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Affinity Maturation of B7-H6 Translates into Enhanced
NK Cell–Mediated Tumor Cell Lysis and Improved
Proinflammatory Cytokine Release of Bispecific
Immunoligands via NKp30 Engagement
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Activating NK cell receptors represent promising target structures to elicit potent antitumor immune responses. In this study,

novel immunoligands were generated that bridge the activating NK cell receptor NKp30 on NK cells with epidermal growth factor

receptor (EGFR) on tumor cells in a bispecific IgG-like format based on affinity-optimized versions of B7-H6 and the Fab arm

derived from cetuximab. To enhance NKp30 binding, the solitary N-terminal IgV domain of B7-H6 (DB7-H6) was affinity matured

by an evolutionary library approach combined with yeast surface display. Biochemical and functional characterization of 36 of

these novel DB7-H6–derived NK cell engagers revealed an up to 45-fold–enhanced affinity for NKp30 and significantly improved

NK cell–mediated, EGFR-dependent killing of tumor cells compared with the NK cell engager based on the wild-type DB7-H6

domain. In this regard, potencies (EC50 killing) of the best immunoligands were substantially improved by up to 87-fold. More-

over, release of IFN-g and TNF-a was significantly increased. Importantly, equipment of the DB7-H6–based NK cell engagers with

a human IgG1 Fc part competent in Fc receptor binding resulted in an almost 10-fold superior killing of EGFR-overexpressing

tumor cells compared with molecules either triggering FcgRIIIa or NKp30. Additionally, INF-g and TNF-a release was increased

compared with molecules solely triggering FcgRIIIa, including the clinically approved Ab cetuximab. Thus, incorporating

affinity-matured ligands for NK cell–activating receptors might represent an effective strategy for the generation of potent novel

therapeutic agents with unique effector functions in cancer immunotherapy. The Journal of Immunology, 2021, 206: 225–236.

N
atural killer cells are innate lymphocytes that recognize
discontinuity and danger in multiple tissue compartments
by integrating positive and negative signals (1). The

negative signals are generally mediated by the interaction between
self–MHC class I on tissues and either killer Ig-like receptor
(KIR) family members or NK group 2A (NKG2A) (2). Positive
signals are transduced via the interaction of an array of NK ac-
tivation receptors, including the natural cytotoxicity receptors
(NCRs; NKp30, NKp46, NKp44), NKG2D, and DNAM-1, as well
as costimulatory molecules, including 4-1BB and their ligands (3–5).
For the NCRs and NKG2D, many of the ligands are “danger
signals” that are upregulated on stressed and diseased tissues,
including virally infected cells and tumor cells (6–8). Another

mechanism by which NK cells are activated is the bridging of the
low-affinity–activating FcgRIIIa (CD16a) on NK cells with cells
opsonized with IgG Abs or bispecific Abs (9, 10). Unlike the
NCRs and NKG2D, signaling through FcgRIIIa is often more
robust in resting NK cells but is modulated by multiple variables,
including functionally distinct polymorphic variants of FcgRIIIa
as well as competition for binding with circulating IgG (11–15).
Ultimately, the balance of activation and inhibitory signal deter-
mines whether an NK cell will become activated. As such, NK
cells have an endogenous capacity to differentiate between healthy
and diseased tissues (16, 17).
Recently, several early clinical trials employing the adoptive

transfer of wild-type or genetically modified (e.g., CAR) NK cells,
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either alone or in combination with Abs as a therapeutic modality
for cancer, have been initiated with encouraging early results
for hematological malignancies (18–21). Although adoptive cell
therapy with ex vivo–activated NK cells represents a promising
approach (22), the logistic complexity has also driven the devel-
opment of NK cell–directed Ab-based approaches to cancer im-
munotherapy, such as bispecific or trifunctional entities that form
a bridge between an activation receptor on NK cells and a tumor-
associated Ag on the tumor cell, referred to as NK cell engager or
immunoligand (11, 23, 24). Bispecific Abs targeting a tumor-
associated Ag (e.g., CD20) and NKp46 (25), NKG2D (26) and
NKp30 (27, 28), either via an Ab moiety or a recombinant form of
the ectodomain of a ligand (e.g., ULBP2) (29), have demonstrated
potent target-dependent cytotoxicity and cytokine release in vitro.
NKp30 is an activation receptor expressed on the majority of NK

cells (30). Its cell-bound ligand, B7-H6, is upregulated on tumor
cells and absent on most normal cells (7). The other less well-
characterized ligand is HLA-B–associated transcript 3 (BAT3)/
Bcl2–associated athanogene 6 (BAG6), which is expressed in
the nucleus and can be transported to the plasma membrane or
released in exosomes (31, 32). Importantly, decreased NKp30
expression has been correlated with reduced survival in acute my-
eloid leukemia (33), and a lower number of NK cells expressing
NKp30 were found in patients with gastric or breast cancer, com-
pared with healthy donors (34, 35). Together, these data suggest that
the NKp30 receptor axis may play an important role in tumor
surveillance of different tumor entities. Therefore, potent strategies
modulating the NKp30 axis may represent promising approaches to
promote antitumor NK cell responses.
In this work, we designed human EGFR 3 NKp30 NK cell

engagers (i.e., immunoligands) to trigger NKp30-mediated tumor
cell elimination using bispecific Ab-like fusion proteins contain-
ing a humanized Fab variant derived from cetuximab and a panel
of affinity-optimized variants of the N-terminal Ig-like V-type
domain of B7-H6 (DB7-H6) engineered by yeast surface dis-
play. The bispecific NK cell engagers harboring affinity-matured
variants facilitated substantially increased NK cell–mediated
killing of tumor cells of up to 87-fold compared with molecules
harboring the wild-type DB7-H6 domain. Importantly, target-
dependent cytokine release of TNF-a and IFN-g was also fun-
damentally elevated. Intriguingly, this proinflammatory cytokine
release was also significantly increased compared with therapeutic
Ab cetuximab. Furthermore, we demonstrated that expression of
DB7-H6–based immunoligands in an effector-competent human
IgG1 backbone further enhanced killing of EGFR-overexpressing
tumor cells by one order of magnitude compared with molecules
either triggering FcgRIIIa or NKp30 alone. Taken together, our
data suggest that an EGFR 3 NKp30 NK cell engager based on
affinity-engineered variants of B7-H6 can elicit potent NK cell–
mediated lysis with a differentiated profile of released cytokines
that could be envisioned to result in targeted inflammation of
tumors.

Materials and Methods
Yeast surface display and affinity maturation of DB7-
H6 variants

Saccharomyces cerevisiae strain EBY100 [MATa URA3-52 trp1 leu2D1
his3D200 pep4::HIS3 prb1D1.6R can1 GAL (pIU211:URA3)] (Thermo
Fisher Scientific) was used for yeast surface display. Initially, cells were
cultivated in yeast extract peptone dextrose medium composed of 20 g/l
peptone, 20 g/l dextrose, and 10 g/l yeast extract supplemented with 10 ml/l
penicillin–streptomycin (Life Technologies). Homologous recombination
in yeast (gap repair cloning) was used for generation of the DB7-H6 li-
brary. Eight residues of the N-terminal IgV domain of B7-H6 at the
binding interface of B7-H6 and NKp30 (Protein Data Bank [pdb]: 4ZSO)

were randomized via TRIM technology at GeneArt (Thermo Fisher Sci-
entific). As described previously, sequences were cloned in a pYD-derived
backbone as destination vector (pDest) in frame with Aga2p C-terminally
carrying an HA epitope to enable yeast cell surface presentation and de-
tection of full-length molecules (36). Cells harboring library plasmids were
cultivated at 30˚C and 120 rpm in minimal SD-base medium with dropout
mix composed of all essential amino acids (except those from tryptophan,
to maintain selection pressure according to the manufacturer’s instruc-
tions) (Clontech Laboratories), supplemented with 5.4 g/l Na2HPO4 and
8.6 g/l NaH2PO4 3 H2O. DB7-H6 expression for library sorting was
achieved by culture of 1 3 107 cells/ml for 48 h at 20˚C in SG medium
with dropout mix, in which glucose was replaced by galactose (Clontech
Laboratories) and 10% (w/v) polyethylene glycol 8000. NKp30 binding of
yeast surface-expressed DB7-H6 was monitored by indirect immunofluo-
rescence using His-tagged NKp30 (Abcam) in combination with Penta-His
Alexa Fluor 647 Ab (diluted 1:20; QIAGEN). Simultaneously, DB7-H6
surface expression was detected by an anti–HA-PE Ab (diluted 1:20;
Abcam). Detection and sorting of yeast candidates was done on an
SH800S cell sorter (Sony) using a 70-mm sorting chip in three successive
rounds. For the first sorting round, 1 3 108 yeast cells were incubated with
1 mM NKp30 followed by a second round with 100 nM NKp30 and a third
round with 50 nM NKp30. Incubation was performed for 1 h on ice prior to
washing with PBS and sorting. For the second and third sorting round,
cells were incubated for 30 min in 3 and 30 ml of PBS, respectively, to
increase sorting stringencies.

Expression and purification of NK cell engagers

Unique DB7-H6 sequences were fused to SEED AG chain and cloned into
pTT5 (either in house or at GeneArt [Thermo Fisher Scientific]) to allow
full-length bispecific SEED production by combination with humanized
cetuximab (hu225) Fab on the SEED GA chain. Molecules were either
produced in an effector-silenced backbone by introduction of amino acid
exchanges L234A, L235A, P329G (SEED_PGLALA) or in an effector-
competent IgG1 backbone (SEED). To this end, Expi293 cells were
transiently transfected with respective expression vectors according to
manufacturer’s instructions (Thermo Fisher Scientific). Ab containing
supernatants were harvested and purified via MabSelect Ab purifica-
tion chromatography resin (GE Healthcare). NK cell engagers were
dialyzed overnight against PBS (pH 6.8) using Pur-A-Lyzer Maxi 3500
Dialysis Kit (Sigma-Aldrich). Protein concentrations were determined by
UV-visible spectrophotometric measurement (Nanodrop ND-1000; Peqlab
Biotechnologie), and thermal stabilities were evaluated by differential
scanning fluorimetry on a Prometheus NT.48 (NanoTemper Technologies).
To assess purity and aggregations, proteins were analyzed by analytical
size-exclusion chromatography with a TSKgel SuperSW3000 column
(4.63 300 mm; Tosoh Bioscience) in an Agilent HPLC system with a flow
rate of 0.35 ml/min.

Biolayer interferometry

Kinetic measurements were performed on an Octet RED96 system (Pall
Life Science; ForteBio) at 25˚C and 1000 rpm. Immunoligands (5 mg/ml in
PBS) were loaded on anti-human Fc biosensors for 5 min followed by 60 s
rinsing of the sensor with kinetics buffer (PBS plus 0.1% Tween 20 plus
1% BSA). Afterwards, association to human NKp30 (Abcam) in various
concentrations (15.6–1000 nM) was measured for 60 s followed by dis-
sociation measurement for 180 s in kinetics buffer. An irrelevant Ag was
measured as negative control in each experiment. Data were fitted and
analyzed with ForteBio data analysis software 8.0 using a 1:1 binding
model after Savitzky–Golay filtering.

Cell culture

EGFR-expressing epidermoid carcinoma cell line A431 and non–small cell
lung carcinoma cell line A549 were obtained from Deutsche Sammlung
von Mikroorganismen und Zellkulturen and cultured in RPMI 1640
GlutaMAX-I or DMEM supplemented with 10% FCS, 100 U/ml penicillin,
and 100 mg/ml streptomycin (R10+ and D10+), respectively (all compo-
nents from Thermo Fisher Scientific). Human Expi293 cells for production
of immunoligands were cultivated in suspension with complete Expi293
Expression Medium (Thermo Fisher Scientific).

Tumor cell killings assays

Experiments were approved by the Ethics Committee of the Christian-
Albrechts-University of Kiel (Kiel, Germany) and in accordance with
Merck internal guidelines and with the Declaration of Helsinki. Preparation
of PBMCs from healthy donors was performed as previously described after
receiving written informed consent (37). NK cells were isolated by negative
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selection using an NK Cell Isolation Kit (Miltenyi Biotec) and maintained
overnight at a density of 2 3 106 cells/ml in R10+ medium. Cytotoxicity
was analyzed in standard 4-h 51Cr release assays performed in 96-well
microtiter plates in a total volume of 200 ml, as described previously (37).
Human PBMCs or purified NK cells were used as effector cells at E:T
ratios of 80:1 and 10:1, respectively. NK cell engagers or cetuximab were
applied at the concentrations indicated. For blocking experiments, cells
were preincubated for 15 min with 50 mg/ml of either anti-NKp30 mouse
IgG2A Ab (mouse IgG2A isotype control Ab was used as a control in these
experiments; both were from R&D Systems) to block NKp30 binding
on NK cells or oa_hu225-SEED-PGLALA to block EGFR binding on
tumor cells before the respective NK cell engagers were added. Percentage
lysis was calculated as follows from cpm: percentage lysis = (experimental
cpm 2 basal cpm)/(maximal cpm 2 basal cpm) 3 100 and normalized
(0% = percentage lysis of oa_hu225-SEED-PGLALA control molecule;
100% = percentage lysis of cetuximab at saturating concentration) to
allow for direct comparison of affinity-matured DB7-H6–derived mole-
cules between individual donors. Inhibited lysis was calculated as follows:
100% 2 (percentage lysisblocked*100)/percentage lysis).

Cytokine release assay

For cytokine release assays, NK cells were isolated with an EasySep Human
NK Cell Isolation Kit (STEMCELLTechnologies) and incubated overnight
in AIM V Medium containing 100 U/ml recombinant human IL-2 (R&D
Systems). A total of 2,500 A431 cells were seeded in 384-well microtiter
plates (Greiner Bio-One) and incubated for 3 h. Immunoligands were
added to a final concentration of 85 nM followed by addition of NK cells at
an E:T ratio of 5:1. After 24 h, supernatants were analyzed using human
IFN-g or TNF-a HTRF kits (Cisbio) according to manufacturer’s in-
structions. Plates were measured with PHERAstar FSX (BMG Labtech),
and data were analyzed by MARS software (v.3.32; BMG Labtech), en-
abling a four-parameter logistic (4PL 1/y2) model fitting of the standard
curve.

NK cell activation assay

A total of 20.000 A431 cells per well were seeded in 96-well V-bottom
microtiter plates (Thermo Fisher Scientific) and incubated for 3 h prior
addition of 100,000 NK cells per well (E:T ratio of 5:1), which were treated
with 100 U/ml recombinant human IL-2 overnight. Immunoligands were
added at a final concentration of 85 nM followed by 24-h incubation at 37˚C.
Cells were washed two times with PBS plus 1% BSA prior to incubation
with LIVE/DEAD Fixable Near-IR Dead Cell Stain (Thermo Fisher
Scientific), anti-human CD56-PE (Miltenyi Biotec), and anti-human
CD69- allophycocyanin (Abcam) for 1 h on ice. After washing, cells
were measured via flow cytometry with Intellicyt iQue Screener PLUS
(Sartorius). For compensation of fluorochromes, Ab capturing analysis
beads (OneComp eBeads compensation beads; Thermo Fisher Scientific)
were employed according to the manufacturer’s instructions. The gating
strategy is shown in Supplemental Fig. 1.

Data processing and statistical analysis

Graphical and statistical analyses were performed with GraphPad Prism 8
software. The p values were calculated employing repeated measures
ANOVA and the Bonferroni or Tukey posttest, as recommended, or the
Student t test when appropriate. The p values #0.05 were regarded as
statistically significant.

Results
Extracellular IgV domain of B7-H6 is sufficient to engage NK
cells for tumor cell lysis

In previous studies, it was shown that B7-H6 single chain variable
fragment fusion proteins trigger NK cell–mediated lysis of tumor
cells (28, 38). Because the NKp30 binding site is located in the
IgV domain of B7-H6, we hypothesized that this isolated domain
alone is sufficient to trigger NK cell activation and tumor cell
killing. To address this question, the N-terminal Ig-like V-type do-
main (Asp25–Ala144) of the extracellular region of B7-H6 (DB7-H6)
was used to design a novel EGFR-targeting NKp30 NK cell engager
(Fig. 1A, 1B). To completely abolish Fc-mediated immune effector
functions, the LALA-PG amino acid exchanges (L234A, L235A,
P329G) were introduced (39). Kinetic studies of this DB7-H6_wt-
SEED-PGLALA molecule revealed functional binding to NKp30

(Fig. 1C), in accordance with previously published work (40, 41).
Most importantly, significant lysis of EGFR-expressing A431 tumor
cells was triggered by this novel immunoligand (Fig. 1D), demon-
strating that the isolated DB7-H6 domain is sufficient to promote
NK cell–mediated lysis of target cells. However, the extent of
tumor cell lysis with the monovalent EGFR-binding NK cell engager
DB7-H6_wt-SEED-PGLALA (EC50 = 244.8 pM) was significantly
reduced compared with a similarly designed one-armed (oa) EGFR-
targeting molecule (oa_hu225-SEED) lacking the NKp30 binding
domain but harboring an active IgG1 Fc region-triggering FcgRIIIa,
one of the strongest known trigger molecules expressed on NK cells
(EC50 = 27.8 pM).

Affinity maturation of the B7-H6 IgV domain by yeast display

To improve the cytotoxic activity of the novel DB7-H6–based NK
cell engager, we designed a focused combinatorial mutant library
of DB7-H6 for yeast surface display, using trinucleotide muta-
genesis technology, with the aim of enhancing affinity of DB7-H6
for NKp30. DB7-H6 was displayed successfully and showed
specific binding to recombinant NKp30 (Supplemental Fig. 2).
Based on the cocrystal structure of B7-H6 and NKp30 eight res-
idues of B7-H6 (Ser60, Gly62, Phe82, Gly83, Val125, Thr127, Leu129,
and Lys130) at the contact interface with NKp30 were chosen for
library design (Fig. 2A). Randomization of these residues was
designed in a semirational way, such that only amino acids that
were thought to be potentially beneficial for binding affinity were
taken into account. As shown in Fig. 2B, the synthesized library
matched fairly well with the initial design, showing only a little
bias. The resulting library (comprising ∼1 3 107 unique clones)
was sorted by FACS against recombinant NKp30 to isolate vari-
ants with significantly enhanced affinities (Fig. 2C). To this end, a
two-dimensional labeling strategy was employed to simulta-
neously detect full-length DB7-H6 and binding to NKp30. Be-
cause of the low-affinity interaction of B7-H6 and NKp30 that was
reported to be in the micromolar range (40), an NKp30 protein
concentration of 1 mM was used in the first selection round and
subsequently reduced to 100 and 50 nM, respectively (Fig. 2C).
Library output after three rounds of selection was analyzed for
NKp30 binding in direct comparison with the wild-type DB7-H6
and revealed improved NKp30 binding of the vast majority of
affinity-matured DB7-H6 clones (Supplemental Fig. 2C, 2D).
After sequencing of ∼200 clones from sorting rounds two and
three, we were able to identify 47 unique clones (Supplemental
Table I). Interestingly, none of those comprised mutations at po-
sitions Thr127 or Lys130. Consequently, it is tempting to speculate
that these two residues are essential for B7-H6 binding to NKp30
or for the structural integrity of the molecule.

Generation and characterization of affinity-matured DB7-H6
NK cell engagers

All 47 unique affinity-matured DB7-H6 clones were reformatted as
Fc-silenced SEEDbodies with monovalent EGFR binding by using
the humanized Fab arm of cetuximab (hu225), as shown already
for the wild-type DB7-H6 NK cell engager (Fig. 1B). As sum-
marized in Supplemental Table I, besides two variants that showed
either very low expression (S2#8) or no productivity at all (S2#9),
expression yields of all variants after protein A chromatography
were in the double- to triple-digit milligram-per-liter scale. This is
generally acceptable for transient expression of bifunctional Ab-
like fusion proteins. Moreover, melting temperatures of all vari-
ants were quite similar to the denaturation point of the SEEDbody
comprising the DB7-H6 wild-type domain (Supplemental Table I),
giving clear evidence that no substantial loss in stability was ob-
served by introducing mutations into DB7-H6. Most importantly,
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the vast majority of the affinity-matured variants showed signifi-
cantly enhanced affinities for NKp30 of up to 45.1-fold (S3#18)
compared with the wild-type DB7-H6 NK cell engager (Supplemental
Fig. 2E, Table I). In general, improved off-rates contributed sub-
stantially more to the overall affinity maturation than modulations
of on-rates of the DB7-H6 SEED-PGLALA immunoligands. In-
terestingly, variant S3#13, which did not bind NKp30, was the
only clone isolated that contained a mutation of Gly62 (Gly62Ile).
This observation suggests that, in addition to Thr127 or Lys130,
Gly62 may also be indispensable for DB7-H6 binding to NKp30.
For subsequent functional evaluation of the affinity-matured
DB7-H6–derived NK cell engagers, we focused on immunoligands
showing at least 85% monomers (i.e., a maximum of 15% ag-
gregates or low molecular weight species) as determined by
size-exclusion chromatography. Accordingly, 36 affinity-matured
DB7-H6 NK cell engagers were selected for functional experi-
ments (Table I).

Affinity-matured DB7-H6 immunoligands elicit strongly
enhanced NK cell–mediated cytotoxicity against
EGFR-expressing tumor cells

As an initial screening, the 36 remaining DB7-H6, EGFR-targeting
NK cell engagers were tested for their capacity to mediate tumor
cell killing using PBMCs (containing 5–20% NK cells) from
healthy donors as effector cells and the EGFR+ tumor cell line
A431 as target cells in chromium release assays. To allow com-
parison and ranking of the 36 molecules, data sets derived from
different effector cell donors, who usually show various donor-
dependent maximal lytic activity, were normalized. An internal
positive control was set to 100% and oa_hu225-SEED-PGLALA–
mediated lysis to 0% because this molecule is functionally inac-
tive and reflects the tumor cell lysis induced by the NK cells alone
(Fig. 1D). In these experiments, shown in Supplemental Fig. 3, the

Fc effector–silenced wild-type DB7-H6 NK cell engager DB7-
H6_wt SEED-PGLALA triggered significant tumor cell lysis
(EC50 = 1.1 nM). Of note, all 36 DB7-H6 affinity-matured SEED-
PGLALA molecules mediated higher maximum tumor cell lysis
and achieved enhanced potency of up to 187-fold (S3#25) com-
pared with the wild-type DB7-H6 immunoligand (Supplemental
Fig. 3). Among them, 11 constructs bound to NKp30 with affinity
improvements of more than 10-fold (KD ,40 nM) and five vari-
ants comprised enhanced affinities between 5-fold and 10-fold,
whereas the majority of clones comprised optimized affinities
of ,5-fold (KD .120 nM; Supplemental Fig. 3, Table I). Six of
the 11 NK cell engagers constructed with the high-affinity
DB7-H6 clones (KD ,40 nM) (i.e., S3#14, S3#15, S3#16,
S3#18, S3#24, and S3#29) induced NK cell–mediated killing of
tumor cells with EC50 values ranging from 10.6 to 71.1 pM,
representing a 16-fold to 106-fold increase compared with the
wild-type DB7-H6 NK cell engager (Supplemental Fig. 3). Of
the NK cell engagers using DB7-H6 clones with optimized
affinities for NKp30 between 5-fold and 10-fold, S3#25 and
S3#31 were the most potent, displaying NKp30 affinity en-
hancements of 6.3-fold and 9.4-fold, respectively. These mol-
ecules induced NK cell–mediated killing of tumor cells with
half-maximal killing activity of 6 pM (S3#25) and 25.1 pM
(S3#31). From the variants comprising optimized NKp30 af-
finities of ,5-fold, clone S3#27 (KD = 83 nM) elicited sig-
nificant tumor cell lysis (EC50 = 27.6 pM) with 41-fold
improved potency compared with wild-type DB7-H6, and it
was also selected for further characterization.
Next, the potency of the nine most active candidates from the

initial screening (i.e., S3#14, S3#15, S3#16, S3#18, S3#24, S3#25,
S3#27, S3#29, and S3#31) was further compared via chromium
release assays using A431 and A549 cells with PBMCs from three
different donors (Fig. 3A). As observed for A431 cells, the nine

FIGURE 1. B7-H6 IgV domain is sufficient to elicit NK cell–mediated tumor cell lysis. (A) Structure of the extracellular domain of B7-H6 with

N-terminal IgV domain colored in dark blue and the IgC part depicted in light blue. Model based on pdb entry 3pv7 and was generated with PyMOL v0.99.

(B) Structural model (left) and scheme (right) of generated immunoligands for NK cell redirection consisting of DB7-H6 (dark blue) and the humanized Fab

of cetuximab (hu225) in an effector-silenced IgG1 SEED backbone comprising amino acid exchanges L234A, L235A, P329G. The V region H chain and L

chain are colored in green-cyan, Ab backbone in green, SEED GA and AG in CH3 domains indicated by deep teal coloring. Model based on pdb entries

5dk3 and 3pv7 and constructed using PyMOL v0.99. Scheme generated with BioRender (http://www.biorender.com). (C) Biolayer interferometry analysis

of wild-type (wt) DB7-H6 immunoligand binding to NKp30. (D) Killing property of DB7H6_wt-SEED-PGLALA (solid square) was compared with oa

hu225-SEED activating FcgRIIIa (solid diamond) and Fc-silenced oa_hu225-SEED-PGLALA lacking the B7-H6 IgV domain (open diamond) as a control

molecule in standard 4-h 51Cr release experiments using freshly isolated human NK cells of healthy donors and A431 tumor cells in an E:T ratio of 10:1.

Normalized percentage tumor cell lysis of three independent experiments with different donors is shown as mean 6 SEM. ***p , 0.001, **p , 0.01 of

oa_hu225-SEED versus DB7-H6-SEED-PGLALA.
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candidates also mediated substantially improved maximum killing
and significantly enhanced potency in tumor cell lysis compared
with the NK cell engager harboring wild-type DB7-H6 against
tumor cell line A549 expressing significantly lower EGFR levels
compared with A431 cells (Fig. 3A). Although wild-type DB7-H6
NK cell engager DB7-H6_wt SEED-PGLALA showed significant
but limited activity (EC50 A431 = 1.8 nM), the most active affinity-
optimized NK cell engager, S3#15, demonstrated improved potency
at low picomolar concentrations with PBMCs of three different
donors (EC50 = 29.9 pM). The extent of lysis of A549 cells
achieved by the most effective affinity-matured DB7-H6 NK cell
engager, S3#24 (EC50 = 108.3 pM), is ∼3.6-times higher com-
pared with A431 cells (Table II). This might most likely reflect the
impact of the lower EGFR expression level on A549 target cells,
a well-known parameter affecting effector cell killing. To further
characterize the four most potent NK cell engagers, S3#15, S3#18,
S3#24, and S3#25, we performed killings assays with purified,
nonstimulated NK cells (Fig. 3B). Using A431 cells, the four

DB7-H6 affinity-maturated NK cell engagers mediated tumor
cell killing in the single-digit picomolar range, representing an
increase in potency of up to 87-fold (S3#15) compared with
the NK cell engager harboring the wild-type DB7-H6 domain
(Table II). Even for A549 target cells, potencies of all four
leading hits were still in the picomolar range. Notably, the efficacy
of wild-type DB7-H6 NK cell engager was not substantially dif-
ferent from the negative control in NK cell Ab-dependent cell-
mediated cytotoxicity with A549 cells (Fig. 3A, 3B). Finally,
EGFR-specific and NKp30-mediated killing by the four leading
NK cell engagers was further verified by either blocking EGFR on
the cell surface of A431 cells or by preincubation of NK cells with
an excess of an anti-human NKp30 Ab. As shown in Fig. 3C, lysis
of A431 tumor cells was significantly inhibited for all four NK
cell engagers under both conditions, demonstrating the specificity
and prerequisite of bispecific engagement of these novel B7-H6
affinity-matured immunoligands (Fig. 3C).

DB7-H6 affinity-maturated NK cell engagers exhibit a distinct
NK cell activation profile

Next, we set out to scrutinize activation of NK cells in the pres-
ence of tumor cells overexpressing EGFR (A431) and the four
leading immunoligands via analyzing CD69 upregulation as an
early NK cell activation marker. As expected, negative control
(i.e., oa_hu225-SEED-PGLALA) mediated neglectable NK cell
activation, whereas the NK cell engager harboring wild-type DB7-
H6 elicited CD69 expression on ∼17% of NK cells on average
(Fig. 4A). Compared with the wild-type DB7-H6 immunoligand,
the four most potent affinity-optimized DB7-H6 immunoligands
activated nearly twice as many NK cells, ranging from 30.7 to
33.8% CD69+ NK cells (Fig. 4A). In addition, all four leading NK
cell engagers promoted significantly increased NK cell production
of proinflammatory cytokines IFN-g and TNF-a in a target-
dependent manner (Fig. 4B, 4C). In comparison with the wild-
type DB7-H6 molecule, which induced release of 141 pg/ml
IFN-g and 37 pg/ml TNF-a, S3#15, S3#18, S3#24, and S3#25
induced release of 615–824 pg/ml IFN-g and 152–214 pg/ml
TNF-a on average (Fig. 4B, 4C). Thus, affinity-engineered NK
cell engagers induced up to 5.8-fold increased levels of IFN-g and
TNF-a compared with the wild-type DB7-H6 immunoligand.
These findings are in line with the substantially enhanced killing
potencies and efficacies of the affinity-engineered DB7-H6 NK
cell engagers observed before.

DB7-H6 affinity-maturated NK cell engagers elucidate
improved killing by concomitant engagement of FcgRIIIa

Finally, we tested the NK cell engager DB7-H6 S3#18, which has
the highest binding affinity for NKp30 (KD = 9 nM), in the
background of an Fc region capable of FcgRIIIa binding
(SEEDbody lacking the L234A, L235A, P329G amino acid ex-
changes) to analyze whether tumor cell lysis can be further en-
hanced by concomitant NKp30 and FcgRIIIa activation of NK
cells. The oa_hu225-SEED molecule harboring an Fc domain
capable of FcR binding but lacking a DB7-H6 domain was as
potent as the affinity-matured Fc-silenced DB7-H6 S3#18 SEED-
PGLALA molecule, which solely activates NKp30 (Fig. 5A).
Intriguingly, incorporation of a functional Fc in the NK cell
engager S3#18 (i.e., DB7-H6 S3#18-SEED) significantly im-
proved half-maximal killing by 9.2-fold (Fig. 5A). Furthermore,
as shown in Fig. 5B, half-maximal killing achieved with DB7-H6
S3#18-SEED was in the range or even slightly exceeded the cy-
totoxic activity of the clinically applied Ab cetuximab. These data
give clear evidence that activating NK cells via NKp30 with a
high-affinity–engineered B7-H6–derived NK cell engager is as

FIGURE 2. Affinity maturation of DB7-H6 by yeast surface display. (A)

Cocrystal structure of DB7-H6 (blue) with NKp30 extracellular domain

(green). Residues of DB7-H6 at the interface with NKp30 and considered

for focused randomization are colored in red. This illustration is based on

pdb entry 4ZSO and was generated using PyMOL v0.99. (B) Designated

and observed amino acid distribution for specified positions of DB7-H6 as

determined by sequencing of 96 clones. X (ambiguous). (C) FACS se-

lection for the enrichment of affinity-improved variants of DB7-H6 by

yeast surface display. A two-dimensional staining strategy for correctly

displayed library candidates simultaneously binding to NKp30 was

employed. 1 mM, 100 nM, and 50 nM NKp30 were used for sorting rounds

one, two, and three, respectively, to enrich high-affinity binders.
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effective as activating NK cells via FcgRIIIa and that the com-
bination of NKp30 and FcgRIIIa activation of NK cells in one
molecule can further potentiate the lysis of EGFR-expressing
tumor cells.
Finally, we compared the capacity to trigger IFN-g and TNF-a

by the molecule engaging both NKp30 and FcgRIIIa with con-
structs engaging either NKp30 or FcgRIIIa and with the clinically
approved Ab cetuximab (Fig. 5C, 5D). Interestingly, the capacity
to trigger cytokine release was maintained in the molecule en-
gaging both activating receptors compared with the molecule
solely engaging NKp30, with a trend toward higher TNF-a release
induced by the molecule with an effector-competent IgG1 back-
bone. Of note, compared with the therapeutic Ab cetuximab, the
release of IFN-g and TNF-a was substantially elevated, irre-
spective of the used Fc. Moreover, activation of NK cells was

comparable to cetuximab (Fig. 5E) Ultimately, our data demon-
strate that the engineered NK cell engagers in this study are capable
in triggering NK cell–mediated lysis with similar effectiveness as
the clinically approved Ab cetuximab, but in addition, they trigger
significant IFN-g and TNF-a release to potentially modulate anti-
tumor immune responses.

Discussion
To efficiently trigger antitumor NK cell responses using activating
NK cell engagers, the solitary DB7-H6 was affinity maturated by a
semirational design and screening approach. Engineered mole-
cules with increased NKp30 binding activity resulted in signifi-
cantly improved NK cell–mediated lysis of tumor cells and
enhanced secretion of proinflammatory cytokines INF-g and
TNF-a. Coligation of NKp30 and FcgRIIIa on NK cells further

FIGURE 3. Cytotoxic activity of affinity-optimized DB7-H6–based NK cell engager. Standard 4-h 51Cr release assays were performed with A431 cells

expressing high EGFR levels (left) and A549 cells expressing low EGFR levels (right) using human PBMCs at an E:T ratio of 80:1 (A) or purified NK cells

at an E:T ratio of 10:1 (B) to analyze dose-dependent killing of the leading DB7-H6 SEED-PGLALA NK cell engager. The affinity-matured DB7-H6

variants were compared with wild-type DB7-H6 wt_hu225-SEED-PGLALA (gray) and a control molecule lacking DB7-H6 but still binding oa to EGFR

via the humanized cetuximab Fab-fragment (oa_hu225-SEED-PGLALA; dotted black line). To allow comparison of the results, data of each experiment

were normalized. Graphs show normalized mean 6 SEM of three experiments performed with PBMCs or NK cell from different donors. (C) Specificity of

A431 lysis mediated by the leading four NK cell engagers (applied at 0.6 nM) was verified by either blocking EGFR binding by preincubation of A431 cells

with 50 mg/ml of the Fc-silenced oa_hu225-SEED-PGLALA (left graph) or NKp30 binding by preincubation of NK cells with 50 mg/ml anti-NKp30 Ab

(right graph). Graphs show percentage of inhibited lysis as mean6 SEM of four individual experiments. ***p, 0.001, *p, 0.05 compared with NK cells

only (left graph) or cetuximab (right graph).
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enhanced their cytotoxic activity by almost 10-fold compared with
molecules engaging either receptor alone. Furthermore, the most
potent novel NK cell engager was similarly effective in trigger-
ing NK cell–mediated lysis of EGFR-expressing tumor cells as
the clinically approved Ab cetuximab but additionally promoted
considerably higher release of proinflammatory cytokines. These
findings suggest that the novel NK cell–activating molecules may

represent attractive agents to elicit strong NK cell–mediated an-
titumor responses.
NK cell–based therapeutic interventions represent promising

approaches to improve cancer therapy by initiating a multifaceted
immune response (1, 42). Because NK cell activation is tightly
regulated by integrating signals of a large set of activating and
inhibitory receptors (16, 17), potential therapeutic options have

FIGURE 4. NK cell activation, IFN-g, and TNF-a release of the four leading DB7-H6 SEED-PGLALA immunoligands. Human purified NK cells were

cocultured for 24 h with A431 cells at an E:T ratio of 5:1 prior to analysis of NK cell activation (A), IFN-g (B), and TNF-a (C) release. Affinity-matured

DB7-H6 NK cell engagers and oa_hu225-SEED-PGLALA were compared with wild-type DB7-H6_wt-SEED-PGLALA (all at 85 nM). Percentage of

CD69+ NK cells was determined by double-staining of viable NK cells with CD56-PE and CD69-allophycocyanin using flow cytometric analyses. Human

cytokine HTRF kits were used for the quantification of IFN-g and TNF-a release of NK cells. Graphs show box and whisker plots as superimposition with

dot plots of six (A) and eight (B and C) individual experiments, respectively. ***p , 0.001, **p , 0.01, *p , 0.05. n.s., not significant compared with

DB7-H6_wt-SEED-PGLALA.

Table II. Potencies of selected EGFR-targeting, affinity-matured DB7-H6 immunoligands

Molecule A431 EC50 with PBMC (pM) A549 EC50 with PBMC (pM) A431 EC50 with NK Cells (pM) A549 EC50 with NK cells (pM)

oa_hu225 no lysis no lysis no lysis no lysis
B7-H6_wt 1839 n.a. 244.8 n.a.
B7-H6_S3#14 150.1 556.5 n.d. n.d.
B7-H6_S3#15 29.9 133.2 2.80 31.31
B7-H6_S3#16 87.3 205.8 n.d. n.d.
B7-H6_S3#18 51.1 132.0 4.31 42.47
B7-H6_S3#24 39.7 108.3 3.55 35.19
B7-H6_S3#25 37.8 134.9 4.25 34.62
B7-H6_S3#27 60.2 355.6 n.d. n.d.
B7-H6_S3#29 33.6 172.3 n.d. n.d.
B7-H6_S3#31 34.8 223.8 n.d. n.d.

Boldface numbers represent leading four immunoligands; italic numbers represent the best molecule in the respective category. All molecules were produced as Fc immune
effector-silenced variants harboring the LALA-PG amino acid exchanges.

n.a., not applicable because of insignificant killing.
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been proposed by either blocking inhibitory NK cell checkpoints,
such as NKG2A (43), or by enhancing stimulatory signals, such as
NKG2D, NKp30, NKp46, or the FcgRIIIa (23, 25, 26, 29). Be-
cause tumor cells evade NK cell recognition by down-modulation
or shedding of the natural ligands of activating NK cell receptors,
such as MICA/B or B7-H6 (44–48), restoring NK cell recognition
by enhancing surface density of activating ligands may represent
a promising approach for cancer therapy. In previous studies, this

has been realized by fusing the natural ligands for activating
NK cell receptors to single chain variable fragments or full Abs
(27–29, 38). In this study, we designed (to our knowledge) novel
IgG-based bispecific, multifunctional fusion proteins using the SEED
technology (49) and an engineered minimal NKp30 binding domain
derived from B7-H6. Because these molecules display IgG-like
properties in terms of stability and harbor an IgG Fc domain allowing
FcRn binding, such molecules may show favorable characteristics

FIGURE 5. Synergistic cytotoxic activity by concomitant NKp30 and FcgRIIIa engagement of DB7-H6–based immunoligands with functional IgG1 Fc.

The highest-affinity variant for NKp30 binding, S3#18, was tested in 4-h 51Cr release assays with A431 cells and purified NK cells at an E:T ratio of 10:1 to

compare dose-dependent killing of (A) the Fc-silenced DB7-H6 S3#18-SEED-PGLALA (dark green), oa_hu225-SEED (gray) lacking DB7-H6, and DB7-

H6 S3#18-SEED with a functional Fc (light green) or (B) cetuximab (black) and DB7-H6 S3#18 SEED, both carrying a functional Fc. Fc-silenced

oa_hu225-SEED-PGLALA (dotted black line) lacking also DB7-H6 and thus NKp30 activation was used as control. Graph shows percentage of lysis as

mean 6 SEM of seven independent experiments. Cytokine release of IFN-g (C) and TNF-a (D) as well as NK cell activation (E) for effector silenced and

effector-competent DB7-H6 S3#18-SEED molecules as well as effector silenced and effector-competent oa_hu225-SEED and cetuximab (all at 85 nM).

Cytokine release was analyzed after 24-h incubation of purified NK cells with A431 cells at an E:T ratio of 5:1 with human cytokine HTRF kits. Percentage

of CD69+ NK cells was determined by double-staining of viable NK cells with CD56-PE and CD69-allophycocyanin using flow cytometry. Human cytokine

HTRF kits were used for the quantification of IFN-g and TNF-a release of NK cells. Profiles show box and whisker plots as superimpositions, with dot plots of

up to eight independent experiments. ***p , 0.001, **p , 0.01, *p , 0.05. n.s., not significant compared with the DB7-H6 S3#18-SEED-PGLALA.
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compared with previously described B7-H6–based immunoligands
when applied in vivo (50). We were able to demonstrate that the
IgV domain of B7-H6 is sufficient to trigger NK cell activation.
Affinity maturation of the DB7-H6 domain by exchanging key
residues at the B7-H6/NKp30 contact interface, using a combi-
natorial library approach, resulted in significantly enhanced tumor
cell lysis by NK cells. These data clearly demonstrate that, similar
to the Fc/FcgRIIIa system, which could be potently modulated by
Fc-engineering, high-affinity receptor engagement of NKp30 re-
sults in fundamentally improved cytotoxic response. Also, inter-
estingly, variants displaying only a moderate affinity improvement
resulted in significantly increased lytic activity, which is in line
with other bispecific effector cell engagers and engineered Fc
domains, for which it has been demonstrated that maximal affinity
enhancement may not necessarily result in improved cytolytic
activity (37, 51–53). Because the observed cytolytic activity of our
novel molecules does not directly correlate with binding affinity of
the receptor-ligand interaction, the mechanisms of enhanced rec-
ognition might be more complex. From our experiments, it could
not be excluded that engineering the DB7-H6 domain may, for
example, impact protein flexibility, which in turn may have a
strong impact on receptor clustering or activating synapse for-
mation. Intriguingly, one of the best affinity-engineered DB7-H6
candidates triggered NK cell–mediated lysis of tumor cells via
activation of NKp30 with similar effectiveness as molecules ac-
tivating FcgRIIIa, one of the most potent known trigger molecules
on NK cells that is, moreover, expressed at significantly higher
levels compared with NKp30 [70,000 versus 1,000 specific Ag
binding sites (27)]. Additionally, concomitant activation of
FcgRIIIa and NKp30 by incorporating an effector-competent
IgG1 Fc backbone resulted in an almost 10-fold improvement in
lytic capacity. This is in line with previous findings that combining
mAbs with B7-H6–based immunoligands demonstrate improved
cytolytic activity (28). Moreover, Gauthier and coworkers (25)
were able to demonstrate that simultaneous triggering of NKp46
and FcgRIIIa substantially enhances efficiencies of multifunc-
tional Abs. The precise underlying mechanism is not fully un-
derstood because NKp30 and FcgRIIIa signal via the same
adaptor chains [CD3z, common g-chain (54)]. Beyond this, en-
gagement of NKp30 via improved B7-H6–based engagers clearly
differs from exclusive FcgRIIIa engagers in their capacity to
trigger the production of proinflammatory cytokines. NKp30
engagers demonstrated up to 5-fold increased production of
TNF-a and INF-g compared with molecules solely triggering
FcgRIIIa. This feature was also observed with molecules allowing
concomitant NKp30 and FcgRIIIa engagement, indicating that
FcgRIIIa triggering has no inhibitory effect in NKp30-mediated
cytokine release. Whether this is due to distinct signaling events
triggered by the two receptor systems or by activating distinct NK
cell subsets must be further investigated.
Cao and colleagues (55) demonstrated that different therapeutic

treatments, such as 5-FU, cisplatin, radiation, and cytokine ther-
apy, with TNF-a resulted in the upregulation of B7-H6, rendering
tumor cells more sensitive to NK cell–mediated killing in a
NKp30-dependent fashion. The optimized DB7-H6–based agents
may therefore significantly increase levels of surface-exposed B7-
H6 by two different mechanisms. Although obviously “artificial”
decoration of tumor cells using bispecific EGFR-directed DB7-H6
fusion proteins results in higher surface density of DB7-H6, the
affinity-enhanced variants also significantly triggered TNF-a re-
lease by NK cells, which might in turn, as described by Cao and
colleagues (55), lead to upregulation of endogenous B7-H6 on
tumor cells in close vicinity. This might be especially interest-
ing in situations in which the target Ag addressed by Ab-based

approaches is inhomogeneously expressed because this mecha-
nism might sensitize tumor cells sensitive to NK cell lysis, also
in an Ag-independent way.
Besides TNF-a production, by triggering NKp30 the immu-

noligands described in this study also promoted INF-g release in a
strictly targeted fashion and to a significantly larger extent than
molecules, such as cetuximab, exclusively activating NK cells via
FcgRIIIa. Considering the pleiotropic effects of IFN-g (56–59) on
several different immune cell subsets present in the tumor mi-
croenvironment, this may have major consequences when applied
in vivo, especially in the treatment of solid tumors. Although
IFN-g signaling has been demonstrated to promote tumor elimi-
nation by inhibiting suppressive immune cells, such as regulatory
T cells (60), myeloid‐derived suppressor cells (61), and tumor‐
associated macrophages, IFN-g is also critical for NK, NKT, and
T cell trafficking into tumors through chemokine induction (62, 63).
In addition, IFN-g activates APCs and cytotoxic T lymphocytes.
Hence, the NK cell engagers described in this work might be able to
turn cold tumors hot and may therefore also represent interesting
candidates in combination with other immunomodulatory agents
such as immune checkpoint inhibitors (64, 65).
In conclusion, the B7-H6–based NK cell engagers engineered in

this study combine a unique set of effector functions to directly
eliminate tumor cells by triggering NK cell cytotoxicity and eliciting
a multifaceted immune reaction by promoting release of proin-
flammatory cytokines and therefore represent an interesting new
class of immunomodulatory agents.
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