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redirect human and murine
lymphocytes to ErbB2/HER2-
positive malignancies
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NKG2D is an activating receptor expressed by natural killer (NK) cells and other
cytotoxic lymphocytes that plays a pivotal role in the elimination of neoplastic
cells through recognition of different stress-induced cell surface ligands
(NKG2DL). To employ this mechanism for cancer immunotherapy, we
generated NKG2D-engaging bispecific antibodies that selectively redirect
immune effector cells to cancer cells expressing the tumor-associated antigen
ErbB2 (HER2). NKG2D-specific single chain fragment variable (scFv) antibodies
cross-reactive toward the human and murine receptors were derived by
consecutive immunization of chicken with the human and murine antigens,
followed by stringent screening of a yeast surface display immune library. Four
distinct species cross-reactive (sc) scFv domains were selected, and reformatted
into a bispecific engager format by linking them via an IgG4 Fc domain to a
second scFv fragment specific for ErbB2. The resulting molecules (termed
scNKAB-ErbB2) were expressed as disulfide-linked homodimers, and
demonstrated efficient binding to ErbB2-positive cancer cells as well as
NKG2D-expressing primary human and murine lymphocytes, and NK-92 cells
engineered with chimeric antigen receptors derived from human and murine
NKG2D (termed hNKAR and mNKAR). Two of the scNKAB-ErbB2 molecules were
found to compete with the natural NKG2D ligand MICA, while the other two
engagers interacted with an epitope outside of the ligand binding site.
Nevertheless, all four tested scNKAB-ErbB2 antibodies were similarly effective
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in redirecting the cytotoxic activity of primary human and murine lymphocytes as
well as hNKAR-NK-92 and mNKAR-NK-92 cells to ErbB2-expressing targets,
suggesting that further development of these species cross-reactive engager
molecules for cancer immunotherapy is warranted.

KEYWORDS

bispecific killer cell engager, BiKE, NKG2D, ErbB2, HER2, natural killer cells, NK-92,
chimeric antigen receptor

1 Introduction

Bispecific antibodies that crosslink activating receptors on
cytotoxic lymphocytes with tumor-associated surface antigens hold
enormous potential for targeted cancer immunotherapy. While
bispecific T-cell engagers (BiTEs) such as blinatumomab selectively
redirect T lymphocytes to cancer cells via binding to CD3 (1),
bispecific and trispecific killer cell engagers (BiKEs, TriKEs) which
interact with the IgG-binding receptor CD16a (FcyRIIla), natural
cytotoxicity receptors (NCRs), or the C-type lectin-like protein
Natural Killer Group 2D (NKG2D) predominantly recruit innate
killer cells to the tumor (2-4). With respect to the latter, most
progress has been made with bispecific antibodies that activate
CD16a-positive natural killer (NK) cells, and several such
molecules are currently evaluated in clinical trials for the treatment
of lymphoma, advanced solid cancers, multiple myeloma (MM) or
acute myeloid leukemia (AML) (5). In a different approach, Gaulthier
and colleagues designed TriKEs with further enhanced activating
potential by combining an IgG1 Fc region for engagement of CD16a
with an antibody fragment specific for NKp46, a natural cytotoxicity
receptor almost exclusively expressed on NK cells, and a tumor-
targeting domain recognizing antigens like CD123 on AML cells (6).
Similar to NCRs, NKG2D represents a promising activating receptor
for engager-mediated redirection of cytotoxic lymphocytes to cancer
cells, with different NKG2D-targeted approaches being under active
development (2, 7).

NKG2D is not only expressed by NK cells, but also NKT cells,
CD8" T cells, and subpopulations of CD4" and y3 T cells, and is
critically involved in the immunosurveillance of malignancies and
pathogens (8, 9). In humans, NKG2D recognizes eight stress-
induced cell surface ligands (NKG2DL) that are expressed by
almost all cancer types, and include the MHC class I-related
molecules MICA and MICB, as well as the six UL16-binding
proteins ULBP1 to ULBP6 (10, 11). Nevertheless, low or absent
NKG2DL expression by leukemia-initiating cells (12), and removal
of NKG2DL from the cell surface by proteolytic shedding can still
result in escape of cancer cells from NKG2D-mediated immune
surveillance (13-15). Bispecific NKG2D engagers circumvent this
dependency on NKG2DL expression, and redirect NKG2D-positive
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effector lymphocytes to tumor cells irrespective of the presence of
natural ligands. For NKG2D binding, such recombinant molecules
employ NKG2D-specific single chain fragment variable (scFv)
antibodies or nanobodies (16-20), or domains derived from
natural NKG2D ligands like ULBP2 or MICA (21-24). These
NKG2D-engaging units are linked to a second binding domain
targeting surface antigens expressed by hematological malignancies
or solid tumors.

Like all engagers of this architecture, bispecific NKG2D
antibodies depend on the quality and effectiveness of the
cytotoxic lymphocytes they recruit to the tumor. However, in
cancer patients endogenous NK cells are often functionally
compromised. Therefore, ex vivo expanded NK cells from healthy
donors are typically employed for adoptive NK cell
immunotherapies (25, 26). Also the continuously expanding
human NK cell line NK-92 and chimeric antigen receptor (CAR)-
engineered derivatives thereof are being developed for clinical
applications (27-30). Unlike allogeneic T lymphocytes, unrelated
donor NK cells do not induce graft-versus-host disease (GvHD),
even if applied in an HLA-unmatched setting (25). This makes
them ideal candidates for the development of safe and cost-effective
off-the-shelf therapeutics. Consequently, to enhance the efficacy of
bispecific killer cell engagers that interact with CD16a or NKG2D,
strategies have been devised to combine them with adoptive transfer
of CD16a-positive donor NK cells (31), or allogeneic NK or T cells
engineered with an NKG2D-derived CAR (18, 20).

To expand the armamentarium of NKG2D binders suitable for
engineering effective engager molecules, here we immunized
chicken with human and murine NKG2D, generated a yeast
surface display immune library and selected a panel of four novel
avian scFv antibody fragments, which in contrast to current
molecules not only activate human NKG2D but also its murine
homolog. The species cross-reactive (sc) binding domains were
then employed to derive bispecific NKG2D-activating antibodies
(termed NKABs) by fusing them via an IgG4 Fc region to a second
scFv fragment which targets the tumor-associated antigen ErbB2
(HER2). Utilizing NKG2D-positive primary human and murine
lymphocytes as well as established NK-92 cells engineered to
express NKG2D-derived CARs (termed NKARs) either based on
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human or murine NKG2D, we investigated binding of the resulting
scNKAB-ErbB2 molecules to human and murine NKG2D
receptors, competition with the natural NKG2D ligand MICA
and redirection of the effector lymphocytes to ErbB2-expressing
cancer cells in comparison to reference NKAB-ErbB2 molecules
that interact only with human or murine NKG2D.

2 Materials and methods
2.1 Cells and culture conditions

MDA-MB-453 and MDA-MB-468 breast carcinoma, and EL-4
T-cell lymphoma cells (all ATCC, Manassas, VA) were cultured in
DMEM (Gibco, Thermo Fisher Scientific, Darmstadt, Germany),
A20 B-cell lymphoma and K562 erythroleukemia cells (both
ATCC), and CEM.NKR and RMA/neo T lymphoblastoid cells
(kindly provided by Alexander Steinle, Goethe University,
Frankfurt, Germany) in RPMI 1640 medium (Gibco, Thermo
Fisher Scientific). All media were supplemented with 10% heat-
inactivated FBS (Capricorn Scientific, Ebsdorfergrund, Germany), 2
mM L-glutamine, 100 U/mL penicillin and 100 pg/mL
streptomycin (all Gibco), and 50 pM B-mercaptoethanol (Sigma-
Aldrich, Merck, Darmstadt, Germany) for A20 cells. Expi293F
embryonic kidney cells were cultured in Expi293 expression
medium (both Gibco, Thermo Fisher Scientific). NK-92 cells (32)
(kindly provided by NantKwest, Inc., Culver City, CA) and
genetically engineered derivatives thereof were grown in X-VIVO
10 medium (Lonza, Cologne, Germany) supplemented with 5%
heat-inactivated human AB plasma (German Red Cross Blood
Donation Service Baden-Wirttemberg-Hessen, Frankfurt,
Germany) and 100 IU/mL IL-2 (Proleukin; Novartis Pharma,
Niirnberg, Germany). Peripheral blood mononuclear cells
(PBMCs) were isolated from commercially obtained bufty coats of
anonymous blood donors (German Red Cross Blood Donation
Service Baden-Wiirttemberg-Hessen) by Ficoll-Hypaque density
gradient centrifugation, and cultured in X-VIVO 10 medium
supplemented with 5% heat-inactivated human AB plasma, 500
IU/mL IL-2 and 50 ng/mL hIL-15 (Peprotech, Hamburg,
Germany). Murine NK cells were isolated from splenocytes
derived from C57BL/6 mice by MACS separation using the NK
Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany).
Splenocytes and murine NK cells were kept in RPMI 1640 medium
supplemented with 50 uM B-mercaptoethanol and 20 ng/mL mIL-
15 (Miltenyi Biotec).

2.2 Generation of recombinant NKG2D
proteins and immunization of chicken

Constructs for expression of NKG2D-Fc fusion proteins were
generated by assembling sequences encoding an immunoglobulin
heavy chain signal peptide, the extracellular domain of human
NKG2D (hNKG2D; UniProtKB: P26718, amino acid residues 82-
216) or murine NKG2D (mNKG2D; UniProtKB: Q2TJJ6, amino
acid residues 98-232), and either hinge, CH2 and CH3 domains of
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human IgG4 in plasmid pcDNA3, or a Strep-Tag II, a 6xHis-Tag, a
Tobacco Etch Virus (TEV) cleavage site and hinge, CH2 and CH3
domains of human IgG1 in plasmid pTT5. Expi293F cells were then
transiently transfected with the resulting vectors using the
ExpiFectamine 293 Transfection Kit according to the
manufacturer’s recommendations (Gibco, Thermo Fisher
Scientific). Recombinant proteins were purified from culture
supernatants by affinity chromatography employing a Protein G
column (Pierce, Thermo Fisher Scientific) with an AKTA FPLC
system (GE Healthcare Europe, Freiburg, Germany) for IgG4 fusion
proteins, and a Protein A column (Cytiva, Dreieich, Germany) with
an AKTA Pure Protein Purification System (GE Healthcare) for
IgG1 fusion proteins.

For immunizations, the Fc domains of IgG1-based hNKG2D-Fc
and mNKG2D-Fc fusion proteins were removed by cleavage with
TEV protease, processed Fc domains and unprocessed full-length
proteins were removed by passing the reaction mixtures through a
Protein A column, and remaining hNKG2D-His and mNKG2D-
His fragments were purified using an immobilized metal affinity
chromatography column (Cytiva) and a Strep-Tactin column (IBA
Lifesciences, Gottingen, Germany). Immunization of a pathogen-
free adult laying hen (Gallus gallus domesticus) was performed at
Davids Biotechnologie GmbH (Regensburg, Germany), with 3
intramuscular injections of purified hNKG2D-His protein with
AddaVax adjuvant (InvivoGen, Toulouse, France) at days 1, 14
and 28, followed by 2 booster injections with a 1:1 mix of hNKG2D-
His and mNKG2D-His proteins at days 42 and 56. Peripheral blood
was collected to confirm serum antibody reactivity with hNKG2D
and mNKG2D by ELISA, and the animal was sacrificed at day 63 for
spleen resection and subsequent RNA extraction.

2.3 Screening for NKG2D-binding scFv
antibody fragments

An scFv yeast surface display (YSD) library was generated as
described previously (33-35). Briefly, cDNA was synthesized from
total splenic RNA, and VH and VL sequences were amplified in
separate PCR reactions. Complete scFv sequences were then
assembled from VH, (G4S); linker and VL fragments in a
subsequent fusion PCR, and transferred into linearized YSD
vector (pCT) via a homologous recombination-based process in
Saccharomyces cerevisiae strain EBY100 (Thermo Fisher Scientific),
following the yeast transformation protocol of Benatuil and
colleagues for library generation (36). Prior to cell sorting, scFv
expression and surface presentation was induced by inoculation of
yeast cells in Synthetic Galactose minimal medium with Casein
Amino Acids (SG-CAA) and incubation overnight at 30°C and
180 rpm.

General procedures for handling of yeast cells and library
screening were described previously (34). Specifically, for
screening of NKG2D binders, yeast cells were harvested by
centrifugation, washed with PBS containing 0.1% (w/v) BSA
(PBS-B), and incubated with human or murine NKG2D-Fc or
NKG2D-His fusion proteins for 30 min on ice. After washing
with PBS-B, surface display of the Myc-tag containing scFv
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antibodies and binding to recombinant NKG2D was detected
simultaneously by incubation with a FITC-conjugated Myc-tag
specific antibody (SH1-26E7.1.3; Miltenyi Biotec), and PE-
conjugated anti-human IgG Fc (polyclonal) or AF647-conjugated
His-tag-specific antibodies (4E3D10H2/E3) (both Thermo Fisher
Scientific) for 20 min on ice in the dark. Then, cells were washed
with PBS-B, and screened by flow cytometric cell sorting using a
Sony SH800S device. Collected yeast cells were plated onto
Synthetic Dextrose minimal medium with Casein Amino Acids
(SD-CAA) agar plates and propagated for subsequent analysis or
screening rounds by incubation at 30°C.

Four individual scFv antibody domains species cross-reactive
with human and murine NKG2D (termed scl, sc2, sc4 and sc7)
were selected from the output of the library screening, and for
subsequent analysis were linked to hinge, CH2 and CH3 domains of
human IgG1 (UniProtKB: P01857-1, amino acid residues 99-330),
expressed as Fc fusion proteins in Expi293F cells, and purified from
culture supernatants via Protein A affinity chromatography as
described above.

2.4 Design, expression and purification of
bispecific killer cell engagers

Generation of a prototypic bispecific molecule (here termed
hNKAB-ErbB2) consisting of an N-terminal scFv domain derived
from human NKG2D-specific KYK-2.0 antibody, linked via a
human IgG4 Fc region to a C-terminal scFv sequence specific for
ErbB2 was described previously (18). For interaction with murine
NKG2D, a similar mNKAB-ErbB2 molecule was generated by
fusing the extracellular domain of murine NKG2D ligand MULT-
1 (UniProtKB: D2CKI9, amino acid residues 26-211) to hinge, CH2
and CH3 domains of murine IgG1 (UniProtKB: P01868, amino acid
residues 98-324, with the cysteine at position 102 replaced by a
serine), followed by a (G,S), linker and the ErbB2-specific scFv
(FRP5) antibody domain (37). Likewise, bispecific killer cell
engagers employing the NKG2D-specific scFv antibody domains
derived from the yeast display library screens were generated by
replacing the KYK-2.0 scFv domain of hANKAB-ErbB2 with scl, sc2,
sc4 and sc7 sequences, yielding scNKAB-ErbB2(1), scNKAB-ErbB2
(2), scNKAB-ErbB2(4) and scNKAB-ErbB2(7). All NKAB
sequences were complemented by an N-terminal immunoglobulin
heavy chain signal peptide, assembled in silico, de novo synthesized
(GeneArt, Thermo Fisher Scientific), and inserted into mammalian
expression vector pcDNA3. Expi293F cells were transiently
transfected with the resulting plasmids, and recombinant
molecules were purified from culture supernatants by affinity
chromatography using either a Protein G column (hNKAB-ErbB2
and scNKAB-ErbB2 molecules) or a Protein A column (mNKAB-
ErbB2) with an AKTA FPLC system as described above. Purity of
recombinant NKAB molecules was confirmed by SDS-PAGE
followed by Coomassie staining. NKAB-containing elution
fractions were combined and dialyzed against DPBS. Protein
concentrations were determined using a Nanodrop 1000
spectrophotometer (Thermo Fisher Scientific) considering
molecular mass and extinction coefficient of the individual proteins.
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2.5 Generation of NKG2D-CAR expressing
NK cells and ErbB2-expressing tumor cells

The generation of established human NK-92 cells expressing an
NKG2D-based chimeric antigen receptor that encompasses an
immunoglobulin heavy chain signal peptide, the extracellular
domain of human NKG2D, a (G,S); linker, a Myc-tag, a modified
CD8o hinge region and transmembrane and intracellular signaling
domains of human CD3{ (hNKG2D.z, here termed hNKAR) was
described previously (18, 20). A similar CAR based on murine
NKG2D (mNKG2D.z, termed mNKAR) was designed by replacing
the extracellular domain of human NKG2D with the corresponding
murine sequence (UniProtKB: Q2T]JJ6, amino acid residues 98-232,
with the cysteine at position 99 replaced by a serine). The complete
mNKAR sequence was then inserted into lentiviral transfer plasmid
pHR’SIN-cPPT-SIRW upstream of IRES and near-infrared
fluorescent protein (iRFP) sequences (38), resulting in vector pS-
mNKAR-IRW. VSV-G pseudotyped vector particles were produced
in HEK293T cells, and NK-92 cells were transduced as described
previously (39). mNKAR-expressing NK-92 cells were enriched by
sorting of iRFP-positive cells using a FACSAria Fusion Flow
Cytometer (BD Biosciences, Heidelberg, Germany). Surface
expression of NKG2D-CARs on hNKAR-NK-92 and mNKAR-
NK-92 cells was confirmed by flow cytometry using an AF647-
conjugated Myc-tag-specific antibody (9E10; BioLegend, Koblenz,
Germany), and PE-conjugated antibodies specific for human
NKG2D (BAT221; Miltenyi Biotec) or murine NKG2D (CX5;
BioLegend). All flow cytometric measurements were performed
with an LSRFortessa Cell Analyzer (BD Biosciences). Data were
processed using FlowJo software (version 10.6.0; BD Biosciences).
ErbB2-expressing CEM.NKR/ErbB2 and RMA/neo/ErbB2 cells
were generated by transduction with VSV-G pseudotyped
lentiviral vector encoding full-length human ErbB2 (20), followed
by flow cytometric cell sorting using Alexa Fluor 647-conjugated
anti-human ErbB2 antibody (24D2; BioLegend).

2.6 Degranulation of NK cells

Degranulation of NKAR-NK-92 cells upon exposure to
immobilized anti-NKG2D scFv-Fc fusion proteins was analyzed
by detecting surface expression of lysosomal-associated membrane
protein 1 (LAMP-1, CD107a). The wells of a 96-well flat-bottom
microtiter plate were coated overnight with 100 pl DPBS containing
500 ng of the respective protein. After washing the plate with DPBS
and blocking unspecific binding sites with DPBS supplemented with
10% FCS for 20 min at room temperature, hNKAR-NK-92 and
mNKAR-NK-92 cells were plated at 5x10° cells/well in the presence
of GolgiStop (BD Biosciences) and PE-conjugated CD107a-specific
antibody (H4A3; BioLegend). NK cells kept in medium in the
absence of scFv-Fc fusion proteins or stimulated with 50 ng/mL
phorbol 12-myristate 13-acetate (PMA) and 500 ng/mL ionomycin
(both Sigma-Aldrich) served as controls. After 4 hours of
incubation at 37°C, the cells were washed with DPBS and
analyzed by flow cytometry.
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2.7 Binding assays

Binding of NKG2D-Fc or NKAB fusion proteins to tumor cells
expressing ErbB2 or human or murine NKG2D ligands, as well as
binding of NKAB molecules to NKAR-expressing NK-92 cells was
investigated by flow cytometry. Cells were incubated with 12.5 nM
of hNKG2D-Fc, mNKG2D-Fc or NKAB proteins followed by
staining with APC-conjugated human or murine IgG-specific
detection antibodies (both Jackson ImmunoResearch,
Cambridgeshire, UK). Competition of soluble MICA by NKAB
antibodies was analyzed by incubating hNKAR-NK-92 cells with 20
nM of recombinant His-tag-conjugated extracellular domain of
MICA (SinoBiological, Eschborn, Germany) in the absence or
presence of 5, 10 or 20 nM of a respective NKAB molecule.
Remaining MICA bound to hNKAR-NK-92 cells was detected
with APC-conjugated His-tag-specific antibody (J095G46;
BioLegend). Simultaneous binding of NKAB antibodies to ex vivo
expanded primary effector cells and the target antigen ErbB2 was
analyzed by incubation of the cells with NKAB molecules, followed
by staining with PE-conjugated recombinant extracellular domain
of ErbB2 (AcroBiosystems, Basel, Switzerland). To discriminate
different lymphocyte subsets, human cells were in addition stained
with BV421-conjugated anti-CD56 (NCAM16.2; BD Biosciences),
FITC-conjugated anti-CD3 (OKT3; BioLegend) and APC-
conjugated anti-CD8 (BW135/80; Miltenyi Biotec) antibodies, and
murine cells with BV421-conjugated anti-CD19 (6D5; BioLegend),
APC-conjugated anti-NK1.1 (PK136; Miltenyi Biotec) and PE/
Cyanine7-conjugated anti-CD3 (500A2; BioLegend) antibodies.
NKG2D surface expression was investigated using PE-conjugated
antibodies specific for human (BAT221; Miltenyi Biotec) or murine
NKG2D (CX5; BioLegend). Dead cells were excluded by staining
with fixable viability dye eFluor780 (eBioscience, Thermo Fisher
Scientific). In all experiments, cells were blocked with human (Fcl;
BD Biosciences) or murine (93; BioLegend) Fc receptor blocking
agent prior to antibody staining.

2.8 Cytotoxicity assays

Cytotoxicity of NKAR-NK-92 cells and NKG2D-expressing
primary human and murine lymphocytes was analyzed in flow
cytometry-based assays as described previously (39). Briefly, tumor
cells were labeled with Calcein Violet AM (CV) or Far Red (FR)
(CellTrace; Invitrogen, Thermo Fisher Scientific) and incubated
with effector cells at different effector to target cell (E/T) ratios for 3
hours (NKAR-NK-92 cells and human PBMCs) or 4 hours (murine
splenocytes) at 37°C in the presence or absence of bispecific NKAB
antibodies. Dead target cells were identified by staining with
propidium iodide (PI) or 4’,6-diamidino-2-phenylindole (DAPI)
followed by flow cytometric quantification of CV/PI, FR/PI or FR/
DAPI double-positive cells with an LSRFortessa Cell Analyzer.
Spontaneous target cell lysis was subtracted to calculate specific
cytotoxicity. Data were analyzed using Flow]Jo software.

Frontiers in Immunology

10.3389/fimmu.2024.1457887

2.9 Statistical analysis

Unless stated otherwise, quantitative data are represented as
mean with standard deviation (SD). Statistical significance (P value
< 0.05) was determined using unpaired t-test. All statistical analyses
were performed with Prism 10 (Version 10.1.1.323; GraphPad
Software, Boston, MA).

3 Results

3.1 Generation of NKG2D-specific
scFv antibodies

Human and murine NKG2D share about 70% amino acid
sequence identity in their extracellular domains. Hence, to ensure a
sufficient immune response and generate antibodies reactive with
human and murine receptors, we chose chicken for immunization as
a phylogenetically distant species. Previous studies have
demonstrated a satisfactory diversity of avian antibodies directed
against epitopes conserved across mammalian species (33-35, 40).
His-tagged recombinant proteins encompassing the extracellular
domains of human (hNKG2D) and murine NKG2D (mNKG2D)
were generated as described in Materials and Methods, and used for
immunization of a pathogen-free adult laying hen with 3
intramuscular injections of hNKG2D-His at days 1, 14 and 28,
followed by 2 booster injections with a 1:1 mixture of hNKG2D-
His and mNKG2D-His proteins at days 42 and 56 (schematically
shown in Figure 1A). Then, serum antibody reactivity with hNKG2D
and mNKG2D was confirmed by ELISA (data not shown). The
animal was sacrificed at day 63, and the spleen was resected for RNA
extraction and cDNA preparation. Sequences encoding the variable
domains of antibody heavy (VH) and light chains (VL) were
amplified in separate PCR reactions, and randomly assembled into
scFv antibodies with a (G,S); linker sequence connecting VH and VL
domains following previously established procedures (33-35).

For screening of NKG2D binders, scFv sequences were then
used to generate a yeast surface display (YSD) antibody library (34),
comprising approximately 5 x 10° transformants. To enrich for high
affinity antibodies, the library was screened by 4 consecutive rounds
of flow cytometric cell sorting with decreasing antigen
concentrations, using recombinant hNKG2D-Fc fusion protein in
rounds 1 (1000 nM) and 2 (500 nM), followed by screening with
hNKG2D-His in round 3 (500 nM) and mNKG2D-His in round 4
(100 nM) (Figure 1B). This resulted in a yeast population with
surface-displayed scFv molecules that demonstrated strong binding
to the extracellular domains of both, human and murine NKG2D
(Output Round 4). Ten single yeast cell clones were randomly
selected, and analyzed by flow cytometry for binding of human and
murine NKG2D, with four distinct clones displaying superior
species cross-reactive (sc) binding to the human and murine
receptors (clones scl, sc2, sc4 and sc7) (Figure 1C).
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FIGURE 1

Screening of NKG2D-binding scFv antibody fragments by yeast surface display. (A) A laying hen was immunized with purified hNKG2D-His protein at
days 1, 14 and 28, followed by booster injections with a 1:1 mix of hNKG2D-His and mNKG2D-His proteins at days 42 and 56. The spleen was
resected at day 63 for RNA extraction and cDNA synthesis. VH and VL antibody sequences were amplified in separate PCR reactions, scFv sequences
were assembled from VH, (G4S)s linker and VL fragments in a fusion PCR, and transferred into a yeast surface display vector. (B) Yeast cells displaying
NKG2D-binding scFv antibodies were identified by incubation with human NKG2D-Fc (screening rounds 1 and 2; red), or human (round 3; red) or
murine NKG2D-His fusion proteins (round 4; blue), followed by PE-conjugated anti-human IgG Fc or AF647-conjugated His-tag-specific antibodies,
respectively. ScFv surface display was confirmed by simultaneous staining with a FITC-conjugated antibody recognizing a C-terminal Myc-tag fused
to the scFv sequences. In each case, yeast cells displaying NKG2D-binding scFv antibodies were enriched by flow cytometric cell sorting, expanded
and subjected to a subsequent screening round. Cross-reactivity of displayed scFv antibodies of the yeast library obtained after the final screening
round 4 was confirmed using hNKG2D-His and mNKG2D-His proteins. (C) Four individual yeast clones displaying species cross-reactive (sc) scFv
antibodies (termed scl, sc2, sc4 and sc7) binding to human and murine NKG2D as confirmed by staining with hNKG2D-His (red) and mNKG2D-His
(blue) proteins were selected from the library screens for subsequent experiments. Yeast cells only incubated with Myc-tag-specific and secondary
antibodies served as controls (gray).
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3.2 Binding of NKG2D-specific scFv
antibodies to NKG2D-CAR engineered
NK cells

To functionally characterize the selected scFv antibodies, we
employed derivatives of the clinically used human NK cell line NK-
92 that were engineered to express NKG2D-based chimeric antigen
receptors, either encompassing the extracellular domain of human or
murine NKG2D, fused to a Myc-tag, a CD8c. hinge region, and
transmembrane and intracellular domains of CD3{ (termed hNKAR

A
— hNKAR (hNKG2D.z) —

I—>

SFFV

hNKG2Ds2-216 |8

— mNKAR (mNKG2D.2) —
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and mNKAR, respectively) (Figure 2A). NK-92 cells expressing the
human NKAR were previously shown to specifically recognize and
kill human tumor cells which endogenously express NKG2D ligands,
but not to target on their own murine cells only harboring murine
NKG2DL (18, 20). To generate the similar mNKAR-NK-92 cells, a
corresponding NKG2D-CD3( sequence employing the extracellular
domain of murine NKG2D (amino acid residues 98-232, with an
unpaired cysteine at position 99 replaced by a serine) was derived.
Upon transduction with the respective lentiviral vector, NK-92 cells
stably expressing the murine NKAR and an iRFP marker gene were
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FIGURE 2

control

NKG2D-CAR expressing NK-92 cells as a model system to analyze NKG2D-binding antibodies. (A) Lentiviral transfer plasmids encoding NKG2D-
based CARs under control of the Spleen Focus Forming Virus promoter (SFFV). hNKAR and mNKAR sequences consist of an immunoglobulin heavy
chain signal peptide (SP), the extracellular domain of either human or murine NKG2D, a flexible (G4S), linker (L), a Myc-tag (M), a CD8a. hinge region,
and transmembrane and intracellular domains of CD3{. hNKAR and mNKAR sequences are followed by an internal ribosome entry site (IRES) and
enhanced green fluorescent protein (EGFP) or near-infrared fluorescent protein (iRFP) cDNA, respectively. (B) Expression of NKG2D-CARs on the
surface of sorted hNKAR-NK-92 and mNKAR-NK-92 cells was analyzed by flow cytometry as indicated using fluorochrome-labeled antibodies
specific for the Myc-tag, human NKG2D or murine NKG2D. Parental NK-92 cells served as control. (C) Binding of scFv antibodies from the yeast
surface display library screens to NKG2D and NKG2D-CAR expressing cells. The selected scFv antibodies scl, sc2, sc4 and sc7 were expressed as
scFv-Fc fusion proteins (sc-Fc; schematically shown on the right), and binding of the recombinant molecules to parental NK-92, hNKAR-NK-92 and
mMNKAR-NK-92 cells was analyzed by flow cytometry as indicated using an anti-human IgG antibody. Cells only stained with secondary antibody

served as controls.

Frontiers in Immunology

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1457887
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pfeifer Serrahima et al.

enriched by flow cytometric cell sorting. Surface expression of
hNKAR and mNKAR by the NK-92 derivatives was confirmed by
staining with antibodies recognizing the Myc-tag contained in both
CAR sequences, or selectively interacting with human or murine
NKG2D (Figure 2B). As expected, hNKAR-NK-92 cells were unable
to lyse murine A20 B-cell lymphoma and EL-4 T-cell lymphoma
cells. Conversely, mNKAR-NK-92 cells effectively killed A20 cells
which express murine NKG2DL, but not mNKG2DL-negative EL-4
cells, confirming functionality of the murine NKAR (see
Supplementary Figure 1).

To analyze binding of the selected scFv antibodies derived from
the immune library, recombinant scFv-Fc fusion proteins of clones
scl, sc2, sc4 and sc7 were generated and tested by flow cytometry
using parental NK-92 cells and the hNKAR- or mNKAR-expressing
derivatives (Figure 2C). Thereby all four antibodies displayed specific
binding to NK-92 cells attributed to the moderate expression of
endogenous NKG2D (18, 20), but markedly enhanced binding to
hNKAR-NK-92 and mNKAR-NK-92 cells. This confirms specific
and species cross-reactive interaction of the selected scFv antibodies
with human and murine NKG2D presented on the surface of
cytotoxic lymphocytes. Furthermore, if immobilized on plastic, the
NKG2D-specific scFv-Fc fusion proteins also triggered degranulation
of hNKAR-NK-92 and mNKAR-NK-92 cells, demonstrating their
ability to activate human and murine NKG2D receptors (see
Supplementary Figure 2).

3.3 Design of bispecific killer cell engagers
recognizing NKG2D and the tumor-
associated antigen ErbB2

Previously, we generated a prototypic bispecific antibody able to
simultaneously interact with human NKG2D and the cellular proto-
oncogene ErbB2 (HER2), which is overexpressed by a subtype of
breast carcinomas and many other cancers of epithelial origin (41).
This molecule, here termed hNKAB-ErbB2, consists of an N-
terminal scFv moiety derived from antibody KYK-2.0 specific for
human NKG2D (42), linked via the hinge, CH2 and CH3 regions of
human IgG4 to a second, ErbB2-specific scFv domain derived from
antibody FRP5 at the C-terminus (schematically shown in
Figure 3A, left) (18, 37). Produced as a disulfide-linked
homodimer, the hNKAB-ErbB2 molecule specifically redirected
human lymphocytes endogenously expressing NKG2D or
engineered with an NKG2D-based CAR to ErbB2-positive target
cells irrespective of NKG2DL expression. Applying the same
protein design, here we generated four similar bispecific killer cell
engagers (termed scNKAB-ErbB2) that employ the selected sc1, sc2,
sc4 and sc7 scFv moieties for NKG2D binding, but retain the IgG4
Fc domain and ErbB2-specific antibody fragment of the original
hNKAB-ErbB2 molecule (Figure 3A, right). As a control protein, we
also designed an mNKAB-ErbB2 molecule (Figure 3A, middle),
which carries the extracellular domain of murine NKG2D ligand
MULT-1 for selective binding to murine NKG2D, followed by
hinge, CH2 and CH3 domains of murine IgGl, and the ErbB2-
specific scFv fragment shared with the other NKAB molecules.

The NKAB antibodies were expressed as secreted proteins in
transiently transfected Expi293F cells and purified from culture
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supernatants by Protein G (hNKAB-ErbB2, scNKAB-ErbB2
proteins) or Protein A (nNKAB-ErbB2) affinity chromatography.
Elution fractions containing high amounts of recombinant proteins
were combined and analyzed by SDS-PAGE under reducing and
non-reducing conditions, followed by Coomassie staining to
confirm integrity and purity of the recombinant proteins
(Figure 3B). Thereby, purified hNKAB-ErbB2, mNKAB-ErbB2
and scNKAB-ErbB2 proteins predominantly consisted of intact
disulfide-linked dimers (Figure 3B, right), which were separated
into monomers under reducing conditions (Figure 3B, left). With a
calculated molecular mass in monomeric form of 74 to 78 kDa,
similar mobility of the NKAB proteins was expected in SDS gels
under reducing conditions. Nevertheless, Coomassie staining
revealed more pronounced differences in the apparent mass of the
scNKAB-ErbB2 molecules, suggestive of different compactness of
their tertiary structures. The murine reference molecule mNKAB-
ErbB2 (calculated mass of the monomer: 74 kDa) even showed a
major band at an apparent molecular mass of >100 kDa, most likely
due to more pronounced N-linked glycosylation compared to the
other NKAB proteins, as suggested by analysis with an N-linked
glycosylation site prediction tool (43).

3.4 Binding of bispecific NKAB molecules
to NKAR-expressing NK cells and ErbB2-
positive tumor cells

Bispecific binding of the scNKAB-ErbB2 molecules was analyzed
by flow cytometry using hNKAR-NK-92 and mNKAR-NK-92 cells,
which as lymphocytes are negative for ErbB2, as well as ErbB2-
overexpressing MDA-MB-453 and ErbB2-negative MDA-MB-468
breast carcinoma cells. hNKAB-ErbB2 and mNKAB-ErbB2 proteins
were included for comparison. The results are shown in Figure 3C.
NK-92 cells expressing the human NKG2D-CAR were strongly
bound by hNKAB-ErbB2 and the four scNKAB-ErbB2 clones, but
with the scNKAB-ErbB2 molecules displaying an approximately two-
fold increase in median fluorescence intensity (MFI) when compared
to the former, and scNKAB-ErbB2(7) showing the strongest binding
(see Supplementary Table 1). As expected, mNKAB-ErbB2 did not
bind to hNKAR-NK-92 cells, but via its MULT-1 ligand domain
strongly interacted with the murine NKG2D-CAR of mNKAR-NK-
92 cells. Due to the moderate endogenous expression of human
NKG2D by NK-92 cells, prototypic hNKAB-ErbB2 also displayed
limited binding to mNKAR-NK-92 cells. In contrast, confirming
specific recognition of the murine NKG2D-CAR seen with the
respective scFv-Fc fusion proteins, the species cross-reactive
scNKAB-ErbB2 molecules interacted more strongly with mNKAR-
NK-92 cells, with scNKAB-ErbB2(7) again displaying the most
pronounced NKG2D interaction of the four clones (see
Supplementary Table 1). scNKAB-ErbB2 molecules as well as
hNKAB-ErbB2 and mNKAB-ErbB2 proteins showed comparable
and very strong binding to ErbB2-positive MDA-MB-453 cells, but
not to ErbB2-negative MDA-MB-468 cells, confirming that the
ErbB2-specific FRP5 antibody domain shared by all NKAB
molecules was functional to the same extent.

To test whether the epitopes of the generated scNKAB-ErbB2
molecules within NKG2D overlap with the binding site of a natural
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FIGURE 3

Generation of bispecific killer cell engagers. (A) Schematic representation of prototypic hNKAB-ErbB2 (left) and species cross-reactive scNKAB-ErbB2
molecules (right) that consist of an N-terminal scFv antibody fragment binding to NKG2D, followed by hinge, CH2 and CH3 domains of human IgG4
(higG4), a (G4S); linker, and an ErbB2-specific C-terminal scFv antibody fragment. mNKAB-ErbB2 (middle) carries the extracellular domain (ECD) of
murine NKG2D ligand MULT-1 at the N-terminus, followed by hinge, CH2 and CH3 domains of murine IgG1 (mIgG1), a (G4S), linker, and an ErbB2-
specific C-terminal scFv antibody fragment. Disulfide bridges facilitating formation of homodimers are indicated by lines.

(B) Analysis of purified NKAB antibodies by SDS-PAGE under reducing (R, left) and non-reducing (NR, right) conditions and Coomassie staining. NKAB
monomers and dimers are indicated by arrowheads. (C) Binding of purified NKAB molecules at a concentration of 12.5 nM to NK-92 cells expressing
human (hNKAR-NK-92) or murine (mMNKAR-NK-92) NKG2D-CARs, and ErbB2-positive MDA-MB-453 and ErbB2-negative MDA-MB-468 breast
carcinoma cells was investigated by flow cytometry as indicated. Unstained cells and cells only incubated with secondary antibody served as controls.

NKG2D ligand, we analyzed binding of 20 nM of recombinant
soluble MICA (sMICA) to its cognate NKG2D and hNKAR
receptors on hNKAR-NK-92 cells in the absence or presence of
increasing concentrations of NKAB proteins ranging from 5 to 20
nM. In the absence of competitor, sMICA readily bound to
hNKAR-NK-92 cells (Figure 4A). This was prevented by addition
of prototypic hNKAB-ErbB2 known to compete with sMICA for
NKG2D binding (18), but not by the mNKAB-ErbB2 control

Frontiers in Immunology

protein unable to interact with human NKG2D (Figure 4B).
Similar to hNKAB-ErbB2, also species cross-reactive scNKAB-
ErbB2(2) and scNKAB-ErbB2(7) molecules markedly inhibited
sMICA binding, while scNKAB-ErbB2(1) did not compete
SMICA, and scNKAB-ErbB2(4) only slightly reduced ligand
binding to hNKAR-NK-92 cells at the highest concentration
applied (Figure 4C), possibly caused by steric hindrance.
Accordingly, the scFv antibody domains from clones sc2 and sc7
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FIGURE 4

Competition of MICA binding by bispecific killer cell engagers. (A) Binding of His-tagged soluble MICA (sMICA) (20 nM) to hNKAR-NK-92 cells in the
absence of NKAB molecules (gray area) was determined by flow cytometry with APC-conjugated anti-His-tag antibody. Control cells were only
stained with secondary antibody (dashed line). (B) Competition of sMICA binding by prototypic hNKAB-ErbB2 was confirmed by incubation of cells
with 20 nM of sMICA in the absence (gray area) or presence of increasing concentrations of hNKAB-ErbB2 (left). mNKAB-ErbB2 which is unable to
interact with human NKG2D was included as negative control (right). (C) The ability of species cross-reactive NKAB antibodies to compete binding of
sMICA to NKAR-NK-92 cells was investigated in similar experiments with purified scNKAB-ErbB2 proteins as indicated.

are competitive binders that can prevent access of soluble MICA,
while scFv domains from clones scl and sc4 apparently bind to
NKG2D regions distinct from the ligand binding site.

3.5 Simultaneous binding of NKAB
molecules to NKG2D-positive primary
lymphocytes and the ErbB2 target antigen

Next, we performed binding assays to test whether the species
cross-reactive sScNKAB-ErbB2 proteins in addition to the artificial
hNKAR and mNKAR receptors on NK-92 cells can also interact
with primary human and murine lymphocytes endogenously
expressing NKG2D in its native form. For human cells, freshly
isolated PBMCs from three healthy donors were incubated with
antibodies specific for CD3, CD56 and CD8 to differentiate between
NK (CD3" CD56"), NKT-like (CD3" CD56%) and CD8-positive T
cells (CD3* CD8" CD56). In addition, cells were either incubated
with an NKG2D-specific antibody to confirm NKG2D surface

Frontiers in Immunology

10

expression, or the different NKAB molecules to analyze their
simultaneous interaction with NKG2D and the target antigen
ErbB2. For this, binding of the NKAB proteins was detected with
a PE-conjugated recombinant ErbB2 protein. As exemplarily shown
for a representative donor in Figure 5A, left panels, gated NK, NKT-
like and CD8" T cell subpopulations were all strongly positive for
NKG2D, with CD8" T cells expressing even more elevated levels of
the receptor than NK and NKT-like cells. Prototypic hNKAB-
ErbB2 protein as well as all tested scNKAB-ErbB2 molecules
readily bound to both, the NKG2D-positive primary lymphocytes
and recombinant ErbB2, while mNKAB-ErbB2 as expected did not
interact with the human cells (Figure 5A, middle). Thereby, in
accordance with their enhanced NKG2D expression, CD8" T cells
were stained more strongly by the bispecific engagers. As indicated
by the respective MFI values, prototypic hNKAB-ErbB2, scNKAB-
ErbB2(2) and scNKAB-ErbB2(7) displayed most efficient binding to
the NKG2D-positive human lymphocytes and recombinant ErbB2,
with less pronounced signals obtained with scNKAB-ErbB2(1) and
scNKAB-ErbB2(4) (Figure 5A, right).
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FIGURE 5

Bispecific binding of NKAB molecules to NKG2D-positive primary lymphocytes and ErbB2. Binding of purified scNKAB-ErbB2 proteins (orange),

hNKAB-ErbB2 (red) and mNKAB-ErbB2 (blue) to gated NK, NKT-like and C

D8* T cell subpopulations of human PBMCs (A), as well as ex vivo

expanded murine NK cells (B) was analyzed by flow cytometry, detecting bound NKAB molecules with recombinant PE-conjugated ErbB2

extracellular domain to confirm simultaneous interaction with NKG2D and
(gray) served as controls. Middle panels show representative histograms of

ErbB2. Cells stained with ErbB2-PE in the absence of an NKAB molecule
cells from one donor and one animal, respectively. Panels on the right

display median fluorescence intensities (MFI). Mean values + SD are shown; n=3 individual donors in (A) and n=2 individual animals in (B). NKG2D

surface expression by human NK, NKT-like and CD8" T cell subpopulation
specific antibodies (left panels).

Binding to murine lymphocytes endogenously expressing
NKG2D was analyzed in similar experiments using ex vivo
expanded murine NK cells obtained from two C57BL/6 mice
(Figure 5B). Also in this case, sScNKAB-ErbB2(2) and scNKAB-
ErbB2(7) displayed the most efficient interaction with the NKG2D-
positive cells and simultaneous binding to the ErbB2 target antigen.
Specific signals obtained with mNKAB-ErbB2, scNKAB-ErbB2(1)
and scNKAB-ErbB2(4) were much less pronounced, while hNKAB-
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s and murine NK cells was confirmed by flow cytometry with NKG2D-

ErbB2 in agreement with its selectivity for human NKG2D showed
no binding to the murine cells.

3.6 NKAB-mediated redirection of primary
lymphocytes to ErbB2-positive tumor cells

To investigate the influence of scNKAB-ErbB2 molecules on the
antitumoral activity of primary human and murine lymphocytes, as
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model systems we first generated by lentiviral transduction and flow
cytometric cell sorting stably ErbB2-expressing derivatives of the
human and murine T lymphoblastic cell lines CEM.NKR and RMA/
neo, which have both been described as largely resistant to the natural
cytotoxicity of human and murine NK cells, respectively (44, 45).
Specific binding of the four scNKAB-ErbB2 engagers and the hNKAB-
ErbB2 and mNKAB-ErbB2 control molecules to the resulting
CEM.NKR/ErbB2 and RMA/neo/ErbB2 cells was confirmed by flow
cytometry, while no binding to the ErbB2-negative parental cell lines
was detected (see Supplementary Figure 3).

NKAB-mediated redirection of human lymphocytes to
CEM.NKR/ErbB2 cells was then analyzed in cytotoxicity assays
with PBMCs from three additional healthy donors, with gated NK,
NKT-like and CD8" T cell subpopulations consistently displaying
high level expression of endogenous NKG2D (see Supplementary
Figure 4). As expected, irrespective of the presence of NKAB-ErbB2
molecules, ErbB2-negative but NK-sensitive K562 erythroleukemia
cells included as a positive control were readily killed by innate
effector cells within the PBMCs (Figure 6A, left). In contrast,
CEM.NKR/ErbB2 cells remained largely unaffected by PBMCs
after 3 hours of co-incubation at an effector to target (E/T) ratio
of 10:1, which was also the case in the presence of 0.64 nM of a scFv-
Fc fusion protein (FRP5-Fc) containing the same ErbB2-specific
scFv fragment and human IgG4 Fc domain as the sc(NKAB-ErbB2
molecules (46), but lacking NKG2D-specific binding (Figure 6A,
right). Conversely, cytolytic activity of the PBMCs against the
ErbB2-positive targets was enhanced by addition of the ErbB2-
specific antibody trastuzumab, which in contrast to FRP5-Fc is of
human IgGl1 isotype and capable of inducing antibody-dependent
cellular cytotoxicity (ADCC) by triggering FcyRIITa (CD16a) on NK
cells. However, most potent and significantly enhanced killing of
CEM.NKR/ErbB2 by the PBMCs was observed in the presence of
0.64 nM of the prototypic hNKAB-ErbB2 protein and the four
species cross-reactive sScNKAB-ErbB2 engagers, while addition of
these molecules had no effect on the low basal activity of PBMCs
against ErbB2-negative CEM.NKR cells (Figure 6A, middle).

The influence of the scNKAB-ErbB2 molecules on cytotoxicity
of primary murine lymphocytes was investigated using splenocytes
from three C57BL/6 mice as effectors. Thereby, all cells of the gated
NK and most cells of the NKT-like subpopulations displayed high
level expression of endogenous NKG2D, while in contrast to human
CD8" T cells, only a small proportion of murine CD8" T cells were
NKG2D-positive (see Supplementary Figure 5). BALB/c-derived
A20 B-cell lymphoma cells included as a positive control were
readily killed by the C57BL/6 splenocytes after 4 hours of co-
incubation at an E/T ratio of 20:1, without the presence of scNKAB-
ErbB2 or mNKAB-ErbB2 engagers further enhancing cytotoxicity
(Figure 6B, left). While ErbB2-negative RMA/neo cells with around
40% of specific lysis proved more sensitive toward the murine
splenocytes than expected, also in this case addition of the scNKAB-
ErbB2 or mNKAB-ErbB2 molecules had no significant effect on cell
killing (Figure 6B, middle). This was different for RMA/neo/ErbB2
cells, which were more potently killed by splenocytes in the
presence of 0.64 nM of the four scNKAB-ErbB2 engagers and
mNKAB-ErbB2, while the FRP5-Fc isotype control molecule had
no effect (Figure 6B, right).
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3.7 Targeted cytotoxicity of NKG2D-CAR
engineered effectors mediated by scNKAB-
ErbB2 engagers

To analyze the antitumoral activity of the scNKAB-ErbB2
molecules in combination with the NKG2D-CAR engineered
effector cell lines hNKAR-NK-92 and mNKAR-NK-92, we
employed human MDA-MB-453 breast cancer cells as targets
which endogenously express different NKG2D ligands, but also
high levels of ErbB2 (18). ErbB2-negative K562 erythroleukemia
and MDA-MB-468 breast carcinoma cells were included as
controls. After co-incubation for 3 hours at an E/T ratio of 5:1,
NK-sensitive K562 cells were lysed effectively by hNKAR-NK-92
and mNKAR-NK-92 cells, which was not affected by the scNKAB-
ErbB2 engagers, hNKAB-ErbB2 or mNKAB-ErbB2 (Figure 7A,
top). While under the chosen conditions around 20% of ErbB2-
positive MDA-MB-453 cells were already killed by hNKAR-NK-92
cells in the absence of NKAB antibodies, specific lysis was markedly
enhanced to more than 50% by addition of 0.64 nM of each of the
scNKAB-ErbB2 molecules (Figure 7A, middle). Also the prototypic
hNKAB-ErbB2 molecule but not mNKAB-ErbB2 significantly
increased cytotoxicity of NK-92 cells expressing the human
NKG2D-CAR. In the case of mNKAR-NK-92 cells, the scNKAB-
ErbB2 engagers were most potent in enhancing targeted
cytotoxicity against MDA-MB-453 cells, with specific lysis even
more pronounced than when combined with hNKAR-NK-92 cells.
Likewise, mNKAB-ErbB2 significantly triggered the murine
NKG2D-CAR against the ErbB2-positive target cells. Also
moderate but statistically significant activity of hNKAB-ErbB2
was detected, which cannot engage the mNKAR, but the
endogenous human NKG2D of mNKAR-NK-92 cells. In the case
of MDA-MB-468 breast carcinoma cells which are negative for
ErbB2, basal cytotoxic activity of hNKAR-NK-92 and mNKAR-
NK-92 cells was not affected by any of the ErbB2-specific NKAB
molecules (Figure 7A, bottom).

For hNKAB-ErbB2, concentrations between 0.16 and 0.64 nM
were previously established as optimal to trigger effective
cytotoxicity of NKG2D-positive primary lymphocytes and
hNKAR-NK-92 cells. Concentrations lower than that were
insufficient to fully activate the effector cells, and higher engager
concentrations led to competition of productive interactions with
the target receptors by free protein, both resulting in gradually
reduced cytotoxicity (18). To test whether this is also the case for the
newly developed scNKAB-ErbB2 molecules, in the next set of
experiments hNKAR-NK-92 and mNKAR-NK-92 cells were co-
incubated with ErbB2-positive MDA-MB-453 target cells at an E/T
ratio of 2:1 in the presence of increasing concentrations of the
different engagers, ranging from 0.006 to 16 nM (Figure 7B). Under
these conditions, prototypic hNKAB-ErbB2 was most active at a
concentration of 0.16 nM in reducing the number of viable target
cells by hNKAR-NK-92, and triggered by endogenous human
NKG2D, by mNKAR-NK-92 cells. The mNKAB-ErbB2 control
protein had most pronounced activity in combination with
mNKAR-NK-92 cells at concentrations of 0.16 and 0.64 nM, but
confirming the results described above, was inactive in combination
with hNKAR-NK-92 cells. The four scNKAB-ErbB2 engagers again

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1457887
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Pfeifer Serrahima et al.

A | Human PBMC

K562
(NK sensitive; ErbB2")

10.3389/fimmu.2024.1457887

CEM.NKR
(NK resistant; ErbB2)

CEM.NKR/ErbB2
(NK resistant; ErbB2*)

100 60 %
S o 50 ¥ *ow
o
3 6011 o ol [o] [°] |o 40 o
%' 1.2 4 7 30 5] [o
% 40 20 ol [°] |o
2 2 1| 2| 4] |7 %é%é@ 10%" 1| [2| 4] |7
[72]
1 wlo antibody [ Trastuzumab @@ FRP5-Fc (IgG4) mm hNKAB-ErbB2 1 scNKAB-ErbB2
B |Mousesplenocytes|
A20 RMA/neo RMA/neo/ErbB2
(NK sensitive; ErbB2") (NK resistant; ErbB27) (NK resistant; ErbB2*)
100 80 80
a\’80 60 60 * * *% *% *%
(2]
‘» 60
= 401 1’5 o S 401 [o
L w0
8 2 12| |4] [7| 2 1| |2| (4] f7| 2 12| |4] |7
»n
0 e 0L AL L 0 e SR

[ wlo antibody @ FRP5-Fc (IgG4) mm mNKAB-ErbB2 =1 scNKAB-ErbB2

FIGURE 6

NKAB-mediated redirection of primary human and murine lymphocytes endogenously expressing NKG2D to ErbB2-expressing tumor cells. (A)
Cytotoxicity of human PBMCs in the absence or presence of 0.64 nM of the indicated ErbB2-specific NKAB molecules against human K562
erythroleukemia, and CEM.NKR or CEM.NKR/ErbB2 T lymphoblastic cells was determined after 3 hours of co-incubation at an E/T ratio of 10:1.
Samples kept in the absence of an antibody or incubated with 0.64 nM of trastuzumab or an ErbB2-specific scFv fusion protein containing a human
IgG4 Fc domain (FRP5-Fc) were included as controls. (B) Cytotoxicity of murine splenocytes in the absence or presence of 0.64 nM of the indicated
ErbB2-specific NKAB molecules against murine A20 B-cell lymphoma, and RMA/neo or RMA/neo/ErbB2 T lymphobilastic cells was determined after
4 hours of co-incubation at an E/T ratio of 20:1. Samples kept in the absence of an antibody or incubated with 0.64 nM of FRP5-Fc (IgG4) were
included as controls. Mean values + SD are shown; n=3 independent donors or animals. **, p < 0.01; *, p < 0.05. Statistical significance is indicated

for differences in comparison to samples without antibody.

showed much more pronounced activity in combination with
hNKAR-NK-92 and mNKAR-NK-92 cells than hNKAB-ErbB2
and mNKAB-ErbB2, with 0.16 and 0.64 nM identified as optimal
antibody concentrations. Importantly, even under suboptimal
conditions, the species cross-reactive molecules retained higher
activity than hNKAB-ErbB2 and mNKAB-ErbB2 at their optimal
concentrations, suggesting more stable and productive
immunological synapse formation over a wide range of scNKAB-
ErbB2 concentrations.

4 Discussion

The activating receptor NKG2D and its ligands represent an
important system to sense cellular stress upon malignant
transformation or infection by pathogens, and enable innate
lymphocytes and subsets of T cells to selectively and efficiently
eliminate the affected target cells (8, 9). Different approaches have
been developed to employ this mechanism for cancer
immunotherapy, which include boosting NKG2DL-induced
activation of effector lymphocytes with NKG2D-based CARs,
pharmacological enhancement of NKG2DL expression on cancer
cells, preventing proteolytic ligand shedding, and designing BiKE
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molecules that redirect cytotoxic effectors to tumor cells independent
from NKG2DL recognition (2, 7, 12, 47, 48). In our study, we
generated four novel bispecific killer cell engagers that displayed
cross-reactive binding to human and murine NKG2D receptors, and
selectively and efficiently redirected NKG2D-positive primary human
and murine lymphocytes as well as NK cells engineered with human
or murine NKG2D-CARs to cancer cells expressing the clinically
highly relevant tumor-associated antigen ErbB2 (HER2).

Formation of species cross-reactive NKG2D antibodies was
induced by consecutive immunization of a chicken with
recombinant human and murine NKG2D proteins, and the most
effective binders were then selected by screening of a scFv antibody
yeast surface display library using decreasing concentrations of the
human and murine antigens (33-35, 40). Binding and
degranulation experiments with recombinant scFv-Fc fusion
proteins and NK-92 cells expressing NKG2D-CARs derived from
human (hNKAR) or murine NKG2D (mNKAR) confirmed
specificity of the selected antibody clones scl, sc2, sc4 and sc7,
and demonstrated their ability to activate both, human and murine
NKG2D receptors (see Supplementary Figure 2). Following the
validated design of an ErbB2-specific NKG2D engager that
exclusively interacts with human NKG2D (here termed hNKAB-
ErbB2) (18, 42), we generated four similar scNKAB-ErbB2
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FIGURE 7

Redirection of NKG2D-CAR engineered NK-92 cells by ErbB2-targeted NKAB molecules. (A) NKAB-independent natural cytotoxicity of hNKAR-NK-92
(left panels) and mMNKAR-NK-92 cells (right panels) against NK-sensitive K562 erythroleukemia cells (top) and NKAB-mediated killing of ErbB2-positive
MDA-MB-453 breast carcinoma cells (middle) in the absence or presence of 0.64 nM of the indicated NKAB-ErbB2 molecules was determined after 3
hours of co-incubation at an E/T ratio of 5:1. ErbB2-negative MDA-MB-468 breast carcinoma cells (bottom) were included as control. Mean values + SD
are shown; n=3 independent experiments. **** p < 0.0001; *** p < 0.001; **, p < 0.01; *, p < 0.05. (B) Cytotoxic activity of hNKAR-NK-92 (top) or
mMNKAR-NK-92 cells (bottom) against MDA-MB-453 cells in the presence of increasing concentrations of the indicated NKAB-ErbB2 molecules was
determined after 3 hours of co-incubation at an E/T ratio of 2:1. Data points represent mean values of the percentage of viable tumor cells normalized
to values obtained after co-incubation of effector and target cells in the absence of NKAB antibodies. n=3 independent experiments

molecules which all carry an N-terminal NKG2D-binding domain,
connected by a human IgG Fc region to the ErbB2-binding domain
at the C-terminus. While NKAB molecules based on the structure of
ADCC-inducing IgG1 are functional (18), here we chose IgG4 to
limit simultaneous interaction with CD16a and to clearly attribute
the observed effects to NKG2D engagement (49). Facilitated by
disulfide bridges within the IgG hinge region, the scNKAB-ErbB2
molecules were expressed as tetravalent homodimers, which readily
interacted with hNKAR-NK-92 and mNKAR-NK-92 cells as well as
ErbB2-expressing breast carcinoma cells. Thereby, all four
scNKAB-ErbB2 molecules bound more effectively to the human
NKG2D receptor than the prototypic hNKAB-ErbB2 molecule,
with scNKAB-ErbB2(7) displaying the strongest interaction (see
Supplementary Table 1).

In competition assays with an excess of soluble MICA,
scNKAB-ErbB2(2) and scNKAB-ErbB2(7) proteins effectively
prevented binding of the natural ligand to NKG2D, while
scNKAB-ErbB2(1) and scNKAB-ErbB2(4) did not compete with
sMICA. This is indicative of the epitopes of the latter being distinct
from the ligand binding site. Although we only investigated
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blockade of MICA, this likely extends to other human NKG2DL,
which share a similar binding surface on NKG2D (50, 51).
Interestingly, when simultaneous interaction with NKG2D-
expressing PBMC subpopulations and the ErbB2 target antigen
was investigated by detecting bound NKAB molecules with
recombinant ErbB2, prototypic hNKAB-ErbB2 as well as
scNKAB-ErbB2(2) and scNKAB-ErbB2(7), which all compete
with MICA, resulted in stronger signals. Likewise, scNKAB-ErbB2
(2) and scNKAB-ErbB2(7) displayed more pronounced bispecific
binding to NKG2D-positive murine NK cells and recombinant
ErbB2. Since this differential binding did not affect lymphocyte
activation in cytotoxicity assays with tumor cells, it may reflect
different accessibility of the ErbB2-specific scFv domain of NKG2D-
bound NKAB molecules for soluble ErbB2 monomers, without
obvious impact on the higher avidity interactions of the
homodimeric NKAB molecules with naturally expressed ErbB2
that is anchored in the target cell membrane.

Proteolytic shedding of NKG2D ligands has been described as a
mechanism of tumor cells to evade NKG2D-mediated immune
surveillance, with the released soluble NKG2DL not only reducing
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ligand density on the target cell surface, but also impairing immune
responses by blockade and downregulation of NKG2D on cytolytic
effector cells (13, 14). While non-competing BiKE molecules similar
to scNKAB-ErbB2(1) and scNKAB-ErbB2(4) were shown to remain
functional in the presence of NKG2D ligands (17), the same was
demonstrated for MICA-competing prototypic hNKAB-ErbB2
(18). Enhanced by avidity effects of the bivalent NKG2D binder,
hNKAB-ErbB2 prevented occupation of NKG2D by soluble MICA
even at high concentrations, and restored NKG2D-dependent
effector cell activity (18). This could also be expected for the
NKG2DL-competing molecules scNKAB-ErbB2(2) and scNKAB-
ErbB2(7). Indeed, despite quantitative differences in their binding
to NKG2D (see Supplementary Table 1), ligand-competing and
non-competing scNKAB-ErbB2 molecules were equally effective in
redirecting primary lymphocytes and NKG2D-CAR expressing NK
cells to ErbB2-positive tumor targets.

With a structure and molecular mass similar to an intact IgG
antibody, Fc-containing scNKAB-ErbB2 molecules are expected to
have a longer serum half-life than small tandem scFv-scFv fusions
like blinatumomab, which requires continuous infusion in patients to
achieve relevant concentrations in the blood (52). Furthermore,
bivalent binding of the homodimeric NKAB proteins to both of
their targets, ErbB2 and NKG2D, is likely important for formation of
a more stable immunological synapse and effective tumor cell killing,
as indicated by data from our previous study with prototypic
hNKAB-ErbB2. When dimer formation of hNKAB-ErbB2 was
prevented by removal of disulfide bridges within the antibody
hinge region, the resulting monomer was less efficient in triggering
activation of NKG2D-CAR expressing NK cells against ErbB2-
positive cancer cells (18). Likewise, in the case of nanobody-based
bispecific NKG2DxErbB2 antibodies, bivalent binders displayed a 20-
to 60-fold increase in affinity when compared to their monovalent
counterparts (17). When tested at a fixed protein concentration of
0.64 nM in combination with primary human and murine
lymphocytes as effectors, the species cross-reactive scNKAB-ErbB2
molecules showed similar antitumoral activity as hNKAB-ErbB2 and
mNKAB-ErbB2, respectively. Nevertheless, more detailed analysis
with hNKAR-NK-92 and mNKAR-NK-92 cells carrying CARs based
on human and murine NKG2D, despite a similar optimum at 0.16 to
0.64 nM, revealed marked scNKAB-ErbB2 activity over a broader
concentration range than hNKAB-ErbB2 and mNKAB-ErbB2. In
particular scNKAB-ErbB2(1) and scNKAB-ErbB2(4) showed less
pronounced reduction of effector cell activity at higher NKAB
concentrations due to competition with free protein, suggesting
more stable cell-cell contacts mediated by these molecules.

To the best of our knowledge, this is the first report on bispecific
killer cell engagers that recruit both, human and murine
lymphocytes. We devised a strategy for immunization and
screening, which despite differences in the amino acid sequences
of the human and murine antigens, facilitated the generation of
species cross-reactive NKG2D binders. Similar to studies with
antibodies that target immune checkpoint molecules like PD-1,
CTLA-4 and TIGIT (53-55), this could aid further preclinical
development of the bispecific killer cell engagers by allowing
testing in immunocompetent mouse tumor models. Thereby,
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investigating their interaction with endogenous immune cells in
vivo as done here with isolated murine splenocytes ex vivo, and
evaluating potential adverse effects may provide insights not
possible in more artificial tumor xenograft models in
immunodeficient mice. The ErbB2-specific FRP5 antibody
domain used in our study does not react with the murine ErbB2
homolog (56). Nevertheless, the high degree of sequence identity
between the human and murine antigens still allows the evaluation
of ErbB2-targeted immunotherapies with murine tumor cells
modified to express human ErbB2 in immunocompetent BALB/c
and C57BL/6 mouse models (18, 57). Our data demonstrate
enhanced functionality of the newly generated scNKAB-ErbB2
engagers compared to the previously described species-restricted
hNKAB-ErbB2 molecule. Thereby, the bispecific scNKAB
antibodies proved eftective in specifically redirecting the cytotoxic
activity of primary lymphocytes as well as NKG2D-CAR engineered
NK cells to ErbB2-positive cancer targets. Due to their modular
design, these molecules could easily be adapted to interact with
CD16a in addition to NKG2D and to target other tumor-associated
surface antigens by exchanging their respective Fc and scFv
domains (18, 20). At present, the generated NKG2D-binding
moieties are still of avian origin. Hence, an important next step
for further development will be the humanization of their sequences
following established procedures (58).
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