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ABSTRACT
Epidermal growth factor receptor (EGFR) and its mutant form EGFRvIII are overexpressed in a large
proportion of glioblastomas (GBM). Immunotherapy with an EGFRvIII-specific vaccine has shown efficacy
against GBM in clinical studies. However, immune escape by antigen-loss variants and lack of control of
EGFR wild-type positive clones limit the usefulness of this approach. Chimeric antigen receptor (CAR)-
engineered natural killer (NK) cells may represent an alternative immunotherapeutic strategy. For
targeting to GBM, we generated variants of the clinically applicable human NK cell line NK-92 that express
CARs carrying a composite CD28-CD3z domain for signaling, and scFv antibody fragments for cell binding
either recognizing EGFR, EGFRvIII, or an epitope common to both antigens. In vitro analysis revealed high
and specific cytotoxicity of EGFR-targeted NK-92 against established and primary human GBM cells, which
was dependent on EGFR expression and CAR signaling. EGFRvIII-targeted NK-92 only lysed EGFRvIII-
positive GBM cells, while dual-specific NK cells expressing a cetuximab-based CAR were active against
both types of tumor cells. In immunodeficient mice carrying intracranial GBM xenografts either expressing
EGFR, EGFRvIII or both receptors, local treatment with dual-specific NK cells was superior to treatment with
the corresponding monospecific CAR NK cells. This resulted in a marked extension of survival without
inducing rapid immune escape as observed upon therapy with monospecific effectors. Our results
demonstrate that dual targeting of CAR NK cells reduces the risk of immune escape and suggest that
EGFR/EGFRvIII-targeted dual-specific CAR NK cells may have potential for adoptive immunotherapy of
glioblastoma.

Abbreviations: CAR, chimeric antigen receptor; EGFR, epidermal growth factor receptor; EGFRvIII, EGFR variant III;
GBM, glioblastoma; NSG, NOD-SCID IL2R gnull.
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Introduction

Glioblastoma is the most common primary malignant brain
tumor in adults and currently incurable. Standard therapy
includes maximal safe resection followed by radiotherapy and
chemotherapy with temozolomide. Nevertheless, median sur-
vival remains at approximately 15 mo.1,2 Recurrence is almost
universally observed, emphasizing the need for more effective
treatments. EGFR gene amplification and EGFR overexpression
can be detected in 40 to 60% of GBM tumors,3 while the recep-
tor is not or only minimally expressed in normal brain tissue.4

However, despite sporadic evidence for clinical activity, GBM
therapy with EGFR-targeted agents like monoclonal antibody
cetuximab and tyrosine kinase inhibitors has largely failed.5,6 In
contrast, specific immunotherapy does not rely on signaling
inhibition and may bypass respective resistance mechanisms.5,7

GBM cells with EGFR gene amplification often co-express the
EGFR mutant form EGFRvIII, which drives tumorigenicity and

mediates radio- and chemoresistance.8,9 EGFRvIII harbors an
in-frame deletion of exons 2 to 7 of the wild-type EGFR gene,
generating a neo-epitope at the N-terminus of the receptor.
Hence, EGFRvIII can be targeted by specific immunotherapy
such as the peptide vaccine rindopepimut, which resulted in a
survival benefit for GBM patients.10 However, at recurrence the
majority of patients’ tumors had lost EGFRvIII expression,
indicating strong immune-mediated selection and immune
escape. This may also limit clinical success of adoptive therapy
with T or NK cells genetically engineered to express an EGFR-
vIII-specific CAR which demonstrated antitumor activity in
preclinical models.11,12

To study the consequences of CAR cell therapy of glioblas-
toma on distinct tumor cell subpopulations, we developed
GBM models characterized by expression of varying levels of
EGFR with or without concurrent EGFRvIII expression. As
effector cells, we generated variants of the continuously
expanding human NK cell line NK-92 genetically engineered to
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express CARs that recognize epitopes unique to EGFR or
EGFRvIII, or an EGFR domain present in both target receptors.
Phase I studies in cancer patients demonstrated safety and clin-
ical activity of unmodified NK-92 cells.13-15 Likewise, CAR-
engineered NK-92 cells targeting the EGFR-related tumor-asso-
ciated antigen ErbB2 (HER2) are under development for clini-
cal applications.16 Here, we investigated in vitro antitumor
activity of EGFR- and EGFRvIII-targeted NK cells against
established and primary human GBM cells, and dependence of
cell killing on CAR signaling and expression of the respective
target receptors. For analysis of in vivo activity of mono- and
dual-specific CAR NK cells and treatment-induced selection of
tumor cell subpopulations, we employed NOD-SCID IL2R gnull

mice carrying intracranial GBM xenografts either expressing
EGFR or EGFRvIII, or mixed tumors consisting of EGFR-
expressing GBM cells, and cells co-expressing EGFR and
EGFRvIII.

Results

Generation of CAR NK cells targeting EGFR and EGFRvIII

CARs were constructed that contain an immunoglobulin heavy
chain signal peptide, scFv(R1), scFv(MR1-1) or scFv(225) anti-
body fragments which recognize epitopes exclusive for EGFR
or EGFRvIII, or an epitope common to both receptors,17-19 a
Myc-tag, an optimized CD8a hinge region,16 the CD28 trans-
membrane and intracellular domains, and the CD3z intracellu-
lar domain (Fig. 1A). Corresponding truncated CARs that lack
intracellular signaling domains served as controls (Fig. S1A).
Upon transduction of human NK-92 cells with lentiviral CAR
vectors, single cell clones displaying high and stable CAR
expression were selected (Fig. 1B and Fig. S1B). As expected,
EGFR-specific NK-92/R1.28.z (NK-92/R1) and EGFR/EGFR-
vIII dual-specific NK-92/225.28.z (NK-92/225) cells bound
recombinant EGFR-Fc protein, while EGFRvIII-specific NK-
92/MR1-1.28.z (NK-92/MR1-1) did not (Fig. 1C). Similar
results were obtained with NK cells expressing signaling-
incompetent CARs (Fig. S1C).

Cytotoxicity of CAR NK cells against established
and primary glioblastoma cells

Antitumor activity of the CAR NK cells was first assessed using
established human GBM cell lines (Fig. 2A). After two hours of
co-incubation, NK-92/R1 and NK-92/225 cells efficiently and
selectively killed EGFR-positive LN-18, T98G and D245MG
cells, which do not express EGFRvIII (Fig. S2A) and were resis-
tant to EGFRvIII-specific NK-92/MR1-1 and untargeted NK-
92. None of the NK cell lines showed activity against EGFR-
negative LN-464 cells, demonstrating that cell killing was
dependent on specific recognition of the target antigen and
CAR activation. Accordingly, NK-92/R1.TM and NK-92/225.
TM cells expressing signaling-incompetent CARs failed to lyse
EGFR-positive targets while retaining CAR-independent natu-
ral cytotoxicity toward K562 cells (Fig. S3). Next, we analyzed
primary GBM stem cell cultures kept under conditions which
maintain most of the characteristics of the original tumors.20

MNOF1300, MNOF132 and R28 cells displayed elevated EGFR

levels while being negative for EGFRvIII (Fig. S2B), and similar
to established GBM cells were sensitive to NK-92/R1 and NK-
92/225 cytotoxicity while showing resistance toward EGFRvIII-
specific NK-92/MR1-1 and parental NK-92 (Fig. 2B). In con-
cordance with their much lower EGFR expression level, RAV19
primary GBM cells displayed only moderate sensitivity to NK-
92/R1 and NK-92/225 cells after 2 h of co-incubation. Never-
theless, upon extended exposure for 16 h EGFR-specific NK-
92/R1 and dual-specific NK-92/225 cells killed all of the pri-
mary GBM target cells efficiently (Fig. S4), with parental NK-
92 and EGFRvIII-specific NK-92/MR1-1 cells under these con-
ditions also showing limited antitumor activity mediated
through their natural cytotoxicity mechanisms.

LNT-229 cells as a model for EGFR and EGFRvIII-positive
glioblastoma

GBM cells frequently lose endogenous EGFRvIII expression
during in vitro culture. Therefore, we employed LNT-229
GBM cells ectopically expressing EGFR or EGFRvIII to fur-
ther investigate antitumor activity of the CAR NK cells.21

Parental LNT-229 are negative for EGFRvIII and have low
endogenous levels of EGFR, but overexpress the antigens
upon transfection with EGFR or EGFRvIII constructs
(Fig. 3A, Fig. S5). Interestingly, ectopic EGFRvIII expression
also enhanced the level of endogenous EGFR, allowing to
use LNT-229/EGFRvIII cells as an EGFR/EGFRvIII
double-positive model. Corresponding to endogenous EGFR
expression, parental LNT-229 cells showed only minimal
sensitivity to EGFR-specific NK-92/R1 and EGFR/EGFRvIII
dual-specific NK-92/225 cells, while being resistant to
EGFRvIII-specific NK-92/MR1-1 and parental NK-92
(Fig. 3B). EGFR-overexpressing LNT-229/EGFR cells were
efficiently lysed by NK-92/R1 and NK-92/225 cells, while
resistance to NK-92/MR1-1 and NK-92 was retained.
Ectopic expression of EGFRvIII allowed efficient killing of
LNT-229/EGFRvIII cells by EGFRvIII-specific NK-92/MR1-
1 and EGFR/EGFRvIII dual-specific NK-92/225, but the
cells were also more effectively killed by EGFR-specific NK-
92/R1 than parental LNT-229 corresponding to their
enhanced endogenous EGFR expression. Similar experi-
ments with renal cell carcinoma cells ectopically expressing
EGFR or EGFRvIII confirmed specificity of the CAR NK
cells (Fig. S6). BS-153 tumor cells, which represent one of
the few established human GBM cell lines that retain
endogenous EGFR and EGFRvIII overexpression in cul-
ture,22 were effectively killed by EGFR-specific NK-92/R1,
EGFRvIII-specific NK-92/MR1-1 and dual-specific NK-92/
225 cells (Fig. S7).

Conjugate formation between NK and glioblastoma cells

CAR NK cells were co-incubated with LNT-229/EGFR or
LNT-229/EGFRvIII cells for 1 h, before the cells were
stained with perforin-specific antibody to visualize cytotoxic
granules. Irrespective of their specificity, all CAR NK and
unmodified NK-92 cells formed contacts with the different
GBM cells. However, only conjugate formation between
LNT-229/EGFR and NK-92/R1 or NK-92/225 cells, and
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between LNT-229/EGFRvIII and NK-92/MR1-1 or NK-92/
225 cells rapidly triggered concentration of perforin-con-
taining granules at the immunological synapse (Fig. 3C;
schematically shown in Fig. S8). LNT-229/EGFR and LNT-
229/EGFRvIII cells underwent apoptosis within 1 h of incu-
bation with NK-92/R1 or NK-92/225, or NK-92/MR1-1 or
NK-92/225 cells, respectively, as indicated by membrane
blebbing and disintegration of the target cell nucleus. While
EGFR-specific NK-92/R1 cells showed some repolarization
of lytic granules also after conjugate formation with LNT-
229/EGFRvIII cells, no cell killing was observed. Likewise
NK-92/225.TM cells expressing a signaling-incompetent
CAR readily formed conjugates with LNT-229/EGFR and
LNT-229/EGFRvIII cells, but this was not followed by

reorientation of cytotoxic granules and target cell apoptosis.
Depending on CAR specificity, the GBM cells also triggered
degranulation and IFNg release by the CAR NK cells, while
parental NK-92 only responded marginally (Fig. S9).

Activity of CAR NK cells against orthotopic
glioblastoma xenografts

LNT-229/EGFR or LNT-229/EGFRvIII GBM cells were ste-
reotactically injected into the brains of NSG mice. Seven
days later, animals were treated by intratumoral injection
of NK-92/R1, NK-92/MR1-1, NK-92/225, or parental NK-
92 cells once per week for 8 weeks (LNT-229/EGFRvIII
model) or 12 weeks (LNT-229/EGFR model). In the case of

Figure 1. Generation of CAR NK cells. (A) Lentiviral transfer plasmids pS-R1.28.z-IEW, pS-MR1-1.28.z-IEW and pS-225.28.z-IEW encoding under control of the Spleen Focus
Forming Virus promoter (SFFV) CARs consisting of an immunoglobulin heavy chain signal peptide (SP), scFv fragments derived from EGFR-specific antibody R1, EGFRvIII-
specific MR1-1, or 225 recognizing EGFR and EGFRvIII, followed by a Myc-tag (M), CD8a hinge region (CD8a), transmembrane and intracellular domains of CD28, and the
intracellular domain of CD3z. Enhanced green fluorescent protein (EGFP) cDNA separated from the CAR sequence by an internal ribosome entry site (IRES) served as a
marker. (B) CAR surface expression on NK-92/R1, NK-92/MR1-1 and NK-92/225 single cell clones was determined by flow cytometry with Myc-tag-specific antibody (open
areas). Isotype antibody (filled areas) and parental NK-92 cells served as controls. (C) Binding of recombinant EGFR-Fc protein to the surface of CAR NK cells was measured
by flow cytometry (open areas). CAR NK cells only treated with secondary antibody (filled areas) and parental NK-92 cells served as controls. MFI: mean fluorescence
intensity (geometric mean).
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LNT-229/EGFR tumors, therapy with EGFR-specific NK-
92/R1 or dual-specific NK-92/225 cells prevented early
tumor outgrowth as assessed by MRI (Fig. 4A), while treat-
ment with EGFRvIII-specific NK-92/MR1-1 or parental
NK-92 could not suppress tumor growth. This resulted in
a marked extension of symptom-free survival of mice
treated with NK-92/R1 or NK-92/225 cells (median of 110
and 134 d) in comparison to animals treated with NK-92/
MR1-1, untargeted NK-92, or medium (median of 84, 88
and 86 d) (Fig. 4B). Importantly, while both, NK-92/R1
and NK-92/225 therapy were effective, dual-specific NK-
92/225 cells were more potent in this model enhancing sur-
vival even further than NK-92/R1 (p � 0.001). In mice car-
rying LNT-229/EGFRvIII tumors, therapy with EGFRvIII-
specific NK-92/MR1-1 or dual-specific NK-92/225 cells

prevented early tumor outgrowth in a similar manner,
while tumors developed rapidly in animals treated with
EGFR-specific NK-92/R1 or parental NK-92 (Fig. 4C).
Consequently, symptom-free survival of NK-92/MR1-1- or
NK-92/225-treated mice was extended markedly (median
of 105 and 133 d) in comparison to animals treated with
NK-92/R1, untargeted NK-92, or medium (median of 70.5,
71 and 64 d) (Fig. 4D).

Therapy-induced selection of tumor cell subpopulations

As a model more closely resembling the heterogeneous
tumors of a clinical situation, NSG mice were inoculated
intracranially with a 1:1 mixture of LNT-229/EGFR and
LNT-229/EGFRvIII cells. Seven days later, animals were

Figure 2. Cytotoxicity of CAR NK cells against GBM cells. (A) Expression of EGFR on the surface of established LN-18, T98G, D245MG and LN-464 GBM cells was determined
by flow cytometry with EGFR-specific antibody (open areas). Isotype antibody served as control (filled areas). Cell killing by NK-92/R1, NK-92/MR1-1 and NK-92/225 cells
was investigated after co-incubation with the GBM cells for 2 h at different E/T ratios. Parental NK-92 were included for comparison. (B) Expression of EGFR on the surface
of primary MNOF1300, MNOF132, R28 and RAV19 GBM cells and cell killing by CAR NK cells were determined as described above. Cytotoxicity data are shown as mean
values § SEM; nD 3. MFI: mean fluorescence intensity (geometric mean).
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treated by intratumoral injection of NK-92/R1, NK-92/
MR1-1, NK-92/225, or parental NK-92 cells once per week
for 8 weeks. In addition, one group received a 1:1 mixture
of NK-92/R1 and NK-92/MR1-1 effector cells. Therapy with
EGFR-specific NK-92/R1, EGFRvIII-specific NK-92/MR1-1,
dual-specific NK-92/225, or mixed NK-92/R1/NK-92/MR1-1
cells all delayed tumor progression, while parental NK-92
had no effect (Fig. 5A). Nevertheless, dual-specific NK-92/
225 cells were more potent than monospecific NK-92/R1
and NK-92/MR1-1, with median symptom-free survival
extending to 140 versus 95.5 and 111.5 d (Fig. 5B). In con-
trast, median survival of animals treated with parental NK-
92 or medium was 71.5 and 70.5 d. Unexpectedly, treatment
with mixed NK-92/R1/NK-92/MR1-1 cells was much less
effective than treatment with NK-92/225 with survival being
similar to that after therapy with monospecific CAR NK
cells (median survival of NK-92/R1/NK-92/MR1-1-treated
group of 88 d). Tumors from individual animals of each

group were analyzed by immunohistochemistry with EGFR-
and EGFRvIII-specific antibodies (Fig. 5C). While tumors
from control mice treated with parental NK-92 or medium
still contained both tumor cell subpopulations characterized
by high EGFR and absent EGFRvIII expression (LNT-229/
EGFR), or high EGFRvIII and moderate EGFR expression
(LNT-229/EGFRvIII), therapy with monospecific NK-92/R1
or NK-92/MR1-1 cells led to selective outgrowth of tumors
lacking the subpopulation overexpressing the respective tar-
get antigen. Accordingly, NK-92/R1-treated tumors con-
sisted almost uniformly of cells overexpressing EGFRvIII
and lacking high EGFR levels, while NK-92/MR1-1-treated
tumors only contained EGFR-overexpressing but EGFRvIII-
negative cells. In contrast, tumors of mice treated with
dual-specific NK-92/225 or a mix of NK-92/R1 and NK-92/
MR1-1 cells retained heterogeneity with respect to EGFR-
and EGFRvIII-overexpression. Staining with an antibody
specific for human CD45 revealed the presence of NK cells

Figure 3. Cytotoxicity of CAR NK cells against EGFR- and EGFRvIII-expressing LNT-229 cells. (A) EGFR (170 kDa) and EGFRvIII (140 kDa) were detected in cell lysates of LNT-
229 GBM cells ectopically overexpressing full-length EGFR (LNT-229/EGFR) or mutant EGFRvIII (LNT-229/EGFRvIII) by immunoblotting with an EGFR-specific antibody bind-
ing to both receptors. Parental LNT-229 served as control. (B) Cytotoxicity of CAR NK cells against LNT-229/EGFR, LNT-229/EGFRvIII and parental LNT-229 cells was investi-
gated after co-incubation of effector and target cells for 2 h at different E/T ratios. Parental NK-92 were included as control. Mean values § SEM are shown; n D 3. (C)
Conjugate formation between CAR NK cells and LNT-229/EGFR and LNT-229/EGFRvIII cells was investigated by confocal microscopy. Tumor (T) and EGFP-positive CAR NK
(N; green) cells were co-incubated for 1 h, fixed, permeabilized and stained for perforin (red) to identify cytotoxic granules. Cell nuclei were labeled with DAPI (blue).
Parental NK-92 and NK-92/225.TM cells expressing a CAR without intracellular signaling domains were included as controls. Scale bar: 10 mm.
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throughout the tumors, but not in adjacent normal brain
tissue (Fig. 5C, right panels).

Target antigen expression by explanted tumor cells
and sensitivity to CAR NK cells

To investigate treatment-induced selection of tumor cell subpo-
pulations in more detail, tumors from another set of animals of
each group were processed and the respective tumor cell sus-
pensions were taken into culture. When compared to a fresh
1:1 mixture of LNT-229/EGFR and LNT-229/EGFRvIII cells
displaying similar proportions of cells with high EGFR and
absent EGFRvIII expression, or high EGFRvIII and moderate
EGFR expression (Fig. 6A), tumor cells from animals treated
with parental NK-92 or medium contained more cells charac-
terized by high EGFRvIII and moderate EGFR expression, indi-
cating better outgrowth of the more aggressive LNT-229/
EGFRvIII cells during in vivo passage in the absence of specific
treatment (Fig. 6B and Fig. 6C). Accordingly, in in vitro cyto-
toxicity assays the explanted tumor cells were less sensitive to
EGFR-specific NK-92/R1 than the fresh mixture of LNT-229/
EGFR and LNT-229/EGFRvIII, while sensitivity to dual-spe-
cific NK-92/225 cells was comparable. Tumor cells recovered
from an animal treated with EGFR-specific NK-92/R1 cells had
lost the EGFR-overexpressing subpopulation and were no lon-
ger sensitive to NK-92/R1 cytotoxicity, while still being effec-
tively killed by EGFRvIII-specific NK-92/MR1-1 and dual-

specific NK-92/225 CAR NK cells (Fig. 6D). Conversely, cells
grown from tumors of animals treated with EGFRvIII-specific
NK-92/MR1-1, dual-specific NK-92/225, or the mixture of
NK-92/R1 and NK-92/MR1-1 cells did no longer contain an
EGFRvIII-positive subpopulation and had lost sensitivity to
EGFRvIII-specific NK-92/MR1-1, while sensitivity to EGFR-
specific NK-92/R1 and dual-specific NK-92/225 cells was
retained (Fig. 6E, Fig. 6F, Fig. 6G). Hence, dual-specific NK-92/
225 cells were the only effector cells still able to kill the different
explanted tumor cells, irrespective of the type of treatment and
the respective selection pressure present during in vivo tumor
growth.

Discussion

In this study, we investigated the antitumor activity of CAR NK
cells targeting EGFR, EGFRvIII, or both receptors against glio-
blastoma in vitro and in vivo. We generated CARs that harbor
identical CD28 and CD3z signaling domains, but for cell bind-
ing carry the different antibody fragments scFv(R1) recognizing
an N-terminal epitope unique to EGFR17 (CAR R1.28.z), scFv
(MR1-1) specific for the neo-epitope at the deletion breakpoint
within EGFRvIII18 (CAR MR1-1.28.z), or scFv(225) which is
based on the variable regions of cetuximab and binds to an epi-
tope shared between EGFR and EGFRvIII19,23,24 (CAR 225.28.
z). In cell killing experiments, EGFR-specific NK-92/R1 and
dual-specific NK-92/225 cells efficiently and to a similar extent

Figure 4. Antitumor activity of CAR NK cells against orthotopic LNT-229/EGFR and LNT-229/EGFRvIII GBM xenografts. (A) LNT-229/EGFR cells were stereotactically injected
into the right striatum of NSG mice. Seven days later, the animals were treated by intratumoral injection of parental NK-92, EGFR-specific NK-92/R1, EGFRvIII-specific NK-
92/MR1-1, or dual-specific NK-92/225 cells once per week for 12 weeks (n D 6). Control mice received injection medium. Tumor growth was monitored by MRI. Tumor
development in representative animals from each group at day 53 is shown. (B) Symptom-free survival of the mice from the experiment described in (A). (C) LNT-229/
EGFRvIII cells were stereotactically injected into the right striatum of NSG mice. Seven days later, the animals were treated as described above with NK-92 (n D 6), NK-92/
R1 (nD 6), NK-92/MR1-1 (nD 5), or NK-92/225 (nD 6) cells once per week for 8 weeks. Control mice received injection medium (nD 6). Tumor development in represen-
tative animals from each group at day 53 is shown. (D) Symptom-free survival of the mice from the experiment described in (C). ���p � 0.001; ��p � 0.01; ns, p > 0.05.
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lysed EGFR-positive but EGFRvIII-negative established human
GBM cells which were resistant to parental NK-92 and EGFR-
vIII-specific NK-92/MR1-1. This cell killing activity was
retained toward primary human GBM cells with stem cell-like
characteristics.20 GBM cells ectopically expressing high levels of
EGFRvIII together with moderate levels of endogenous EGFR
were efficiently killed by dual-specific NK-92/225 and EGFR-
vIII-specific NK-92/MR1-1 cells, and to a lesser extent by
EGFR-specific NK-92/R1 cells, confirming CAR-mediated
selectivity. Degranulation of the CAR NK cells upon contact
with cognate target cells not only resulted in target cell killing,
but was also accompanied by secretion of high levels of IFNg
which may contribute to direct and indirect antitumor effects.

Recurrence of glioblastoma is mainly local,25 suggesting
intratumoral treatment as a feasible strategy. In clinical trials
for adoptive immunotherapy of GBM, patients were treated by
applying lymphokine-activated killer (LAK) cells into the resec-
tion cavity.26,27 To model this approach for evaluation of in vivo
antitumor activity of the CAR NK cells, we applied weekly ste-
reotactic injection of the cells into the tumor area in orthotopic
GBM xenografts in NSG mice. None of the animals carrying
LNT-229/EGFR tumors and treated with dual-specific NK-92/
225 cells showed visible disease progression during treatment.
Similarly, mice treated with EGFR-specific NK-92/R1 had no
or only small intracranial tumors at day 53. This resulted in
long-term therapeutic benefit for the two treatment groups,
with markedly increased symptom-free survival when com-
pared to treatment with untargeted NK-92 or EGFRvIII-spe-
cific NK-92/MR1-1 cells, which like injection medium alone
had no effect on the course of the disease. Conversely, growth

of LNT-229/EGFRvIII tumors was only effectively controlled
by treatment with dual-specific NK-92/225 and EGFRvIII-spe-
cific NK-92/MR1-1 cells. Hence, the CAR NK cells fully
retained selectivity for their target receptors and activity against
GBM in vivo.

EGFRvIII-targeted immunotherapy of glioblastoma with a
peptide vaccine improved survival in clinical trials.10 However,
at recurrence most of patients’ tumors had lost EGFRvIII
expression, underscoring the strong selective pressure exerted
by immunotherapy targeting a single tumor antigen.28 While
affecting a much smaller proportion of the treated patients,
relapse due to outgrowth of antigen-negative escape variants
has also been reported in acute lymphoblastic leukemia after
therapy with CD19-specific CAR T cells.29 The feasibility of tar-
geting EGFR- or EGFRvIII-positive GBM cells with CAR NK
cells that recognize both target antigens has recently been dem-
onstrated using a CAR based on EGFR-specific antibody 528.30

Nevertheless, so far no data were available addressing antitu-
mor activity of such cells in comparison to monospecific
EGFR- or EGFRvIII-targeted NK cells and potential tumor
immune escape in an in vivo setting. To investigate treatment-
induced selection of tumor subpopulations after CAR NK cell
therapy in GBM, we injected NSG mice intracranially with a
mixture of LNT-229/EGFR and LNT-229/EGFRvIII cells.
These cells are not dependent for growth on overexpression of
EGFR or EGFRvIII achieved by stable transfection of the paren-
tal LNT-229 GBM cell line. Nevertheless, with respect to the
distribution of EGFR and EGFRvIII this model is similar to pri-
mary GBM, where not all tumor cells that have amplified copies
of the EGFR gene are also EGFRvIII-positive, but those tumor

Figure 5. Antitumor activity of CAR NK cells against mixed LNT-229/EGFR and LNT-229/EGFRvIII GBM xenografts. (A) LNT-229/EGFR and LNT-229/EGFRvIII cells were mixed
at a 1:1 ratio before stereotactic injection of the cells into the right striatum of NSG mice. Seven days later, the animals were treated by intratumoral injection of parental
NK-92, EGFR-specific NK-92/R1, EGFRvIII-specific NK-92/MR1-1, dual-specific NK-92/225, or a 1:1 mixture of NK-92/R1 and NK-92/MR1-1 cells once per week for 8 weeks
(n D 6). Control mice received injection medium. Tumor development in representative animals from each group at day 54 is shown. (B) Symptom-free survival of the
mice from the experiment described in (A). ���p � 0.001; �p � 0.05; ns, p > 0.05. (C) Sections of tumors from individual animals of each treatment group sacrificed at the
indicated time point were stained with EGFR- or EGFRvIII-specific antibodies. NK cells present in tumor tissues were detected with CD45-specific antibody. Scale bar:
300 mm.
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cells that harbor EGFRvIII simultaneously express the wild-
type receptor.31 If no specific therapy was applied, explanted
tumor cells revealed preferential outgrowth of LNT-229/EGFR-
vIII, which can be attributed to the enhanced aggressiveness

reported for EGFR/EGFRvIII-double positive GBM cells.8,32

Treatment with EGFR-specific NK-92/R1 or EGFRvIII-specific
NK-92/MR1-1 cells was both effective resulting in similar
extension of survival. Therapy with cetuximab-based dual-

Figure 6. Cytotoxicity of CAR NK cells against ex vivo expanded GBM cells. (A) Cytotoxicity of NK-92/R1, NK-92/MR1-1 and NK-92/225 cells against a fresh 1:1 mixture of
LNT-229/EGFR and LNT-229/EGFRvIII cells was investigated after co-incubation of effector and target cells for 2 h at different E/T ratios. Parental NK-92 were included for
comparison. Surface expression of EGFR and EGFRvIII by the mixed target cell population was determined by flow cytometry with EGFR- and EGFRvIII-specific antibodies
(left panels, gray areas). Control cells were only incubated with secondary antibody (dashed lines). Likewise, EGFR and EGFRvIII expression (solid lines with the initial
mixed tumor cells shown as an overlay) and sensitivity to CAR NK cells were determined for GBM cells expanded ex vivo from explanted mixed LNT-229/EGFR and LNT-
229/EGFRvIII xenografts of animals treated with: (B) injection medium; (C) parental NK-92; (D) NK-92/R1; (E) NK-92/MR1-1; (F) NK-92/225; (G) mixed NK-92/R1 and NK-92/
MR1-1 cells. The tumor cells were recovered from animals from the experiment shown in Fig. 5B sacrificed at the indicated time points. Cytotoxicity data are shown as
mean values § SEM; nD 3.
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specific CAR NK cells, however, was most potent delaying dis-
ease development significantly longer than the monospecific
effector cells. Surprisingly, a mixture of NK-92/R1 and NK-92/
MR1-1 cells was much less effective, with treatment outcome
similar to that after monospecific therapy.

While varying in their relative proportions between indi-
vidual animals, tumors from control groups still contained
both, LNT-229/EGFR and LNT-229/EGFRvIII cells. In con-
trast, treatment with EGFR-specific NK-92/R1 or EGFRvIII-
specific NK-92/MR1-1 cells exerted strong selective pressure
on the mixed tumors, resulting in immune escape and out-
growth of LNT-229/EGFRvIII or LNT-229/EGFR tumor cell
subpopulations lacking the respective target antigen. This
was not the case upon simultaneous targeting of EGFR and
EGFRvIII with dual-specific NK-92/225 cells or a mixture
of monospecific NK-92/R1 and NK-92/MR1-1, with tumors
developing after treatment still containing areas contributed
by LNT-229/EGFR and LNT-229/EGFRvIII cells. While the
tumor cell subpopulations selected by treatment of the ani-
mals with either NK-92/R1 or NK-92/MR1-1 cells were no
longer sensitive to the respective CAR NK cells during sub-
sequent ex vivo culture, this was not the case after treat-
ment with dual-specific NK-92/225. In this case, explanted
tumor cells still expressed at least one of the two targeted
antigens and were readily killed by the CAR NK cells, sug-
gesting that disease control by NK-92/225 could have been
improved even further by extending frequency or duration
of treatment, which could not be tested in this setting due
to animal welfare requirements.

Different approaches can be employed for dual targeting of
CAR effector cells to increase specificity and reduce the risk of
immune escape. These include simultaneous or serial applica-
tion of CAR cells of different specificities, co-expression of two
CAR molecules in the same cells, and the design of bispecific
CARs that contain two distinct cell recognition domains.33,34

Employing a CAR based on an antibody like cetuximab that
targets a shared epitope in EGFR and EGFRvIII is unique,30,35

since it does not require development of several cell products,
multiple transduction of cells, or complex protein design. Nev-
ertheless, unlike EGFRvIII, wild-type EGFR is expressed in
many normal tissues, increasing the risk of on-target/off-tumor
toxicities if EGFR/EGFRvIII dual-specific CAR effector cells
were applied systemically and capable of permanent engraft-
ment and in vivo expansion.36 In our models, we noted persis-
tence of locally injected NK-92 and CAR NK-92 cells for
several weeks, but we did not observe obvious expansion of the
cells, which stayed within the tumor without invading adjacent
healthy brain tissue. Hence, in the case of GBM the risk of
adverse effects may be reduced by local application of CAR NK
cells, which in contrast to T cells are rather short-lived and
have only limited expansion potential in vivo.37

In conclusion, our data demonstrate that cetuximab-
based dual-specific CAR NK cells efficiently eliminate
EGFR- and/or EGFRvIII-expressing GBM cells without
inducing rapid immune escape as observed upon therapy
with EGFR- or EGFRvIII-targeted monospecific effectors.
Accordingly, such dual-specific CAR NK cells may have
potential for development as an adoptive therapy for the
treatment of glioblastoma.

Materials and methods

Cells and culture conditions

HEK 293T cells (ATCC) and established GBM cell lines LN-18,
LN-464, T98G (kindly provided by Monika Hegi, Lausanne,
Switzerland), D245MG (kindly provided by Darell Bigner, Dur-
ham, NC) and BS-153 (kindly provided by Katrin Lamszus,
Hamburg, Germany) were cultured in DMEM (Lonza) supple-
mented with 10% heat-inactivated FBS, 2 mM L-glutamine,
100 U/mL penicillin and 100 mg/mL streptomycin (Life Tech-
nologies). LNT-229 cells ectopically expressing EGFR or EGFR-
vIII were described previously.21 Murine Renca-lacZ, Renca-
lacZ/EGFR and Renca-lacZ/EGFRvIII renal cell carcinoma cells
were cultured as described.35,38 Human NK-92 cells (kindly
provided by NantKwest, Inc., Culver City, CA) were grown in
X-VIVO 10 (Lonza) supplemented with 5% heat-inactivated
human plasma (German Red Cross Blood Donation Service
Baden-W€urttemberg - Hessen) and 100 IU/mL IL-2 (Proleukin;
Novartis Pharma).

Primary human GBM cells MNOF132 and MNOF1300
(kindly provided by Stefan Momma and Julia Tichy, Frankfurt
am Main, Germany) as well as R28 and RAV19 (kindly pro-
vided by Christoph Beier and Arabel Vollmann-Zwerenz,
Regensburg, Germany) were used up to a maximum passage
number of 20 and grown in flasks pre-coated with 5 mg/mL
laminin (Sigma-Aldrich) in DMEM/F12 medium (Lonza) con-
taining 20 ng/mL each of EGF and bFGF2 (ReliaTech), and
20% BIT Admixture Supplement (Pelo Biotech).20

Generation of CAR-expressing NK-92 cells

CARs R1.28.z, 225.28.z and MR1-1.28.z were designed by in sil-
ico assembly of an immunoglobulin heavy chain signal peptide,
the antibody fragment scFv(R1),17 scFv(225),19,39 or scFv(MR1-
1),18 a Myc-tag, a CD8a hinge region, the CD28 transmem-
brane and intracellular domains, and the CD3z intracellular
domain as previously described.16,40 Codon-optimized fusion
genes were synthesized (GeneArt) and inserted into lentiviral
transfer plasmid pHR’SIN-cPPT-SIEW (pSIEW)41 upstream of
IRES and EGFP sequences. Sequences encoding truncated
CARs R1.TM, 225.TM and MR1-1.TM were generated by
restriction digest of the full-length CAR constructs pS-R1.28.z-
IEW, pS-225.28.z-IEW, and pS-MR1-1.28.z-IEW with NaeI,
removal of the DNA fragment encoding the CAR signaling
domains and religation, resulting in the introduction of a pre-
mature stop codon following the transmembrane domain of
CD28 in constructs pS-R1.TM-IEW, pS-225.TM-IEW, and pS-
MR1-1.TM-IEW. VSV-G pseudotyped vector particles were
generated and NK-92 cells were transduced as described.40 NK-
92/R1, NK-92/225, and NK-92/MR1-1 single cell clones were
generated by flow cytometric cell sorting with a FACSAria cell
sorter (BD Biosciences) using Myc-tag specific Alexa Fluor
647-coupled antibody 9E10 (Santa Cruz Biotechnology).

EGFP and CAR expression were monitored by direct flow
cytometry or flow cytometry with Myc-tag specific antibody
using a FACSCalibur cytometer and CellQuest Pro software
(BD Biosciences). CAR-binding to EGFR was determined by
flow cytometric analysis of NK cells with recombinant EGFR-
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Fc fusion protein (R&D Systems) followed by APC-coupled
anti-human IgG secondary antibody.

Analysis of target antigen expression

Expression of EGFR and EGFRvIII on the surface of target cells
was determined by flow cytometric analysis with Alexa Fluor
647-coupled EGFR-specific antibody R-1, or EGFRvIII-specific
antibody DH8.342 followed by APC-coupled secondary anti-
body, using FACSCalibur or FACSCanto II flow cytometers
(BD Biosciences). Data were analyzed using CellQuest Pro or
FACSDiva software (BD Biosciences). For analysis of total cel-
lular EGFR and EGFRvIII, tumor cells were lysed in RIPA
buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
5 mM EDTA, 0.1% SDS, 1% NP-40, 0.5% sodium-deoxycholate
and cOmplete Mini protease inhibitor cocktail (Roche Diag-
nostics) for 20 min on ice, followed by sonication and centrifu-
gation to remove cell debris. Proteins from lysates were
separated by SDS-PAGE and immobilized on PVDF mem-
branes (Merck Millipore). Membranes were analyzed using
antibody D38B1 XP (Cell Signaling) specific for the C-terminus
of human EGFR, species-specific HRP-conjugated secondary
antibody (Sigma-Aldrich), and chemiluminescent detection.

Cytotoxicity assays

Cell killing activity of NK cells was analyzed in FACS-based
assays as described.40 Briefly, target cells were labeled with cal-
cein violet AM (CV; Life Technologies), washed, and co-cul-
tured with effector cells at different E/T ratios for 2 h at 37�C.
After co-culture, cells were washed, and 150 mL of a 1 mg/mL
propidium iodide solution were added to each sample immedi-
ately before flow cytometric analysis in a FACSCanto II flow
cytometer (BD Biosciences). Dead target cells were determined
as CV and PI double positive. Spontaneous target cell lysis in
the absence of effector cells was subtracted to calculate specific
cytotoxicity. Data were analyzed using FACSDiva software (BD
Biosciences). To investigate survival of tumor cells after longer
exposure to NK cells, target cells were seeded in 24-well plates
at a density of 7.5 £ 104 cells/well and incubated for 1 to 2 d to
reach sub-confluency. Then 1 £ 105 NK cells were added to
each well. After co-incubation for 16 h at 37�C, medium and
NK cells were removed; adherent tumor cells were washed and
fixed with 200 mL of 4% paraformaldehyde in PBS for 30 min
at room temperature. Then cells were incubated for 5 min with
400 mL/well of 0.5% crystal violet (AppliChem) in 20% metha-
nol, followed by extensive washing with dH2O. Cell-bound
crystal violet complexes were eluted with Sorenson’s buffer
(0.1 M sodium citrate, 50% EtOH, pH 4.2) for 30 min at room
temperature. Absorption at 540 nm in comparison to tumor
cells incubated without NK cells was determined as a measure
for the relative number of viable cells using a SpectraMax 340
microplate reader with SoftMax Pro software (Molecular
Devices).

Degranulation assay and conjugate analysis

Induction of degranulation in NK cells upon co-incubation
with target cells at a 1:1 ratio for 5 h at 37�C was investigated as

described,43 measuring surface expression of lysosomal-associ-
ated membrane protein LAMP-1 (CD107a) using BD FastIm-
mune CD107a APC detection antibody (BD Biosciences)
according to the manufacturer’s instructions. NK cells stimu-
lated with 1 mg/mL phorbol 12-myristate 13-acetate (PMA)
and 1 mg/mL ionomycin (Sigma-Aldrich), or kept without tar-
get cells served as controls.

For analysis of conjugate formation and redistribution of
cytotoxic granules by confocal laser scanning microscopy, NK
cells (2.5 £ 105) and target cells were mixed at a 1:1 ratio and
incubated on poly-L-lysine-coated cover slips (Life Technolo-
gies) for 1 h at 37�C, fixed for 10 min with phosphate-buffered
4% formaldehyde solution, and permeabilized for 5 min with
0.1% Triton X-100 in PBS. Cells were washed and unspecific
binding sites were blocked for 30 min with 10% FBS in PBS.
Then samples were incubated for 75 min with perforin-specific
antibody dG9 (Santa Cruz Biotechnology), followed by Alexa
Fluor 594-coupled anti-mouse antibody (Life Technologies).
All antibodies and reagents were added in blocking buffer at
room temperature. Cell nuclei were counterstained with DAPI
(40,6-diamidino-2-phenylindole) (Life Technologies). Cells
were washed twice with PBS, embedded using Mowiol 4-88
(Roth) and analyzed with a Leica SP5 confocal laser scanning
microscope (Leica Microsystems).

In vivo glioblastoma models

Six to 12 week old female NSG mice were used in all in vivo
experiments. Mice were anesthetized with ketamine and xyla-
zine, immobilized in a stereotaxic fixation device (Stoelting)
and injected through a burr hole in the skull with 1 £ 105

LNT-229/EGFR, LNT-229/EGFRvIII, or a 1:1 mixture of both
GBM cell lines in 2 mL PBS using a 10 mL Hamilton syringe
(Hamilton) and a Quintessential Stereotaxic Injector (Stoelt-
ing). Cells were injected at a speed of 0.5 mL/min into the right
striatum with a depth of 3 mm to the skull. Seven days after
tumor inoculation, mice were treated by stereotactic injection
of 2 £ 106 NK-92/R1, NK-92/225, NK-92/MR1-1 or parental
NK-92 cells in 3 mL of NK-92 medium. Treatment was
repeated weekly for 8 to 12 weeks. Tumor growth was moni-
tored by MRI performed in prone position using a MAGNE-
TOM Trio scanner (Siemens) and a surface coil array for 1H
imaging of small animals (RAPID Biomedical). Mice were
anesthetized and injected intraperitoneally with 150 mL of
1 mmol/mL gadolinium-diethylenetriamine pentaacetic acid
(Gadovist; Bayer Vital). Standard T2 weighted and T1 weighted
sequences were acquired. Mice were sacrificed when they devel-
oped neurological symptoms or lost more than 20% of body
weight. The in vivo experiments were approved by the responsi-
ble government committee (Regierungspr€asidium Darmstadt,
Darmstadt, Germany) and were conducted according to the
applicable guidelines and regulations.

Immunohistochemistry

Brain tissues of sacrificed mice were fixed with phosphate-buff-
ered 4% formaldehyde solution (Roth) and subsequently paraf-
fin-embedded. Sections of 3 mm thickness were prepared,
deparaffinized and hydrated. Slides were stained according to a
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standardized staining protocol (Bond Polymer Refine IHC pro-
tocol, IHC-F; Leica Microsystems) using murine primary anti-
bodies specific for human CD45 (clone 2B11 C PD7/26, 1:100
dilution; Dako), EGFR (clone DAK-H1-WT, 1:50 dilution;
Dako) and EGFRvIII (DH8.3, 14 mg/mL final concentration),
followed by polymeric HRP-conjugated anti-mouse antibody
(DAB Polymer Refine Detection Kit; Leica Microsystems).
Finally, slides were counterstained with hematoxylin and
embedded in mounting medium.

Statistical analysis

Survival was analyzed by Kaplan–Meier plot and log-rank
(Mantel–Cox) test. p values <0.05 were considered significant.
Statistical calculations were performed using Prism 5 software
(GraphPad Software).
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