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Abstract

Herein, we describe the generation of potent NK cell engagers (NKCEs) based

on single domain antibodies (sdAbs) specific for NKp46 harboring the human-

ized Fab version of Cetuximab for tumor targeting. After immunization of

camelids, a plethora of different VHH domains were retrieved by yeast surface

display. Upon reformatting into Fc effector-silenced NKCEs targeting NKp46

and EGFR in a strictly monovalent fashion, the resulting bispecific antibodies

elicited potent NK cell-mediated killing of EGFR-overexpressing tumor cells

with potencies (EC50killing) in the picomolar range. This was further aug-

mented via co-engagement of Fcγ receptor IIIa (FcγRIIIa). Importantly,

NKp46-specific sdAbs enabled the construction of various NKCE formats with

different geometries and valencies which displayed favorable biophysical and

biochemical properties without further optimization. By this means, killing

capacities were further improved significantly. Hence, NKp46-specific sdAbs

are versatile building blocks for the construction of different NKCE formats.
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1 | INTRODUCTION

Bispecific antibodies (bsAbs) have proven to be of utmost
relevance for disease treatment, especially for indications
in oncology (Krah et al., 2018, 2017; Labrijn et al., 2019).
As of July 12, 2022 (www.antibodysociety.org) a total

number of seven bispecific antibodies have been
approved for therapy either in the United States or
Europe (of note, Catumaxomab was withdrawn in 2017
(Brinkmann & Kontermann, 2021)) with two more mole-
cules in regulatory review. Moreover, around 200 bsAbs
are currently assessed in clinical trials (Carter &
Rajpal, 2022). One very promising field for bsAbs relies
on the conditional agonism of activating receptors or
costimulatory receptors on immune cell populations. In
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this respect, recruiting T cells via bsAbs referred to as T
cell engagers show great promise, especially for hemato-
logical malignancies but also for the treatment of mela-
noma (Assouline et al., 2020; Killock, 2021; Zhao
et al., 2019). In recent years, also other immune cell sub-
sets gained substantial interest for being exploited as
effector population such as the redirection of natural
killer cells (NK cells) (Demaria et al., 2021; Hu
et al., 2019; Huntington et al., 2020).

NK cells are part of the early host defense in the body,
having the natural capacity to distinguish between
healthy tissues and stressed or diseased cells. This is due
to a complex interplay between several distinct germline-
encoded activating and inhibitory receptors (Chiossone
et al., 2018; Gonzalez-Rodriguez & Sordo-
Bahamonde, 2019). Inhibitory receptors such as natural
killer group 2A (NKG2A) or killer-immunoglobulin-like
receptors (KIRs) recognize “self” ligands normally
expressed by host cells (Carlsten & Järås, 2019; Vivier
et al., 2008). In addition, NK cells express an array of acti-
vating receptors, for instance, the natural cytotoxicity
receptors (NCRs), NKG2D or DNAM-1 (Koch &
Tesar, 2017; Morgado et al., 2011). Ligands of those
receptors are typically upregulated on stressed cells, even-
tually resulting in NK cell activation. However, shedding
of ligands for activating receptors has been described as
one mechanism of tumor immune escape (Reiners
et al., 2013; Schlecker et al., 2014; Wang et al., 2014).
Moreover, tumor cells might downregulate ligand-
derived danger signals or upregulate inhibitory human
leukocyte antigen (HLA) molecules and consequently
evade immune recognition by NK cells (Balsamo
et al., 2012).

Furthermore, NK cells might become activated in an
antibody-directed fashion. Triggering of the low affinity
FcγRIIIa (CD16a) by target cells opsonized with anti-
bodies causes efficient NK cell activation resulting in
degranulation and target cell eradication. This process,
referred to as antibody-dependent cell-mediated cytotox-
icity (ADCC) is considered as one important mode of
action of many therapeutic antibodies (Beano et al., 2008;
Darwich et al., 2021; Seidel et al., 2013; Wang
et al., 2017). Yet, the capability of an antibody to elicit
ADCC is affected in several ways, for instance, by antigen
densities on target cells, FcγRIIIa polymorphism or com-
petition with serum IgG (Bibeau et al., 2009; Koch &
Tesar, 2017; Preithner et al., 2006). To overcome these
inherent limitations of classical antibody therapies, bi-
and multi-specific NKCEs have been developed, in which
one paratope binds to FcγRIIIa with high affinity, while
the other paratope is directed against a tumor antigen
(Koch & Tesar, 2017; Rothe et al., 2015; Wingert
et al., 2021). Several of FcγRIIIa-specific NKCEs are

currently investigated in clinical trials (Bartlett
et al., 2020; Demaria et al., 2021). Another route that is
presently pursued relies on targeting the array of activat-
ing NK cell receptors for the construction of potent
NKCEs (Peipp et al., 2022). This has been accomplished
in several different ways. For instance, bifunctional
immunoligands have been described in which a tumor-
associated antigen (TAA)-directed paratope was fused to
the extracellular region of a ligand for an activating
receptor or to affinity-optimized versions thereof (Peipp
et al., 2015; Pekar et al., 2021; von Strandmann
et al., 2006). Moreover, bispecific or multifunctional
NKCEs were constructed that bridge a TAA on tumor
cells with an activating receptor on NK cells such as
NKG2D or NKp30 (Colomar-Carando et al., 2022; Klausz
et al., 2022; Klewinghaus et al., 2022; Raynaud
et al., 2021). In one of the most prominent examples,
Vivier and colleagues engineered trifunctional NKCEs
based on the engagement of two NK cell activating recep-
tors, that is, NKp46 as well as FcγRIIIa, for very potent
effector cell redirection (Gauthier et al., 2019). Of note,
NKCEs based on this approach are currently assessed in
early-stage clinical trials (e.g., NCT05086315) (Gauthier
et al., 2021).

In this work, we have engineered EGFR-specific
NKCEs triggering NKp46-mediated tumor cell eradica-
tion by employing camelid-derived single domain anti-
bodies (sdAbs) (Figure 1a). After immunization of
camelids, NKp46-specific VHH domains were isolated
using yeast surface display (YSD) (Roth et al., 2020;
Valldorf et al., 2022). Bispecific NKCEs harboring
NKp46-directed sdAbs elicited efficient NK cell-mediated
killing of EGFR-positive tumor cells. In addition, we
demonstrate that killing capacities of NKCEs based on
NKp46-specific VHH domains can be significantly aug-
mented by protein engineering.

2 | RESULTS

2.1 | Immunization of camelids followed
by YSD enables the isolation of a diverse
panel of NKp46-specific VHH sdAbs

In order to generate bsAbs triggering NK cells via NCR
NKp46 we aimed at isolating sdAbs from camelids, since
it is well established that camelid-derived VHH domains
afford the benefit of multiple engineering options
(Chanier & Chames, 2019; Pekar et al., 2020). To this
end, two Alpacas (Vicugna pacos) and one Llama (Lama
glama) were immunized with the recombinant extracel-
lular region of human NKp46. Subsequently, for each
specimen a YSD library was constructed and selected by
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FACS. Sorting was conducted in a two-dimensional man-
ner, to simultaneously detect for functional VHH surface
expression as well as NKp46 binding. In this respect,
approximately 108 cells per library were sorted
(Figure 1b, upper panel). For this, an antigen concentra-
tion of 1 μM was used, to also enrich for clones poten-
tially displaying lower affinities. Intriguingly, for each of
the libraries we already observed a distinct antigen-
binding population of 2%–4%. Subsequently, the sorting
output was reanalyzed to get a glimpse about the enrich-
ment, revealing more than 50% of antigen-binding cells
in the FACS-sorted population (Figure 1b, lower panel).
From each library 96 clones (288 clones in total) were
sequenced and revealed a panel of 199 unique sdAbs.
Based on clonotyping (a sequence identity of >90%
within CDR3 was defined as the same clonotype), we
selected 40 clones for bsAb expression, each representing
a unique clonotype (Figure 1c). In addition to sequence
diversity of the VHH domains, most sequences revealed a
considerable human-likeness, a low number of potential
chemical degradation sites and post-translational modifi-
cation sites as well as in general adequate in silico
physico-chemical properties (Table SI). In more detail,
sequence identity compared to the most similar human
germline ranged between 63.4% for

NKp46.40 as well as NKp46.35 and 80.5% for NKp46.1 if
calculated for the complete sdAbs. Moreover, only a few
sequences exhibited cysteines in noncanonical positions,
such as NKp46.30, NKp46.36 and NKp46.38, all harbor-
ing two cysteines presumably forming an additional
disulfide bond. Of note, only NKp46.37 displayed an
unpaired cysteine residue that might potentially cause
issues during manufacturing. Additionally, most of the
screened VHHs revealed only a low number of amino
acid residues considered as susceptible for potential (bio)
chemical alterations, that is, methionine oxidization,
asparagine and glutamine deamidation as well as amino
acid isomerization and N-glycosylation. Moreover, only
two sequences, NKp46.32 and NKp46.33, showed consid-
erable surface hydrophobicity (aggregation score).
Finally, the set of identified clones displayed a broad cov-
erage of computed isoelectric point (pI) values ranging
from pH 3.2 up to pH 9.4. Due to these overall favorable
developability properties determined in silico, these
VHHs represent promising starting points for potential
lead optimization studies.

For bsAb construction the strand-exchanged engi-
neered domain (SEED) heterodimerization platform was
applied that relies on beta-strand exchanges of IgG and
IgA isotypes, resulting in preferential heavy chain

FIGURE 1 Camelid immunization combined with YSD allows for the generation of a diverse panel of NKp46-specific sdAbs for NK cell

redirection. (a) Schematic depiction of a bispecific SEEDbody for NK redirection based on a NKp46-specific VHH molecule in combination

with a humanized version of the Fab arm of Cetuximab for EGFR targeting. The scheme was generated using PyMol software version 2.3.0.

(b) FACS-based selection for the isolation of NKp46-specific VHHs by utilization of a two-dimensional staining strategy for full-length VHH

display and NKp46 binding at a concentration of 1 μM. Of note, plots in the upper row show representative 106 cells of the sort, while plots

in the lower row show representative 5 � 104 cells of the corresponding sorting output in order to visualize enrichment. (c) Graphical

alignment of unique amino acid sequences of 40 VHH clones obtained from YSD library sorting. CDRs are indicated. Red bars represent

high sequence diversity and green bars indicate high sequence conservation at a given position. Alignment obtained using MUSCLE

alignment with Geneious Prime® January 1, 2021 software.
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heterodimerization (Davis et al., 2010). Each of the VHH
domains was genetically engrafted onto the hinge region
of the AG chain of the SEEDbody, whereas the Fab
region of a humanized version of Cetuximab (hu225) was
fused to the GA chain. The RF mutation was introduced
into the GA chain in order to obviate purification of
GA:GA homodimers that might form during expression
(Tustian et al., 2016). Of note, an effector-silenced (eff�)
version of the Fc region of the SEEDbody was used to
solely focus on killing capacities mediated by the isolated
NKp46-specific sdAb. Expression yields were in the triple
digit milligram-per-liter scale for the vast majority of

NKp46 SEEDbodies eff�, generally indicating adequate
productivities for transient expression (Table 1) (Pekar
et al., 2021, 2020). Besides, also aggregation propensities
as determined by analytical size exclusion chromatogra-
phy (SEC) post protein A purification indicated favorable
biophysical properties of the herein engineered NKp46
SEEDbodies eff�. In this respect, SEC profiles for 37 out
of 40 molecules were above 90% target monomer peak,
except for NKp46.13 SEEDbody eff� with 87.1% target
monomer peak, NKp46.20 SEEDbody eff� with 83.9%
main peak purity and NKp46.29 SEEDbody eff� with
81.8% target monomer peak (Table 1).

TABLE 1 Biochemical and biophysical properties of VHH-based NKCEs targeting NKp46 and EGFR.

# Yield (mg/L) SEC (%) KD (M) kon (1/Ms) koff (1/s)

NKp46.1 SEEDbody eff� 190 94.6 3.84E�09 6.07E+05 2.33E�03

NKp46.2 SEEDbody eff� 176; 176a 94.4; 92.1a 1.05E�09 2.85E+05 2.97E�04

NKp46.3 SEEDbody eff� 147 96.1 1.71E�09 3.06E+05 5.24E�04

NKp46.4 SEEDbody eff� 180 94.7 1.20E�09 6.32E+05 7.55E�04

NKp46.5 SEEDbody eff� 234 96.3 5.01E�10 6.48E+05 3.25E�04

NKp46.6 SEEDbody eff� 228 94.8 4.42E�09 1.05E+05 4.62E�04

NKp46.7 SEEDbody eff� 200 92.9 6.89E�09 1.48E+05 1.02E�03

NKp46.8 SEEDbody eff� 175 91 1.34E�09 5.89E+05 7.90E�04

NKp46.9 SEEDbody eff� 166 93.3 1.43E�09 6.85E+05 9.77E�04

NKp46.10 SEEDbody eff� 168 96.8 2.65E�10 9.41E+04 2.50E�05

NKp46.11 SEEDbody eff� 172 97.9 2.31E�09 2.63E+05 6.07E�04

NKp46.12 SEEDbody eff� 165 94.9 4.09E�09 5.56E+05 2.27E�03

NKp46.13 SEEDbody eff� 181 87.1 1.87E�09 5.78E+05 1.08E�03

NKp46.14 SEEDbody eff� 183 96.7 1.94E�09 2.90E+05 5.63E�04

NKp46.15 SEEDbody eff� 171 96.3 5.34E�09 2.96E+05 1.58E�03

NKp46.16 SEEDbody eff� 170 93.4 1.05E�08 3.04E+05 3.19E�03

NKp46.17 SEEDbody eff� 141 96.7 1.85E�08 6.25E+04 1.16E�03

NKp46.18 SEEDbody eff� 177 93.6 6.85E�09 2.44E+05 1.67E�03

NKp46.20 SEEDbody eff� 131 83.9 5.50E�09 1.12E+05 6.16E�04

NKp46.21 SEEDbody eff� 92 95.7 1.94E�09 7.29E+05 1.41E�03

NKp46.22 SEEDbody eff� 164 95.5 5.34E�09 2.70E+05 1.44E�03

NKp46.23 SEEDbody eff� 80 98.5 2.20E�09 1.06E+05 2.34E�04

NKp46.24 SEEDbody eff� 19 95.3 5.58E�09 9.57E+04 5.34E�04

NKp46.25 SEEDbody eff� 72 95 2.12E�09 3.43E+05 0.000728

NKp46.26 SEEDbody eff� 146; 152a 95.4; 86.9a 1.46E�08 3.27E+05 4.80E�03

NKp46.27 SEEDbody eff� 198 95.5 6.85E�09 2.54E+05 1.74E�03

NKp46.28 SEEDbody eff� 102 94.7 2.85E�09 1.68E+05 4.78E�04

NKp46.29 SEEDbody eff� 150 81.8 <1.0E�12 1.05E+05 <1.0E�07

NKp46.31 SEEDbody eff� 168 94.4 2.55E�08 3.94E+04 1.00E�03

NKp46.34 SEEDbody eff� 121 96.3 1.93E�09 2.93E+05 5.66E�04

Note: Nonbinding molecules were excluded from this table. kon is the rate constant of association, while koff is the rate constant of dissociation.
aIndicate the values for a second expression of the respective molecules.
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Initial binding experiments utilizing BLI at a NKp46
concentration of 100 nM revealed specific antigen bind-
ing of 30 out of 40 VHH-based NKCEs (Table 1). Conse-
quently, these 30 NKp46-specific SEEDbodies eff� were
considered for further characterization. BLI was also
exploited to analyze simultaneous binding to EGFR and
NKp46. To this end, rhEGFR (ECD) was immobilized to
the sensor tips, followed by a first association with the

bispecific NKCE. Subsequently, a second association step
was performed with the extracellular portion of rhNKp46
(Figure S1). This unveiled simultaneous binding on the
protein level for all NKp46-binding SEEDbodies eff�,
whereas NKp46.37 SEEDbody eff�, which already did
not show any binding to NKp46, also did not exhibit
simultaneous binding behavior. Affinities with respect to
NKp46 binding of VHH-based NKCE ranged from the

FIGURE 2 Fc-silenced EGFR � NKp46 NKCEs trigger NK cell-mediated lysis of EGFR-overexpressing A431 cells. (a) Fluorescence

based killing assays were conducted using A431 cells and freshly isolated PBMC-derived NK cells derived from healthy donors at an effector-

to-target cell (E:T) ratio of 5:1. Bispecific NKp46-specific VHH SEEDbodies harboring a humanized version of the Fab arm of Cetuximab as

well as an effector-silenced Fc region were added at a concentration of 50 nM. As positive control, the monoclonal antibody Cetuximab,

activating NK cells exclusively via FcγRIIIa was included. Mean values ± SEM of four independent experiments with biological duplicates

are indicated. Data were normalized to the maximum concentration of Cetuximab to allow for comparison. (b) Fluorescence based killing

assays of 11 selected NKCEs in a dose-dependent manner were conducted with A431 cells and freshly isolated PBMC-derived NK cells from

healthy donors at E:T = 5:1. Cetuximab and a one-armed effector competent SEEDbody lacking the NKp46 VHH domain (oa_hu225

SEEDbody eff+) as well as the corresponding effector-silenced counterpart (oa_hu225 SEEDbody eff�) were included as controls. Mean

values ± SEM of seven independent experiments with biological duplicates are indicated. Data were normalized to the maximum

concentration of Cetuximab to allow for comparison.
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lower double digit nanomolar range (NKp46.16,
NKp46.17, NKp46.26 and NKp46.31 SEEDbodies eff�) to
binding in the sub-nanomolar range (NKp46.5,
NKp46.10, NKp46.29 SEEDbodies eff�) with most of the
molecules displaying affinities in the single digit nano-
molar range (Table 1).

2.2 | NKp46-specific VHH-based NKCEs
elicit NK cell-mediated lysis of EGFR
overexpressing tumor cells

Initial functional analyses for the generated VHH-based
NKCEs were conducted using the EGFR-overexpressing
tumor cell line A431 as well as NK cells derived from
PBMCs of four healthy donors. Cetuximab was included
as positive control, since it is known that this EGFR-
directed antibody triggers very potent NK cell-mediated
eradication of EGFR expressing tumor cells via ADCC
(Derer et al., 2012, 2014). All compounds were assessed
in terms of killing capacities at a concentration of 50 nM.
Interestingly, while the extent of lysis differed noticeably
between the studied molecules, all VHH-based NKCEs
significantly triggered NK cell-dependent killing of A431
cells (Figure 2a). Importantly, killing of EGFR-negative
CHO cells was negligible, indicating tumor target-specific
redirection of NK cells by the herein generated NKp46
SEEDbodies eff� (Figure S2). Based on killing capacities,
but also taking the sequence similarities of
NKp46-directed paratopes into account, 11 NKCEs were
selected for a more meticulous characterization. To this
end, killing of A431 cells was evaluated in a dose-
dependent manner using again PBMC-isolated NK cells
of healthy donors as effector cells (Figure 2b). As positive
control, Cetuximab was again exploited, eliciting very
potent NK cell-mediated killing (EC50killing = 1.3 pM).
For comparison we also utilized a monovalent (one
armed) version of humanized Cetuximab, expressed as
effector competent SEEDbody (oa_hu225 SEEDbody eff
+). This molecule triggered lysis of A431 cells with a
potency of 16.3 pM, whereas the same targeting arm in
an effector-silenced Fc backbone (oa_hu225 SEEDbody
eff�) was not capable of significantly inducing NK cell-
dependent lysis of A431 cells. In contrast to this, all
11 selected VHH-based NKp46-specific NKCEs triggered
dose-dependent NK-cell mediated lysis of A431 cells with
potencies in the single digit picomolar to triple digit pico-
molar range. In this respect, NKp46.2 SEEDbody eff�,
NKp46.18 SEEDbody eff�, and NKp46.21 SEEDbody
eff� displayed the highest potencies with EC50killing
values in the low single digit picomolar range, clearly
demonstrating robust killing capacities mediated by
camelid-derived NKp46-targeting sdAbs.

2.3 | NKp46-specific sdAb-based NKCEs
target distinct epitopes and mediate
significant NK cell activation

To further characterize the NKCEs and determine epi-
tope specificities, pairwise competition for binding to
NKp46 was performed for all 11 NKp46 SEEDbodies eff�
in every possible combination (Figure 3a and S3A). For
this, BLI experiments were conducted in which NKp46
was immobilized to the sensor tip, followed by two con-
secutive association steps utilizing distinct NKp46 SEED-
bodies eff�. This revealed two groups sharing
nonoverlapping epitopes (epitope bin 1 for SEEDbodies
eff� NKp46.2, NKp46.4, NKp46.8, NKp46.13, NKp46.15,
NKp46.18, NKp46.21 and NKp46.25, and epitope bin
2 for NKp46.34 SEEDbody eff�). Interestingly, while
consecutive binding was observed for NKp46.22 SEED-
body eff� and NKp46.34 SEEDbody eff� as well as
NKp46.26 SEEDbody eff� and NKp46.34 SEEDbody
eff�, successive binding was significantly diminished but
still detectable for both clones and NKCEs that clustered
to epitope bin 1. The same was true for competitive bind-
ing between both clones, NKp46.22 SEEDbody eff� and
NKp46.26 SEEDbody eff�. Hence, it is tempting to spec-
ulate that clones within epitope bin 1, as well as SEEDbo-
dies eff� NKp46.22 and NKp46.26 share overlapping, but
distinct epitopes on NKp46 (Figure S3b).

Subsequently, we examined NK cell activation medi-
ated by the herein described NKp46-specific NKCEs in the
presence of EGFR-overexpressing A431 cells. To this end,
upregulation of CD69 as early NK cell activation marker
was analyzed for NKp46.2 SEEDbody eff� as representa-
tive clone of epitope bin 1 as well as NKp46.22 SEEDbody
eff�, NKp46.26 SEEDbody eff� and NKp46.34 SEEDbody
eff�, each targeting a unique epitope on NKp46
(Figure 3b and S4). All four NKCEs triggered significant
activation of NK cells compared to the Fc effector-silenced
one-armed EGFR-targeting negative control (oa_hu225
SEEDbody eff�). Interestingly, NK cell activation was
slightly lower for all NKCEs triggering NKp46 than for
Cetuximab as well as compared with a monovalent Fc
effector competent humanized version of Cetuximab, both
mediating NK cell activation via FcγRIIIa ligation, clearly
highlighting the impact of FcγRIIIa as very potent trigger
molecule for NK cell activation.

2.4 | Killing capacities of NKp46-
targeting NKCEs can be augmented by co-
engagement of FcγRIIIa

Our group recently described that killing capacities of
NKp30-directed EGFR-targeting bispecific NKCEs can be
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further enhanced by co-triggering FcγRIIIa (Klausz
et al., 2022; Pekar et al., 2021). This was also demon-
strated by Vivier and colleagues for NKp46-specific Fab-
derived paratopes incorporated into multifunctional
NKCEs (Gauthier et al., 2019). To investigate, if this also
holds true for sdAb-derived NKCEs specific for NKp46,
SEEDbodies NKp46.2 and NKp46.26 were expressed har-
boring an effector function enabled Fc region (eff+).
These two sdAb-based paratopes were chosen because of
differences in affinities, epitope targeting and initial kill-
ing capacities (Table 1, Figures 2, 3a and S3). Intrigu-
ingly, co-engagement of FcγRIIIa augmented both,
potencies as well as efficacies (maximal lysis) for each
studied NKCE (Figure 4a). In this respect, for NKp46.2
SEEDbody we observed a moderate enhancement in
EC50killing (EC50 NKp46.2 SEEDbody eff� of 0.98 pM
vs. EC50 NKp46.2 SEEDbody eff+ of 0.61 pM). This effect
was even more pronounced for NKp46.26 SEEDbody,
where potencies were augmented by a factor of seven
(EC50 NKp46.26 SEEDbody eff� of 4.1 pM vs. EC50

NKp46.26 SEEDbody eff+ of 0.59 pM), corroborating the
impact of the Fc backbone for NKCEs targeting NCRs.

2.5 | Antibody format engineering
enables the generation of NKp46-specific
VHH-based NKCEs with enhanced
potencies and efficacies

In a further attempt to improve killing capacities, we set
out to investigate the influence of valencies for each para-
tope on tumor cell lysis as well as the impact of the over-
all antibody design architecture (Figure 4b). To this end,
three additional formats were employed, all harboring an
effector-silenced Fc region (Figure 4b, design architecture
B–D) as well as either VHHs NKp46.2 or NKp46.26.
While initially, all molecules were tested harboring
strictly monovalent N-terminally linked paratopes
(Figure 4b, format A), we also produced molecules allow-
ing for bivalent targeting of NKp46. For this, the respec-
tive VHHs were engrafted in a tandem arrangement
separated by a 20 amino acid Gly/Ser linker and fused to
the N-terminus of the AG chain of the SEED, while on
the GA chain the Fab arm of hu225 was utilized (format
B). In addition, we fused the respective VHH to the C-ter-
minus of an effector-silenced IgG1 derivative of hu225,

FIGURE 3 VHH-based NKCEs target several distinct epitopes on NKp46 and trigger significant NK cell activation. (a) BLI sensograms

showing competitive binding experiments of a panel of 11 NKp46 SEEDbodies for recombinant human NKp46 ECD. rhNKp46 ECD was

immobilized to the sensor tip followed by a first association step using the respective SEEDbody at a concentration of 100 nM. Subsequently,

a second association step was performed using another SEEDbody at 100 nM in the presence of 100 nM first analyte. In each experiment KB

buffer as well as one SEEDbody in both association steps were included as controls. (b) Representation of CD69 expression for different

NKCEs and control molecules within the CD56 positive NK cell population. Percentage of activation was determined by flow cytometric

analysis via simultaneous NK cell staining with CD56 PE-Cy7 and CD69 PE or respective isotype controls for appropriate gating adjustment

(Figure S4). Graphs show box whiskers plots of four independent experiments measured in biological duplicates. ns, not significant;

***p < 0.001; ****p < 0.0001 versus oa_hu225 SEEDbody eff�.
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enabling bivalency for both paratopes (design C; of note a
20 amino acid Gly/Ser linker was implemented between
the Fc part and the VHH). Finally, fusion of the Fab arm
of hu225 to both N-termini of the SEED chain as well as
engraftment of only one respective VHH to the C-termi-
nus of the AG chain of the SEED (separated by a
20 amino acid Gly/Ser linker) enabled bivalent targeting
of EGFR, as well as addressing Nkp46 in a monovalent

fashion (format D). In general, all different formats could
successfully be produced in Expi293 cells with expression
yields in the double to triple digit milligram per liter scale
(Table 2). Interestingly, slightly reduced expression yields
were observed for both NKp46-specific sdAbs when
engrafted in asymmetric design architecture D (double
digit mg/L vs. triple digit mg/L), suggesting an overall
reduced productivity for this particular format. Besides,

FIGURE 4 Format and Fc engineering approaches augment killing capacities of VHH-based NKp46 � EGFR NKCEs. (a) Fluorescence

based killing assays were conducted with EGFR-overexpressing A431 cells and freshly isolated PBMC-derived NK cells from healthy donors

at an E:T ratio of 5:1 with increasing concentrations of strictly monovalent NKp46 and EGFR targeting NKp46.2 (green) and NKp46.26

(orange) VHH SEEDbodies with effector-silenced (indicated as eff�, continuous lines and filled symbols) or effector competent (indicated as

eff+, dotted lines and open symbols) Fc portions. (b) Schematic depiction of engineered antibody architectures for NK redirection based on a

NKp46 specific VHH molecule in combination with humanized Cetuximab Fab in an effector silenced Fc backbone. Strictly monovalent N-

terminal fusion of NKp46 VHH and EGFR Fab shown as SEEDbody format A, while N-terminal bivalent tandem arrangement of

NKp46-specific VHHs and monovalent EGFR Fab is indicated as SEEDbody format B. N-terminal bivalent EGFR Fab fusion with C-terminal

bivalent arrangement of NKp46 VHH fused onto an IgG1 backbone is indicated as design C and monovalent C-terminal NKp46 VHH fusion

with bivalent N-terminal EGFR Fab orientation is indicated as design format D. Schemes were generated using PyMol software version 2.3.0.

(c) Fluorescence based killing assays with NKp46.2 based NKCE formats were conducted with EGFR-overexpressing A431 cells and freshly

isolated PBMC-derived NK cells from healthy donors at an E:T ratio of 5:1 with increasing concentrations of NKp46.2 design A (green

continuous line and filled symbols), design B (light blue, dotted line and open symbols), design C (blue, dotted line and open symbols) as

well as design D (brown, dotted line and open symbols). (d) Fluorescence based killing assays with NKp46.26 based NKCE formats were

conducted with EGFR-overexpressing A431 cells and freshly isolated PBMC-derived NK cells from healthy donors at an E:T ratio of 5:1 with

increasing concentrations of NKp46.26 design A (orange continuous line and filled symbols), design B (pink, dotted line and open symbols),

design C (dark red, dotted line and open symbols) as well as design D (purple, dotted line and open symbols). For all experiments, mean

values ± SEM of eight independent experiments with biological duplicates are indicated. Data were normalized to the maximum

concentration of Cetuximab to allow for comparison. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 versus respective strictly monovalent

bispecific SEEDbody eff� (design A).
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molecules representing different antibody architectures
unveiled a high purity after expression and affinity purifi-
cation. Except for NKp46-specific VHH NKp46.26 in for-
mat A (showing a slightly broader target peak with 86.9%
purity), size exclusion chromatography (SEC) profiles
showed target monomer peak purities of above 90%
(Table 2, Figure S5). Also, thermal stabilities were quite
similar between the different formats for a given
engrafted VHH paratope, that is, Tm1 ranging from 64.1
to 68.5�C for NKp46.2 and 54.9 to 56.0�C for NKp46.26,
with VHH NKp46.2 in format C (IgG1-based format) that
seemed to be the most stable design exhibiting its first
unfolding transition midpoint at 68.5�C. Additionally, a
lower overall thermostability for all NKp46.26 harboring
molecules was found (Table 2, Figure S6). Furthermore,
we employed HIC analysis in order to determine the rela-
tive hydrophobicity of the generated NKCE architectures
(Table 2, Figure S7). Therefore, we used two therapeutic
antibodies, Cetuximab and Avelumab (HIC retention
times of 5.8 and 7.2 min, respectively), that were granted
marketing approval by the FDA as reference. In general,
we observed a trend toward higher retention times and
hence, for higher hydrophobicity, when more paratopes
were incorporated into a given molecule and for the
designs where the NKp46 VHHs were fused to the C-
terminus of the molecule (design C and D). In this
respect, HIC retention times were 6.8 and 6.5 min,
respectively, for molecules NKp46.2 C and NKp46.26 C
that harbor four paratopes in total. In contrast to this,
HIC retention times were 6.1 and 5.8 min when both
paratopes were engrafted into the strictly monovalent for-
mat A. Consequently, the NKCE architectures incorpo-
rating three paratopes, that is, design B and D, showed
intermediary HIC retention times with NKp46.2 B and
NKp46.26 B eluting after 6.3 and 5.8 min as well as
NKp46.2 D and NKp46.26 D eluting after 6.6 and
6.5 min, respectively. Overall, HIC retention times of all
different molecules were between those of Cetuximab
and Avelumab, clearly demonstrating adequate biophysi-
cal properties for herein engineered NKCE architectures.

Finally, we set out to investigate the ability of the dif-
ferent NKCE formats to redirect NK cell cytotoxicity
against EGFR-overexpressing A431 cells. Similar to the
initially observed results in format A (Figure 2b), both
NKp46-directed VHHs triggered lysis in the low picomo-
lar range (EC50 NKp46.2 of 0.98 pM, EC50 NKp46.26 of
4.1 pM; Figure 4a,c,d). Bivalent targeting of activating
receptor NKp46 on the NK cell in format B augmented
killing capacities for both engrafted VHHs. Intriguingly,
for VHH NKp46.2 we observed not only a slightly
enhanced potency in format B (EC50 NKp46.2 B of
0.59 pM vs. EC50 NKp46.2 A of 0.98 pM) but also a trend
toward higher efficacies, that is, maximum lysis
(Figure 4c). For NKp46.26 the effect was even more dis-
tinct in terms of potencies (EC50 NKp46.26 B of 0.60 pM
vs. EC50 NKp46.26 A of 4.1 pM), resulting in an improve-
ment of approximately sevenfold. However, bivalent tar-
geting of NKp46 had no impact on maximum killing
capacities (Figure 4d). This is in strong contrast to the
design architectures that allow for bivalent targeting of
EGFR (Figure 4c,d, format C and D). Here, maximum
killing capacities were significantly enhanced compared
to both formats that only enable monovalent targeting of
the tumor associated antigen. Though, for VHH NKp46.2
no significant benefit was observed in terms of potencies
(EC50 NKp46.2 C of 1.08 pM vs. EC50 NKp46.2 A of
0.98 pM). In fact, potencies seem to be even reduced
when reformatted into format D, allowing for bivalent
targeting of EGFR and monovalency for NKp46 (EC50

NKp46.2 D of 4.67 pM vs. EC50 NKp46.2 A of 0.98 pM.
Yet, this is partially misleading, since significantly
enhanced efficacies result in limited comparability).
Opposed to these findings, for VHH NKp46.26 bivalent
targeting of EGFR and for NKp46 resulted in both,
enhanced potencies by the factor of approximately 6-fold
(EC50 NKp46.26 C of 0.67 pM vs. EC50 NKp46.26 A of
4.1 pM) as well as significantly augmented maximal kill-
ing capacities (Figure 4d). Even in design D reformatting
of this particular sdAb largely maintained potencies
albeit displaying much higher efficacies. Importantly, for

TABLE 2 Biophysical and functional properties of different VHH-based EGFR � NKp46 NKCE format architectures.

# Yield (mg/L) SEC (%) Mean Tm 1 (�C) HIC retention time (min) EC50killing (pM)

NKp46.2 A eff� 176 92.1 64.5 6.1 0.98

NKp46.26 A eff� 152 86.9 55.4 5.8 4.1

NKp46.2 B eff� 222 91.7 64.1 6.3 0.59

NKp46.26 B eff� 120 94.4 54.9 5.8 0.6

NKp46.2 C eff� 120 94.2 68.5 6.8 1.08

NKp46.26 C eff� 116 96.3 55.6 6.5 0.67

NKp46.2 D eff� 85 93.5 65.5 6.6 4.67

NKp46.26 D eff� 52 98.1 56.0 6.5 4.11
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all molecules analyzed killing of EGFR-negative CHO
cells was negligible (Figure S8). Ultimately, this shows
that killing capacities of VHH-derived NKp46-specific
NKCEs can be significantly augmented by antibody for-
mat engineering. Of note, our data suggests that molecu-
lar attributes such as the targeted epitope or the spatial
orientation of individual paratopes within the molecular
architecture may affect the cytotoxic potential in either a
positive or negative way.

3 | DISCUSSION

In this work, we have generated potent NKCE formats
that bridge NKp46 on NK cells with EGFR on tumor
cells. NKp46 is an activating receptor expressed on NK
cells, belonging to the group of NCRs. It was previously
shown by Vivier and co-workers that NKp46 can be effec-
tively targeted for the generation of efficacious NKCEs
and currently, this approach is being explored in clinical
development (e.g., NCT05086315) (Gauthier et al., 2019).
The authors generated NKp46-directed paratopes based
on canonical VH as well as VL comprising antigen bind-
ing sites and furthermore characterized several different
sophisticated NKCE formats. Our group has recently
described an efficient route for generating NKCEs based
on NKp30-directed camelid-derived sdAbs (Klausz
et al., 2022). This strategy involved immunization of
camelids followed by YSD-based antibody selection.
sdAbs such as camelid-derived VHH domains afford the
benefit of multiple reformatting options owing to their
simple structure and composition compared to canonical
paratopes (Könning et al., 2017; Krah et al., 2016; Pekar
et al., 2020; Yanakieva et al., 2022). Moreover, sdAbs can
be readily obtained using different display technologies
(Pardon et al., 2014; Roth et al., 2020; Sellmann
et al., 2020; Valldorf et al., 2022). We applied this strategy
in this study for the generation of NKp46-based NKCEs.
Following camelid immunization and YSD, we were able
to isolate a diverse panel of sdAb paratopes that were
subsequently reformatted into NKCEs enabling targeting
of both, EGFR and NKp46, in a monovalent fashion
(Figure 4b, design A). Characterization of a panel of
NKCEs revealed dose-dependent triggering of NK cell
mediated lysis of EGFR-overexpressing tumor cells with
potencies in the picomolar range. Similar potencies were
previously observed by our group for equivalent NKCEs
harboring NKp30-specific VHH domains (Klausz
et al., 2022) as well as recapitulated in this study
(Figure S9). NKp30 is another activating receptor on NK
cells belonging to the group of NCRs (Pende et al., 1999).
In contrast to NKp46, the expression of NKp30 on tumor
infiltrating NK cells is downregulated while it is more

consistently expressed on NK cells in the blood of cancer
patients (Demaria et al., 2022). Moreover, NKp30 is also
displayed by other immune cell subsets that might be
beneficial in therapeutic settings (Correia et al., 2018;
Hudspeth et al., 2012). Ultimately, expression profiles of
the respective NCR as well as its distribution on other
immune cells need to be taken into account when design-
ing NKCEs for a given indication.

Additionally, we set out to augment the cytotoxic
potential of NKp46-based NKCEs by format and Fc engi-
neering. For this, we focused on VHHs that address dis-
tinct epitopes and elicit a robust activation of NK cells.
Similar to what has been shown by Vivier for NKp46
(Gauthier et al., 2019) and our group for NKp30 (Klausz
et al., 2022; Pekar et al., 2021), co-engagement of
FcγRIIIa by utilizing an effector functional Fc portion
enhanced killing capacities of VHH-based NKCEs.

Intriguingly, we were able to significantly improve
potencies and efficacies of NKp46-directed NKCEs by for-
mat engineering. Bivalent targeting of NKp46 was benefi-
cial in enhancing potencies for both VHHs, while
bivalency for EGFR significantly improved maximum
killing. Consequently, bivalent targeting of both, the
TAA and the trigger molecule on NK cells enabled stron-
gest augmentation of NK cell mediated lysis capacities,
while unspecific lysis of target-negative cells was negligi-
ble. Noteworthy, the magnitude of improvement differed
between both VHHs which target different epitopes on
NKp46. It was previously shown by Chaparro-Riggers
and colleagues that redirection capacities of T cell enga-
gers highly depend on the epitope location as well as on
the overall geometry of the engager molecule (Chen
et al., 2021). The herein presented investigations are sup-
porting the notion that the epitope on the effector cell
trigger receptor as well as the valencies and the spatial
orientation of the individual paratopes within the molec-
ular architecture are important factors impacting killing
capacities that ultimately need to be considered when
designing NKCEs.

4 | MATERIALS AND METHODS

4.1 | Camelid immunization

All procedures and animal care were in accordance with
local animal welfare protection laws and regulation. Of
note, all procedures involving animals were conducted at
preclinics GmbH, Germany. Animals remained alive
after immunization and final blood collection. For the
immunization, two Alpacas (Vicugna pacos) and one
Llama (Lama glama) were immunized with recombinant
human (rh) NKp46 extracellular domain (ECD; Acro
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Biosystems). The immunization protocol comprised four
administrations of 300 μg rh NKp46 ECD, each con-
ducted as subcutaneous injections at three sites, over a
period of 42 days in total (at d0, d14, d28 and d35). For
this, the antigen was diluted to a stock concentration of
1 mg/mL in PBS and emulsified either with Complete
Freund's Adjuvant, for initial immunization, or with
Incomplete Freund's Adjuvant for subsequent immuniza-
tions. Seven days after the final administration (d42), a
volume of 100 mL blood per specimen was collected prior
to RNA extraction and subsequent cDNA synthesis.

4.2 | Yeast strains and media

Saccharomyces cerevisiae strain EBY100 (MATa URA3-52
trp1 leu2Δ1 his3Δ200 pep4::HIS3 prb1Δ1.6R can1 GAL
(pIU211:URA3)) (Thermo Fisher Scientific) was
employed for yeast surface display. Cells were cultivated
in yeast extract–peptone–dextrose (YPD) medium com-
posed of 20 g/L peptone, 20 g/L dextrose and 10 g/L yeast
extract supplemented with 10 mg/mL penicillin–
streptomycin (Gibco). After homologous recombination-
based cloning, cells harboring library plasmids (pDisp)
were cultivated in medium using minimal synthetic
defined (SD)-base (Takara Bio) and corresponding drop-
out mix (Takara Bio) composed of all essential amino
acids except for tryptophan (�Trp) for selection, supple-
mented with 5.4 g/L Na2HPO4 and 8.6 g/L
NaH2PO4 � H2O. To induce antibody gene expression,
cells were transferred into galactose containing SG drop-
out medium (�Trp), consisting of SG-base medium
(Takara Bio) supplemented with 10% (w/v) polyethylene
glycol 8000 (PEG 8000).

4.3 | Plasmids for yeast surface display
and library generation

Gap repair cloning based on homologous recombination
in yeast was exploited for the generation of VHH librar-
ies. Protocols for PCR amplification of VHH fragments as
well as library construction have already been described
by our group (Roth et al., 2020). In brief, digestion of the
display plasmid pDisp with specific restriction enzyme
BsaI followed by genetic fusion of VHH library candi-
dates in frame to Aga2p by replacement of a stuffer
sequence due to gap repair cloning allowed for the pre-
sentation of sdAb variants on the yeast cell surface. The
additional insertion of a HA epitope linked C-terminally
to Aga2p on the pDisp backbone enabled the detection of
proper full-length VHH presentation on the yeast
surface.

4.4 | Library sorting

For sorting purposes, EBY100 cells were grown overnight
in SD medium with dropout mix lacking tryptophan
(�Trp) at 30�C and 120 rpm prior to induction of surface
expression by cell transfer into SG medium with dropout
mix (�Trp) at 107 cells/mL and 48 h incubation at 20�C.
Antigen binding was detected by indirect immunofluo-
rescence using 1 μM rh his-tagged NKp46 ECD (Acro
Biosystems) in combination with anti-his mouse mono-
clonal detection antibody (SureLight® Allophycocyanin,
Abcam, diluted 1:20). Simultaneous monitoring of full-
length VHH surface expression by application of a FITC-
labeled rabbit polyclonal anti-HA antibody (Abcam,
diluted 1:20) allowed for a two-dimensional sorting strat-
egy (Figure 1b). The fluorescence activated cell sorting
(FACS) procedure was performed on a BD FACSAria™
Fusion cell sorter (BD Biosciences) device. Control sam-
ples, that is, cells incubated with secondary labeling
reagents only or cells incubated with secondary labeling
reagents and his-tagged NKp46 or unrelated antigen as
well as untreated cells were employed in every experi-
ment, allowing for gate adjustment of the desired cell
population.

4.5 | Protein expression and purification

After sequencing of FACS enriched populations and
subsequent clone selection, the VHH variants were
fused N-terminally to the hinge region of Fc immune
effector-silenced (eff�) SEED AG chains prior to clon-
ing into pTT5 mammalian expression vector
(Durocher, 2002), ultimately enabling the production
of eff� bispecific SEEDbodies (SEEDbody eff�) in
combination with eff� humanized Cetuximab Fab on
the SEED GA chain for the initial protein characteriza-
tion. For a more detailed characterization, specific
VHHs were also expressed as effector competent SEED-
bodies (SEEDbody eff+) and in different orientations
and valencies (as eff� versions). For protein expres-
sion, Expi293 cells were transiently transfected with
respective pTT5 vectors according to the manufac-
turer's instructions (Thermo Fisher Scientific). The
protein containing supernatants were harvested 6 days
post transfection by centrifugation and purified via
MabSelect antibody purification chromatography resin
(GE Healthcare), followed by a buffer exchange step to
PBS pH 6.8 overnight using Pur-A-Lyzer™ Maxi 3500
Dialysis Kit (Sigma Aldrich). Resulting molecule con-
centrations were measured using Nanodrop ND-1000
(Peqlab) after sterile filtration with Ultrafree®-CL GV
0.22 μm centrifugal devices (Merck Millipore).
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4.6 | Protein analytics

For the assessment of protein sample quality regarding
target monomer peaks (%), analytical size exclusion chro-
matography (SEC) was conducted, using 7.5 μg protein
per sample on a TSKgel UP-SW3000 column (2 μm,
4.6 � 300 mm, Tosoh Bioscience) in an Agilent HPLC
1260 Infinity system with a flow rate of 0.35 mL/min
using 50 mM sodium phosphate, 0.4 M NaClO4 pH 6.3 as
mobile phase. Hydrophobicity of the different molecules
was determined by hydrophobic interaction chromatog-
raphy (HIC) using 20 μg protein per sample on a TSKgel
Butyl-NPR column (2.5 μm, 4.6 � 100 mm, Tosoh Biosci-
ence) in an Agilent HPLC 1260 Infinity system with a
flow rate of 0.5 mL/min. Samples were premixed with
50% (v/v) 2 M ammonium sulfate solution prior to injec-
tion. A gradient running from mobile phase A (1.2 M
ammonium sulfate in PBS) to mobile phase B (50% meth-
anol in 0.1� PBS) over 15.0 min at 25�C was applied. Sig-
nals were recorded at 214 nm. Anti-PD-L1 Avelumab and
anti-EGFR Cetuximab were used as reference molecules.
Thermal unfolding of the antibodies was assessed by dif-
ferential scanning fluorimetry (DSF) on a Prometheus
NT.PLEX nanoDSF instrument. Samples were measured
in duplicates using nanoDSF grade standard capillaries.
A temperature gradient from 20 to 95�C at a slope of
1�C/min was used while recording fluorescence at
350 and 330 nm. Unfolding transition midpoints
(Tm) were determined from the first derivative of the
fluorescence ratio 350 nm/330 nm.

4.7 | Molecular modeling and in silico
property prediction

To create homology models of the full length IgGs and
VHHs the antibody modeler tool in the molecular model-
ing software package moe (Mol Operating Enrion
2020.09: Chemical Computing Group Inc.; 2020) was uti-
lized. The generation of IgG-VHH constructs were built
by adding linkers via moe's protein builder, followed by a
conformational search of the linker via moe's linker mod-
eler. Finally, an energy minimization was performed,
treating the linker as flexible and the IgG and VHH
domains as rigid bodies. Visualization of 3D structures
was done with PyMOL (The PyMOL Molecular Graphics
System, Version 2.0 Schrödinger, LLC.).

The in silico developability profile was computed
using an internal pipeline termed “Sequence Assessment
Using Multiple Optimization Parameters (SUMO)”
(Evers et al., 2022).Briefly, this approach automatically
generates VHH models based on the provided sequences,
identifies the human-likeness by sequence comparison to

the most similar human germline sequence, determines
structure-based surface-exposed chemical liability motifs
(unpaired cysteines, methionines, asparagine deamida-
tion motifs and aspartate deamidation sites) as well as
sites susceptible to post-translational modification (N-
linked glycosylation). Moreover, a small set of orthogonal
computed physico-chemical descriptors including the iso-
electric point (pI) of the variable domain, Schrodingers
AggScore as predictor for hydrophobicity and aggregation
tendency calculated for the complete variable domain as
well as the complementarity-determining regions (CDRs)
only and the calculated positive patch energy of the
CDRs were determined (Sankar et al., 2018). These scores
were complemented with a green to yellow to red color
coding, indicating scores within one standard deviation
from the mean over a benchmarking dataset of multiple
biotherapeutics approved for human application as green,
scores above one standard deviation as yellow and those
above two standard deviations as red (Ahmed
et al., 2021) (Table S1). For the AggScore values, these
cutoffs were slightly adjusted based on correlation ana-
lyses to internal experimental HIC data.

4.8 | Biolayer interferometry

For binding assays with recombinant proteins, the Octet
RED96 system (ForteBio, Pall Life Science) was employed
using 25�C and 1000 rpm agitation settings. In order to
determine binding kinetics, bispecific molecules were
loaded on anti-human Fc (AHC) Biosensors at 3 μg/mL
in PBS for 3 min followed by 60 s sensor rinsing in kinet-
ics buffer (KB; PBS + 0.1% Tween-20 and 1% bovine
serum albumin, BSA). Afterwards, binding to human
NKp46 ECD (Acro Biosystems) in decreasing concentra-
tions ranging from 100 to 1.56 nM in KB was measured
for 300 s followed by dissociation for 300 s in KB. In each
experiment, one negative control using irrelevant antigen
and a second reference by incubating the antibody in KB
instead of the antigen was measured.

Simultaneous binding capacities of NKCEs were mea-
sured by loading his-tagged EGFR ECD (produced in-
house) on anti-his tips (HIS1K) for 3 min at 3 μg/mL in
PBS. After sensor rinsing a first binding step was per-
formed using the respective NKCE at 100 nM, followed
by a consecutive association step with 100 nM of NKp46
Fc-fusion protein (Acro Biosystems). Parallel control
measurements for each association step of Biosensors
incubated in KB instead were utilized.

To analyze competitive binding of VHHs, his-tagged
NKp46 ECD was loaded at 3 μg/mL in PBS for 3 min to
HIS1K Biosensors followed by 60 s sensor rinsing in
KB. Association of the bispecific antibodies (100 nM) for
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200 s in KB was followed by an additional association
step with a different SEEDbody for another 150 s in KB
in presence of 100 nM first analyte. Control values using
an unrelated antibody or the same bispecific SEEDbody
for both association steps as well as controls using KB
buffer were included.

Data were fitted and analyzed with ForteBio data
analysis software 8.0 using a 1:1 binding model after
Savitzky–Golay filtering.

4.9 | Tumor cell killing assays

A detailed protocol has previously been described by our
group and can be found elsewhere (Pekar et al., 2020). In
brief, peripheral blood mononuclear cells (PBMCs) were
freshly isolated from healthy donors. Subsequently, NK
cells were enriched using EasySep™ Human NK Cell Iso-
lation Kit (Stemcell Technologies). Purified NK cells were
rested overnight in complete medium supplemented with
low dose rh IL-2 (100 U/mL, R&D systems) prior to cell
adjustment to 0.625 � 106 viable cells/mL the next day.
EGFR overexpressing A431 cells or EGFR negative
ExpiCHO™ cells were prepared by cell staining with
CellTracker™ Deep Red Dye (ThermoFisher) and seeded
into a 384-well clear bottom microtiter plate (Greiner
Bio-One) at 2500 cells/well. After a 3 h adherence period,
NK effector cells were dispensed to target cells at a effec-
tor to target cell (E:T) ratio of 5:1 before addition of
bsAbs at concentrations as indicated followed by incuba-
tion for 24 h in the Incucyte® system. As negative con-
trol, a monovalent EGFR targeting Fc effector-silenced
antibody derivative was used (oa_hu225 SEEDbody eff�).
Dead cells were detected by dispensing 0.03 μM
SYTOX™ Green Dead Cell Stain (Invitrogen) to the
assay. Cell lysis was normalized to maximum lysis
induced by Cetuximab or to target cells cultivated with
30 μM staurosporine (Merck Millipore). Overlay signals
allowed for analysis of dead target cells only, while sub-
traction of overlay signals from overall green signal
enabled specific analysis of dead NK cells.

4.10 | NK cell activation assay

To determine specific NK cell activation by herein engi-
neered bsAbs, 20,000 A431 cells/well were seeded in
96-well V-bottom microtiter plates (Thermo Fisher Scien-
tific) and rested 3 h for adherence prior to the addition of
100,000 NK cells/well, resulting in and E:T ratio of 5:1.
Antibodies were added at a final concentration of 50 nM
followed by 24 h incubation at 37�C. For NK surface
receptor staining, cells were washed once with PBS + 1%

BSA, followed by incubation with anti-CD69 PE (R&D
Systems) and anti-CD56 PE-Cy7 (Beckman Coulter) or
respective isotype controls for 1 h on ice. After another
washing step, cells were analyzed by flow cytometry
employing the IntelliCyt® iQue® Screener Plus system
(Sartorius). For measurement and compensation of fluo-
rochromes the IntelliCyt® ForeCyt® Enterprise Client
Edition 8.0 (R3) Version 8.0.7430 software (Sartorius) was
used. The applied gating strategy is shown in Figure S4.

4.11 | Data processing and statistical
analysis

Graphical and statistical analyses were conducted with
GraphPad Prism 8 software. P-values were calculated uti-
lizing repeated measures ANOVA and the Bonferroni or
Tukey post-test as recommended, or the Student's t-test
when appropriate. p ≤ 0.05 were regarded as statistically
significant.

AUTHOR CONTRIBUTIONS
Britta Lipinski: Data curation (equal); formal analysis
(equal); investigation (equal); methodology (lead); writ-
ing – original draft (equal). Paul Arras: Conceptualiza-
tion (equal); data curation (equal); formal analysis
(equal); investigation (equal); methodology (lead);
resources (equal); software (equal). Lukas Pekar: Con-
ceptualization (equal); formal analysis (equal); investiga-
tion (equal); methodology (lead); validation (equal).
Daniel Klewinghaus: Investigation (supporting); meth-
odology (equal); visualization (supporting). Ammelie
Svea Boje: Methodology (supporting); software (support-
ing); visualization (supporting); writing – review and
editing (supporting). Simon Krah: Formal analysis
(equal); methodology (equal); resources (equal). Jasmin
Zimmermann: Data curation (supporting); formal anal-
ysis (supporting); investigation (supporting); methodol-
ogy (supporting). Katja Klausz: Conceptualization
(supporting); formal analysis (supporting); investigation
(supporting); visualization (supporting); writing – review
and editing (supporting). Matthias Peipp: Data curation
(supporting); supervision (equal); validation (supporting);
visualization (supporting); writing – original draft (sup-
porting). Vanessa Siegmund: Investigation (equal);
methodology (equal); resources (supporting); software
(supporting); validation (equal); visualization (support-
ing); writing – original draft (supporting); writing –
review and editing (supporting). Andreas Evers: Data
curation (equal); formal analysis (equal); investigation
(supporting); methodology (supporting); resources (sup-
porting); software (supporting); validation (supporting);
visualization (equal); writing – original draft

LIPINSKI ET AL. 13 of 16



(supporting). Stefan Zielonka: Conceptualization (lead);
investigation (lead); project administration (lead); super-
vision (lead); writing – original draft (lead); writing –
review and editing (lead).

ACKNOWLEDGMENTS
We thank Kerstin Hallstein, Laura Unmuth, Sigrid Auth,
Stefan Becker, and Dirk Mueller-Pompalla for experi-
mental support. This work is dedicated to Prof. Florian
Rüker on the occasion of his retirement. Open Access
funding enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT
LP, BL, PA, DK and SZ filed a patent application based
on this work. In addition, LP, BL, PA, SK, JZ, AE, VS,
DK and SZ are employees at Merck Healthcare KGaA.
Besides, this work was conducted in the absence of any
further commercial interest.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are avail-
able in the supplementary material of this article.

ORCID
Stefan Zielonka https://orcid.org/0000-0002-4649-2843

REFERENCES
Ahmed L, Gupta P, Martin KP, Scheer JM, Nixon AE, Kumar S.

Intrinsic physicochemical profile of marketed antibody-based
biotherapeutics. Proc Natl Acad Sci U S A. 2021;118:
e2020577118. https://doi.org/10.1073/pnas.2020577118

Assouline SE, Kim WS, Sehn LH, Schuster SJ, Cheah CY,
Nastoupil LJ, et al. Mosunetuzumab shows promising efficacy in
patients with multiply relapsed follicular lymphoma: updated
clinical experience from a phase I dose-escalation trial. Blood.
2020;136:42–4. https://doi.org/10.1182/blood-2020-135839

Balsamo M, Vermi W, Parodi M, Pietra G, Manzini C, Queirolo P,
et al. Melanoma cells become resistant to NK-cell-mediated
killing when exposed to NK-cell numbers compatible with NK-
cell infiltration in the tumor: innate immunity. Eur J Immunol.
2012;42:1833–42. https://doi.org/10.1002/eji.201142179

Bartlett NL, Herrera AF, Domingo-Domenech E, Mehta A, Forero-
Torres A, Garcia-Sanz R, et al. A phase 1b study of AFM13 in
combination with pembrolizumab in patients with relapsed
or refractory Hodgkin lymphoma. Blood. 2020;136:2401–9.
https://doi.org/10.1182/blood.2019004701

Beano A, Signorino E, Evangelista A, Brusa D, Mistrangelo M,
Polimeni MA, et al. Correlation between NK function and
response to trastuzumab in metastatic breast cancer patients.
J Transl Med. 2008;6:1479–5876. https://doi.org/10.1186/1479-
5876-6-25

Bibeau F, Lopez-Crapez E, Di Fiore F, Thezenas S, Ychou M,
Blanchard F, et al. Impact of FcγRIIa-FcγRIIIa polymorphisms
and KRAS mutations on the clinical outcome of patients with
metastatic colorectal cancer treated with cetuximab plus

irinotecan. J Clin Oncol. 2009;27:1122–9. https://doi.org/10.
1200/JCO.2008.18.0463

Brinkmann U, Kontermann RE. Bispecific antibodies. Science.
2021;372:916–7. https://doi.org/10.1126/science.abg1209

Carlsten M, Järås M. Natural killer cells in myeloid malignancies:
immune surveillance, NK cell dysfunction, and pharmacologi-
cal opportunities to bolster the endogenous NK cells. Front
Immunol. 2019;10. https://doi.org/10.3389/fimmu.2019.02357

Carter PJ, Rajpal A. Designing antibodies as therapeutics. Cell.
2022;185:2789–805. https://doi.org/10.1016/j.cell.2022.05.029

Chanier T, Chames P. Nanobody engineering: toward next genera-
tion immunotherapies and immunoimaging of cancer. Anti-
bodies. 2019;8:13. https://doi.org/10.3390/antib8010013

Chen W, Yang F, Wang C, Narula J, Pascua E, Ni I, et al. One size
does not fit all: navigating the multi-dimensional space to opti-
mize T-cell engaging protein therapeutics. MAbs. 2021;13:
1871171. https://doi.org/10.1080/19420862.2020.1871171

Chiossone L, Dumas P-Y, Vienne M, Vivier E. Natural killer cells
and other innate lymphoid cells in cancer. Nat Rev Immunol.
2018;18:671–88. https://doi.org/10.1038/s41577-018-0061-z

Colomar-Carando N, Gauthier L, Merli P, Loiacono F, Canevali P,
Falco M, et al. Exploiting natural killer cell engagers to control
pediatric B-cell precursor acute lymphoblastic leukemia. Can-
cer Immunol Res. 2022;10:291–302. https://doi.org/10.1158/
2326-6066.CIR-21-0843

Correia MP, Stojanovic A, Bauer K, Juraeva D, Tykocinski L-O,
Lorenz H-M, et al. Distinct human circulating NKp30 + FcεRIγ
+ CD8 + T cell population exhibiting high natural killer-like
antitumor potential. Proc Natl Acad Sci U S A. 2018;115:
E5980–9. https://doi.org/10.1073/pnas.1720564115

Darwich A, Silvestri A, Benmebarek M-R, Mouriès J, Cadilha B,
Melacarne A, et al. Paralysis of the cytotoxic granule machinery
is a new cancer immune evasion mechanism mediated by chiti-
nase 3-like-1. J Immunother Cancer. 2021;9:e003224. https://
doi.org/10.1136/jitc-2021-003224

Davis JH, Aperlo C, Li Y, Kurosawa E, Lan Y, Lo K-M, et al. SEED-
bodies: fusion proteins based on strand-exchange engineered
domain (SEED) CH3 heterodimers in an Fc analogue platform
for asymmetric binders or immunofusions and bispecific anti-
bodies. Protein Eng Des Select. 2010;23:195–202. https://doi.
org/10.1093/protein/gzp094

Demaria O, Gauthier L, Debroas G, Vivier E. Natural killer cell
engagers in cancer immunotherapy: next generation of
immuno-oncology treatments. Eur J Immunol. 2021;51:1934–
42. https://doi.org/10.1002/eji.202048953

Demaria O, Gauthier L, Vetizou M, Blanchard Alvarez A, Vagne C,
Habif G, et al. Antitumor immunity induced by antibody-based
natural killer cell engager therapeutics armed with not-alpha
IL-2 variant. Cell Rep Med. 2022;3:100783. https://doi.org/10.
1016/j.xcrm.2022.100783

Derer S, Bauer P, Lohse S, Scheel AH, Berger S, Kellner C, et al.
Impact of epidermal growth factor receptor (EGFR) cell surface
expression levels on effector mechanisms of EGFR antibodies.
J Immunol. 2012;189:5230–9. https://doi.org/10.4049/jimmunol.
1202037

Derer S, Glorius P, Schlaeth M, Lohse S, Klausz K, Muchhal U,
et al. Increasing FcγRIIa affinity of an FcγRIII-optimized anti-
EGFR antibody restores neutrophil-mediated cytotoxicity.
MAbs. 2014;6:409–21. https://doi.org/10.4161/mabs.27457

14 of 16 LIPINSKI ET AL.

https://orcid.org/0000-0002-4649-2843
https://orcid.org/0000-0002-4649-2843
https://doi.org/10.1073/pnas.2020577118
https://doi.org/10.1182/blood-2020-135839
https://doi.org/10.1002/eji.201142179
https://doi.org/10.1182/blood.2019004701
https://doi.org/10.1186/1479-5876-6-25
https://doi.org/10.1186/1479-5876-6-25
https://doi.org/10.1200/JCO.2008.18.0463
https://doi.org/10.1200/JCO.2008.18.0463
https://doi.org/10.1126/science.abg1209
https://doi.org/10.3389/fimmu.2019.02357
https://doi.org/10.1016/j.cell.2022.05.029
https://doi.org/10.3390/antib8010013
https://doi.org/10.1080/19420862.2020.1871171
https://doi.org/10.1038/s41577-018-0061-z
https://doi.org/10.1158/2326-6066.CIR-21-0843
https://doi.org/10.1158/2326-6066.CIR-21-0843
https://doi.org/10.1073/pnas.1720564115
https://doi.org/10.1136/jitc-2021-003224
https://doi.org/10.1136/jitc-2021-003224
https://doi.org/10.1093/protein/gzp094
https://doi.org/10.1093/protein/gzp094
https://doi.org/10.1002/eji.202048953
https://doi.org/10.1016/j.xcrm.2022.100783
https://doi.org/10.1016/j.xcrm.2022.100783
https://doi.org/10.4049/jimmunol.1202037
https://doi.org/10.4049/jimmunol.1202037
https://doi.org/10.4161/mabs.27457


Durocher Y. High-level and high-throughput recombinant protein
production by transient transfection of suspension-growing
human 293-EBNA1 cells. Nucleic Acids Res. 2002;30:9e–9.
https://doi.org/10.1093/nar/30.2.e9

Evers A, Malhotra S, Bolick W-G, Najafian A, Borisovska M,
Warszawski S, et al. SUMO—in silico sequence assessment
using multiple optimization parameters. bioRxiv. 2022;517175.
https://doi.org/10.1101/2022.11.19.517175

Gauthier L, Morel A, Anceriz N, Rossi B, Blanchard-Alvarez A,
Grondin G, et al. Multifunctional natural killer cell engagers
targeting NKp46 trigger protective tumor immunity. Cell. 2019;
177:1701–1713.e16. https://doi.org/10.1016/j.cell.2019.04.041

Gauthier L, Virone-Oddos A, Virone-Oddos A, Beninga J, Rossi B,
Nicolazzi C, et al. 852 trifunctional NKp46/CD16a-NK cell
engager targeting CD123 overcomes acute myeloid leukemia
resistance to ADCC. J Immunother Cancer. 2021;9:A893–3.
https://doi.org/10.1136/jitc-2021-SITC2021.852

Gonzalez-Rodriguez AP, Sordo-Bahamonde C, Gonzalez S. NK cells
in the treatment of hematological malignancies. J Clin Med.
2019;8:1557. https://doi.org/10.3390/jcm8101557

Hu W, Wang G, Huang D, Sui M, Xu Y. Cancer immunotherapy
based on natural killer cells: current progress and new opportu-
nities. Front Immunol. 2019;10. https://doi.org/10.3389/fimmu.
2019.01205

Hudspeth K, Fogli M, Correia DV, Mikulak J, Roberto A, Della
Bella S, et al. Engagement of NKp30 on Vδ1 T cells induces the
production of CCL3, CCL4, and CCL5 and suppresses HIV-1
replication. Blood. 2012;119:4013–6. https://doi.org/10.1182/
blood-2011-11-390153

Huntington ND, Cursons J, Rautela J. The cancer–natural killer cell
immunity cycle. Nat Rev Cancer. 2020;20:437–54. https://doi.
org/10.1038/s41568-020-0272-z

Killock D. Tebentafusp for uveal melanoma. Nat Rev Clin Oncol.
2021;18:747–7. https://doi.org/10.1038/s41571-021-00572-3

Klausz K, Pekar L, Boje AS, Gehlert CL, Krohn S, Gupta T, et al.
Multifunctional NK cell–engaging antibodies targeting EGFR
and NKp30 elicit efficient tumor cell killing and proinflamma-
tory cytokine release. J Immunol. 2022;209:1724–35. https://
doi.org/10.4049/jimmunol.2100970

Klewinghaus D, Pekar L, Arras P, Krah S, Valldorf B, Kolmar H,
et al. Grabbing the bull by both horns: bovine ultralong CDR-
H3 paratopes enable engineering of ‘almost natural’ common
light chain bispecific antibodies suitable for effector cell redi-
rection. Front Immunol. 2022;12. https://doi.org/10.3389/
fimmu.2021.801368

Koch J, Tesar M. Recombinant antibodies to arm cytotoxic lympho-
cytes in cancer immunotherapy. Transf Med Hemother. 2017;
44:337–50. https://doi.org/10.1159/000479981

Könning D, Zielonka S, Grzeschik J, Empting M, Valldorf B,
Krah S, et al. Camelid and shark single domain antibodies:
structural features and therapeutic potential. Curr Opin Struct
Biol. 2017;45:10–6. https://doi.org/10.1016/j.sbi.2016.10.019

Krah S, Kolmar H, Becker S, Zielonka S. Engineering IgG-like bis-
pecific antibodies—an overview. Antibodies. 2018;7:28. https://
doi.org/10.3390/antib7030028

Krah S, Schröter C, Zielonka S, Empting M, Valldorf B, Kolmar H.
Single-domain antibodies for biomedical applications. Immu-
nopharmacol Immunotoxicol. 2016;38:21–8. https://doi.org/10.
3109/08923973.2015.1102934

Krah S, Sellmann C, Rhiel L, Schröter C, Dickgiesser S, Beck J,
et al. Engineering bispecific antibodies with defined chain pair-
ing. N Biotechnol. 2017;39:167–73. https://doi.org/10.1016/j.
nbt.2016.12.010

Labrijn AF, Janmaat ML, Reichert JM, Parren PWHI. Bispecific
antibodies: a mechanistic review of the pipeline. Nat Rev Drug
Discov. 2019;18:585–608. https://doi.org/10.1038/s41573-019-
0028-1

Morgado S, Sanchez-Correa B, Casado JG, Duran E, Gayoso I,
Labella F, et al. NK cell recognition and killing of melanoma
cells is controlled by multiple activating receptor-ligand inter-
actions. J Innate Immun. 2011;3:365–73. https://doi.org/10.
1159/000328505

Pardon E, Laeremans T, Triest S, Rasmussen SGF, Wohlkönig A,
Ruf A, et al. A general protocol for the generation of nanobo-
dies for structural biology. Nat Protoc. 2014;9:674–93. https://
doi.org/10.1038/nprot.2014.039

Peipp M, Derer S, Lohse S, Staudinger M, Klausz K, Valerius T,
et al. HER2-specific immunoligands engaging NKp30 or NKp80
trigger NK-cell-mediated lysis of tumor cells and enhance
antibody-dependent cell-mediated cytotoxicity. Oncotarget.
2015;6:32088. https://doi.org/10.18632/oncotarget.5135

Peipp M, Klausz K, Boje AS, Zeller T, Zielonka S, Kellner C. Immu-
notherapeutic targeting of activating natural killer cell recep-
tors and their ligands in cancer. Clin Exp Immunol. 2022;209:
22–32. https://doi.org/10.1093/cei/uxac028

Pekar L, Busch M, Valldorf B, Hinz SC, Toleikis L, Krah S, et al.
Biophysical and biochemical characterization of a VHH-based
IgG-like bi- and trispecific antibody platform. MAbs. 2020;12:
1812210. https://doi.org/10.1080/19420862.2020.1812210

Pekar L, Klausz K, Busch M, Valldorf B, Kolmar H, Wesch D, et al.
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. J Immunol. 2021;206:225–36. https://doi.org/10.
4049/jimmunol.2001004

Pende D, Parolini S, Pessino A, Sivori S, Augugliaro R, Morelli L,
et al. Identification and molecular characterization of Nkp30, a
novel triggering receptor involved in natural cytotoxicity medi-
ated by human natural killer cells. J Exp Med. 1999;190:1505–
16. https://doi.org/10.1084/jem.190.10.1505

Preithner S, Elm S, Lippold S, Locher M, Wolf A, da Silva AJ, et al.
High concentrations of therapeutic IgG1 antibodies are needed
to compensate for inhibition of antibody-dependent cellular
cytotoxicity by excess endogenous immunoglobulin G. Mol
Immunol. 2006;43:1183–93. https://doi.org/10.1016/j.molimm.
2005.07.010

Raynaud A, Desrumeaux K, Vidard L, Termine E, Baty D,
Chames P, et al. Anti-NKG2D single domain-based antibodies
for the modulation of anti-tumor immune response. OncoIm-
munology. 2021;10:1854529. https://doi.org/10.1080/2162402X.
2020.1854529

Reiners KS, Topolar D, Henke A, Simhadri VR, Kessler J, Sauer M,
et al. Soluble ligands for NK cell receptors promote evasion of
chronic lymphocytic leukemia cells from NK cell anti-tumor
activity. Blood. 2013;121:3658–65. https://doi.org/10.1182/
blood-2013-01-476606

Roth L, Krah S, Klemm J, Günther R, Toleikis L, Busch M, et al.
Isolation of antigen-specific VHH single-domain antibodies by

LIPINSKI ET AL. 15 of 16

https://doi.org/10.1093/nar/30.2.e9
https://doi.org/10.1101/2022.11.19.517175
https://doi.org/10.1016/j.cell.2019.04.041
https://doi.org/10.1136/jitc-2021-SITC2021.852
https://doi.org/10.3390/jcm8101557
https://doi.org/10.3389/fimmu.2019.01205
https://doi.org/10.3389/fimmu.2019.01205
https://doi.org/10.1182/blood-2011-11-390153
https://doi.org/10.1182/blood-2011-11-390153
https://doi.org/10.1038/s41568-020-0272-z
https://doi.org/10.1038/s41568-020-0272-z
https://doi.org/10.1038/s41571-021-00572-3
https://doi.org/10.4049/jimmunol.2100970
https://doi.org/10.4049/jimmunol.2100970
https://doi.org/10.3389/fimmu.2021.801368
https://doi.org/10.3389/fimmu.2021.801368
https://doi.org/10.1159/000479981
https://doi.org/10.1016/j.sbi.2016.10.019
https://doi.org/10.3390/antib7030028
https://doi.org/10.3390/antib7030028
https://doi.org/10.3109/08923973.2015.1102934
https://doi.org/10.3109/08923973.2015.1102934
https://doi.org/10.1016/j.nbt.2016.12.010
https://doi.org/10.1016/j.nbt.2016.12.010
https://doi.org/10.1038/s41573-019-0028-1
https://doi.org/10.1038/s41573-019-0028-1
https://doi.org/10.1159/000328505
https://doi.org/10.1159/000328505
https://doi.org/10.1038/nprot.2014.039
https://doi.org/10.1038/nprot.2014.039
https://doi.org/10.18632/oncotarget.5135
https://doi.org/10.1093/cei/uxac028
https://doi.org/10.1080/19420862.2020.1812210
https://doi.org/10.4049/jimmunol.2001004
https://doi.org/10.4049/jimmunol.2001004
https://doi.org/10.1084/jem.190.10.1505
https://doi.org/10.1016/j.molimm.2005.07.010
https://doi.org/10.1016/j.molimm.2005.07.010
https://doi.org/10.1080/2162402X.2020.1854529
https://doi.org/10.1080/2162402X.2020.1854529
https://doi.org/10.1182/blood-2013-01-476606
https://doi.org/10.1182/blood-2013-01-476606


combining animal immunization with yeast surface display.
Methods Mol Biol. 2020;2070:173–89. https://doi.org/10.1007/
978-1-4939-9853-1_10

Rothe A, Sasse S, Topp MS, Eichenauer DA, Hummel H,
Reiners KS, et al. A phase 1 study of the bispecific anti-
CD30/CD16A antibody construct AFM13 in patients with
relapsed or refractory Hodgkin lymphoma. Blood. 2015;125:
4024–31. https://doi.org/10.1182/blood-2014-12-614636

Sankar K, Krystek SR, Carl SM, Day T, Maier JKX. AggScore: pre-
diction of aggregation-prone regions in proteins based on the
distribution of surface patches. Proteins Struct Funct Bioin-
form. 2018;86:1147–56. https://doi.org/10.1002/prot.25594

Schlecker E, Fiegler N, Arnold A, Altevogt P, Rose-John S,
Moldenhauer G, et al. Metalloprotease-mediated tumor cell
shedding of B7-H6, the ligand of the natural killer cell-
activating receptor NKp30. Cancer Res. 2014;74:3429–40.
https://doi.org/10.1158/0008-5472.CAN-13-3017

Seidel UJE, Schlegel P, Lang P. Natural killer cell mediated
antibody-dependent cellular cytotoxicity in tumor immunother-
apy with therapeutic antibodies. Front Immunol. 2013;4.
https://doi.org/10.3389/fimmu.2013.00076

Sellmann C, Pekar L, Bauer C, Ciesielski E, Krah S, Becker S, et al.
A one-step process for the construction of phage display scFv
and VHH libraries. Mol Biotechnol. 2020;62:228–39. https://
doi.org/10.1007/s12033-020-00236-0

Tustian AD, Endicott C, Adams B, Mattila J, Bak H. Development
of purification processes for fully human bispecific antibodies
based upon modification of protein A binding avidity. MAbs.
2016;8:828–38. https://doi.org/10.1080/19420862.2016.1160192

Valldorf B, Hinz SC, Russo G, Pekar L, Mohr L, Klemm J, et al.
Antibody display technologies: selecting the cream of the crop.
Biol Chem. 2022;403:455–77. https://doi.org/10.1515/hsz-2020-
0377

Vivier E, Tomasello E, Baratin M, Walzer T, Ugolini S. Functions of
natural killer cells. Nat Immunol. 2008;9:503–10. https://doi.
org/10.1038/ni1582

von Strandmann EP, Hansen HP, Reiners KS, Schnell R,
Borchmann P, Merkert S, et al. A novel bispecific protein
(ULBP2-BB4) targeting the NKG2D receptor on natural killer
(NK) cells and CD138 activates NK cells and has potent

antitumor activity against human multiple myeloma in vitro
and in vivo. Blood. 2006;107:1955–62. https://doi.org/10.1182/
blood-2005-05-2177

Wang D, Wei X, Wang Z, Lu Y, Shi S, Wang N, et al. FcγRIIA and
IIIA polymorphisms predict clinical outcome of trastuzumab-
treated metastatic gastric cancer. Onco Targets Ther. 2017;10:
5065–76. https://doi.org/10.2147/OTT.S142620

Wang W, Guo H, Geng J, Zheng X, Wei H, Sun R, et al. Tumor-
released Galectin-3, a soluble inhibitory ligand of human
NKp30, plays an important role in tumor escape from NK cell
attack. J Biol Chem. 2014;289:33311–9. https://doi.org/10.1074/
jbc.M114.603464

Wingert S, Reusch U, Knackmuss S, Kluge M, Damrat M, Pahl J,
et al. Preclinical evaluation of AFM24, a novel CD16A-specific
innate immune cell engager targeting EGFR-positive tumors.
MAbs. 2021;13. https://doi.org/10.1080/19420862.2021.1950264

Yanakieva D, Pekar L, Evers A, Fleischer M, Keller S, Mueller-
Pompalla D, et al. Beyond bispecificity: controlled Fab arm
exchange for the generation of antibodies with multiple speci-
ficities. MAbs. 2022;14. https://doi.org/10.1080/19420862.2021.
2018960

Zhao J, Song Y, Liu D. Recent advances on blinatumomab for acute
lymphoblastic leukemia. Exp Hematol Oncol. 2019;8:28.
https://doi.org/10.1186/s40164-019-0152-y

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Lipinski B, Arras P,
Pekar L, Klewinghaus D, Boje AS, Krah S, et al.
NKp46-specific single domain antibodies enable
facile engineering of various potent NK cell
engager formats. Protein Science. 2023;32(3):e4593.
https://doi.org/10.1002/pro.4593

16 of 16 LIPINSKI ET AL.

https://doi.org/10.1007/978-1-4939-9853-1_10
https://doi.org/10.1007/978-1-4939-9853-1_10
https://doi.org/10.1182/blood-2014-12-614636
https://doi.org/10.1002/prot.25594
https://doi.org/10.1158/0008-5472.CAN-13-3017
https://doi.org/10.3389/fimmu.2013.00076
https://doi.org/10.1007/s12033-020-00236-0
https://doi.org/10.1007/s12033-020-00236-0
https://doi.org/10.1080/19420862.2016.1160192
https://doi.org/10.1515/hsz-2020-0377
https://doi.org/10.1515/hsz-2020-0377
https://doi.org/10.1038/ni1582
https://doi.org/10.1038/ni1582
https://doi.org/10.1182/blood-2005-05-2177
https://doi.org/10.1182/blood-2005-05-2177
https://doi.org/10.2147/OTT.S142620
https://doi.org/10.1074/jbc.M114.603464
https://doi.org/10.1074/jbc.M114.603464
https://doi.org/10.1080/19420862.2021.1950264
https://doi.org/10.1080/19420862.2021.2018960
https://doi.org/10.1080/19420862.2021.2018960
https://doi.org/10.1186/s40164-019-0152-y
https://doi.org/10.1002/pro.4593

	NKp46-specific single domain antibodies enable facile engineering of various potent NK cell engager formats
	1  INTRODUCTION
	2  RESULTS
	2.1  Immunization of camelids followed by YSD enables the isolation of a diverse panel of NKp46-specific VHH sdAbs
	2.2  NKp46-specific VHH-based NKCEs elicit NK cell-mediated lysis of EGFR overexpressing tumor cells
	2.3  NKp46-specific sdAb-based NKCEs target distinct epitopes and mediate significant NK cell activation
	2.4  Killing capacities of NKp46-targeting NKCEs can be augmented by co-engagement of FcγRIIIa
	2.5  Antibody format engineering enables the generation of NKp46-specific VHH-based NKCEs with enhanced potencies and effic...

	3  DISCUSSION
	4  MATERIALS AND METHODS
	4.1  Camelid immunization
	4.2  Yeast strains and media
	4.3  Plasmids for yeast surface display and library generation
	4.4  Library sorting
	4.5  Protein expression and purification
	4.6  Protein analytics
	4.7  Molecular modeling and in silico property prediction
	4.8  Biolayer interferometry
	4.9  Tumor cell killing assays
	4.10  NK cell activation assay
	4.11  Data processing and statistical analysis

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


