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Abstract

NK cells are promising effector cells for adjuvant immunotherapy of cancer. So far, several 

preclinical studies have shown the feasibility of gene-engineered NK cells, which upon expression 

of chimeric antigen receptors (CARs) are redirected to otherwise NK-cell resistant tumors. Yet, 

we reasoned that the efficiency of an immunotherapy using CAR-modified NK cells critically 

relies on efficient migration to the tumor site and might be improved by the engraftment of a 

receptor specific for a chemokine released by the tumor. Based on the DNAX-activation protein 

12 (DAP12), a signaling adapter molecule involved in signal transduction of activating NK cell 

receptors, we constructed an EGFRvIII-CAR, designated MR1.1-DAP12 which confers specific 

cytotoxicity of NK cell towards EGFRvIII+ glioblastoma cells in vitro and to established 

subcutaneous U87-MGEGFRvIII tumor xenografts. So far, infusion of NK cells with expression of 

MR1.1-DAP12 caused a moderate but significantly delayed tumor growth and increased median 

survival time when compared to NK cells transduced with an ITAM-defective CAR. Notably, the 

further genetic engineering of these EGFRvIII-specific NK cells with the chemokine receptor 

CXCR4 conferred a specific chemotaxis to CXCL12/SDF-1α secreting U87-MG glioblastoma 

cells. Moreover, the administration of such NK cells resulted in complete tumor remission in a 

number of mice and a significantly increased survival when compared to the treatment of 

xenografts with NK cells expressing only the EGFRvIII-specific CAR or mock control. We 
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conclude that chemokine receptor engineered NK cells with concomitant expression of a tumor-

specific CAR are a promising tool to improve adoptive tumor immunotherapy.
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Introduction

Despite ongoing developments in therapy, patients suffering from glioblastoma (GBM, 

WHO grade IV), the most common and malignant brain tumor in adults, still have a very 

poor prognosis.1 Due to its infiltrative behavior, GBM cannot be fully resected. In addition, 

glioma cells are resistant to chemo- or radiotherapy and have developed several strategies to 

evade immune surveillance.2 Despite multimodal treatment, the tumor most likely reappears 

after a short time resulting in median survival times not exceeding 14.6 months.3

In recent years, tumor-specific T cells and NK cells have emerged as promising tool for 

augmenting classical treatment of cancer.4 In particular, T cells genetically modified with 

chimeric antigen receptors (CARs) targeting glioma associated surface-antigens such as 

epidermal growth factor variant III (EGFRvIII), an oncogenic mutant form of the EGFR, 

have shown promising results in preclinical models and have entered clinical phase I/II 

studies (see http://clinicaltrials.gov/ct2/showNCT01454596).5-6

NK cells represent an important component of the innate immune system by killing virus-

infected and transformed cells without the need for prior immune sensitization.7 However, 

recent insights into NK cell function have led to the understanding that these cells 

participate in innate as well as adaptive immune responses thereby increasing the scope for 

adoptive immunotherapy of cancer.8, 9 Unlike T cells, which depend on RAG-mediated 

somatic recombination of immune receptors, NK cells are characterized by simultaneous 

expression of various inhibitory and activating receptors of the lectin and immunoglobulin 

superfamily.10, 11 Interactions of inhibitory receptors with human leukocyte antigen (HLA) 

class I molecules on autologous normal cells induce dominant negative signals which 

override activating signals and therefore prevent cytotoxic activity.12 In the absence of 

negative signals and/or increased levels of activating ligands on target cells, NK cells 

become activated and kill target cells via the perforin-granzyme pathway, by action of 

death-receptor ligands or released cytokines such as IFN-γ.10, 13, 14 Previous studies have 

shown that retargeting lymphocytes to tumor antigens on solid tumors by the expression of 

CARs is promising but not in every case sufficient for clinical responses.15-17 NK cells have 

been shown to invade solid tumors in vivo, in particular gliomas, to a significant lesser 

extent than other leucocytes.18

Leukocyte trafficking to tumors essentially depends on chemokines and involves a complex 

interplay between activated endothelial cells and circulating lymphocytes characterized by 

subsequent steps of lymphocyte attachment to and rolling on endothelium, activation on the 

endothelial surface, secondary attachment and extravasation into the target tissue.19 
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Furthermore, it is most likely that ongoing neo-angiogenesis and immature tumor vessels of 

some tumor entities such as glioblastomas might lead to an enhanced extravasation of 

chemokine-attracted lymphocytes at the tumor site.20 We therefore reasoned that a 

combined expression of a CAR and of a chemokine receptor enabling chemotaxis to gliomas 

might expand the therapeutic range of CAR-modified NK cells.

As target on glioma cells for an experimental therapy using CAR-modified NK cells we 

chose EGFRvIII, the most common of several known oncogenic isoforms of the epidermal 

growth factor receptor (EGFR). EGFRvIII has been found in 30 – 40 % of malignant 

glioma. The constitutive activation of its kinase domain is the main reason for the 

significantly enhanced tumorigenicity of EGFRvIII positive tumors.21 Structurally, 

EGFRvIII shows an in frame deletion of amino acids 6 to 273 resulting in addition of a 

glycine and loss of exons 2 - 7. Therefore, this variant lacks most of its ectodomain but 

contains a neo-epitope at the fusion point, which specifically binds the single chain fragment 

variable (scFv) MR1.1 used for the CAR employed in this study.22

The chemokine CXCL12/SDF-1α belongs to the CXC chemokine family and binds the 

chemokine receptor CXCR4 and CXCR7.23, 24 The latter chemokine receptor is not 

expressed on peripheral blood leukocytes.25 CXCL12/SDF-1α has been originally described 

as pre-B-cell growth factor.26 Today it is known as an important homeostatic chemokine for 

T cells and bone marrow niches.23, 27 Upon maturation of CXCR4+-NK progenitors in the 

bone marrow, NK cells consecutively downregulate CXCR4 to undetectable levels and enter 

the blood stream and the lymphoid system.27 Interestingly, CXCL12/SDF-1α is also 

constitutively secreted in developing brain and mediates neuronal migration and 

angiogenesis.28, 29 It has been reported that CXCL12/SDF-1α is re-expressed in 

glioblastoma.30, 31 It increases proliferation and migration of tumor cells in an autocrine 

manner.29, 32, 33 Furthermore, its increased expression has been correlated with shorter 

progression free survival of patients with low grade glioma.34 In line with its role in 

developing brain, CXCL12/SDF-1α secreted by tumor cells has been reported to 

cooperatively act with VEGF and bFGF thereby guiding the developing tumor 

vasculature.35

In this study, we sought to express CXCR4 on NK cells to facilitate glioma homing on 

adoptive transfer of CAR-engineered NK cells specific for EGFRvIII. We proposed the use 

of CXCR4-engineered NK cells for adoptive immunotherapy of CXCL12/SDF-1α-secreting 

glioblastoma. To our best knowledge, this is the first report describing a genetically 

engineered redirected chemotaxis and combined gene-engineered specific cytotoxicity of 

NK cells towards glioblastoma xenografts.

Materials and Methods

Cell lines

The human embryonic kidney cell line HEK293T was maintained in DMEM (PAA, Cölbe, 

Germany) supplemented with 10 % v/v heat-inactivated FBS (PAA), 10 mM HEPES 

(PAA), 100 U/ml penicillin and 0.1 mg/ml streptomycin (PAA). The glioma cell line U87-

MG and cell lines derived thereof were maintained in BME (PAA, Cölbe, Germany) 

Müller et al. Page 3

J Immunother. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



supplemented with 10 % v/v heat-inactivated FBS (PAA), 10 mM HEPES (PAA), 2 mM L-

glutamine (Biochrom, Berlin, Germany), 1 × MEM NEAA, 100 U/ml penicillin and 0.1 

mg/ml streptomycin (PAA). The glioma cell line BS153 was maintained in DMEM (PAA, 

Cölbe, Germany) supplemented with 10 % v/v heat-inactivated FBS (PAA), 10 mM HEPES 

(PAA)36, 100 U/ml penicillin, 0.1 m/ml streptomycin (PAA), the medium for BS153resE 

additionally contained 10 μM Erlotinib (Santa Cruz). The NK cell line YTS was maintained 

in RPMI-1640 (PAA) with 10 % v/v heat-inactivated FBS (PAA), 2 mM L-glutamine 

(Biochrom, Berlin, Germany), 10 mM HEPES (PAA), 100 U/ml penicillin, 0.1 mg/ml 

streptomycin (PAA). Cell lines were cultivated at 37 °C and 5 % CO2 in a humidified 

incubator. All cell lines were authenticated (Multiplexion GmbH, Heidelberg, Germany) and 

confirmed.

Generation of lentiviral vectors

To generate DAP12-based CARs, a fragment consisting of the Igκ signal peptide (SP) and 

the anti-EGFRvIII single chain fragment variable scFv(MR1.1)37 were amplified by PCR 

using specific primers adding a C-terminal short peptide linker (Gly2Ser1)2. The resulting 

PCR-fragments were ligated into a p6NST1-derived38 self-inactivating lentiviral pHATtrick 

vector (manuscript in preparation) devoid of the WPRE,39 and containing an internal spleen 

focus forming virus (SSFV) U3 promoter followed by a multiple cloning site, a T2A and 

puromycine-resistance gene, resulting in pHATtrick-MR1.1-DAP12. The coding region of 

signaling adaptor protein DAP12 was established previously in our lab.40 Using PCR, 

appropriate restriction sites and a myc-tag were added flanked by short (Gly2Ser1) linkers. 

The signaling adaptor protein DAP12 was ligated in frame with scFv(MR1.1) to generate 

the lentiviral CAR vector pHATtrick-MR1.1-DAP12-puroR. To generate controls devoid of 

the antigen-binding moiety and only containing the signal adaptor the Igκ signal peptide was 

fused to myc-DAP12, respectively, and the resulting fragment was cloned into pHATtrick 

creating the lentiviral vector pHATtrick-myc-DAP12-puroR. A DAP12 with a 

phosphorylation-deficient ITAM was generated by PCR of pHATtrick-MR1.1-DAP12-

puroR using the primers DAP12mut-For 5′-

TTTTTGCATGCGTTAACGAACAAAAACTCATCT CAGAAGAGG-3′ and DAP12mut-

Rev 5′-GAGTCGCCTTCTCAGGAGCTCCAGGGTC 

AGAGTCGGATGTCTCTAGCGACCTCAACACACAGAGGCCGTATACAAATGAGC

GGCCGCTTTTT-3′ (Eurofins MWG Operon) resulting in DAP12mut fragment. This 

fragment was used to construct pHATtrick-MR1.1-DAP12mut-puroR. The cDNA encoding 

the CXCR4-chemokine receptor was a kind gift of Sebastian Brenner (Department of 

Pediatrics, University Clinic Carl Gustav Carus, TU Dresden, Germany). A PCR with 

sequence specific primers CXCR4-For 5′ - 

TTTTTaccggtgccaccATGGAGGGGATCAGTATATACAC – 3′ and CXCR4-Rev 5′ – 

AAAAgcggccgcggTccGCTGGAGTGAAAACTTGAAGACTCAGAC TCAGTGGAA – 3′ 

(both obtained from Eurofins MWG Operon) was used to add needed restriction sites for 

cloning the sequence into pHATtrick-puroR. For generating a pHATtrick-hygroR vector the 

puromycine-resistance gene was replaced via PCR cloning with a hygromycine-resistance 

gene. A full length cDNA of the EGFRvIII with the needed restriction sites was obtained 

from Eurofins MWG Operon and cloned into pHATtrick resulting in pHATRtrick-

EGFRvIII-puroR. The vector p6NST61-DsRed was provided by Dirk Lindemann (Institute 

Müller et al. Page 4

J Immunother. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of Virology, TU Dresden, Germany) and was used to generate YTSDsRed and 

YTSDsRed/CXCR4 cells. The vector p6NST50-SDF-1α-IRES-EGFP-ZeoR and corresponding 

empty vector was a kind gift from Marc Cartellieri (Institute of Immunology, TU Dresden, 

Germany). All vectors were confirmed by DNA sequencing.

Virus production and transduction of cells

Lentiviral particles for transduction of cells were produced by a transient three vector 

packaging protocol.41 Briefly, 4 × 106 HEK293T cells were transfected using 

polyethylenimine (PEI) (Polysciences, Warrington, PA, USA), 5 μg pCD/NL-BH 41, 

pczVSV-G 42 and lentiviral vector, respectively. After 20 h HEK293T cells were incubated 

with 10 mM sodium butyrate (Sigma-Aldrich, Taufkirchen, Germany) for 6 h. 24 h after the 

replacement of sodium butyrate by fresh medium the lentiviral supernatant was removed 

from cells and passed through a 0.45 μm filter, mixed with 8 μg/ml polybrene (Sigma-

Aldrich) and used for transduction. Transduction was repeated on two subsequent days using 

a spinoculation protocol. Plated cells were centrifuged at 805 × g for 1 h at 37 °C and further 

incubated at 37 °C, 5 % CO2 overnight. After the third transduction cells were maintained in 

supplemented cell culture media. The NK cell line YTS, which was kindly provided by 

Ricciarda Galandrini (University “La Sapienza”, Rome, Italy) was transduced with 

pHATtrick-CXCR4-hygroR and pHATtrick-puroR encoding for the different CARs. 

HEK293T were transduced with pHATtrick-EGFRvIII-puroR. U87-MG wt and U87-

MGEGFRvIII were transduced with p6NST50-SDF-1α_IRES-EGFP-ZeoR or empty vector 

only encoding IRES-EGFP-ZeoR. In order to enhance the expression of transgenes, cells 

were selected in 150 mg/ml hygromycine, 15 mg/ml puromycine (Invitrogen, Karlsruhe, 

Germany) or 100 mg/ml Zeocin respectively for one week.

Western Blot analyses

Transduced YTS cells were lysed in lysis buffer (10 mM Tris-HCL pH 8.0; 140 mM NaCl; 

1 % Triton-X-100). Cell lysates were cleared by centrifugation, separated by SDS-PAGE 

under reducing conditions and transferred on a Westran PVDF membrane (Whatman 

GmbH, Dassel, Germany). The protein loaded and blocked membrane was incubated with a 

monoclonal anti-c-myc antibody (1:2500; Invitrogen) or monoclonal anti-DAP12-antibody 

(specific for the DAP12 ITAM sequence QGQRSDVYSDLNTQRPYYK, clone 406288, 

1:700, R&D) followed by a HRP-labeled rabbit anti-mouse secondary antibody (1:1000; 

Dako, Glostrup, Denmark). Equal loading of samples was determined by stripping and re-

probing the membrane for total α-Tubulin (1:3000; Santa Cruz). Membranes were 

visualized and documented using the Luminata Forte Western HRP substrate (Millipore) and 

the LAS 3000 imager (FujiFilm Europe).

Flow cytometry analyses of tumor cells and YTS cells

The recombinant scFv(MR1.1) single chain antibody containing a C-terminal myc-tag was 

produced in our laboratory using HEK293T producer cells. The scFv(MR1.1), a secondary 

Biotin-labeled c-myc-tag specific antibody (1:15; Miltenyi Biotec and a tertiary anti-Biotin-

PE antibody (1:15; Miltenyi Biotec) were used to detect EGFRvIII. Staining cells with 

scFv(AM1),43 which does not bind to the target cells, served as isotype control. For analysis 

of the cell surface expression of the CAR and controls, 3 × 105 modified YTS were 
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centrifuged and stained with a Biotin-labeled c-myc-tag specific antibody (1:15; Miltenyi 

Biotec) and a secondary anti-Biotin-PE or Biotin-APC antibody, respectively (1:15; 

Miltenyi Biotec). As control, an IgG isotype was included. For analysis of the cell surface 

expression of CXCR4-chemokine receptor, 3 × 105 YTS cells were stained with anti-

CXCR4-APC (0.5 μg; BD). IgG-isotype controls were included. To determine the cell 

surface expression of EGFRvIII, chemokine receptor, CAR and control constructs, stained 

cells were measured by FACS and analyzed by FlowJo software version 10 (TreeStar Inc., 

Ashland, OR, USA).

PCR for detection of EGFRvIII in tumor cell lines

The mRNA was prepared from whole cell tumor cell lysates using the Rneasy Plus Mini Kit 

(Qiagen) according to the instructions ofteh supplier. After incubation with DNase I for 

10min a RT reaction was performed using the RevertAid cDNA Synthesis Kit (Thermo 

Fisher). To exclude gDNA contamination the cDNA was tested in a PCR reation with 

specific primers MECL1-GCA1-For 5′ – GCTTACTCCACCTCCATAGCC – 3′ and 

MECL1-YS1-Rev 5′ – CTGGCGGTGCTAGAAGACC – 3′. Primers for PCR of actin have 

been described previously.44 Primers for detection of EGFR wild type cDNA and EGFRvIII 

cDNA EGFR/EGFRvIII-For 5′-ATGCGACCCTCCGGGACGG-3′and EGFR/EGFRvIII-

Rev 5′-ACCTTCTGGGATCCAGAGTCC-3′ were synthesized (Eurofins MWG Operon) 

and used to discriminate between EGFR wt and EGFRvIII amplicons by size of the resulting 

fragment (EGFR wt, 2.5 kb; EGFRvIII, 1.4 kb).

Chromium release assay

The antigen specific cytotoxicity of CAR-engineered YTS cells towards EGFRvIII positive 

tumor cells was tested by chromium release assays. Briefly, 2 × 106 target cells were labeled 

with 50 μCi sodium 51chromate (Perkin-Elmer, Ueberlingen, Germany) and incubated at 37 

°C and 5 % CO2. After 1 h, cells were washed several times with PBS and seeded as 

triplicates in a round bottom 96-well plate (1 × 104 cells per well). CAR-modified YTS cells 

as well as controls were added to labeled target cells at various target to effector ratios. After 

21 h, 25 μl of cell supernatant was mixed with 150 μl of scintillation solution OptiPhase 

SuperMix (Wallac Scintillation Products, Turku, Finland) in a 96-well plate by shaking for 3 

- 5 min at room temperature. The chromium release was measured using a Wallace 1450 

Microbeta Trilux Liquid Scintillation and Luminescence Counter (Perkin-Elmer). Maximal 

and minimal releases were measured by treating target cells with 5 % Triton X-100 (Serva, 

Heidelberg, Germany) and medium alone, respectively. Incubations of YTS cells with 

isogenic tumor wild type cells were included for comparison. Percentage of specific lysis 

was calculated using the standard formula: 100 × (cpm release target cells - cpm minimum 

release) / (cpm maximum release – cpm minimum release). The experiments were 

performed three to four times each with similar results.

CXCL12/SDF-1α-ELISA

Detection of secreted CXCL12/SDF-1α in the supernatant of transduced cells was 

accomplished using the DuoSet ELISA - huCXCL12/SDF-1α (R&D) as recommended. 

25000 U87-MGEGFRvIII/SDF-1α cells were plated in 2 ml RPMI-1640 without FBS into 6-

well-plates and the supernatant was collected after 24 h. As negative control U87-
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MGEGFRvIII/EGFP cells were used. To evaluate the capacity of the genetically altered U87-

MG cells to secrete CXCL12/SDF-1α in an in vivo setting, 1 × 106 tumor cells were 

inoculated subcutaneously into female NMRI-Foxn1nu/Foxn1nu mice and passaged for 21 

days. After re-cultivation secretion of CXCL12/SDF-1α was probed via ELISA again. Three 

independent experiments with similar results were performed.

Transwell assays

Migratory potential was tested in a Boyden-chamber (8 μm pores, Corning) using CXCL12/

SDF-1α conditioned media (supernatant of 25000 U87-MGEGFRvIII/SDF-1α). As controls 

media without CXCL12/SDF-1α harvested from 25000 U87-MGEGFRvIII/EGFP cells and the 

small chemical compound AMD3100 (25 μg/ml; Sigma-Aldrich) known to inhibit CXCR4, 

were added. 50000 YTSCXCR4 and YTS wt cells, respectively, were starved for 48 h and 

added to the upper wells of the chamber in 100 μl FBS-free RPMI-1640 and incubated at 37 

°C, 5 % CO2. After 3 h the number of YTS cells that migrated through the porous 

membrane was assessed by counting the viable cells in the lower wells. Three independent 

experiments with similar results were performed.

In vivo mouse tumor models

NMRI-Foxn1nu/Foxn1nu mice were obtained from the animal facility of the University of 

Dresden. Mice were held under standardized pathogen-free conditions with ad libitum 

access to food and water. Experiments were approved by the Landesdirektion Dresden under 

the auspices of the German Animal Protection Law. To establish tumors, 100 μl of PBS 

containing 1 × 106 U87-MGEGFRvIII or 1 × 106 U87-MGEGFRvIII/SDF-1α were 

subcutaneously injected into the left flank of female mice. After the tumor reached an 

average size of approximately 10 mm2, mice were intravenously injected with 100 μl PBS 

containing 4 × 106 YTSmyc-DAP12 cells, YTSMR1.1-DAP12mut cells, YTSMR1.1-DAP12 cells or 

YTSMR1.1-DAP12/CXCR4, respectively, via the tail vein every 48 h over a period of 40 days. 

As a control for in vivo tumor cell growth, one group was not treated. The experiments were 

repeated twice with in total N=10 mice per group for treating mice transplanted with U87-

MGEGFRvIII and in total N=20 mice for treatment of U87-MGEGFRvIII/SDF-1α tumors. 

Tumors were measured in two dimensions two times per week by using a digital caliper. 

Once the tumor exceeded 18 mm in any of the 3 perpendiculars or animals appeared to be in 

distress mice were euthanized. The tumor area was calculated according to the formula of 

ellipse area (1/4 × π × (a × b)). For analysis of the migratory capacity of YTS cells, 

established tumors were treated with YTSDsRed and YTSDsRed/CXCR4, respectively, every 48 

h over a period of for three weeks. Then tumors were extirpated, cryopreserved and cut into 

10 μm slices using a microtome. Tumor slices were fixated with 4 % PFA, mounted with 

Vecta Shield Dapi Medium (Vector) and sealed before fluorescence microscopy analysis 

(LSM510, Zeiss). To calculate infiltrating cells five fields of view at 400× magnification 

were analyzed per treatment group. The experiment was performed twice with similar 

results.
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Statistical analyses

The results of chromium release assays were expressed as mean ± and analyzed performing 

a one-way ANOVA (*p < 0.05) combined with a post-hoc Tukey's multiple comparison test 

(*p < 0.05). The results of the transwell-assay and results of the in vivo migration were 

analyzed using Student's t-test. A log-rank test was used for analyses of the survival data. 

All statistical analyses were performed with Prism software version 6.0 (GraphPad Software 

Inc., La Jolla, CA, USA).

Results

Generation of YTS cells expressing the chimeric antigen receptor MR1.1-DAP12

The design of the MR1.1-DAP12 chimeric NK cell antigen receptor and lentiviral vector 

regions is depicted in Figure 1a. The DAP12-based CAR was generated by fusion of the 

recently described EGFRvIII-specific MR1.1 single chain fragment variable scFv(MR1.1)37 

to DAP12 cDNA devoid of its signal peptide. An internal SFFV U3 promoter in 

combination with a T2A-site allows concomitant expression of the CAR and of the pac 

gene. Furthermore, we included an extracellular c-myc-tag for detection of CAR surface 

expression (Fig. 1a). For our investigations we included a DAP12 control construct, 

designated myc-DAP12 in which in accordance with the CAR design, the DAP12 signal 

peptide was exchanged for the Igκ signal peptide. This control construct also contains a 

myc-epitope inserted between the Igκ signal peptide and the transmembrane domain of 

DAP12. As further control we constructed a CAR containing a phosphorylation-defective 

ITAM (MR1.1-DAP12mut).

The NK cell line YTS was transduced with MR1.1-DAP12 CAR, MR1.1-DAP12mut 

control and myc-DAP12 control, respectively. After antibiotic selection the protein 

expression of the CAR as well as of the control constructs of the resulting cell lines was 

confirmed by Western blot analysis using anti-myc and anti-DAP12 antibodies (Fig. 1b, c). 

We detected bands with expected protein masses for the CAR (50 kDa) and myc-DAP12 

control (20 kDa) confirming the proper T2A-mediated cleavage of the transgenes (Fig. 1b). 

As anticipated, the monoclonal DAP12 antibody, specific for the ITAM domain, failed to 

bind to the ITAM-mutated form of DAP12 but detected myc-DAP12 and MR1.1-DAP12 

(Fig. 1c). Furthermore, a prominent surface expression of the CAR (≥ 95 %) and of the 

control constructs, respectively, was monitored in the transduced YTS cells (Fig. 1d) via 

flow cytometric analysis. We constantly observed that myc-DAP12-transduced in YTS cells 

gave a higher MFI when compared to MR1.1-DAP12 and MR1.1-DAP12mut, respectively. 

This decrease in MFI of the CAR constructs is likely due to a weakened binding of the anti-

myc-antibody due to a possible steric hindrance by the fused scFv portion.

Specific killing of EGFRvIII+ tumor cell lines using YTS cells engineered with MR1.1-DAP12 
CAR

In order to investigate whether the engrafted anti-EGFRvIII CAR redirects NK cells to 

EGFRvIII+ target cells we utilized generated HEK293TEGFRvIII target cells and established 

U87-MGEGFRvIII with ectopic expression of EGFRvIII as well as BS153resE glioma cells 

with high endogenous EGFRvIII expression.45, 46 RT-PCR analyses of reverse transcribed 
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mRNA and using specific primers for the simultaneous detection of both, EGFR wild type 

and EGFRvIII, revealed that all gene-engineered cells harbored the retroviral-derived 

EGFRvIII encoding provirus or in the case of BS153resE cells the endogenous EGFRvIII 

(Fig. 2a). Although the PCR reaction favored the amplification of an EGFRvIII-DNA 

fragment we were able to detect fragments representing the wild type EGFR gene in U87-

MG, in HEK293T wild type cells and to a lesser extent in U87-MGEGFRvIII and 

HEK293TEGFRvIII cells (Fig. 2a). In our RT-PCR-analyses of BS153 glioblastoma cells with 

known EGFRvIII-genotype and derived BS153resE cells, which overexpress EGFRvIII due 

to acquired erlotinib resistance46, we detected, as expected, PCR-signals for genomic 

EGFRvIII in both cell lines. At the protein level, flow cytometry analyses demonstrated 

robust expression (94 - 99 % of cells) of EGFRvIII in U87-MGEGFRvIII, HEK293TEGFRvIII, 

and BS153resE cells when compared to control cells (Fig. 2b). The recombinant single chain 

antibody (scFv(MR1.1)) used for the analysis also stained a considerable EGFRvIII-positive 

fraction (mean 35 % EGFRvIII positive cells, SEM +/- 9 %) of BS153 cells which 

corroborates the results of our RT-PCR analysis. Furthermore, our results are also in line 

with a previous report describing EGFRvIII expression in a substantial fraction of BS153 

wild type cells. 46

In order to investigate the specific cytotoxic efficiency of MR.1-DAP12 CAR-modified 

YTS cells (YTSMR1.1-DAP12) towards EGFRvIII+ target cells we performed chromium 

release assays. In the experiments we included YTSMR1.1-DAP12 cells as well as the control 

cell lines YTSMR1.1-DAP12mut, YTSmyc-DAP12 and YTS wild type cells. As anticipated, 

YTSMR1.1-DAP12 cells significantly lysed U87-MGEGFRvIII, HEK293TEGFRvIII and 

BS153resE tumor cells at different effector to target ratios when compared with isogenic wild 

type or BS153 control cells (Fig. 2c). Of note, we observed a moderate cytotoxic reaction of 

YTSMR1.1-DAP12 cells against BS153 control cells. As depicted in Fig. 2 the BS153 cell line 

harbors genomic EGFRvIII and a notable fraction of BS153 cells expressed EGFRvIII, 

rendering them as a legitimate target for YTSMR1.1-DAP12 cells. Indeed, YTSMR1.1-DAP12 

cells lysed between 17 % and 24 % of BS153 cells along with increasing effector target 

ratios of 2.5:1 to 10:1, which roughly correlates to the percentage of the EGFRvIII+ cell 

fraction.

YTSMR1.1-DAP12 cells showed an average tumor cell lysis depending on the EGFRvIII+ 

target cell line ranging from 20 % - 50 % at a effector to target ratio of 2.5:1 to about 50 % - 

70 % at a effector to target ratio of 10:1. After normalization of the mean median 

fluorescence intensities of EGFRvIII staining, by subtracting the MFI of the corresponding 

isotype stainings, we noted that U87-MGEGFRvIII cells (normalized MFI of 2300) had 

similar amounts of EGFRvIII on the cell surface as BS153resE cells (normalized MFI of 

1950). Yet, BS153resE cells were lysed by YTSMR1.1-DAP12 cells at higher efficiency. 

Furthermore, although having the highest EGFRvIII expression (normalized MFI of 5420), 

HEK293TEGFRvIII cells were lysed by YTSMR1.1-DAP12 cells at comparable efficiency as 

U87-MGEGFRvIII cells, which displayed a considerable lower normalized MFI. Of note, 

BS154resE cells, having a lower expression of EGFRvIII than HEK293TEGFRvIII cells were 

significantly better killed by YTSMR1.1-DAP12 cells (p < 0.05). Altogether, there was no 

direct correlation between the levels of EGFRvIII expression in the different tumor cell lines 
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and the strength of the cytotoxic reaction of YTSMR1.1-DAP12 cells. This result is in line with 

previous reports and our own results using CAR-modified NK92 and YTS cells, 

respectively, engaging several ErbB2/HER-2- and prostate stem cell antigen (PSCA)-

positive target cell lines. 40, 47 Hence, we suggest that the difference in the strength of 

cytotoxic reaction against the target cell lines was not only due to EGFRvIII expression 

levels but also depends on the composition and expression level of other surface molecules, 

in particular cell adhesion molecules.

Incubation of YTSMR1.1-DAP12 cells with EGFRvIII- isogenic HEK293T and U87-MG cells 

did not lead to specific tumor cell lysis. Moreover, unmodified YTS wt cells, YTSmyc-DAP12 

cells and YTSMR1.1-DAP12mut cells lysed neither EGFRvIII+ nor EGFRvIII- HEK293T and 

BS153 tumor cells, yet we observed a weak basal cytotoxicity of YTS wild type cells and 

YTSmyc-DAP12 cells when confronted with U87-MG and U87-MGEGFRvIII cells. Taken 

together, these results indicate that the MR1.1-DAP12 chimeric antigen receptor confers 

specific cytotoxicity against EGFRvIII+ target cells.

In a next step, we sought to evaluate the YTSMR1.1-DAP12 cells in an experimental 

immunotherapy using a xenograft model. For this, U87-MGEGFRvIII cells were 

subcutaneously injected into the left flank of NMRI-Foxn1nu/Foxn1nu mice. Five days after 

tumor cell injection and establishment of palpable tumors, YTSMR1.1-DAP12 and control cells 

(YTSMR1.1-DAP12mut, YTSmyc-DAP12), respectively, were injected via the tail vein every 48 

h over a period of 40 days. Mice xenografted with U87-MGEGFRvIII cells and without YTS 

cell treatment served as internal tumor growth control group. We chose this treatment 

protocol, since a recent experimental immunotherapy using anti-PSCA-CAR armed YTS 

cells revealed that the cells were short lived and that an anti-tumoral effect was only 

achieved by sustained application.40 Remarkably, when looking at the individual tumor 

growth curves we observed that a notable fraction of mice treated with YTSMR1.1-DAP12 

cells showed a delay of tumor growth when compared to all control groups (Fig. 3a). 

However, complete tumor remission was not observed. Besides this, also weak and non-

responders to treatment were noted. Yet, the analysis of maximal tumor growth at day 30 

showed a significant decrease in the mean tumor size of YTSMR1.1-DAP12 treated mice when 

compared to the controls in particular when compared to the group treated with NK cells 

modified with the phosphorylation-defective CAR MR1.1-DAP12mut (Fig. 3b). In line with 

this, treatment with YTSMR1.1-DAP12 cells caused a statistically significant increase of 

median survival time of 27.5 days in comparison with the tumor growth control group 

(tumor growth control 22 days; p < 0.05), and with the group of mice treated with 

YTSMR1.1-DAP12mut cells 21 days; p < 0.001). Furthermore, treatment with YTSMR1.1-DAP12 

was accompanied by 30 % survivors at day 45 (Fig. 3c). Treatment of mice with 

YTSmyc-DAP12 cells resulted, as expected, in a median survival time shorter than observed 

with YTSMR1.1-DAP12-treated mice, but did not reach statistical significance (23 days; p = 

0.109) which might account to the observed basal cytoxicity of YTSmyc-DAP12 cells towards 

U87-MG cells. Taken together, these data indicate a specific but so far only moderate anti-

tumor effect of MR1.1-DAP12-redirected NK cells on established EGFRvIII+ tumors in a 

xenograft mouse model which we sought to improve by employment of an additional 

chemokine receptor for redirecting NK cells to the tumor site.
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NK cells ectopically expressing CXCR4 exhibit chemotaxis towards CXCL12/SDF-1α

In order to enable a redirected migration of NK cells to the tumor site we focused on the 

CXCL12/SDF-1α / CXCR4 axis. For our experiments, we transduced U87-MGEGFRvIII cells 

with a lentiviral vector encoding SDF-1α-IRES-EGFP-ZeoR and with an IRES-EGFP-ZeoR 

empty vector, respectively. After antibiotic selection we performed proliferation analysis 

and revealed a significant decrease of 25 % in clonal survival and proliferation of U87-

MGEGFRvIII/SDF-1α and U87-MGEGFRvIII/EGFP cells when compared to parental U87-

MGEGFRvIII and U87-MG wild type cells. Proliferation rates of U87-MGEGFRvIII/SDF-1α and 

U87-MGEGFRvIII/EGFP cells were in the same range (data not shown). When we tested the 

cell culture supernatant of the U87-MGEGFRvIII/SDF-1α cells by ELISA we measured 2 +/- 

0.228 ng/ml secreted CXCL12/SDF-1α whereas CXCL12/SDF-1α-levels of U87-

MGEGFRvIII/EGFP cells were below the detection limit. Even after passaging for 21 days in 

mice and re-cultivation the U87-MGEGFRvIII/SDF-1α cells still secreted more than 1 +/- 0.292 

ng/ml CXCL12/SDF-1α into the cell culture supernatant indicating the long term capability 

of these cells to attract chemosensitive cells in an in vivo setting (data not shown). In a next 

step we engineered YTSMR1.1-DAP12 cells to express CXCR4. The lentiviral construct used 

for transduction is depicted in Fig. 4a. After transduction and antibiotic selection we 

revealed YTSMR1.1-DAP12/CXCR4 cells displaying strong surface expression of CXCR4 (over 

90 % positive cells) and concomitant robust MR1.1-DAP12 expression (95 % positive cells) 

(Fig. 4b). When the YTSMR1.1-DAP12/CXCR4 cells were tested in a transwell assay we 

furthermore observed a significantly increased migration capacity towards CXCL12/

SDF-1α-containing conditioned medium from U87-MGEGFRvIII/SDF-1α cells when 

compared to the migration towards U87-MGEGFRvIII/EGFP conditioned medium and medium 

control, respectively (Fig. 4c). Furthermore, inhibition of the CXCR4 receptor by the small 

chemical compound AMD3100 reduced migration of YTSMR1.1-DAP12/CXCR4 cells to 

baseline level confirming that engraftment of CXCR4 confers a redirected chemotaxis to 

CXCL12/SDF-1α. When YTSMR1.1-DAP12/CXCR4 were compared to YTSMR1.1-DAP12 in a 

cytotoxicity assay no significant differences in specific lysis of EGFRvIII+ target cells were 

detected (supplementary Fig. S1) which indicates that besides CAR expression an additional 

ectopic CXCR4 expression does not impair the cytotoxic capacity of YTS cells. On the other 

hand, it was of special interest if simultaneous CAR and CXCR4 signaling might lead to an 

enhanced cytotoxic response of NK cells confronted with double positive EGFRvIII/

SDF-1α target cells. As demonstrated in Fig. 4d cytotoxicity assays using U87-

MGEGFRvIII/SDF-1α as target cell line displayed an only slightly increased cytotoxic reaction 

of YTSMR1.1-DAP12/CXCR4 cells when compared to YTSMR1.1-DAP12 cells. As expected, we 

did not observe a specific cytotoxicity of YTS wild type cells and YTSCXCR4 cells towards 

U87-MGEGFRvIII/SDF-1α target cells.

YTSMR1.1-DAP12/CXCR4 with engrafted chemotaxis for CXCL12/SDF-1α improve survival of 
mice with U87-MGEGFRvIII/SDF-1α xenografts

To pursue our chemotaxis-approach, YTSMR1.1-DAP12/CXCR4 cells were tested in an in vivo 

setting. First, the intra-tumoral accumulation of intravenously administered DsRed reporter 

gene-marked YTSCXCR4/DsRed cells and YTSDsRed control cells (see Fig. 5a) were 

investigated. After excision and analysis of tumor slices using fluorescence microscopy we 
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observed that significantly more YTSCXCR4/DsRed cells migrated into the U87-

MGEGFRvIII/SDF-1α tumors than YTSDsRed cells. Furthermore, there was no increased intra-

tumoral accumulation of YTSCXCR4/DsRed as well as YTSDsRed cells in U87-MGEGFRvIII 

gliomas devoid of CXCL12/SDF-1α, confirming a specific chemotaxis of CXCR4-modified 

YTS towards CXCL12/SDF-1α-secreting U87-MGEGFRvIII/SDF-1α gliomas (Fig. 5b).

For an experimental immunotherapy of CXCL12/SDF-1α-secreting U87-MGEGFRvIII/SDF-1α 

gliomas were treated with gene-modified YTS-NK cells which were injected via the tail vein 

every 48 h over a period of 40 days. Mice xenografted with U87-MGEGFRvIII/SDF-1α cells 

and without YTS cell treatment served as control group.

In line with our in vitro data we observed an attenuated growth of U87-MGEGFRvIII/SDF-1α 

tumors when compared to U87-MGEGFRvIII tumors (see Fig. 3) resulting in later death of 

tumor-xenografted mice (Fig. 6a, c). When we looked at individual responses to NK cell 

immunotherapy, we noted delay of tumor growth in a sizable number of mice treated with 

YTSMR1.1-DAP12/CXCR4 when compared to all control groups (Fig. 6a). Notably, 3 out of 20 

mice treated with YTSMR1.1-DAP12/CXCR4 cells showed complete tumor eradication at days 

15, 15 and 17 and remained tumor free during the whole experiment. We also observed 

some weak and non-responders as depicted in the individual tumor growth curves (Fig. 6a). 

However, analysis of maximal tumor size at day 30 showed a significantly reduced mean 

tumor growth of mice treated with YTSMR1.1-DAP12/CXCR4 when compared to the tumor 

growth control and mice treated with YTSmyc-DAP12 control cells. Yet, at day 30 no 

significant difference in mean tumor growth was reached when YTSMR1.1-DAP12/CXCR4-

treated mice were compared to mice treated with YTSMR1.1-DAP12 (p = 0.165) (Fig. 6b). 

However, in the long run we observed a substantial increase of median survival time to 47.5 

days of mice treated with YTSMR1.1-DAP12/CXCR4 when compared to treatment with 

YTSMR1.1-DAP12 (40 days,*p < 0.05) and when, compared to the control groups (tumor 

growth control 35 days; p < 0.0001, treatment with YTSmyc-DAP12 cells: 36 days; p < 

0.0001) (Fig. 6c). Taken together, our data indicate an improved anti-tumoral performance 

of CAR-engineered NK cells when engrafted with an additional CXCR4 for targeting 

CXCL12/SDF-1α-secreting gliomas.

Discussion

Chemokines and chemokine receptors play an important role in cancer progression and 

lymphocyte migration to tumors.48, 49 So far previous studies using T cells genetically-

engineered to express chemokine receptors CXCR2 and CCR2, respectively, provided first 

evidence that migration of T cells can be modulated towards a specific chemokine or 

chemokine secreting tumors,50 and can improve anti-tumor activity of CAR-modified T 

cells in preclinical xenograft models.51, 52 Yet, the genetic modification of NK cells with 

chemokine receptors had not been pursued so far.

In the present study, we used CXCL12/SDF-1α / CXCR4 axis as a generic chemotaxis 

model for redirecting NK cells to glioma cells. CXCL12/SDF-1α has been reported to be 

secreted by gliomas and is implicated in glioma progression.31, 32, 34 In particular we seek to 

investigate whether the anti-tumoral effects of an adoptive NK cell immunotherapy can be 

Müller et al. Page 12

J Immunother. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



improved by a genetically engineered chemotaxis. U87-MG, which we selected as our target 

cell line, has been described to secrete CXCL12/SDF-1α,32 yet in our hands we were not 

able to detect significant amounts of the secreted chemokine by ELISA. Since it is tempting 

to speculate that this contradictory result was due to technical differences or just by a longer 

in vitro adaption of the U87-MG cell line we decided to generate U87-MG cells with ectopic 

expression of CXCL12/SDF-1α for our investigation. Interestingly, after transduction and 

selection of CXCL12/SDF-1α-positive U87-MGEGFRvIII/SDF-1α cells and U87-

MGEGFRvIII/EGFP control cells we did not detect any significant differences in cell 

proliferation and clonogenic survival due to autocrine CXCL12/SDF-1α stimulation as 

previously reported.31-33 Yet, we observed a stable and continuous CXCL12/SDF-1α-

secretion even after in vivo passaging of our modified U87-MG cell lines which rendered 

them suitable for our studies focusing on genetically engineered chemotaxis of NK cells.

As target structure for CAR-mediated activation of NK cells we chose the mutant EGFRvIII 

receptor. We therefore designed a specific CAR consisting of the scFv(MR1.1) and a fused 

DAP12 signal adaptor protein of NK cells containing one ITAM-motif. This study 

demonstrated, that YTS NK cells transduced with MR1.1-DAP12 readily lysed different 

EGFRvIII+-target cells with increasing efficiency at higher effector-to-target ratios whereas 

isogenic EGFRvIII- cells were not affected. That just the increased scFv(MR1.1)-mediated 

adhesion of the NK cells to U87-MGEGFRvIII target cells contributed to the significant 

increase in cytotoxicity towards EGFRvIII+-target cells was rendered unlikely since NK 

cells genetically modified with a phosphorylation defective MR1.1-DAP12mut did not 

attack EGFRvIII+-target cells. When we tested the feasibility of the CAR-modified NK cells 

in a subcutaneous glioma xenograft model we detected a moderate but significant inhibition 

of tumor growth and significantly increased survival after continuous systemic application 

of YTSMR1.1-DAP12 cells. In line with our recent data using anti-PSCA-DAP12 modified 

YTS cells to treat subcutaneous HEK293TPSCA xenografts, we monitored weak and non-

responders which we hypothesized was linked to an insufficient NK cell migration to the 

tumors.40

In order to overcome insufficient NK cell migration into glioblastoma we established 

genetically modified YTS cells to express both CAR and CXCR4. At this point, it was of 

special interest whether a concomitant activation of the CAR and of the CXCR4 receptor on 

NK cells eventually results in an augmented cytotoxic response against EGFRvIII+ glioma 

cells, since it has been reported that binding of CXCL12/SDF-1α to CXCR4 can induce cell 

signaling through Akt and ERK1/2.32 In particular ERK-signaling is also involved in 

activation and degranulation of NK cells.53 Yet, in chromium release assays using 

YTSMR1.1-DAP12 and YTSMR1.1-DAP12/CXCR4 as effector cells no significant differences in 

the cytotoxic response against U87-MGEGFRvIII/SDF-1α cells were observed. In addition, 

YTS cell genetically modified with CXCR4 alone showed no cytotoxic reaction against 

U87-MGEGFRvIII/SDF-1α cells. It is therefore conceivable that CXCL12/SDF-1α exclusively 

enables chemotactic migration and does not lead to increased activation of NK cells. 

Considering NK cells as short-lived effector cells this result is of particular interest for 

future applications of CXCR4-modified NK cells. It indicates that CXCL12/SDF-1α 

signaling in NK cells does not lead to off-target effects in tissues described to express 
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CXCL12/SDF-1α, in particular bone marrow, lung, and lymph nodes.54 Whether CXCR4-

modified NK cells accumulate in these tissues and organs remains of special interest since a 

redirection of NK cells to these sites might be an attractive rationale for treatment of 

metastatic breast cancer and metastatic melanoma.54

That the NK cells engrafted with CXCR4 were indeed redirected to CXCL12/SDF-1α was 

proven in transwell-assays with CXCL12/SDF-1α-containing conditioned medium. 

Furthermore, analysis of CXCL12/SDF-1α-secreting U87-MGEGFR/SDF-1α xenografts 

revealed a statistically higher number of infiltrating NK cells modified with CXCR4 when 

compared to xenografted tumors treated with YTS cells devoid of the chemokine receptor. 

Finally, the genetic modification of NK cells with a CAR and additional chemokine receptor 

significantly improved survival of mice xenografted with U87-MGEGFRvIII/SDF-1α-tumors 

when compared to mice treated with only CAR-modified NK cells and lead to a complete 

tumor remission in a number of mice. Yet, we observed also weak and non-responders to 

therapy. We suggest that the anti-tumoral efficiency of YTSMR1.1-DAP12/CXCR4 NK cells in 

some animals was stalled by individual lower tumor perfusion rates and resulting 

insufficient CXCL12/SDF-1α gradients. In general, secreted chemokines, such as CXCL12/

SDF-1α, are immobilized by heparin sulfate glycosaminoglycans (GAG) chains of 

proteoglycans, mostly bound to the surface of endothelial cells. This establishes a gradient 

with the highest concentration closest to the origin of chemokine secretion.55 So far most 

glioblastomas, as well as xenografted U87-MG display an unusual vessel formation which is 

accompanied by the random appearance of microthrombi which can impair perfusion of the 

tumor.56 In combination with an accumulation of matrix metalloproteinases (MMP-2 

and-9),57 which cleave CXCL12/SDF-1α molecules,58 this might obstruct infiltration of 

CXCR4-modified NK cells at this site. In the future, it could be worthwhile to treat 

glioblastomas prior NK cell infusion with low doses of low molecular weight heparin, an 

anticoagulant drug which is regularly used in postoperative management of GBM, to 

improve chemotactic gradients as well as extravasation of CXCR4-modified NK cells at the 

tumor site.59

In the treatment of glioblastoma, a single agent may not work efficiently as a combination 

therapy. This could imply that other therapeutic interventions designed to synergize with 

redirected CAR-modified NK cells may be needed to achieve a better killing efficiency 

when targeting glioblastoma cells. Some examples of these approaches include: Aurora B 

and Survivin inhibitors that can increase the expression of TRAIL-R2/DR5 death receptors 

on glioblastoma cells and therefore increases killing efficiency of TRAIL+- NK cells, 60, 61 

locked nucleic acids (LNAs) constraining tumor miRNAs and increasing expression of 

NKG2D ligands on glioma cells which can activate NK cells, 62 maintaining NK cell 

cytotoxicity by applying TGFβRI-inhibitors or soluble TGFβRII molecules to overcome the 

immunosuppressive milieu of glioblastomas. 63, 64

In summary, we have shown that NK cells genetically engineered with a tumor specific 

CAR and chemokine receptor can improve immunotherapy of solid tumors. The use of an 

EGFRvIII-specific CAR might be promising for the treatment of glioblastoma in particular 

when targeting EGFRvIII+ glioblastoma stem populations.65
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In addition, to the use of chemokine receptors for CAR approaches it seems also conceivable 

to employ haploidentical NK cells with engineered chemotaxis for immunotherapy of 

tumors. In particular the use of CXCR4-modified haploidentical NK cells might be a 

rationale to redirect graft versus tumor effects to residual CXCL12/SDF-1α-secreting 

glioma nests. One might also consider the use of CXCR4-modified haploidentical NK cells 

when targeting other tumor entities such as AML, in particular therapy-refractory AML 

blasts residing in the bone marrow.66 In conclusion, we believe that engineered chemotaxis 

of NK cells expressing CARs or used in a haploidentical setting represent a promising tool 

for improvement of adjuvant cellular immunotherapy of cancer.
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Fig. 1. Engineering YTS-NK cells with the chimeric antigen receptor MR1.1-DAP12 with 
specificity for EGFRvIII
a: Schematic representation of myc-DAP12, MR1.1-DAP12 and MR1.1-DAP12mut coding 

sequences in the lentiviral vector backbone. The MR1.1-DAP12mut harbors T91S and 

T102S mutations in its ITAM. The control construct myc-DAP12 lacks the EGFRvIII 

specific scFv(MR1.1). The internal SFFV U3 promoter of the provirus regulates the 

expression of the transgenes. Protein synthesis into the secretory pathway is provided by an 

Igκ signal peptide (SP) at the N-terminus. Expression of the pac-gene (PuroR) is controlled 

by a Thosea asigna T2A endoproteolytic cleavage site. b-c: Immunoblot analysis of total 

protein lysates of transduced YTS cells demonstrating expression of the MR1.1-DAP12 

CAR and the control constructs. The detection of CAR and controls was accomplished using 

b: monoclonal c-myc-tag-specific antibody or c: monoclonal anti-DAP12 antibody followed 

by an HRP-labeled anti-mouse secondary antibody and ECL. Note that the DAP12 antibody 

cannot bind its epitope in MR1.1-DAP12mut due to mutagenesis in the ITAM. d: The 

proper surface expression of the functional anti-EGFRvIII-CAR and the controls as 

determined by flow cytometry analysis using anti-c-myc-biotin antibody and PE-labeled 

anti-biotin secondary antibody (filled histograms). Cells stained with IgG isotype antibody 

(dotted line) served as a control.
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Fig. 2. Expression of EGFRvIII on target cell lines and specific cytotoxicity of MR1.1-DAP12 
CAR-expressing YTS-NK cells against EGFRvIII+ tumor cells
a: Agarose gel electrophoresis showing RT-PCR products using primers specific for 

EGFRvIII as well as EGFR wild type. The PCR reaction favored amplification of EGFRvIII 

(vIII) with approximately 1.4 kb. Note that also bands representing 2.5 kb EGFR (wt) are 

detected in U87-MG and HEK293T cells. As internal control an RT-PCR for actin is 

included. “-“ indicates wild type cells and “+” depicts cells transduced with lentiviral 

EGFRvIII expression vector. wt, wild type; resE, erlotinib resistant cells. b: FACS assisted 

analysis of EGFRvIII surface expression of U87-MGEGFRvIII, HEK293TEGFRvIII and 

BS153resE cells (dark grey histograms) and isogenic U87-MG and HEK293T as well as 

BS153 cells (light grey histograms). Staining was accomplished using c-myc-tagged 

scFv(MR1.1) recombinant single chain antibody. Isotype stainings using a prostate stem cell 

antigen (PSCA) specific scFv(AM1) are included for each isogenic cell line (open 

histograms). The scFvs were visualized by secondary biotin-labeled c-myc-tag specific 

antibody and a tertiary anti-biotin-PE antibody. Note the strong surface expression of 

EGFRvIII in the U87-MGEGFRvIII and HEK293TEGFRvIII target cell lines. Interestingly, 

BS153 parental cells contain a notable fraction of EGFRvIII-positive cells (see lower arrow) 

whereas BS153resE cells show a marked increase of the EGFRvIII-positive cell fraction after 
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erlotinib treatment (94 %). c: Gene-engineered and parental YTS (wt) cells were co-cultured 

with 51chromuim-loaded EGFRvIII+ tumor cells and isogenic EGFRvIII- tumor control cells 

at different effector to target ratios for 21 h. The mean of specific tumor cell lysis and 

standard deviation of triplets of three chromium release assays is shown. Note the strong 

tumor cell lysis mediated by YTSMR1.1-DAP12 cells. (*p < 0.05, **p < 0.01).
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Fig. 3. MR1.1-DAP12 CAR-expressing YTS-NK cells attenuate tumor growth of EGFRvIII+ 

tumor cells and increase survival of treated mice
U87-MGEGFRvIII cells were subcutaneously injected into NMRI-Foxn1nu/Foxn1nu mice. 

After tumor development, mice were treated with intravenous tail vein injections of 

YTSMR1.1-DAP12, YTSMR1.1-DAP12mut and YTSmyc-DAP12 NK cells. Untreated mice were 

included as an additional control (growth control). Depicted is the summarized data from 

two independent experiments (N=10 for each group) a: Tumor growth of mice in the 

different treatment groups was monitored up to 40 days and is depicted as individual tumor 

growth curves. b: Mean tumor size of mice injected with YTSMR1.1-DAP12 cells or control 

cells measured at day 30 post tumor cell injection. The box plot diagram shows means and 

95 % confidence intervals. YTSMR1.1-DAP12-treated mice showed inhibited tumor growth 

when compared to controls. (*p < 0.05, **p < 0.01). c: Kaplan-Meier survival curve for 

overall survival of tumor bearing mice injected with YTSMR1.1-DAP12 NK cells or controls. 

Mice treated with the DAP12-based anti-EGFRvIII CAR showed statistically improved 

survival when compared to YTSMR1.1-yc-DAP12mut (p < 0.001) and growth control (p < 

0.05). p = 0.109 for YTSMR1.1-DAP12 when compared to mice treated with YTSmyc-DAP12. 

(N = 10 for each group).
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Fig. 4. Efficient transduction of CXCR4 and chemotaxis of YTSMR1.1-DAP12/CXCR4 cells to 
CXCL12/SDF-1α-conditioned medium
a: Schematic representation of the CXCR4 coding sequences in the lentiviral vector 

backbone. b: FACS-assisted analysis of CAR and surface expression of double-transduced 

YTSMR1.1-DAP12/CXCR4 cells. CAR surface expression was verified using a monoclonal 

biotin-labeled c-myc-tag specific antibody and a secondary anti-Biotin-APC antibody. 

CXCR4 expression was detected using a monoclonal anti-CXCR4 antibody coupled to APC. 

Isotype staining as well as staining of parental YTS cells with anti-c-myc are included as 

controls. c: Depicted is the result from one representative transwell experiment using 

CXCL12/SDF-1α-conditioned medium derived from U87-MGEGFRvIII/SDF-1α cells 

(SDF-1α). As control we used normal medium and cell culture supernatant from U87-

MGEGFRvIII/EGFP controls (EGFP). The CXCL12/SDF-1α-conditioned medium (SDF-1α) 

led to a significant increase in the percentage of YTSMR1.1-DAP12/CXCR4 cells (grey 

columns) reaching the lower wells of the Boyden chambers when compared to 

YTSMR1.1-DAP12 cells (white columns). Note that treatment with the CXCR4 inhibitor 

AMD3100 completely abolished the directed migration of YTSMR1.1-DAP12/CXCR4 cells 

towards the CXCL12/SDF-1α-conditioned medium. ***p < 0.001. d: Gene-engineered 

YTSMR1.1-DAP12/CXCR4, YTSMR1.1-DAP12, YTSCXCR4 and YTS wild type cells were co-

cultured with 51chromium-loaded U87-MGEGFRvIII/SDF-1α cells at different effector to target 

ratios for 21 h. The mean of specific tumor cell lysis and standard deviation of three 
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chromium release assays is shown. Note that the YTSMR1.1-DAP12/CXCR4 cells react with a 

slightly increased but statistically not significant (n.s.) extent to the U87-MGEGFRvIII/SDF-1α 

target cells when compared to the YTSMR1.1-DAP12 cells. Note the significant CAR-

mediated specific cytotoxicity towards target cells when compared to YTSCXCR4 and YTS 

wild type cells (for both **p < 0.01).
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Fig. 5. Improved intratumoral infiltration of CXCR4-engineered YTS-NK cells into U87-
MGEGFRvIII/SDF-1α-xenografts
a: YTS cells were transduced with DsRed and established YTSDsRed cells were further 

genetically modified to express CXCR4. Depicted are the flow cytometry histograms 

showing DsRed expression (filled histogram). CXCR4 expression was detected using a 

monoclonal anti-CXCR4 antibody coupled to APC (filled histogram). Wild type cells and 

isotype stained cells, respectively, are included as control (dotted line). b: CXCL12/

SDF-1α-secreting U87-MGEGFRvIII/SDF-1α and U87-MGEGFRvIII/EGFP control cells were 

subcutaneously injected into the right flank of NMRI-Foxn1nu/Foxn1nu mice. After tumor 

development, mice were treated with intravenous tail vein injections with either 

YTSDsRed/CXCR4 or YTSDsRed cells and the number of infiltrated DsRed+ cells in tumors 

was analyzed per field of view (40× objective). YTSDsRed/CXCR4 cells showed an improved 

intra-tumoral accumulation in U87-MGEGFRvIII/SDF-1α tumors when compared to all 

controls. **p < 0.01; n.s., not significant. The experiment was repeated twice with similar 

results.
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Fig. 6. CAR/CXCR4-engineered YTS-NK cells improve survival of mice with established U87-
MGEGFRvIII/SDF-1α-xenografts
U87-MGEGFRvIII/SDF-1α cells were subcutaneously injected into the right flank of NMRI-

Foxn1nu/Foxn1nu mice. After tumor development, mice were treated with intravenous tail 

vein injections of YTSMR1.1-DAP12/CXCR4, YTSMR1.1-DAP12, and YTSmyc-DAP12 NK cells. 

Untreated mice were included as an additional control. a: Tumor growth of mice in the 

different treatment groups was monitored constantly and depicted as individual tumor 

growth curves (one representative experiment, N=10 for each group). b: Mean tumor size of 

mice injected with YTSMR1.1-DAP12 cells or control cells measured at day 30 post tumor cell 

injection. The box plot diagram shows means and 95 % confidence intervals. 

YTSMR1.1-DAP12/CXCR4-treated mice showed inhibited tumor growth when compared to 

YTSmyc-DAP12 treated tumors and when compared to the tumor growth control at day 30 

(***p < 0.001). Differences in the tumor growth of YTSMR1.1-DAP12/CXCR4-treated mice at 

day 30 and YTSMR1.1-DAP12 treated tumors did not reach statistical significance (p = 0.165; 

n.s.). c: Kaplan-Meier survival curve for overall survival of tumor bearing mice injected 

with YTSMR1.1-DAP12/CXCR4 cells, YTSMR1.1-DAP12 cells or controls. Note that mice treated 

with the YTSMR1.1-DAP12/CXCR4 cells showed statistically improved survival when 

compared to YTSMR1.1-DAP12 as indicated (*p < 0.05), and to YTSmyc-DAP12 as well as 

growth control (both p < 0.0001). Mice treated with YTSMR1.1-DAP12 had a statistically 

increased survival when compared to YTSmyc-DAP12–treated mice (p < 0.05) and growth 
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control (p < 0.001). (summarized data from two independent experiments, N = 20 for each 

group).
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