against all three melanoma
cell lines at any E:T ratio, which suggests that TGFβ seems to have no negative effect on
CD276-CAR NK-92-mediated tumor lysis.

Acidosis, as a fundamental feature of the TME, can impact functionality and tumor
cell invasion capacity of primary immune cells such as NK cells. Here, we assessed whether
an acidic environment during cell culture affects NK-mediated cytotoxicity of NK-92 cells.
CD276-CAR and parental NK-92 cells were cultivated in NK-92 complete medium with
different concentrations of sodium L-lactate for 48 h (Figure 3g–i). Cell supernatant pH
values decreased from 8.0 in an untreated control to 7.5 and 7.2 in medium treated with
15 or 30 mM sodium L-lactate, respectively. Cytotoxic effector function of NK-92 as well as
CAR-transduced NK-92 cells was not significantly impaired by acidity of culture medium.
Notably, NK-92 cell proliferation and viability were not impaired either.

Lastly, we wanted to determine if incubation of NK-92 cells in the presence of soluble
factors secreted by melanoma cells, such as TGFβ, IL-10, IDO, nitric oxide (NO) and
prostaglandins, molecules that have been shown to be regularly secreted by tumor cells
and to induce an immunosuppressive phenotype in primary immune cells, could also
weaken immune effector function of NK-92 cells [60–63]. The melanoma cell lines FM-3,
Mel-Juso and WM115 as well as human fibroblasts and cancer-associated fibroblasts were
cultivated for 72 h. Supernatant was harvested and pH value was assessed. Compared
to the control medium, pH values in the supernatant decreased from 8.0 to 7.4 ± 0.1.
CD276-CAR and NK-92 cells were subsequently incubated in tumor cell supernatant for
48 h and used as effector cells in a CRA with all three melanoma cell lines (Figure 3j–o).
Incubation of CD276-CAR NK-92 cells in supernatant from FM-3 culture did not impact
cytotoxicity while CAR NK-92 cells incubated with Mel-Juso as well as WM115 cell culture
supernatant did show slightly decreased CAR-mediated cytolysis of all three melanoma
cell lines. Interestingly, cultivation in medium collected from fibroblasts and CAF did not
impact CAR-mediated NK effector function.

All in all, no negative effect on CD276-CAR NK-92 cell-mediated cytotoxicity could
be demonstrated with variances in acidity, immunosuppressive molecules like TGFβ or co-
incubation with cancer-associated fibroblasts. Only long-lasting hypoxic culture conditions
as well as incubation with tumor cell supernatants slightly affected CD276-CAR NK-92
cell function.
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Figure 3. CD276-CAR NK-92 cells as well as parental NK-92 cells were co-incubated with calcein-labeled melanoma
cell lines at indicated E:T ratios for 2 h. Specific cytotoxicity was assessed using a calcein release assay and is shown as
mean ± SD, n = 3. Prior to the experiments, NK-92 and CD276-CAR NK-92 cells were either cultivated under hypoxic
conditions (5% CO2, 1% O2) for 24 and 168 h (a–c), pre-treated with indicated concentrations of TGFβ (d–f), sodium L-lactate
(g–i) or supernatants, previously collected from human fibroblast and cancer-associated fibroblast (CAF) culture (j–l) as
well as melanoma cell line culture (m–o), for 48 h; **** p < 0.0001.



Cells 2021, 10, 1020 12 of 22

Evaluation of immune effector function in in vitro assays is usually restricted to two-
dimensional tumor cell culture. The 3D cell cultures, better mimicking the in vivo situation,
are physiologically more relevant and predictive than standard 2D assays. Therefore, three-
dimensional melanoma spheroid models were established to examine whether CD276-CAR
NK-92 prove to be as effective in tumor cell lysis as in a standard CRA. Melanoma cell lines
were grown as spheroids for 72 h according to the protocol published by Vinci et al. 2012
and subsequently co-incubated with CD276-CAR NK-92 cells. Representative fluorescence
pictures of tumor spheroids were taken regularly (Figure 4a–b) and compared to co-
incubation with untransduced NK-92 cells. CAR-mediated tumor cell lysis of each of the
three tumor cell lines was drastically increased after no later than 24 h after addition of
NK effector cells (Figure 4c–e). Notably, WM115 spheroids were lysed fully after 48 h and
tumor cell regrowth could not be observed at a later time point.

Figure 4. GFP-transduced cell lines FM-3, Mel-Juso and WM115 were grown as three-dimensional melanoma spheroids for
72 h before being co-incubated with CD276-CAR NK-92 or parental NK-92 cells for 96 h. Integrated fluorescence intensity
of melanoma spheroids (FM-3, Mel-Juso and WM115) was measured regularly using the Celigo S imaging cytometer.
Representative fluorescence images of WM115 spheroids from indicated time points (a) as well as all melanoma spheroids
after 96 h (b) are shown. Integrated fluorescence intensity was compared to untreated control spheroids and is shown as
mean ± SD, n = 3 (c–e).
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We then utilized melanoma spheroids to assess the potential impairment of CAR-
mediated cytotoxicity by the TME factors, thus, mimicking a more realistic in vivo scenario.
Therefore, CD276-CAR NK-92 and parental NK-92 cells were cultivated under hypoxic
conditions, under low pH, with WM115 cell culture SN and various combinations thereof
for 48 h and then co-incubated with WM115 spheroids for 96 h. Fluorescence images of the
melanoma spheroids were taken regularly (Figure 5a–b). Integrated fluorescence intensity
of spheroids co-incubated with NK-92 and CD276-CAR NK-92 cells were compared to
untreated control spheroids (Figure 5c–d). All melanoma spheroids that were co-incubated
with CD276-CAR NK-92 cells were completely eradicated after 48 to 72 h. Only pre-
cultivation of CAR NK-92 cells in medium with lactate-induced low pH slightly decreased
the time course of tumor cell lysis compared to untreated cells. However, it did not impair
overall cytotoxic function. Interestingly, parental NK-92 cells that had prior been cultivated
in low pH showed significantly lower cytolytic effects compared to untreated NK-92 cells.

Figure 5. The GFP-transduced cell line WM115 was grown as 3D spheroid for 72 h. CD276-CAR NK-92
and parental NK-92 cells had been cultivated under hypoxic conditions, under low pH, with WM115
cell culture SN or various combinations thereof for 48 h and were added to the melanoma spheroids.
Integrated fluorescence intensity of spheroids was measured regularly over 96 h using the Celigo S
imaging cytometer. Representative fluorescence images of WM115 spheroids co-incubated with NK-92
(a) and CD276-CAR NK-92 (b) from indicated time points are shown. Average integrated fluorescence
intensity was compared to untreated control spheroids and is shown as mean ± SD, n = 3 (c–d).
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Overall, CAR-mediated cytotoxicity of melanoma cells did not drastically decrease
after incubation of effector cells with various combinations of the immunosuppressive
factors of the TME in either 2D or 3D cell culture systems.

For robust immunotherapy of solid tumors, primary immune cells need to be able to
deeply infiltrate tumor tissue. To assess NK-92 tumor infiltration potential, NK-92 as well
as CD276-CAR NK-92 cells were labeled with a red fluorescent dye and co-incubated with
GFP-transduced WM115 spheroids for 120 h. Fluorescent images of the cells were taken
regularly at indicated time points (Figure 6a). Interestingly, parental NK-92 cells seem
to infiltrate tumor spheroids faster than their CAR-transduced counterparts but without
increased tumor cell lysis. On the contrary, CD276-CAR NK-92 cells show high cytotoxic
potential lysing tumor spheroids from the outside, indicating that lysis of the spheroids is
not dependent on complete infiltration.

Figure 6. GFP-transduced WM115 melanoma cells were grown as 3D spheroids and co-incubated with CellTracker™ Deep
Red-labeled NK-92 or CD276-CAR NK-92 cells for 120 h. Representative fluorescence pictures of spheroids at indicated time
points are shown (a). WM115 spheroids were incubated with or without CXCL12 at a concentration of 100 nM. NK-92 cells
(grey line) as well as CD276-CAR NK-92 cells (black lines) were pre-treated with or without prostaglandin E2 (PGE2) at a
concentration of 5.7 µM and seeded in a HTS trans-well plate at an E:T ratio of 20:1. Cells were allowed to migrate for 24 h.
Spheroid fluorescence was regularly measured using the Celigo S imaging cytometer over a period of 72 h. NK-92-mediated
cytotoxicity was calculated using the average integrated fluorescence intensity of melanoma spheroids and is shown as
mean (b); n ≥ 3.

Migration potential is another important factor for the treatment efficacy of solid
tumors using immune cells. Therefore, NK-92 migration potential was assessed using per-
meable trans-well plates. GFP-transduced WM115 tumor spheroids were grown according
to protocol and CD276-CAR NK-92 cells were subsequently added in tissue culture-treated
wells with 5.0 µm pore size. Untransduced NK-92 cells were used as controls. A small
sample of tumor culture medium was supplemented with soluble CXCL12 at a concentra-
tion of 100 nM to enhance immune cell migration and some CD276-CAR NK-92 cells were
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pre-treated with prostaglandin E2 (PGE2) at a concentration of 5.7 µM in order to block
migration [64,65]. CXCL12 is a highly effective chemoattractant that is expressed in various
cell types, including melanoma [66]. It binds to, among others, the C-X-C chemokine
receptor type 4 (CXCR-4), which is expressed in NK-92 cells [22]. Cells were allowed to
migrate for 24 h and integrated fluorescence intensity of tumor spheroids was measured
regularly (Figure 6b). CD276-CAR NK-92 cells that were added to tumor spheroids in
the presence of CXCL12 were able to migrate quickly and show high cytotoxic potential
within 24 h. In the absence of supplemented CXCL12, cells seem to migrate in lower
numbers, so a delayed tumor lysis was observed. Notably, the pre-treatment of NK-92
cells with PGE2 did not impair migration or cytotoxic potential independent of CXCL12
supplementation of tumor medium. To sum up, CD276-CAR NK-92 cells demonstrated
the ability to effectively migrate to tumor sites and infiltrate and lyse melanoma cells in a
3D spheroid model system.

In the context of TME-mediated immune escape strategies, HLA-E expression is often
elevated in melanoma [67]. We found abundant HLA-E expression in all melanoma cell
lines that were used in this study. Its respective NK receptor, NKG2A (CD159a), is one
of the few inhibitory receptors expressed by NK-92 cells. In order to assess the influence
of HLA-E binding to NKG2A for NK-92-mediated cytotoxicity and to potentially further
enhance the efficacy of the generated CD276-CAR NK-92 cells, the disruption of NKG2A
(CD159a) was studied.

The predominance of NKG2A+ NK cells in the tumor microenvironment reveals its
importance in the suppressive axis between tumor and NK cells [68], leading to important
clinical studies using anti-NKG2A inhibitory antibodies in the treatment of cancer [69,70].
As a matter of fact, the disruption of NKG2A in NK cells was proven to overcome tumor
resistance [71]. Therefore, we hypothesized that the disruption of KLRC1 (encoding for
NKG2A protein) would boost the antitumor activity of CD276-CAR NK-92 as a result of
bypassing this immune scape mechanism. To corroborate this idea, five different sgRNAs
aiming for the coding sequence of the gene were considered. Three of them (NKG2A-2,
NKG2A-4 and NKG2A-5) target the cytoplasmic domain, one (NKG2A-1) the intermem-
brane domain and one (NKG2A-3) the intracellular domain (Figure 7a). The obtained
results revealed that NKG2A-5 induced the highest percentage of indels (82.5% and 71.5%
in NK-92 and CD276-CAR NK-92 cells, respectively), and so achieved the highest level of
disruption (77.8% and 67.2%) at protein level (Figure 7b–c).

The knock-out cells obtained by NKG2A-5 editing were subsequently sorted and
expanded to generate pure NKG2A-KO NK-92 and CD276-CAR NK-92 cell lines. Next,
the cells were co-cultured with the different melanoma cell lines in standard CRA. Slightly
increased tumor cell lysis of melanoma cells was observed for NKG2A-KO NK-92 cells
in comparison to their unmodified counterparts. However, this improvement was not
demonstrated in NKG2A-KO CD276-CAR NK-92 cells, where the reported cytotoxic per-
formance was similar to unmodified CD276-CAR NK-92 cells (Figure 7d). This was further
underscored by pre-treatment of CD276-CAR NK-92 cells with a blocking antibody target-
ing NKG2A which, similarly, did not enhance CAR-mediated cytotoxicity suggesting that
cytotoxic potential of CD276-CAR NK-92 cells is either not influenced by inhibitory ligands
or the CAR-induced activation signal is strong enough to override inhibitory signaling.
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Figure 7. The schematic illustration shows the NKG2A (CD159a) gene and five potential sgRNA
cutting sites in exons 2, 3 and 5 (a). Knock-out scores for NK-92 and CD276-CAR NK-92 cell NKG2A
knock-out were calculated using Sanger sequencing (black) and flow cytometric analysis (grey)
(b,c). Cytotoxic potential of knock-out variant 5 (NKG2A-5) was assessed using the xCELLigence
real-time cytotoxicity assay and compared to unmodified controls as well as wildtype CD276-CAR
and parental NK-92 cells that had been pre-treated with an inhibitory anti-NKG2A antibody (d);
n = 3.

4. Discussion

Melanoma is one of the most common cancers worldwide with its incidence con-
tinuing to rise each year [72]. Even though immune checkpoint blockade drastically
increased overall outcome for some patients, new treatment strategies for therapy-resistant
melanomas are in dire need.
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Chimeric antigen receptor-engineered T cells provide a therapeutic approach that
involves the use of modified primary lymphocytes to specifically target cancer cells. Cur-
rently, only seven clinical trials examining the usage of CAR T cells for the treatment of
melanoma, targeting among others disialoganglioside GD2 or vascular endothelial growth
factor receptor 2 (VEGFR2), are on-going, while no clinical trials have yet been conducted
with other CAR-engineered immune cells such as primary NK cells. Major obstacles for
CAR efficiency in solid tumors include the identification of tumor-specific antigens as
well as tumor antigen heterogeneity [24]. Additionally, due to the presence of the highly
immunosuppressive microenvironment in this context, clinical results so far have been
underwhelming [73].

One very promising clinical study, conducted at the Seattle Children’s Hospital, is
targeting the immune checkpoint molecule CD276 [74]. CD276 recently emerged as an
important prognostic marker for various solid tumor entities and, thus, seems to be a
promising immunotherapeutic target structure [25,26]. It was already shown in multiple
studies that CD276 is aberrantly expressed in malign melanoma and the present study
demonstrated CD276 abundance in all examined melanoma cell lines [75–77].

However, CAR T and CAR NK cells, regardless of their specific target structure, face
complex obstacles when used in solid tumors. They need to successfully migrate through
tissue to reach the tumor site, efficiently invade the tumor and also survive the suppressive
TME that decreases anti-tumor response using various factors [78–80]. In the present study,
we evaluated whether the recently established NK cell line CD276-CAR NK-92, that proved
to be effective in targeting neuroblastoma, could also be an effective cellular product for
the treatment of melanoma [22]. Furthermore, it was evaluated whether CAR-modified
NK-92 cells are able to overcome negative factors of the TME, thus, making NK-92 cells a
superior CAR vehicle for the treatment of melanoma and solid tumors in general.

Dynamic alterations during melanoma progression include the increase of growth
factor secretion and, subsequently, growth of additional fibrous tissue surrounding the
tumor site which in turn impairs effector cell migration [81]. Here, we showed that CD276-
CAR NK-92 cells demonstrated successful eradication of various melanoma cell lines
in vitro in 2D as well as 3D experiments. They were able to successfully migrate through
small pores to the tumor site and penetrate melanoma spheroids while retaining their
cytotoxic efficacy.

After successful extravasation, CAR-modified immune cells need to survive the unfa-
vorable TME. The predominantly hypoxic and acidic conditions in the TME in combination
with an anti-inflammatory cytokine milieu consisting of, among others, TGFβ can signifi-
cantly impair CAR-mediated effector function [82–86]. TGFβ was demonstrated to directly
impair NK cell functionality by downregulating activating NK receptors such as NKG2D
and NKp30 or by suppressing the mTOR pathway [48,87]. Contrary to primary NK cells,
CD276-CAR NK-92 cells showed significant resistance to soluble immunomodulatory
factors. The cells retained their cytotoxic potential even after prolonged co-incubation with
high concentrations of TGFβ.

Acidosis in the TME, caused by tumor cell secretion of substantial amounts of lactate,
is associated with impaired cytotoxicity of primary NK cells as well as downregulation of
activating NK cell receptors [88,89]. Conversely, effector function of CD276-CAR NK-92
cells was not impaired after cultivation with high concentrations of supplemented lactate.
Moreover, cultivation in cell culture supernatant that was harvested from fibroblasts and
cancer-associated fibroblasts, that play a pivotal role in tumor neo-vascularization, had
also no detectable impact on CAR-mediated tumor lysis while melanoma supernatant only
slightly affected CD276-CAR NK-92 cell function [90,91].

Hypoxic culture conditions for longer periods of time were drastically decreasing
CAR-mediated target cell lysis of primary NK cells and NK-92 cells [54,55,92]. Since NK-92
cells have to be irradiated for clinical use to prevent uncontrolled in vivo proliferation due
to being derived from a non-Hodgkin lymphoma, cell viability and effective cytotoxicity
is restricted to a 48–72 h time window after irradiation. We previously demonstrated
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that application of CD276-CAR NK-92 cells immediately after irradiation did not impair
CAR-mediated cytotoxicity [22]. Therefore, decreased immune effector function induced
by long-term exposure to hypoxia (>72 h) is not a critical issue.

NKG2A is, contrary to primary NK cells, one of the few inhibitory receptors expressed
by CD276-CAR NK-92 cells and their respective tumor cell ligands, HLA-E and HLA-G,
are commonly overexpressed in cutaneous melanoma [22,56,71]. Furthermore, HLA-E and
HLA-G expression levels are often elevated in the course of typical melanoma immune
escape strategies [67]. A CRISPR-mediated NKG2A knock-out as well as blocking the
NKG2A receptor with an inhibitory antibody did not significantly boost CAR-mediated
cytotoxic potential of CD276-CAR NK-92 cells, suggesting that CAR effectivity in CD276-
CAR NK-92 cells is independent of inhibitory ligands. Since the CAR-mediated cytotoxicity
exerted by parental CD276-CAR NK-92 itself is already very strong, we hypothesize that the
implementation of the described CRISPR protocol for other NK-92-based immunotherapies
could improve the outcome of the respective treatment.

The accumulated data for CD276-CAR NK-92 cells and their resistance to the tumor
microenvironment is very promising. Other factors, including the influence of immuno-
suppressive cell such as myeloid-derived suppressor cells (MDSC) or CAR NK-92 cell
trafficking to the tumor site, need to be investigated further. In the near future, we are
planning on establishing various in vivo models, including PDX and humanized mouse
models, to validate these preliminary results.

Combining the aforementioned positive features of a CD276-CAR, targeting a tumor-
specific antigen, with the NK-92 cell line and its strong resilience to influences exerted
by the TME generates a powerful cellular product that can be easily manufactured under
GMP guidelines as a readily available, “off-the-shelf” treatment option for melanoma and
other solid tumors.
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