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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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