








Figure 5 Generation of NKAR-NK-92 cells. (A) Lentiviral transfer plasmid encoding the NKG2D-based chimeric antigen
receptor NKAR under the control of the SFFV promoter. The receptor consists of an immunoglobulin heavy-chain SP, the
extracellular domain of NKG2D (amino acid residues 82-216), a flexible (G,s), L, an M tag, a CD8a. hinge region (CD8w),

and transmembrane and intracellular domains of CD3C. The NKAR sequence is followed by an IRES and EGFP cDNA. (B)
Expression of NKAR by sorted NKAR-NK-92 cells was analyzed by SDS-PAGE of whole cell lysate under non-reducing
conditions and immunoblotting with CD3{-specific (left) and CD8a-specific antibodies (right), followed by HRP-conjugated
secondary antibodies and chemiluminescent detection. Lysate of parental NK-92 cells was included as control. The positions
of NKAR homodimers and monomers, CD3{ homodimers, and NKAR-CD3( heterodimers are indicated by arrowheads. (C)

Expression of the activating NK-cell receptors NKG2D and NKAR, NKp30, NKp44, and NKp46 in sorted NKAR-NK-92 (dashed
red lines) and unmodified parental NK-92 cells (solid blue lines) was analyzed by flow cytometry using receptor-specific
antibodies. NK-92 cells stained with irrelevant antibodies of the same isotype served as controls (filled areas). (D) Cytotoxicity of
NKAR-NK-92 (red circles) and parental NK-92 cells (blue triangles) against K562 erythroleukemia cells was investigated in flow
cytometry-based cytotoxicity assays after coincubation at different E/Ts for 3hours. Mean values+SD are shown; n=3 technical
replicates from a representative experiment. Data were analyzed by two-tailed unpaired Student’s t-test. “P<0.05, **P<0.01.
EGFP, enhanced green fluorescent protein; E/T, effector to target ratio; IRES, internal ribosome entry site; L, linker; M, Myc; NK,

natural killer; NKG2D, natural killer group 2D; SFFV, spleen focus-forming virus; SP, signal peptide.

a hallmark of NK-cell activation (online supplemental
figure S5).

Initially, the concept of targeting tumor cells through
an NKG2D-based CAR was developed using genetically
engineered T cells.” To investigate whether the cyto-
toxicity of such CAR-T cells can also be enhanced by
the NKAB-ErbB2 molecule, donor-derived T cells were

transduced with the NKAR construct, and cytotoxicity
of the resulting cell population against ErbB2-positive
MDA-MB453 cells was tested in the absence or presence
of 0.64nM (100ng/mL) NKAB-ErbB2. Thereby, similar
to our findings with NK-92-derived NKAR-NK cells, the
expression of NKAR on its own already increased cyto-
toxicity of NKAR-T cells against NKG2DL-positive targets,
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Figure 6 Enhancement of NKAR-NK-92 cytotoxicity by NKAB-ErbB2. (A) The effect of NKAB-ErbB2 on specific cytotoxicity
of NKAR-NK-92 cells against ErbB2-positive MDA-MB453 breast carcinoma cells was determined in flow cytometry-based
cytotoxicity assays after coincubation at an E/T of 5:1 for 3hours in the absence or presence of increasing NKAB-ErbB2
concentrations (red bars). Parental NK-92 cells were included for comparison (blue bars). Mean values+SD are shown; n=3
technical replicates from a representative experiment. Data were analyzed by two-tailed unpaired Student’s t-test (shown

for NKAR-NK-92 vs NK-92 in the absence of NKAB-ErbB2 and NKAR-NK-92 in the absence vs the presence of increasing
concentrations of NKAB-ErbB2). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns: p>0.05. (B) Cytotoxicity of NKAR-NK-92
(orange circles) and NK-92 cells (light blue triangles) in the absence, and NKAR-NK-92 (red circles) and NK-92 cells (dark
blue triangles) in the presence of 0.16 nM (25 ng/mL) of NKAB-ErbB2 against MDA-MB453, MDA-MB468 and JIMT-1

breast carcinoma cells and LNT-229 glioblastoma cells was investigated in flow cytometry-based cytotoxicity assays after
coincubation at different E/T ratios for 3hours. Mean values+SD are shown; n=3 technical replicates from a representative
experiment. Data were analyzed by two-tailed unpaired Student’s t-test (shown for NKAR-NK-92+NKAB-ErbB2 vs NKAR-
NK-92). *P<0.05, **P<0.01, **P<0.001. ns: p>0.05. (C) The ability of NKAB-ErbB2 to compete binding of sMICA to NKAR-
NK-92 cells was determined by flow cytometry with APC-conjugated anti-His-tag antibody after incubation of cells with 2.5 pg/
mL of His-tagged sMICA in the absence (solid black line) or presence of 1.6 nM (0.25 ug/mL) or 16 nM (2.5 pg/mL) of NKAB-

ErbB2 (dashed red lines) as indicated. Cells treated only with secondary antibody served as control (filled area). (D) Inhibition of
NKAR-NK-92 cell killing activity by 2.5ug/mL of sMICA-Fc protein and restoration by addition of 0.16 nM (25 ng/mL) of NKAB-
ErbB2 were investigated in flow cytometry-based cytotoxicity assays after coincubation with MDA-MB453 target cells at an E/T
ratio of 5:1 for 3hours. Recombinant human IgG, protein (25ng/mL) served as isotype control. Mean values+SD are shown; n=3
technical replicates from a representative experiment. Data were analyzed by two-tailed paired Student’s t-test. “P<0.05. ns:
p>0.05. E/T, effector to target ratio; ns, not significant; sSMICA, soluble MICA.

while enhanced cytotoxicity against ErbB2-positive tumor
cells lacking human NKG2DLs was dependent on the
simultaneous presence of NKAB-ErbB2 (online supple-
mental figure S6).

Restoration of sMICA-inhibited NKAR functionality by NKAB-
ErbB2

Proteolytic shedding of NKG2DLs like MICA has been
identified asamechanism for cancer cells to evade NKG2D-
mediated immune surveillance."’ * To test whether this
could also affect NK cells expressing the NKG2D-based
CAR, interaction of sMICA with NKAR-NK-92 cells was
investigated by flow cytometry. Thereby, strong binding
of SMICA to the surface of the CAR-NK cells was found,
which was blocked in a concentration-dependent manner
by NKAB-ErbB2 (figure 6C), indicating that the bispecific
antibody can shield NKG2D. Occupation of the ligand

binding site of the NKG2D-CAR by sMICA was also rele-
vant for cytotoxic activity of NKAR-NK-92 cells, which
was readily triggered by NKG2DLs naturally expressed
by MDA-MB453 breast cancer cells, but markedly inhib-
ited in the presence of competing SMICA (figure 6D). In
contrast, the enhanced cell killing activity of the combi-
nation of NKAR-NK-92 cells and NKAB-ErbB2 was not
significantly affected by an excess of sMICA, suggesting
that this strategy could overcome immune evasion due to
ligand shedding.

In vivo activity of NKAR-NK-92 cells and NKAB-ErbB2 antibody
against ErbB2-positive glioblastoma tumors

To investigate the combined effect of NKAR-NK cells and
NKAB-ErbB2 antibody in vivo in a setting where tumor
cells similar to cancer stem cells lack NKG2DLs that could
trigger the NKG2D-CAR directly,” a subcutaneous tumor
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model based on syngeneic GL261/ErbB2 glioblastoma
tumors in immunocompetent C57BL/6 mice was estab-
lished.?”® Since GL261/ErbB2 cells are of murine origin,
endogenous NKG2DLs expressed by these cells are not
recognized by the NKAR molecule, which is based on
human NKG2D. Consequently, in in vitro cytotoxicity
assays no difference in sensitivity of GL261/ErbB2 cells to
NKAR-NK-92 and parental NK-92 was found (figure 7A).
For NK-92 cells, this remained unchanged in the pres-
ence of NKAB-ErbB2. However, when NKAR-NK-92 cells
were combined with NKAB-ErbB2, even at low E/T ratios
a marked increase in cytotoxicity against GL261/ErbB2
was observed. Thereby, intact homodimeric NKAB-ErbB2
was more active against these target cells than a mutated
NKAB-ErbB2 (C, S and C,,S) derivative which cannot
form dimers due to the lack of intermolecular disulfide
bridges within the IgG, hinge region (online supple-
mental figure S7). Likewise, NKAB-ErbB2-mediated
recognition of murine melanoma cells genetically modi-
fied to express human ErbB2 induced cytokine secretion
and specific lysis by NKAR-NK-92 cells (online supple-
mental figure S5).

For in vivo analysis, 7days after tumor cell inocula-
tion, mice were treated by peritumoral injection of 1x10”
NKAR-NK-92 or parental NK-92 cells with or without
5ng of NKAB-ErbB2 antibody admixed to the injection
medium twice per week for 3weeks. Thereby, combina-
tion treatment with the NKAR-NK cells and NKAB-ErbB2
was highly effective. Tumor outgrowth was controlled in
eight out of nine animals in this group during therapy,
and complete tumor regression was seen in seven of the
mice thereafter, leaving no measurable tumors 3 months
after the last treatment at termination of the experiment
on day 115 (figure 7B). Since the NKAR receptor cannot
recognize GL261/ErbB2 cells on its own, treatment with
NKAR-NK-92 cells alone had no effect on tumor develop-
ment during or after therapy, with only one out of eight
mice in this group being tumor-free at endpoint analysis.
This was most likely due to spontaneous rejection not
related to the treatment.”” While combination therapy
with parental NK-92 cells and the NKAB-ErbB2 antibody
showed some effect and resulted in delayed tumor growth,
still only two of nine animals in this group presented as
tumor-free on day 115 (figure 7B). The different kinetics
in tumor growth among the treatment groups were also
reflected in symptom-free survival. While mice in the
NKAR-NK-92 only group had to be sacrificed due to
disease progression earlier than in the group receiving
the NK-92/NKAB-ErbB2 combination (median survival
of 36.5 vs 46.0 days), this difference was not statistically
significant (figure 7C). In contrast, with seven animals
surviving and only two mice showing delayed tumor devel-
opment, median survival in the NKAR-NK-92/NKAB-
ErbB2 combination group was not reached (>115days).

Sera from animals of this group contained IgG anti-
bodies strongly reactive with GL261/ErbB2 as well
as ErbB2-negative parental GL261 glioblastoma cells
(figure 7D), suggesting that an endogenous antitumor

immune response induced by the NKAR-NK-92/NKAB-
ErbB2 combination treatment likely contributed to
tumor rejection. To evaluate that further, the expression
of PD-1 by T cells from two tumor-bearing animals of each
treatment group was compared. While in comparison to
splenic T cells and T cells from peripheral blood higher
PD-1 expression was found for tumor-infiltrating CD4"
and CD8" T cells in all three treatment groups, especially
for CD8" T cells this was much more pronounced in mice
after NKAR-NK-92/NKAB-ErbB2 combination therapy
(figure 7E), which is indicative of a higher proportion of
previously activated and antigen-experienced T cells in
their tumor tissues.

DISCUSSION

Activation of endogenous NKG2D and NKG2D-based
CARs can be inhibited or prevented by shedding and
release of soluble NKG2DLs or downregulation of
NKG2DL expression, which can contribute to immune
escape.”” # To circumvent this problem but still employ
activation of NKG2D as a potent mechanism for the elim-
ination of cancer cells, here we developed a bispecific
antibody which simultaneously recognizes NKG2D and
the tumor-associated antigen ErbB2, resulting in targeted
activation of NKG2D and NKG2D-CAR expressing effec-
tors against ErbB2-positive cancer cells.

Recombinant NKAB-ErbB2 antibody displayed specific
binding to NKG2D and ErbB2, thereby crosslinking
lymphocytes and tumor cells. The bispecific molecule
improved cytotoxicity of donor-derived bulk PBMCGs
and ex vivo expanded primary NK cells endogenously
expressing NKG2D and markedly enhanced cell killing
activity of NK cells carrying an NKG2D-based CAR
(NKAR) against otherwise NK-resistant ErbB2-positive
targets. This included JIMT-1 breast cancer cells, which
express NKG2DLs and elevated levels of ErbB2 (online
supplemental figure S1) but are resistant to the clini-
cally approved ErbB2-targeted therapeutics trastuzumab
and lapatinib.” Only picomolar concentrations of
NKAB-ErbB2 were needed for maximum activity against
ErbB2-expressing target cells in titration experiments
with effector lymphocytes carrying natural NKG2D or
transduced with the NKAR vector. Similar results were
obtained when NKAB-ErbB2 was combined with T cells
harboring an NKG2D-CAR (online supplemental figure
S6). Importantly, while sMICA used as a model for a shed
NKG2DL blocked activation of the NKAR molecule by
endogenous NKG2DLs on the tumor cell surface, even
a 100-fold excess of sMICA did not significantly affect
the combined activity of NKAR and NKAB-ErbB2. This
suggests that also in a clinical situation NKAB-ErbB2 may
overcome the detrimental effects of ligand shedding on
NKG2D-dependent immune surveillance.”

Activation by natural NKG2DLs or NKAB-ErbB2
towards tumor cells was much more pronounced for
NKAR-expressing effector cells than lymphocytes
that only harbored endogenous NKG2D, which, in
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Figure 7 Combined in vivo antitumor activity of NKAR-NK-92 cells and NKAB-ErbB2 antibody against syngeneic glioblastoma
in immunocompetent C57BL/6 mice. (A) Cytotoxicity of NKAR-NK-92 (orange circles) and NK-92 cells (light blue triangles) in the
absence, and NKAR-NK-92 (red circles) and NK-92 cells (dark blue triangles) in the presence of 0.16 nM (25 ng/mL) of NKAB-
ErbB2 against murine GL261/ErbB2 glioblastoma cells expressing human ErbB2 was investigated in flow cytometry-based
cytotoxicity assays after coincubation at different E/T ratios for 3hours. Mean values+SD are shown; n=3 technical replicates
from a representative experiment. Data were analyzed by two-tailed unpaired Student’s t-test (shown for NKAR-NK-92+NKAB-
ErbB2 vs NKAR-NK-92). **P<0.01. (B) GL261/ErbB2 cells (1x10°) were subcutaneously injected into the right flank of C57BL/6
mice. Seven days later, the mice were treated by peritumoral injection of 1x10” NKAR-NK-92 cells without (n=8) or with 5pg

of NKAB-ErbB2 antibody (n=9) admixed to the cells two times per week for 3 weeks. Control mice received parental NK-92
cells with NKAB-ErbB2 (n=9). Tumor growth in the individual animals was followed by caliper measurements. (C) Symptom-free
survival of the mice. Data were analyzed by Kaplan-Meier plot and log-rank test. *P<0.05, **P<0.01. ns: p>0.05. (D) Induction of
antibodies against glioblastoma cells in animals from the experiment shown in (B) and (C) treated with NKAR-NK-92 and NKAB-
ErbB2 (n=6) was investigated by determining cell surface binding of IgG from serum to GL261/ErbB2 and ErbB2-negative
parental GL261 cells as indicated (red circles) by flow cytometry. Sera from naive mice (n=6) served as controls (gray squares).
MFI: geometric mean. Mean values+SD are shown. Data were analyzed by two-tailed unpaired Student’s t-test. **P<0.01. (E)
PD-1 expression by CD4" and CD8* T cells from TILs, splenocytes (spleen) and PBMCs of animals from the experiment (B,C)
treated with NKAR-NK-92 (orange bars, n=2), NKAR-NK-92 and NKAB-ErbB2 (red bars, n=2), or NK-92 and NKAB-ErbB2 (blue
bars, n=2) was determined by flow cytometry with anti-PD-1 antibody. Cells were gated using anti-CD4 and anti-CD8 antibodies
as depicted in online supplemental figure S8. Mean values+SD are shown. Data were analyzed by two-tailed unpaired Student’s
t-test (shown for TILs). *P<0.05. ns: p>0.05. MFI, mean fluorescence intensity; ns, not significant; PBMC, peripheral blood
mononuclear cell; PD-1, programmed cell death protein 1; TIL, tumor-infiltrating lymphocyte.
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addition to different expression levels of NKG2D and the
NKG2D-CAR, was likely due to distinct signaling capabili-
ties of the receptors. To be active, human NKG2D requires
prior association with the adaptor molecule DNAX-
activating protein of 10kDa (DAP10).* In contrast, in
the NKG2D-CAR employed in our study, extracellular
target recognition and intracellular signaling functions
are directly linked in one molecule, likely accelerating
kinetics of effector cell activation. In addition, DAP10
only contains a single YXXM tyrosine-based motif similar
to the ones found in the costimulatory molecules CD28
and ICOS for interaction with downstream pathways.”’
Instead, the NKG2D-CAR harbors CD3{, which contrib-
utes three potent immunoreceptor tyrosine-based activa-
tion motifs.”® On their own or in combination, ectopic
expression of the NKG2D-CAR and application of the
bispecific NKAB molecule may also bypass reduced
responsiveness and downregulation of endogenous
NKG2D observed on chronic stimulation by NKG2DLs
and during NK cell exhaustion.”"!

The bispecific NKAB-ErbB2 antibody mimics the
general structure of a human IgG molecule, with the
hinge, CH2 and CH3 domains of the IgG, Fc region
separating NKG2D-specific and ErbB2-specific anti-
body domains. Accordingly, in contrast to other bispe-
cific molecules with only one binding site for NKG2D
and a target antigen,”* the NKAB-ErbB2 protein was
expressed as a homodimer with two binding sites each
for NKG2D and ErbB2. For comparison, we also gener-
ated a mutated NKAB-ErbB2 (C, S and C,S) derivative
which lacked the cysteine residues within the IgG, hinge
region and was therefore only produced as a monomer
(online supplemental figure S7). In short-term assays,
dimeric and monomeric NKAB-ErbB2 proteins similarly
enhanced cytotoxicity of NKG2D-CAR NK cells against
target cells coexpressing NKG2DLs and ErbB2. However,
when target recognition was entirely dependent on NKAB-
ErbB2 due to the lack of endogenous ligands for human
NKG2D, homodimeric NKAB-ErbB2 was more effective,
suggesting that the tetravalent design may be of partic-
ular advantage in a setting of escape from natural NKG2D
immune surveillance (online supplemental figure S7).
Furthermore, with around 180kDa, the apparent molec-
ular mass of intact NKAB-ErbB2 is close to that of regular
IgG molecules, which similar to complete antibodies will
likely translate to a longer in vivo half-life when compared
with monomeric scFv—scFv or scFv—Fc molecules.*’

We based the NKAB-ErbB2 molecule on the struc-
ture of IgG,, which does not bind to CD16 with high
affinity, allowing to distinguish NKG2D- from CDI16-
mediated effects. This NKAB design proved highly flex-
ible, allowing to switch the positions of NKG2D- and
ErbB2-specific binding domains within the molecule
without loss of activity (online supplemental figure S4),
indicating that the overall NKAB structure will be appli-
cable also for similar bispecific molecules targeting alter-
native tumor antigens and/or activating lymphocyte
receptors.’® ¥’ Likewise, exchanging the IgG, Fc region

with the respective sequence of IgG, led to a fully func-
tional molecule, although without a clear benefit of the
possible simultaneous or alternative interaction of the
resulting NKAB-ErbB2 (IgG,) antibody with NKG2D and
CD16 (online supplemental figure S3). Nevertheless,
engineering of the IgG, Fc domain to include mutations
that enhance affinity for CD16 may still increase activity
of such IgG -based NKAB molecules.*”

In vivo antitumor activity of NKAB-ErbB2 in combi-
nation with NKAR-NK-92 cells was investigated in a
murine glioblastoma model. In this disease, activity of the
NKG2D/NKG2DL system can be negatively affected by
limited expression of NKG2DLs.” * To mimic the situ-
ation of low or absent NKG2DL expression as a mecha-
nism of immune evasion, we used murine GL261/ErbB2
glioblastoma cells growing as subcutaneous tumors in
CH7BL/6 mice.?’” While GL261 cells express moderate
levels of murine NKG2DLs," these are not recognized
by human NKG2D or the human NKG2D-CAR as exem-
plified by the results from our in vitro cytotoxicity assays
with NK-92 and NKAR-NK-92 cells. Hence, as expected,
repeated treatment of established GL261/ErbB2 tumors
with NKAR-NK-92 cells alone was ineffective, with
rapid tumor growth continuing in most animals while
still under therapy. While not resulting in a statistically
significant survival benefit in comparison to NKAR-
NK-92 monotherapy, tumor outgrowth was delayed in
mice treated with a combination of NKAB-ErbB2 and
parental NK-92 cells, where the bispecific antibody can
act via endogenous NKG2D expressed at moderate levels.
However, when NKAR-NK-92 cells were applied together
with NKAB-ErbB2, the glioblastoma tumors were readily
rejected in the majority of the animals, resulting in cures
with seven out of nine mice in this group staying tumor-
free during the remaining course of the experiment.

In addition to direct tumor cell lysis, activated NK cells
play a critical role in dendritic cell (DC) recruitment
and maturation, thus indirectly inducing or enhancing
tumor-specific adaptive immune responses.” This likely
contributed to the durable responses observed in immu-
nocompetent mice after treatment with the NKAB-ErbB2/
NKAR-NK-92 combination, as seen in previous studies
with NK-92 cells which express a more classical scFv-based
CAR and are currently evaluated in a phase I clinical
trial in patients with glioblastoma.”” > On NKAB-ErbB2-
mediated activation, NKAR-NK-92 cells markedly upregu-
lated the secretion of proinflammatory chemokines and
cytokines pivotal in DC recruitment (online supplemental
figure S5), including RANTES (CCL5),” MIP-10, (CCL3)
and MIP-13 (CCL4),” or DC maturation and function,
such as GM-CSF,”* IFN-y, TNF-o. and TNF-B.”’ *® Indeed,
sera from mice cured of their glioblastoma tumors after
combination therapy with NKAB-ErbB2 and NKAR-
NK-92 contained IgG antibodies reactive with GL261 and
GL261/ErbB2 cells. While we did not investigate whether
combined treatment with NKAB-ErbB2 and NKAR-NK-92
also resulted in the activation of tumor-reactive T cells,
TILs from the two animals in this group that were not
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cured expressed higher levels of the immune checkpoint
molecule PD-1 than TILs from mice treated with NKAR-
NK-92 alone or a combination of NKAB-ErbB2 with
parental NK-92 cells. Despite the failure in these mice
to reject the tumors, this is indicative of more effective
TCR-mediated stimulation of tumor-infiltrating T cells on
NKAB-ErbB2/NKAR-NK-92 therapy.”® Importantly, these
data also suggest that combining NKAB-ErbB2 further
with an immune checkpoint inhibitor may be warranted.

CONCLUSION

Taken together, our data show that the bispecific NKAB
antibody efficiently redirects effector lymphocytes to
cancer cells expressing the respective tumor-associated
antigen, thereby overcoming the inhibitory effects of
low expression or shedding of NKG2DLs and resulting
in enhanced antitumor activity and therapy-induced
adaptive antitumor immune responses. In particular,
the combination of an NKAB antibody with NK or T
cells engineered with an NKG2D-based chimeric antigen
receptor represents a versatile approach to simulta-
neously enhance tumor-antigen-specific and natural
NKG2D-mediated cytotoxicity, which may become very
useful to target tumors with heterogeneous target antigen
expression not amenable to classical CAR-T or CAR-NK
cell therapies.
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