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Abstract: Natural killer group 2 member D (NKG2D) plays
an important role in the regulation of natural killer (NK) cell
cytotoxicity in cancer immune surveillance. With the aim of
redirecting NK cell cytotoxicity against tumors, the NKG2D
ligand UL-16 binding protein 2 (ULBP2) was fused to a
single-chain fragment variable (scFv) targeting the human
epidermal growth factor receptor 2 (HER2). The resulting
bispecific immunoligand ULBP2:HER2-scFv triggered NK
cell-mediated killing of HER2-positive breast cancer cells in
an antigen-dependent manner and required concomitant
interaction with NKG2D and HER2 as revealed in antigen
blocking experiments. The immunoligand induced tumor

cell lysis dose-dependently and was effective at nanomolar
concentrations. Of note, ULBP2:HER2-scFv sensitized tumor
cells for antibody-dependent cell-mediated cytotoxicity
(ADCC). Inparticular, the immunoligandenhancedADCCby
cetuximab, a therapeutic antibody targeting the epidermal
growth factor receptor (EGFR) synergistically. No significant
improvements were obtained by combining cetuximab and
anti-HER2 antibody trastuzumab. In conclusion, dual-dual
targeting by combining IgG1 antibodies with antibody con-
structs targeting another tumor associated antigen and
engaging NKG2D as a second NK cell trigger molecule may
be promising. Thus, the immunoligand ULBP2:HER2-scFv
may represent an attractive biological molecule to promote
NK cell cytotoxicity against tumors and to boost ADCC.

Keywords:ADCC; antibody therapy; EGFR; HER2; NK cells;
NKG2D.

Introduction

Exploiting natural killer (NK) cells is a promising approach
in cancer immunotherapy. These innate immune cells exert
key functions in the host defense against cancer and play
an important role in antibody therapy of tumors (Guillerey
et al. 2016; Molgora et al. 2021; Scott et al. 2012; Vivier et al.
2011). NK cells are able to distinguish between malignant
and normal cells, exhibit spontaneous cytotoxic functions
against tumor cells of different entities and are able to
eliminate cancer cells by antibody-dependent cell-mediated
cytotoxicity (ADCC). In addition, they shape both innate and
adaptive immune responses by secretion of a variety of
immunoregulatory cytokines (Vivier et al. 2011).

NK cell effector functions are regulated tightly by sets
of activating and inhibitory cell surface receptors, which
govern NK cell activation, cytotoxicity and cytokine release
(Long et al. 2013). In particular, the stimulatory receptor
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natural killer group 2 member D (NKG2D, CD314) plays
a pivotal role (Houchins et al. 1991; Lanier 2015; Wu
et al. 1999). NKG2D, which also is expressed by CD8-
positive T cells, γδ T cells, NK T cells and subsets of
CD4-positive T cells, recognizes multiple cellular ligands,
which include major histocompatibility complex (MHC)
class I polypeptide-related sequence A (MICA), MHC class I
polypeptide-related sequence B (MICB) as well as UL-16
binding proteins (ULBP) 1–6 in humans (Bauer et al. 1999;
Cosman et al. 2001; Lanier 2015). NKG2D ligands function
as danger signal molecules that are rarely expressed by
healthy tissues but are found frequently onmalignant cells
from different cancer types. Thus, recognition of NKG2D
ligands enables NK cells and other cytotoxic lymphocytes
to discriminate between normal and abnormal cells (Pende
et al. 2002). The important roles for NKG2D in immuno-
surveillance of cancer has been supported in various mu-
rine tumor models (Lanier 2015). Impressively, in humans,
a key function for NKG2D in tumor immune surveillance
was suggested by the observation that risk of cancer
development depended on haplotypes of the polymorphic
NKG2D encoding gene killer cell lectin-like receptor sub-
family K, member 1 (Hayashi et al. 2006). Beside their
functions in immune surveillance, NK cells represent an
important effector cell population for therapeutic anti-
bodies in the treatment of cancer. Thus the majority of
peripheral blood NK cells expresses the activating low af-
finity IgG fragment crystallizable (Fc) receptor III A
(FcγRIIIA) and are able to kill antibody-coated target cells
by ADCC, a major effector function of therapeutic tumor
targeting antibodies (Guillerey et al. 2016; Kellner et al.
2017; Perussia et al. 1983; Ravetch and Perussia 1989;
Vivier et al. 2011). A relevant contribution of NK cells in
antibody therapy in patients has been suggested by clinical
observations, which have indicated that FcγRIIIA engage-
ment is crucial for different therapeutic antibodies (Bibeau
et al. 2009; Cartron et al. 2002; Musolino et al. 2008; Weng
and Levy 2003). More directly, a role of NK cells has been
revealed by a positive correlation between therapeutic re-
sponses to anti-disialoganglioside 2 antibody therapy and
the presence of unlicensedNKcells lacking inhibitory killer
cell immunoglobulin-like receptors (KIR) reactive to self-
human leukocyte antigen (HLA) molecules in neuroblas-
toma patients (Tarek et al. 2012).

Regarding the important functions of NK cells, pro-
moting their engagement may represent a promising
strategy to further enhance the efficacy of antibody therapy
of cancer. Interestingly, expression of NKG2D ligands was
found to sensitize tumor cells for NK cell-mediated ADCC,
suggesting that co-engagement of this receptor with
agonistic antibodies may enhance tumor cell elimination.

In previous approaches to activate NKG2D in an antigen
dependent manner, bispecific antibodies and immunoli-
gands have been generated (Chan et al. 2018; Rothe et al.
2014). For effector cell recruitment, bispecific antibodies
combine antibody-derived binding sites for two different
antigens in one single molecule, one for target cell recog-
nition and one for effector cell recruitment and activation
(Brinkmann and Kontermann 2017). Most advanced is the
marketed bispecific antibody blinatumomab, a bispecific
T cell engager, which consists of two single chain frag-
ments variable (scFv) that bind CD19 on malignant B cells
and the T cell trigger molecule CD3, respectively (Bargou
et al. 2008). Recombinant immunoligands typically also
use a scFv for target cell binding but contain a ligand for an
activating or co-stimulatory surface receptor for effector
cell engagement, which substitutes the second antibody
derived binding site found in the prototypic bispecific
antibody format (Vyas et al. 2014). Similar to bispecific
antibodies, recombinant immunoligands are able to cross-
link tumor target antigens and trigger receptors on effector
cells, and thereby promote cell-mediated cytotoxicity. For
NKG2D engagement, bispecific immunoligands have been
designed by fusing various tumor cell-directed scFv to
UL-16 binding protein 2 (ULBP2) or MICA (Kellner et al.
2012a; Stamova et al. 2011; von Strandmann et al. 2006). In
particular, fusion proteins consisting of a CD20 scFv and
the NKG2D ligand ULBP2 triggered NK cells to kill lym-
phoma cells and enhanced ADCC by therapeutic CD20 or
CD38 antibodies (Kellner et al. 2012a, 2016). Most recently,
therapeutic efficacy of a bispecific antibody targeting CS1
and NKG2D has been shown in xenograft models of mul-
tiple myeloma (Chan et al. 2018).

Here, for enhanced NK cell activation, the NKG2D
ligand ULBP2 was fused to a scFv targeting the human
epidermal growth factor receptor 2 (HER2), a proto-
oncogene product and validated target antigen that is
expressed on a variety of solid tumors, and the cytotoxic
profile of this novel bifunctional immunoligand was ana-
lysed either alone or in combination with therapeutic IgG1
antibodies.

Materials and methods

Cell lines

The human breast adenocarcinoma cell lines SK-BR-3 and MDA-MB-
361 (American Type Culture Collection) were cultured in McCoy’s 5a
medium (Thermo Fisher Scientific) supplemented with 20% heat
inactivated fetal calf serum (FCS; Thermo Fisher Scientific), 100 units/
mL penicillin (Thermo Fisher Scientific) and 100 μg/mL streptomycin
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(Thermo Fisher Scientific) and in Dulbecco’s Modified Eagle’s Medium
(DMEM, Thermo Fisher Scientific) containing 20% FCS, 100 units/mL
penicillin and 100 μg/mL streptomycin, respectively. Ramos cells
(German Collection of Microorganisms and Cell cultures, DSMZ;
Braunschweig, Germany) were maintained in RPMI 1640 medium
containing 10% FCS, 100 units/mL penicillin and 100 μg/mL strep-
tomycin. Lenti-X 293T cells (Takara Bio Europe/Clontech) were kept in
DMEM supplemented with 10% FCS, 100 units/mL penicillin and
100 μg/mL streptomycin.

Immunoligands, antibodies and fusion proteins

An expression vector for the immunoligand ULBP2:HER2-scFv was
constructed by cloning the DNA sequences encoding either the anti-
HER2 scFv derived from antibody humAb4D5-8 (Carter et al. 1992;
Glorius et al. 2013) into vector pSecTag2/ULBP2:7D8-myc-his using SfiI
restriction sites (Kellner et al. 2012a). The construct for expression of
the control immunoligand was generated by replacing the sequence
for the anti-HER2 scFv by those encoding a CD37 scFv (Grosmaire et al.
2007) . For expression, vectors were transfected into Lenti-X 293T cells
by calcium-phosphate transfection and purified by affinity chroma-
tography using nickel-nitrilotriacetic acid (Ni-NTA) agarose beads
(Qiagen) according to published procedures (Kellner et al. 2012b).
Concentrations of purified immunoligands were determined by
quantitative capillary electrophoresis using Experion™ Pro260 tech-
nology (BioRad) according the manufacturer’s instructions or esti-
mated against a standard curve of bovine serum albumin.

Therapeutic antibodies trastuzumab, rituximab (both fromRoche
Pharma AG) and cetuximab (Merck) were purchased. NKG2D-Fc and
NKp30-Fc, consisting of the extracellular domains of NKG2D and
NKp30, respectively, and the human IgG1 Fc domain, were expressed
and purified as described previously (Kellner et al. 2012a,b). The anti-
HER2 tribody – a fusion protein between two anti-HER2 scFv and a
CD89 Fab fragment (unpublished) – and a control tribody, in which
the two anti-HER2 scFv were replaced by two anti-EGFR scFv (un-
published) were produced as described for other tribody molecules
previously (Glorius et al. 2013). The murine IgG1 anti-NKG2D antibody
(clone 149810) and the corresponding isotype control were obtained
from R&D Systems.

SDS-PAGE, western blotting and gel filtration
chromatography

SDS-PAGE and Western transfer experiments were performed by
standard procedures (Kellner et al. 2012b). ULBP2:HER2-scFv was
detected with mouse anti-penta-His (Qiagen) and secondary horse
radish peroxidase-conjugated goat anti-mouse IgG antibodies
(Dianova). Gel filtration chromatography was performed on an ÄKTA
purifier (GE Healthcare) using Superdex 200 10/300 GL column (GE
Healthcare) as described (Peipp et al. 2015). Data were analyzed with
Unicorn 5.1 software (GE Healthcare).

Deglycosylation of the immunoligands

Immunoligands were deglycosylated under denaturing reaction con-
ditions using Protein Deglycosylation Mix (New England Bio Labs)
containing the enzymes O-glycosidase, PNGase F, neuraminidase,

β1-4 galactosidase and β-N-acetylglucosaminidase according to the
manufacturer’s instructions. For Western blotting, 1.5 µg of proteins
were loaded onto a gel.

Homology modeling

Homology models for the HER2-specific scFv derived from antibody
humAb4D5-8 and ULBP2 were calculated using YASARA Structure soft-
ware (YASARA Biosciences). Secretion leader sequences and tags were
not included. Structures for whole molecules were then generated by
introducing linker sequences and fusing the best-fittingmodels obtained
for the single subunits. Ribbon drawingswere generated usingDiscovery
Studio 2.0 Visualize software (Accelrys Inc.).

Flow cytometry

Flow cytometry was performed on a Navios flow cytometer (Beckman
Coulter) as described previously (Kellner et al. 2012b). To analyze
specific binding, ULBP2:HER2-scFv or the control immunoligandwere
employed at a concentration of 50 μg/mL. AnAlexa Fluor 488-coupled
anti-pentaHis secondary antibody (Qiagen) was used for detection. To
analyze simultaneous antigen binding abilities, SK-BR-3 cells were
incubatedwith the immunoligands at 50 μg/mL and then reacted with
NKG2D-Fc (100 μg/mL), which was subsequently detected with poly-
clonal FITC-coupled anti-human IgG F(ab′)2 fragments (Beckman
Coulter). Cell surface ULBP2 was analyzed with a PE-conjugated anti-
ULBP-2/5/6 (clone 165903; R&D Systems) antibody. A recommended
corresponding isotype antibody was used as a control.

Preparation of MNC and isolation of NK cells

Experiments were approved by the Ethics Committee of the Christian-
Albrechts-University (Kiel, Germany) in accordance with the Decla-
ration of Helsinki. Bloodwas drawn after receiving the donors’written
informed consent. MNC were prepared from peripheral blood or
leukocyte reduction system chambers according to published pro-
cedures (Repp et al. 2011). NK cellswere purified fromMNCby negative
selection usingMACS technology andNK cell isolation kit (Miltenyi) in
accordance with the manufacturer’s protocol. Purified NK cells were
cultured over-night at a density of 2 × 106 cells/mL in RPMI 1640
Glutamax-I medium supplemented with 10% FCS, 100 units/mL
penicillin and 100 μg/mL streptomycin.

Cytotoxicity assay

Cytotoxicity was analyzed in standard 3 h 51Cr release experiments
performed in 96-well microtiter plates in a total volume of 200 µL as
described previously (Repp et al. 2011). Human MNC or NK cells were
used as effector cells at the indicated effector-to-target (E:T) cell ratios.
All experimentswere repeatedwith effector cells frommultiple donors
and performed in triplicate determinations.

Real-time cell analysis

Areal-timecell analyzer (xCELLigence,ACEA)wasapplied tomonitor the
activity of antibody constructs over time as described (Kute et al. 2009;
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Oberg et al. 2014; Seidel et al. 2014). Briefly, 50 µL mediumwas added
to 96-well micro-E-plates to equilibrate the system. Thereafter, 5000
adherent SK-BR-3 cells in 50 µL were added per well. Electronic sen-
sors located at the bottom of the plates monitored the cell impedance.
After reaching the linear growth time phase, both MNC (E:T cell ratio:
50:1) and antibody constructs were applied, and the final volume was
adjusted to 200 µL. As controls, cells were incubated in the absence of
MNC and antibody constructs or treated with Triton X-100 for deter-
mination of basal impedance (max). Employing xCELLigence tech-
nology electric impedance was determined as cell index values and
monitored every 5 min. MNC from different donors were analyzed in
triplicate determinations for all treatment groups.

Data processing and statistical analysis

Graphical and statistical analyses were performed with GraphPad
Prism 5.0 software. P-values were calculated employing two-tailed
student’s t-test or repeatedmeasures ANOVA and the Bonferroni post-
test when appropriate. P < 0.05 was regarded as statistically signifi-
cant. Combination index (CI) values were calculated with CalcuSyn
software (Biosoft Ferguson,USA) according to themethodof Chouand
Talalay (Chou and Talalay 1984) using the formula CIx = DA/DxA + DB/
DxB, where DxA and DxB indicate doses of drug A and drug B alone
producing x%effect, and DA and DB indicate doses of drugs A and B in
combination producing the same effect.

Results

Generation of ULBP2:HER2-scFv and binding
abilities

For targeted NKG2D activation, the NKG2D ligand ULBP2was
genetically fused to a HER2-specific scFv derived from
the humanized HER2-specific antibody trastuzumab (Carter
et al. 1992). The recombinant immunoligand, designated
ULBP2:HER2-scFv (Figure 1A, B) was expressed in eukaryotic
cells and purified from cell culture supernatants by affinity
chromatography. The fusion protein was detected in elution
fractions by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western-Blot experiments
(Figure 1C, D). Enzymatic deglycosylation and subsequent
Western blot analysis suggested that the protein was weakly
glycosylated (Figure 1D). Size exclusion chromatography
revealed homogeneity of the protein preparations (Figure 1E).

The purified immunoligand bound to HER2-positive
SK-BR-3 breast cancer cells (Figure 2A) but did not react
with HER2-negative Raji lymphoma cells (data not shown).
However, direct binding to NK cells could not be detected
by flow cytometry (data not shown), probably because the
monovalent immunoligand ULBP2:HER2-scFv had low af-
finity for NKG2D, in agreement with previous results ob-
tained with other immunoligands (Kellner et al. 2012a,b).
Therefore, to verify specific interaction with NKG2D,

Figure 1: Design and purification of ULBP2:HER2-scFv.
(A) For construction, the sequence encoding amino acids 1–210 of
ULBP2, which span the secretion leader (S) and MHC class I-like α 1
and2 domains (UniProtKB–Q9BZM5),were fused to sequences for a
humanized anti-HER2 scFv derived from the antibody trastuzumab
(CMV, cytomegalovirus immediate early promotor; L, linker
sequences; VL, VH, variable regions of immunoglobulin light and
heavy chains; M, H, sequences encoding a hexa histidine and a
c-myc tag, respectively). (B) A ribbon drawing of ULBP2:HER2-scFv
was obtained according to a homologymodel. ULBP2 α 1–2 domains
are colored in dark and light green, respectively. VH and VL regions
are depicted in red and orange, respectively. Yellow stained
domains indicate antibody complementarity determining regions.
(C) Integrity of purified ULBP2:HER2-scFv expressed by Lenti-X
293T cells was analyzed by SDS-PAGE under reducing conditions
and staining with Coomassie Brilliant Blue (E1, E2, consecutive
elution fractions 1 and 2, respectively). (D) PurifiedULBP2:HER2-scFv
was left untreated (lane 1), subjected to enzymatic deglycosylation
(lane 2) or incubated with deglycosylation buffer only (lane 3) and
analyzed by western blot experiments under reducing conditions
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SK-BR-3 cells first were pre-incubated with the immunoli-
gand, and then incubated with a fusion protein consisting
of the extracellular domain of NKG2D and the human IgG1
Fc domain (NKG2D-Fc; Figure 2B). As a result, NKG2D-Fc
strongly reacted with ULBP2:HER2-scFv bound by SK-BR-
3 cells, whereas no fluorescence signals were obtainedwith a
similar constructed Fc fusion protein containing the extra-
cellular domain of NKp30. Moreover, pre-incubation of
SK-BR-3 cells with a similarly constructed control immuno-
ligand also containing ULBP2 but a scFv specific for CD37,
which is not expressed by SK-BR-3 cells, did not result in
fluorescence signals (Figure 2B). Thus, soluble bivalent
NKG2D was bound by ULBP2:HER2-scFv, which notably was
able to bind HER2 and NKG2D simultaneously. Finally,
expression analysis of endogenous ligands revealed that

ULBP2 was expressed by the breast cancer derived cell lines
SK-BR-3 and MDA-MB-361, but surface levels of the ULBP2
were significantly augmented by pre-incubation of tumor
cells with ULBP2:HER2-scFv (Figure 2C).

ULBP2:HER2-scFv induces NK cell
cytotoxicity

To analyze whether ULBP2:HER2-scFv was able to trigger
NK cell cytotoxicity 51Cr release experiments were per-
formed (Figure 3A). In the presence of humanmononuclear
cells (MNC) as a source of NK cells, ULBP2:HER2-scFv
mediated killing of SK-BR-3 cells. In contrast, no killing of
tumor cells by ULBP2:HER2-scFv was observed in the
absence of effector cells, indicating that effector cell-
mediated cytotoxicity was the underlying killing mecha-
nism (Figure 3A). The antigen specific induction of target
cell lysis was further confirmed in blocking experiments
(Figure 3B). Thus, induction of tumor cell lysis was
inhibited significantly when either NKG2D was blocked

using an anti-penta histidine antibody. (E) PurifiedULBP2:HER2-scFv
was subjected to size exclusion chromatography to remove any
remaining contaminants or higher molecular mass aggregates
(black dashed graph). Corresponding fractions were collected,
combined and re-analyzed (red graph).

Figure 2: Binding abilities of ULBP2:HER2-scFv.
(A) Binding of ULBP2:HER2-scFv to HER2-positive SK-BR-3 cells was analyzed employing secondary anti-penta-histidine antibodies. (B) To
demonstrate NKG2D reactivity and simultaneous antigen binding, SK-BR-3 cells were first incubated with ULBP2:HER2-scFv, then treated with
a fusion protein consisting of the extracellular domain of NKG2D and the human IgG Fc domain (NKG2D-Fc), which finally was detected by
antibodies specific for the human Fc portion. An immunoligand against CD37 (ULBP2-contr.-scFv) and a fusion protein of the extracellular
domain of NKp30 and human Fc (NKp30-Fc) were applied in control reactions. (C) SK-BR-3 (left) or MDA-MB-361 (right) cells were either left
untreated or pre-incubated with ULBP2:HER2-scFv and then stained with a PE-conjugated anti-ULBP2 antibody or an isotype control.
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Figure 3: ULBP2:HER2-scFv triggers NK cell cytotoxicity.
(A) Cytotoxicity of ULBP2:HER2-scFv in the presence or absence of MNC. Target cells were SK-BR-3, the E:T cell ratio was 80:1. Data points
indicatemean values of five independent experiments withMNC from five different donors (*P < 0.05). (B) Blockade of NKG2D or HER2 inhibits
killing of SK-BR-3 cells by ULBP2:HER2-scFv and MNC. E:T cell ratio was 80:1. For blocking, a NKG2D-specific antibody or a HER2-specific
tribody were employed. As controls, a non-relevant isotype-matched antibody or an EGFR-specific tribody were used. MNC from six (NKG2D
blockade) or five different donors (HER2 blockade) were analyzed in independent experiments (*P < 0.05). (C) Cytotoxicity of ULBP2:HER2-scFv
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with a specific murine antibody or when HER2 was masked
with a specific Fc-less tribody. Therefore, ULBP2:HER2-scFv
required the interaction with both antigens to trigger
cytotoxicity. To confirm reactivity with NK cells, human
NK cells were purified and analyzed as effector cells for
ULBP2:HER2-scFv (Figure 3C). Again, the immunoligand
triggered lysis of HER-2 expressing SK-BR-3 and MDA-MB-
361 target cells efficiently, demonstrating that NK cells
were indeed the relevant effector cell population for
ULBP2:HER2-scFv. To verify the antigen specific mode of
action further, HER2-negative Ramos lymphoma cells were
analyzed as target cells for ULBP2:HER2-scFv. Of note,
ULBP2:HER2-scFv was not effective, while cells were effi-
ciently killed by a similar constructed control immunoli-
gand targeting the CD20 antigen being expressed byRamos
cells (Figure 3D).

Moreover, the cytotoxic activity of ULBP2:HER2-scFv
was monitored with SK-BR-3 cells over an extended period
of time employing the real-time cell analysis assay
(Figure 3E, F). SK-BR-3 target cells were seeded and
allowed to attach before after 48 h MNC and the immuno-
ligand were added. When applied with MNC effector cells
the immunoligand ULBP2:HER2-scFv had substantial ac-
tivity against SK-BR-3 cells, relative to control reactions
containing a control immunoligand or without added im-
mune constructs (Figure 3E, F). ULBP2:HER2-scFv had no
effects on tumor cell growth in the absence of effector cells
(unpublished data). Taken together, ULBP2:HER2-scFv
was active against adherently growing SK-BR-3 cells.

To further analyze cytotoxic efficacy, ULBP2:HER2-scFv
was tested at varying concentrations usingMNC effector cells
from different donors in 51Cr release experiments (Figure 3G).
ULBP2:HER2-scFv acted in a dose-dependent manner and
mediated tumor cell lysis at nanomolar concentrations. Half-
maximum effective concentration (EC50) in the mean was
5 nM (95% confidence interval: 1.0–26.5 nM). Analysis of the

extent of maximum lysis revealed that with MNC from indi-
vidual donors strong cytotoxic effectswere induced.However
a considerable variation between different donors was
observed (Figure 3H).

ULBP2:HER2-scFv enhances ADCC by
therapeutic antibodies

Induction of ADCC represents an important mode of action
already being described for many other therapeutic anti-
bodies (Scott et al. 2012; Sliwkowski andMellman 2013). To
analyze whether ULBP2:HER2-scFv was able to boost
ADCC, the bifunctional immunoligand was combined
with trastuzumab and the combination was analyzed with
MNC as effector cells and SK-BR-3 cells as targets in cyto-
toxicity assays (Figure 4). As a result, ULBP2:HER2-scFv
sensitized SK-BR-3 cells for trastuzumab-mediated ADCC
and enhanced tumor cell lysis synergistically (Figure 4A).
Synergy was demonstrated by a calculated combination
index (CI) < 1 and a dose reduction index (DRI) > 1 (Table 1)
and was further illustrated in isobologram analysis
(Figure 4B) and CI-fractional effect blots (Figure 4C). To
analyze another antibody as a combination partner for
ULBP2:HER2-scFv, cetuximab was employed, targeting the
epidermal growth factor receptor (EGFR). The EGFR is co-
expressed with HER2 in SK-BR-3 cells (data not shown). In
combination with cetuximab, ULBP2:HER2-scFv enhanced
ADCC synergistically (Figure 4A–C; Table 1). ADCC how-
ever was not enhanced, when the antibodies were com-
bined with a control immunoligand not binding to the
target cells, indicating that antigen specific tumor cell
binding of the immunoligand was required also in combi-
nation (Figure 4A). Notably, synergistic effects were more
pronounced, when ULBP2:HER2-scFv was combined with
cetuximab compared to experiments performed with

against SK-BR-3 and MDA-MB-361 cells employing purified NK cells (E:T cell ratio: 10:1). The immunoligand was applied at a concentration of
200 nM (*P < 0.05). In independent experiments NK cells from seven (SK-BR-3) or four different donors (MDA-MB-361) were analyzed
(*P < 0.05). (D) ULBP2:HER2-scFv (concentration: 200 nM) does not mediate killing of HER2-negative Ramos cells. ULBP2:CD20-scFv was used
as a positive control. NK cells from four different donors were applied as effector cells in independent experiments (E:T cell ratio: 10:1;
*P < 0.05). (E) For real-time monitoring, SK-BR-3 cells were cultured on an E-plate before addition of MNC and the immunoligands
ULBP2:HER2-scFv or ULBP2:contr.-scFv at 10μg/mL. The E:T cell ratiowas 50:1. The cell indexwasdetermined every 5min over the course of the
experiment using xCELLigence real-time cell analysis instrument and normalized to 1 at the time point of addition of MNC and antibody
constructs. Mean values ± SD of triplicate determinations are shown. Depicted are two representative experiments using MNC from different
healthy donors. (F) Comparison of ULBP2:HER2-scFv and ULBP2:contr.-scFv in real-time cell analysis usingMNC from eight different donors as
effector cells. Data points indicate cell index values after 50 h from individual experiments, horizontal lines show mean values ± SEM (n = 8;
*P < 0.05). (G) Dose-dependent lysis of SK-BR-3 cells by ULBP2:HER2-scFv. MNC from different donors were used as effector cells at an E:T cell
ratio of 80:1. Data points representmean values of 17 independent experimentswithMNC from 11 different donors (*P < 0.05). (H) To determine
specific maximum extents of lysis, percentage of tumor cell killing in the absence of an immunoligand was subtracted from each data point in
the dose response curve. Best-fit values for maximum killing were calculated and plotted for the 17 individual MNC preparations derived from
11 different donors. Data points represent mean values from triplicate determinations, the horizontal lines represent mean percentage of
specific lysis ± SD (*P < 0.05).
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trastuzumab, most likely because in this situation the anti-
body and the immunoligand recognized two different target
antigens and did not compete for antigen binding. Interest-

ingly, only negligible improvements were achieved, when
cetuximab was combined with trastuzumab, indicating that
the additional stimulus achieved by engagement of the
NKG2D receptor by ULBP2:HER2-scFv on NK cells was
important (Figure 4A–C).

Discussion

A bispecific immunoligand, ULBP2:HER2-scFv, was
generated by fusing a humanized HER2-specific scFv with
ULBP2 to promote cytotoxic activities of NK cells against
tumor cells by NKG2D engagement. ULBP2:HER2-scFv
simultaneously bound to HER2 and NKG2D and triggered
NK cells to kill HER2-expressing tumor cells in the

Figure 4: ULBP2:HER2-scFv enhances ADCC by therapeutic antibodies synergistically.
(A) Dose-dependent killing of SK-BR-3 cells by combinations of ULBP2:HER2-scFv and trastuzumab (top panel; n = 6) or cetuximab (middle
panel, n= 5). As a control, trastuzumabwas combinedwith cetuximab (bottompanel, n=3). The indicated “n” denotes the number of different
donors analyzed in independent experiments. MNC served as source of effector cells, the E:T cell ratio was 80:1. Statistically significant
differences between lysis inducedby the combination and either the antibody (#P < 0.05) or ULBP2:HER2-scFv (*P < 0.05) alone are indicated. CI
values < 1 indicating synergy are indicated (+++++, CI < 0.1; ++++, CI < 0.3; +++, CI < 0.7). (B) Analysis of synergy by isobolograms. The
experimentally determined doses resulting in 20% (ED20) or 30% (ED30) target cell lysis were comparedwith the calculated doseswhichwere
expected, if additive effects were assumed (CI = 1). (C) CI values at varying fractional effects. Actual combination data points (open circles)
representmean values of at least four independent experiments [black line, computer simulated CI values; dashed grey line, SD; dashed black
line, line of additivity (CI = 1)].
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nanomolar concentration range. Impressively, ULBP2:
HER2-scFv synergistically enhanced ADCC by therapeutic
antibodies trastuzumab and cetuximab.

Previously, we have demonstrated that HER2-specific
immunoligands containing activation-induced C-type lec-
tin and B7 homolog 6 for engagement of NKp80 and
NKp30, respectively, were capable of inducing NK cell
cytotoxicity (Peipp et al. 2015). Here, we show that the
human NKG2D ligand ULBP2 targeted to HER2 triggers
NK-cell mediated lysis of tumor cells. ULBP2:HER2-scFv
had a lower efficacy than the corresponding humanized
IgG1 antibody trastuzumab, whose variable heavy and
light chain regions were employed for construction of the
immunoligand and which mediated ADCC at picomolar
concentrations. This in partmay be due to different binding
abilities exerted by the immunoligand and the antibody.
Thus, ULBP2:HER2-scFv contains, in contrast to the biva-
lent IgG1 antibody, only a monovalent HER2 binding site.
An improvement of the cytotoxic activities of the immune
construct could possibly be achieved by a second tumor
targeting scFv and thus by a gain in avidity, as it has been
demonstrated in the backbone of CD16 engaging bispecific
antibody constructs and NKG2D-directed immunoligands
(Kellner et al. 2008; Vyas et al. 2016). Moreover, for other
immunoligands containing ULBP2 a higher cytotoxic ac-
tivity was achieved by designing multimeric variants
(Jachimowicz et al. 2011). In addition, different receptor
characteristics may also account for these observations.
For example, NKG2D is expressed at 10 to 20-fold lower
levels than FcγRIIIA by NK cells (Peipp et al. 2015). Also,
the strength of the activation signal delivered by NKG2D
may be lower as a consequence of the differing signaling
adaptor molecules. Thus, NKG2D is associated with
DNAX-activation protein 10 in contrast to FcγRIIIA, which
is coupled to the immunoreceptor tyrosine-based activa-
tion motif (ITAM) containing adapter molecules CD3 ζ or
FcεRI γ chains (Long et al. 2013; Wu et al. 1999), and

signaling via the ITAM containing adapter molecules may
be more efficient in inducing NK cell cytotoxicity. Whether
the use of bispecific NKG2D antibodies (Chan et al. 2018;
Raynaud et al. 2020), which may exert enhanced affinity to
the NKG2D receptor, may more efficiently elicit the NKG2D
signaling cascade and further improve NK cell activation,
remains to be determined.

Current attempts to promote NK cell ADCC include stra-
tegies that aim to strengthen the interaction with FcγRIIIA,
for example by applying antibody Fc engineering technolo-
gies or using bispecific antibodies (Brinkmann and Konter-
mann 2017; Kellner et al. 2017; Oberg et al. 2018). In addition,
antibody combination approaches, inwhich either inhibitory
immune checkpoint receptors are blocked or co-stimulatory
receptors are engaged, appear attractive (Minetto et al. 2019).
For example, NK cell activities were promoted by combining
the anti-EGFR antibody cetuximab with an agonistic anti-
body to the stimulatory CD137 antigen or with an antibody
directed to the inhibitory natural killer group 2 member A
immune checkpoint receptor (Andre et al. 2018; Kohrt et al.
2014). Here, we provide further evidence that combination of
monoclonal antibodies with NKG2D-specific immunoligands
may offer an additional opportunity further enhancing
ADCC. It would be interesting to see, if ULBP2:HER2-scFv is
also capable of further enhancing cytotoxicity of bispecific
antibodies engaging Fcγ receptors such as the tribody
[(HER2)2 × CD16], for which we previously have observed an
enhanced cytotoxic potency relative to trastuzumab (Oberg
et al. 2018).

Furthermore, simultaneous targeting of two different
antigens such as HER2 and EGFR may enhance specificity
in antibody therapy, offering the opportunity of selectively
recruiting the immune cells to double-positive tumor cells,
whereas single-positive healthy cells are spared. In addi-
tion, such approaches may reduce the risk of tumor im-
mune escape by modulation of the target antigen. Of note,
whereasADCCwas enhanced by combination of cetuximab

Table : Computer simulated CI and DRI values for combinations of ULBP:HER-scFv and cetuximab or trastuzumab.

Combination Ratio CI values at lysis of DRI values at lysis of

% % % % % %

ULBP:HER-scFv + cetuximab : . . . . . .
. . .

ULBP:HER-scFv + trastuzumab : . . . . . .
. . .

Trastuzumab + cetuximab : . . . . . .
. . .

Combination index (CI) and dose reduction index (DRI) values were calculated from Cr release experiments with SK-BR- cells and MNC for
three different effect levels by computer simulation employing CalcuSyn software. Upper and lower DRI values correspond to ULBP:HER-scFv,
cetuximab and trastuzumab, respectively.
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with ULBP2:HER2-scFv, ADCC was not improved when
cetuximab was combined with trastuzumab. This is in
accordance with published observations indicating that in
contrast to complement-dependent cytotoxicity, ADCC is
difficult to enhance by combination of two different IgG1
antibodies (Dechant et al. 2008; Kellner et al. 2012a; Klit-
gaard et al. 2013). These data suggest that when simulta-
neous targeting of two different tumor-associated antigens
is desired, an IgG1 antibody may be combined with an
immunoconstruct engaging instead of FcγRIIIA a different
activating NK cell receptor such as NKG2D. By such dual-
dual targeting approaches concomitant engagement of two
distinct tumor-associated antigens can be combined with
co-engagement of two distinct NK cell trigger molecules
and, thus, synergistically promote tumor cell lysis. EGFR
and HER2, which in this study have been chosen as model
antigens and are co-expressed on certain breast cancers
and other solid tumors, may represent potential target
antigens for such an approach (Rimawi et al. 2010).

In this study, ULBP2:HER2-scFv was analyzed with NK
cells. In humans, NKG2D is also expressed by conventional
CD8-positive T cells, subsets of CD4-positive T cells, γδ
T cells and NKT cells (Prajapati et al. 2018). Experiments in
mice demonstrated that ectopically expressed or antibody-
delivered NKG2D ligands triggered T cell tumor immunity
inmice (Cho et al. 2010; Diefenbach et al. 2001). Previously,
CD20-directed immunoligands containing either MICA or
ULBP2 were found to activate ex vivo expanded γδ T cells
for lymphoma cell lysis (Peipp et al. 2017). Although an
activation of peripheral blood T cells was not observed in
vitro with these immunoligands, a CD33-directed ULBP2
immunoligandwas shown to induce cytokine release by αβ
T cells (Kellner et al. 2012a; Peipp et al. 2017).Whether such
immunoligands may also promote cytotoxicity by human
conventional T cells still remains to be investigated.

In conclusion, the immunoligand ULBP2:HER2-scFv
may represent an attractive antibody-derived biological
molecule to promote NK cell cytotoxicity against tumors.
Enhanced NK cell cytotoxicity may be achieved by dual-
dual targeting by combining an IgG1 antibodywith another
antibody construct targeting a second tumor-associated
antigen and engaging NKG2D as a second NK cell lysis
receptor in addition to FcγRIIIA. Thus, the proposed
concept may represent an interesting strategy to improve
further the efficacy of antibody therapy of cancer by
strengthening the important ADCC effector function. To
translate this approach to clinical application probably
further engineering of the described prototype molecule
will be necessary.
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