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Abstract: Valued for their ability to rapidly kill multiple tumor cells in succession as well as their
favorable safety profile, NK cells are of increasing interest in the field of immunotherapy. As their
cytotoxic activity is controlled by a complex network of activating and inhibiting receptors, they offer
a wide range of possible antigens to modulate their function by antibodies. In this work, we utilized
our established common light chain (cLC)-based yeast surface display (YSD) screening procedure
to isolate novel B7-H3 and TIGIT binding monoclonal antibodies. The chicken-derived antibodies
showed single- to low-double-digit nanomolar affinities and were combined with a previously
published CD16-binding Fab in a 2+1 format to generate a potent NK engaging molecule. In a
straightforward, easily adjustable apoptosis assay, the construct B7-H3xCD16xTIGIT showed potent
apoptosis induction in cancer cells. These results showcase the potential of the TIGIT NK checkpoint
in combination with activating receptors to achieve increased cytotoxic activity.

Keywords: NK cell engager; checkpoint inhibitor; apoptosis; trispecific antibody; bispecific antibody;
chicken-derived; immunotherapy; monoclonal antibodies; yeast surface display; common light chain

1. Introduction

Natural killer (NK) cells are innate lymphoid cells that possess the ability to rapidly
identify and kill tumor cells. NK cells patrol the body in search of foreign pathogens or
malignant cells, also called immunosurveillance [1]. Their activation is based on an array
of activating and inhibiting receptors interacting with the surface of healthy or malignant
cells [2]. While interacting with another cell, either the inhibitory signals prevail and the
target cell is left unscathed or the activating signals take over, leading to the elimination
of the target cell [3]. In particular, antibody-decorated cells are recognized by interaction
with the CD16a receptor on the surface on NK cells and trigger potent antibody-dependent
cellular cytotoxicity (ADCC) [4].

In order to utilize NK cells for tumor immunotherapy, NK cell engaging molecules,
which combine tumor and NK cell binding moieties, can be used. These molecules facilitate
the formation of an immunological synapse, promoting the cytotoxic activity of NK cells.
Upon activation, NK cells express death ligands and exocytose cytotoxic granules con-
taining perforin and granzyme [3]. Binding moieties can, among others, be in the form of
single-chain variable fragments (scFv) [5], single-domain antibodies (sdAbs) [6] or classical
antigen-binding regions (Fabs) [7]. Additionally, cytokines like IL-15 [8] or IL-2 [5] can be
incorporated into the engager molecules, further activating the NK cell. Even combinations
of IL-15 with the monomeric sushi domain of the IL-15 receptor have been developed for
incorporation in NK cell-engaging molecules [9].

In NK immunotherapy, tumor targeting usually focuses on proteins preferentially
expressed on tumorous tissues, including EGFR [10], BCMA [11], HER2 [12], and B7-H3 [13].
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NK cell-targeting molecules can either engage activating receptors like CD16a [10,12,14] and
NKp46 [15] or block inhibiting receptors, including NKG2A in the case of monalizumab [16]
and TIGIT in the form of the monoclonal antibody vibostolimab [17].

B7-H3 (also called CD276) is a type I transmembrane protein and a member of the B7
family of checkpoint molecules regulating the adaptive immune system. On an mRNA
level, B7-H3 is ubiquitously found throughout the body. However, protein expression
is tightly regulated in healthy tissue by posttranscriptional control mechanisms [17]. In
tumorous tissues, B7-H3 expression levels are often elevated and associated with poor
prognosis and tumor aggressiveness [18–21]. Vallera et al. recently demonstrated that
NK cells can effectively be recruited for tumor immunotherapy using trispecific engager
molecules called TriKEs. By combining B7-H3 and CD16-targeting moieties with IL-15 in a
single molecule, effective tumor killing could be achieved in vitro and in vivo [13].

CD16 is the low-affinity receptor for IgG1 and IgG3 (also known as FcγRIII). On NK
cells, CD16 is the most potent activating receptor and consequently a promising antigen
for the NK cell targeting function of a NK engager molecule. Activation of CD16 triggers
cytotoxic pathways, enhances proliferation, and induces cytokine release [22]. The NK
cell is detached from the target cell by ADAM17-mediated shedding of CD16 [23,24].
However, the engager molecule would lose contact with the NK cell in the process. To
improve therapeutic efficiency, a second NK cell-targeting moiety could be introduced into
the molecule.

TIGIT (T cell immunoglobulin and ITIM domain) is an inhibitory receptor on the
surface of NK cells and acts as an immune checkpoint. It is part of the DNAM-1/TIGIT/
PVRIG/TACTILE axis and binds to CD155 (poliovirus receptor) and CD112 (nectin-2) [25].
Upon activation, TIGIT inhibits NK cell degranulation and cytokine production [26]. By
blocking CD155–TIGIT interaction, NK cell inhibition is prevented, preserving the cytotoxic
activity of NK cells. Several anti-TIGIT mAbs have gone into clinical trials, underlining
the therapeutic interest in this checkpoint molecule [27–29]. Rousseau et al. provide an
extensive overview of anti-TIGIT therapies in their recent review, underlining the increasing
interest in this NK checkpoint molecule [30].

We recently showed that chicken-derived common light chain antibodies can be
combined into trispecific NK-engaging molecules in a 2+1 format [7]. Here, we expand on
the idea, introducing a novel tumor-targeting anti-B7-H3 Fab and NK checkpoint-inhibiting
anti-TIGIT Fab, resulting in a novel dual NK cell-targeting natural killer engager antibody
(Figure 1).

Molecules 2024, 29, x FOR PEER REVIEW 2 of 17 
 

 

combinations of IL-15 with the monomeric sushi domain of the IL-15 receptor have been 
developed for incorporation in NK cell-engaging molecules [9].  

In NK immunotherapy, tumor targeting usually focuses on proteins preferentially 
expressed on tumorous tissues, including EGFR [10], BCMA [11], HER2 [12], and B7-H3 
[13]. NK cell-targeting molecules can either engage activating receptors like CD16a 
[10,12,14] and NKp46 [15] or block inhibiting receptors, including NKG2A in the case of 
monalizumab [16] and TIGIT in the form of the monoclonal antibody vibostolimab [17]. 

B7-H3 (also called CD276) is a type I transmembrane protein and a member of the B7 
family of checkpoint molecules regulating the adaptive immune system. On an mRNA 
level, B7-H3 is ubiquitously found throughout the body. However, protein expression is 
tightly regulated in healthy tissue by posttranscriptional control mechanisms [17]. In tu-
morous tissues, B7-H3 expression levels are often elevated and associated with poor prog-
nosis and tumor aggressiveness [18–21]. Vallera et al. recently demonstrated that NK cells 
can effectively be recruited for tumor immunotherapy using trispecific engager molecules 
called TriKEs. By combining B7-H3 and CD16-targeting moieties with IL-15 in a single 
molecule, effective tumor killing could be achieved in vitro and in vivo [13]. 

CD16 is the low-affinity receptor for IgG1 and IgG3 (also known as FcγRIII). On NK 
cells, CD16 is the most potent activating receptor and consequently a promising antigen 
for the NK cell targeting function of a NK engager molecule. Activation of CD16 triggers 
cytotoxic pathways, enhances proliferation, and induces cytokine release [22]. The NK cell 
is detached from the target cell by ADAM17-mediated shedding of CD16 [23,24]. How-
ever, the engager molecule would lose contact with the NK cell in the process. To improve 
therapeutic efficiency, a second NK cell-targeting moiety could be introduced into the 
molecule. 

TIGIT (T cell immunoglobulin and ITIM domain) is an inhibitory receptor on the 
surface of NK cells and acts as an immune checkpoint. It is part of the DNAM-
1/TIGIT/PVRIG/TACTILE axis and binds to CD155 (poliovirus receptor) and CD112 (nec-
tin-2) [25]. Upon activation, TIGIT inhibits NK cell degranulation and cytokine production 
[26]. By blocking CD155–TIGIT interaction, NK cell inhibition is prevented, preserving the 
cytotoxic activity of NK cells. Several anti-TIGIT mAbs have gone into clinical trials, un-
derlining the therapeutic interest in this checkpoint molecule [27–29]. Rousseau et al. pro-
vide an extensive overview of anti-TIGIT therapies in their recent review, underlining the 
increasing interest in this NK checkpoint molecule [30]. 

We recently showed that chicken-derived common light chain antibodies can be com-
bined into trispecific NK-engaging molecules in a 2+1 format [7]. Here, we expand on the 
idea, introducing a novel tumor-targeting anti-B7-H3 Fab and NK checkpoint-inhibiting 
anti-TIGIT Fab, resulting in a novel dual NK cell-targeting natural killer engager antibody 
(Figure 1). 

 
Figure 1. Schematic representation of the trispecific NK engager B7-H3xCD16xTIGIT. The anti-CD16
Fab was previously published by our group [7].

In comparison to the molecules in the clinic, this molecule not only blocks the TIGIT
NK cell checkpoint but also stimulates ADCC though CD16 targeting. Combined with the
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anti-B7-H3 Fab, the construct B7-H3xCD16xTIGIT induces potent cytotoxic activity of NK
cells against tumor cells.

2. Results
2.1. Anti-B7-H3 Fab: Immunization, Screening, and Characterization

The B7-H3 extracellular domain for chicken immunization was produced in-house
as C-terminal StrepTag II fusion (B7-H3-SII). The protein was expressed in Expi293F cells
and purified via a StrepTactin XT 4Flow column according to the supplier’s instructions.
Immunization was performed with B7-H3-SII. Titer determination revealed high titers
against B7-H3-SII. Based on the isolated RNA of chicken spleen cells, VH sequences were
amplified by PCR, and a yeast surface display (YSD) library of 6.5 × 108 transformants
was generated in S. cerevisiae EBY100 [31]. The plasmid encoding the common light chain
dFEB1 [7] was transformed into S. cerevisiae BJ5464 and mated with the anti-B7-H3 HC
library to generate diploid yeast presenting cLC Fab fragments. Library diversity was
approximately 6.5 × 108 clones.

Screening was performed by FACS against B7-H3-SII for the first two rounds using
StrepMAB-AF488 for detection of antigen binding and against biotinylated B7-H3-SII
for the following third and fourth round using streptavidin allophycocyanin for antigen
detection. The decrease from 1 µM to 50 nM of antigen ensured enrichment of high-affinity
binders (Figure S1).

After the last screening round, single clones were analyzed for B7H3-SII-Biotin binding
using a flow cytometer (Figure S2). The VH of seven positive clones was sequenced, and
the four most diverse VH sequences (clones 3, 6, 9, and 12) were reformatted into full-length
chimeric G1M3 Fc allotype LALA IgG1 format using a Golden Gate-based approach, as
published previously [32]. Notably, the LALA mutations in the Fc region render the Fc
largely nonfunctional with respect to CD16 binding. All four antibodies were expressed in
Expi293F cells and purified via a MabSelect PrismA column.

Binding affinities were determined against B7-H3-SII via BLI or on Expi293F cells
that naturally express B7-H3 on their surface. BLI-based affinities ranged from 1.4 nM to
12.6 nM (Figure 2a). On-cell measurements resulted in apparent KD values ranging from
0.4 nM to 9.3 nM (Figure 2b). The antibodies did not bind B7-H3 negative NK-92 cells.
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2.2. Anti-TIGIT Fab: Immunization, Screening, Characterization, and Humanization

The TIGIT extracellular domain for chicken immunization was produced in-house
as C-terminal Fc fusion (TIGIT-Fc) containing a TEV protease cleavage site between the
TIGIT extracellular domain and the human Fc part. The protein was expressed in Expi293F
cells and purified via a MabSelect PrismA column according to the supplier’s instructions.
Subsequently, the Fc part was cleaved by addition of TEV protease. TEV was removed by
a HisTrap excel column and the Fc by a MabSelect PrismA column. The flow-through of
both columns contained pure TIGIT without any tags or impurities. Titer determination
after chicken immunization revealed moderate titers against TIGIT. Based on the isolated
RNA of chicken spleen cells, VH sequences were amplified by PCR, and a YSD library of
1.65 × 108 transformants was generated in S. cerevisiae EBY100. As for the generation of the
B7-H3 binders, the cLC dFEB1 was transformed into S. cerevisiae BJ5464 and mated with
the anti-TIGIT HC library to generate diploid yeast presenting cLC Fab fragments. Library
diversity was approximately 1.65 × 108 clones.

Screening was performed against biotinylated TIGIT in three rounds, with antigen
concentration decreasing from 1 µM to 50 nM to ensure enrichment of high-affinity binders
(Figure S3). In a second screening campaign, the addition of TIGIT ligand CD155 and
sorting for non-binding of CD155 enriched Fabs that specifically block the TIGIT–CD155
interaction (Figure S4).

After the last screening round, single clones were analyzed for TIGIT binding by flow
cytometry (Figure S5). The VH of six positive clones was sequenced, and the three most
diverse VH sequences (clones 4, 6, and 20) were reformatted into full-length chimeric G1M3
Fc allotype LALA IgG1 format using a Golden Gate-based approach, as published previ-
ously [32]. All antibodies were expressed in Expi293F cells and purified via a MabSelect
PrismA column.

Binding affinities were determined against TIGIT via BLI or on NK-92 H6 cells that
naturally express TIGIT on their surface. NK-92 H6 is a NK-92 cell line that was stably
transfected with CD16F158. BLI-based affinities were determined to be 21 nM and 15 nM
for clones 4 and 6, respectively, while clone 20 showed no binding to TIGIT (Figure 3a).
On-cell measurements resulted in apparent KD values of 5.9 nM for both clones 4 and
6 (Figure 3b). Clone 20 appeared to be sticking to cells and was excluded from further
experiments. Clone 4 was used for further engineering. It did not bind to TIGIT-negative
RT112 and Expi HEK293 cells.

2.3. Construction and Characterization of Trispecific Dual-NK Engaging Antibody

The architecture of the trispecific antibody was based on the previous results from
Bogen et al. [7], with the most notably properties being the knobs-into-holes technology
for heavy chain heterodimerization (Figure 1) and the positioning of the anti-CD16 Fab [7]
at the inner position of the double-Fab arm. To this end, the CD16 binding module with
affinities to CD16 of around 5.6 nM was used from previous work. This resulted in
the construct B7-H3xCD16xTIGIT. Three types of control molecules were also generated:
engagers with only one NK target (B7-H3xTIGIT and B7-H3xCD16), one-armed variants (oa
B7-H3 and oa CD16xTIGIT), as well as a variant with effector-competent Fc, also allowing
the binding of all three targets simultaneously (B7-H3xTIGIT Fc comp.). All antibody
constructs were assembled in the aforementioned format on a G1M3 Fc, which was either
effector-silent (LALA) or effector-competent. Purification was carried out in a three-step
approach, utilizing HisTrap excel, StrepTactin XT 4 Flow, and HiTrap Desalting columns,
eliminating homodimers in the process. SDS-PAGE revealed the expected sizes for the
different chains and high purity (Figure 4a). All six antibody constructs also showed high
monomeric content in SEC (Figure 4b).
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Figure 4. Biophysical characterization of the multispecific antibodies. (a) SDS-PAGE of the mul-
tispecific antibody constructs. (b) SEC chromatograms and monomeric content of multispecific
antibody constructs.

On-cell affinities were measured on B7-H3-expressing RT112 bladder cancer cells or
TIGIT- and CD16F158-expressing NK-92 H6 cells. All constructs containing the anti-B7-H3
Fab showed affinities of between 13 and 17 nM on RT112 cells (Figure 5a). On NK-92 H6
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cells, affinities ranged from 26 nM to 89 nM (Figure 5b). Simultaneous binding of all Fabs
built into the constructs was validated via BLI (Figure 5c). The antibody was immobilized
on the biosensor surface and sequentially incubated with all three proteins of interest.
Antigens were added one at a time in a consecutive manner.
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Figure 5. Analysis of on-cell binding affinities and simultaneous binding capabilities. (a) On-cell
binding of multispecific antibodies on RT112 bladder cancer cells. (b) On-cell binding of multispecific
antibodies on NK-92 H6 cells. (c) Simultaneous binding experiments measured via BLI. The antibody
was immobilized on the biosensor and sequentially incubated with all three proteins of interest in a
sequential manner, adding one antigen at a time.

2.4. Cell-Based NK Killing Assay

To assess the NK engaging capabilities of the constructs, an NK killing assay was
performed. RT112 cells were Calcein-stained and co-incubated with NK-92 H6 cells at a 1:1
ratio either in presence or absence of antibodies, while untreated RT112 cells served as the
negative control. As a positive control, maximum stimulation of NK degranulation was
achieved by addition of PMA and ionomycin [33]. After a 3 h incubation period, cells were
stained with AF647-conjugated Annexin V to measure the fraction of early apoptotic RT112
cells in the samples (Figure S6). B7-H3xCD16xTIGIT achieved killing comparable to the
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positive control, while B7-H3xTIGIT Fc comp. and oa TIGITxCD16 induced apoptosis to a
smaller extent. B7-H3xCD16 showed weak induction of apoptosis, while B7-H3xTIGIT and
oa B7-H3 treated samples showed apoptosis rates comparable to the PBS control. RT112 in
the absence of any NK cells showed the lowest apoptosis rate (Figure 6a).
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In order to better showcase the difference of CD16 engagement of Fabs compared
to a competent Fc, the EC50 of B7-H3xCD16xTIGIT and B7-H3xTIGIT Fc comp. was
determined. This resulted in EC50 values of 2 nM for B7-H3xCD16xTIGIT and 8 nM
for B7-H3xTIGIT Fc comp (Figure 6b). The effector silent trispecific construct achieved
around 30% maximum apoptosis induction, comparable to the induction achieved with
PMA/ionomycin stimulation, while the effector-competent construct only achieved 15%.

2.5. PBMC Killing Assay

Moving from assays based on stable cell lines to human donor-derived material, we
measured EC50 values in a PBMC-derived NK-based cell killing assay. For this, patient-
derived NK cells were isolated from blood samples and rested overnight, before tumor
cell killing was assessed in a flow cytometry-based assay. Target cells were fluorescently
labelled with CellTracker Deep Red and incubated with isolated NK cells in an effector to
target a cell ratio of 5:1 for four hours; viability was measured via staining with SYTOX
Green. Antibodies were added in a 1:10 dilution series, with Cetuximab serving as a
positive control and an effector silent one-armed counterpart (oa_hu225 (eff-)) serving as
a negative control (Figure 7). To prove the robustness of our findings, experiments were
conducted with the previously used RT112 cells as well as A549 cells.
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Figure 7. PBMC killing assay with RT112 (left) or A549 (right) as target cell line. Patient-derived
NK cells from healthy donors were incubated with fluorescently labelled target cells in an effector to
target ratio of 5:1 for 4 h. Antibody constructs were added as 1:10 dilution series starting at 200 nM.
Cetuximab served as a positive control, and its one-armed effect silent counterpart (oa_hu225 (eff-))
as a negative control.
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Cetuximab achieved potent tumor cell killing, with EC50 values in the low picomolar
range, followed by B7-H3xTIGITxCD16 with an EC50 of around 10–20 pM. The one-armed
cetuximab counterpart oa_hu225, as reference for an antibody with just one tumor en-
gaging Fab, also achieved two-digit nanomolar values, while the Fc-competent variant
B7-H3xTIGIT performed in the low nanomolar range.

To summarize, we generated a novel trispecific antibody combining tumor targeting,
CD16 engagement, and TIGIT checkpoint inhibition in one molecule. The already published
CD16 engager NKE14 [7] was combined with a chicken-derived anti-B7-H3 and anti-
TIGIT Fabs in a cLC and effector silent knobs-into-holes format. This antibody showed
apoptosis induction comparable to PMA/ionomycin stimulation in the NK-92-based assay
and a slightly lower EC50 but high tumor cell killing compared to its effector-competent
counterpart. In the PBMC-based assay, the difference in EC50 between the two constructs
was 40–100-fold, depending on the target cell line.

3. Discussion

In this study, we presented a novel trispecific NK cell-engaging antibody B7-H3xTIGIT
xCD16, which can simultaneously activate NK cells through CD16 binding, block the
inhibiting NK checkpoint molecule TIGIT, and redirect NK cells towards B7-H3-positive
tumor cells. The molecule was constructed with a 2+1 architecture comprising the TIGIT-
and CD16-binding Fab on the one side and the B7-H3-binding Fab on the other side. Its
common light chain (cLC) architecture avoids LC mispairing, and incorporation of the
knobs-into-holes technology increases the yield of heterodimeric protein.

Regardless of the exact molecular architecture, the incorporation of a CD16 binding
moiety in NK cell engager molecules is an established way to achieve NK cell
activation [7,13,15,34–37]. Compared to an effector-competent Fc with an affinity to CD16
of around 1 µM, Fab fragments are able to bind to CD16, with a KD several orders of magni-
tude lower. This increased affinity in turn leads to stronger ADCC [38]. As demonstrated in
the killing assays, the trispecific construct B7-H3xTIGITxCD16 showed stronger apoptosis
induction in target cancer cells and a lower EC50 compared to its Fc-competent counterpart.
Our findings were robust and applicable to different types of effector cells (NK-92 H6 and
patient-derived NKs) as well as target cell lines (RT112 and A549).

To retain homeostasis, activated CD16 is shed from the cell surface via ADAM17 [23,24],
leading to a potential loss of contact of the antibody with the NK cell. To avoid a loss
of contact, we incorporated a TIGIT-binding Fab fragment into our molecule. The NK
checkpoint molecule TIGIT naturally binds to CD155 and CD112 and inhibits degranu-
lation and cytokine production upon activation [26]. By binding to TIGIT and blocking
this interaction, the inhibiting signaling is prevented, and the NK cell retains its activity.
Simultaneously, the NK cell does not lose contact to the antibody in the case ADAM17 that
cleaves activated CD16 from the cell surface. Upon synapse formation, the NK cell reduces
CD16 expression and also sheds the protein from its cell surface. Although our antibody
could still maintain NK cell contact with the TIGIT Fab, this engagement is not sufficient
for strong NK cell activation (Figure 6a). Notably, no NK cell exhaustion was observed for
another trifunctional NK cell engager simultaneously targeting CD16 with high affinity
and NKp46 [39]. However, this may depend on the nature of receptor combinations and
the affinities of the binding modules. Hence, the long-term impact of continuous NK cell
activation and the potential for NK cell exhaustion or other adverse effects of a CD16xTIGIT
NK cell engager remain to be elucidated.

The synergistic effect of simultaneous CD16 activation and TIGIT checkpoint inhibition
can be seen in the killing assays. In the case of bispecific antibodies, TIGIT inhibition alone
has no effect on NK cell-mediated cell killing, and CD16 activation slightly increases
cytotoxicity; the combination of both Fabs in one molecule, even without tumor targeting
moiety, further increases the activating potential of the antibody. To our knowledge,
incorporation of a TIGIT-blocking moiety into high-affinity CD16 targeting NK cell engager
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constructs has not yet been published, and this work underlines the potential of future
efforts to target this inhibiting receptor in NK-based immunotherapy.

In order to effectively redirect NK cells to tumor cells, we isolated a novel B7-H3-
binding Fab. B7-H3 mRNA is ubiquitously found throughout the body [17], but its limited
expression in healthy tissue [18–21] makes it a promising target for immunotherapy. Dong
et al. highlighted B7-H3 overexpression across various cancer types (bladder, breast,
cervical, colorectal, esophageal, kidney, liver, lung, ovarian, pancreatic, prostate, glioma,
and melanoma). Yang et al. and Picarda et al. summarized the fraction of cases that
were B7-H3-positive for different cancer types [18,20,21]. More than 50 % of breast cancers
display B7-H3 overexpression, and in colorectal carcinoma, more than 95 % of patient
tumors were B7-H3 positive and B7-H3 expression was negatively associated with overall
survival rate [40]. However, only a few examples utilizing B7-H3-binding moieties to
redirect T or NK cells towards tumor cells can be found in the literature Among them, T cell
engagers, CAR T cells, and a trispecific construct (TriKE) containing a B7-H3 scFv, an anti
CD16 VHH, and rhIL15 as a proliferative signal to NK cells were described [6,13,41–43]. It
remains to be established how our trispecific construct, which contains both a CD16 and a
TIGIT Fab arm for NK cell activation, compares to these reported approaches, including
consideration of combination therapies. Our data indicate that B7-H3 binding in a classical
Fc non-silenced antibody format showed low impact on the viability of tumor cells; only the
addition of a CD16 or both a CD16 and TIGIT Fab led to the increased cytotoxic potential
of NK cells, corroborating the notion that more complex formats with carefully adjusted
tumor and NK cell binding modules are required for a strong anti-tumor activity.

In recent years, several formats for NK cell engagers have been developed, and a
plethora of NK cell target combinations are currently being explored. These include FcγRIII
binding but also the targeting of activating receptors NKG2D, NKp30, or NKp46 alone
or in combination with CD16 binding. NK cell target combinations in trispecifics that
simultaneously address two or more activating receptors or one activating receptor in
combination with checkpoint inhibitors (TIGIT, NKGA, TIM3, LAG3) are less explored [44].
An Fc-competent PD-L1*TIGIT bispecific antibody promoted greater T cell expansion
and tumor cell killing than benchmark antibodies and antibody combinations in an Fc-
dependent manner, indicating that the TIGIT-mediated beneficial properties may be related
to both T cell and NK cell activation [45].

The developability of multispecific antibodies is an issue to be considered early on,
since the generation of more demanding formats may result in reduced stability, the
formation of aggregates, and undesired pharmacokinetic profiles [46]. In a therapeutic
setting, the main advantage of the IgG-based molecule compared to scFv-based variants like
BiKEs and TriKEs [47] is the increased half-life of full-length antibodies through neonatal
Fc receptor (FcRn)-mediated recycling. While proteins not interacting with FcRn may
remain in the bloodstream for a few days without engineering its half-life, IgGs reportedly
remain in the bloodstream for 19–21 days [48]. Moreover, the common light chain format
used here contributes to both antibody stability and reduced complexity of the production
of heterodimeric proteins. Of course, for further consideration in a therapeutic setting,
the trispecific antibody would require humanization [49] and in-depth analysis of PK
properties and safety profiles in animal studies.

In conclusion, the trispecific B7-H3xCD16xTIGIT NK cell engager combines tumor
cell targeting by B7-H3 binding, NK checkpoint inhibition by TIGIT binding, and NK cell
activation by CD16 binding in one molecule. Interestingly, the combination of CD16 and
TIGIT binding in one molecule showed a synergistic effect regarding NK cell activation,
which highlights the potential of TIGIT as a promising NK cell checkpoint molecule for
further research. Utilization of a CD16-binding Fab compared to an Fc-competent molecule
for CD16 engagement led to a slightly increased EC50 but drastically improved apoptosis
induction in killing assays. Additionally, we established a straightforward method of
measuring NK cell-induced apoptosis of tumor cells in a flow cytometry-based assay using
a 1:1 ratio of target to effector cells and only 3 h of incubation time.
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Future studies may focus on the role of TIGIT in the context of CD16-based NK cell
activation to further characterize the observed synergistic effect, particularly in comparison
to other checkpoint molecules like PD-1. Furthermore, TIGIT blocking may also be used
in combination with other NK-activating receptors like NKG2D or NKp30 to uncover
previously hidden connections between NK cell signaling pathways. In order to translate
our in vitro findings into therapy, future in vivo studies are required to validate our obser-
vations in a more complex biological environment. Based on the in vivo results, subsequent
research focusing on pharmacokinetics, potential immunogenicity of the molecule in the
human body, and safety considerations may enable novel treatment options in human
immunotherapy.

4. Materials and Methods
4.1. Chicken Immunization

Two chickens (Gallus gallus domesticus) were immunized for each target protein. The
immunization cocktails contained the Strep-tagged extracellular domain of B7-H3 and the
extracellular domain of TIGIT (produced as TIGIT-Fc and purified after TEV cleavage). All
proteins were expressed and purified in-house. All chickens received five immunizations
on days 1, 14, 28, 42, and 56. At day 35, the serum titer against the target antigens was
determined. The animal was sacrificed on day 63, followed by spleen resection and RNA
extraction. The whole immunization procedure up to RNA extraction was performed by
Davids Biotech GmbH (Regensburg, Germany). Experimental procedures and animal care
were in accordance with EU animal welfare protection laws and regulations.

4.2. Yeast Strains and Plasmids

A pYD1-derived vector (Yeast Display Vector Kit, version D, #V835-01, Thermo Fisher
Scientific, Waltham, MA, USA) was used for yeast surface display. The vector for the heavy
chain library encodes the genes for the AGA2 signal peptide, followed by an MCS, the
CH1 domain of human IgG1, the AGA2 gene, as well as a tryptophan auxotrophic marker
and ampicillin resistance. Gene expression of the AGA2 fusion protein is controlled via a
GAL1 promotor.

The common light chain-carrying plasmid is also pYD1-derived, coding for a αMFpp8
signal sequence followed by either the chicken (dFEB1 for screening) or human (hdFEB4-1-4
for humanization) VL, followed by a human lambda CL, and is also under the control of a
GAL1 promotor. Both VL domains have been characterized and published by our group [7].
The plasmid also contains genes for a leucin auxotrophic marker and kanamycin resistance.

Saccharomyces cerevisiae strains EBY100 [MATa URA3-52 trp1 leu2∆1 his3∆200
pep4::HIS3 prb1∆1.6R can1 GAL (pIU211:URA3)] (Thermo Fisher Scientific) or BJ5464
[MATα URA3-52 trp1 leu2∆1his3∆200 pep4::HIS3 prb1∆1.6R can1 GAL] (American Type
Culture Collection, Manassas, VA, USA) were cultured in YPD (20 g/L peptone/casein,
20 g/L glucose, and 10 g/L yeast extract). After transformation with the heavy chain
(EBY100)- or light chain (BJ5464)-containing plasmids, cells were cultured in SD medium
(5.4 g/L Na2HPO4, 8.6 g/L NaH2PO4 × H2O, 20 g/L glucose, 5 g/L ammonium sulfate,
1.7 g/L yeast nitrogen base (without amino acids)) supplemented with the amino acid
mix appropriate for the auxotrophic marker encoded on the plasmid. Diploid yeast cells
were cultured in SD-Trp-Leu medium for growth or SG-Trp-Leu for induction of surface
presentation (same composition as SD medium, but with Galactose instead of Glucose).

4.3. Yeast Library Generation

The RNA of 108 spleen cells was washed twice with 70% isopropanol, and the pellet
was dried at 65 ◦C to evaporate the residual solvent. The pellet was resuspended in 50 µL
DEPC-treated water (Thermo Fisher Scientific), and cDNA synthesis was carried out with
the SuperScript III First-Strand Synthesis kit (Thermo Fisher) according to the suppliers’
instructions. One reaction contained 25 µL RNA, 5 µL Hexamer Primer, 5 µL dNTPs, 15 µL
H2O, 10 µL 10× RT buffer, 20 µL 25 mM MgCl2, 10 µL 0.1 mM DTT, 5 µL RNAse Out, and
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5 µL SuperScript III. Four reactions were carried out for each chicken, and the cDNA of all
8 reactions was pooled for each immunization campaign. Amplification of VH sequences
was carried out using OneTaq polymerase (NEB) in a final volume of 50 µL. The primer pair
used was VH NheI for/VH NotI rev. Each reaction contained 2 µL cDNA as the template.
PCR was performed with the following protocol: 30 s at 94 ◦C initial denaturation, 33 cycles
of 20 s at 94 ◦C, 30 s at 63 ◦C, and 30 s at 68 ◦C. Final elongation was performed for 5 min
at 68 ◦C. Four reactions were pooled and purified via Wizard SV Gel and PCR Clean-up
System (Promega, Madison, WI, USA). The CH1-carrying vector was linearized with NheI,
NotI, and EcoRI (NEB) and purified via Wizard SV Gel and PCR Clean-up System. Library
generation was carried out with S. cerevisiae strain EBY100, 3 µg linearized vector, and
10 µg VH insert, as specified in [50]. Transformed cells were cultured in SD-Trp medium.

S. cerevisiae strain BJ5464 was transformed with the plasmid coding for the dFEB1 cLC,
cultured in SD-Leu, and used for mating to generate diploid yeast. Equal amounts of heavy
chain- and light chain-carrying cells were mixed, centrifuged, and resuspended in YPD to
achieve a final concentration of 2 × 108 cells/50 µL. Cells were added dropwise (50 µL) to
pre-warmed YPD agar plates and incubated at 30 ◦C overnight. The following day, cells
were washed off the agar plate and cultured in SD-Trp-Leu medium.

4.4. Yeast Library Screening Procedure

Cells of the diploid yeast library were used to inoculate SG-Trp-Leu medium at an
OD600 of 1 and were incubated overnight at 30 ◦C and 120 rpm. The next day, cells were
harvested by centrifugation and washed once with PBS-B (PBS + 0.1% (w/v) BSA) before
resuspension in buffer with the desired concentration of the target antigen. After 30 min
incubation on ice, the cells were washed twice with PBS-B and resuspended in a 1:75
dilution of either goat anti-human-Lambda Alexa Fluor 647 F(ab’)2 antibody (Southern-
Biotech, Birmingham, AL, USA) and StrepMAB-Immo DY-488 conjugate (IBA Lifesciences,
Göttingen, Germany) or goat anti-human-Lambda-PE F(ab’)2 antibody (SouthernBiotech)
and Strepavidin-APC (Invitrogen, Waltham, MA, USA). After 15 min incubation on ice in
the dark, cells were washed twice with PBS-B and screened by FACS using a Sony SH800S.

4.5. Reformatting, Expression, and Purification of Full-Length Antibodies

Plasmids were isolated from yeast cells using Zymoprep Yeast Plasmid Miniprep Kit I
(Zymo Research, Irvine, CA, USA) according to the suppliers’ instructions. Plasmids were
transformed into E. coli XL1blue, and VH domains were sequenced by Microsynth Seqlab
(Göttingen, Germany). Sequences chosen for reformation were amplified using Q5 Poly-
merase (NEB) according to the suppliers’ instructions. The utilized primers incorporated
terminal SapI sites for subsequent Golden Gate cloning. The Golden Gate reaction was
performed using a pTT5-derived (Expresso CMV-based system, Lucigen, Middleton, WI,
USA) destination vector, an entry vector carrying human IgG1 CH1-CH2-CH3, and the
generated PCR product as well as SapI and T4 ligase (NEB), according to the suppliers’
instructions. E. coli. XL1blue was transformed with the reaction mixture, and sequences
were validated by Sanger Sequencing.

Protein expression was carried out in Expi293F cells (Thermo Fisher), which were
cultivated in Expi293 Expression Medium (Gibco, Grand Island, NY, USA) at 37 ◦C, 8%
CO2, and 110 rpm in a humidified atmosphere. Transient transfection was performed with
Transporter 5 (Polysciences, Warrington, PA, USA) and 2 plasmids in a 1:1 mass ratio of
heavy chain–light chain. For heterodimeric antibodies a 1:1:1 ratio of the three plasmids
was used.

Five days after transfection, the supernatant was sterile-filtered and purified using
an Äkta pure system (Cytiva, Marlborough, MA, USA). Homodimeric antibodies were
purified using a MabSelect PrismA column (Cytiva), with subsequent buffer exchange
via a HiTrap Desalting column (Cytiva). Heterodimeric antibodies were purified with
HisTrap Excel (Cytiva) and StrepTactin XT 4Flow (IBA Lifescience) columns, followed by
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buffer exchange via HiTrap Desalting column. All chromatographic steps were performed
according to the manufacturers’ instructions.

4.6. SDS-PAGE

To characterize the expressed antibody constructs, SDS-PAGE was performed. For
this, 4 µg of purified antibody was loaded onto Mini-PROTEAN TGX 4–15% gel (BioRad,
Hercules, CA, USA) with reducing Laemmli buffer and subsequently stained with colloidal
Coomassie [51].

4.7. Affinity Determination and Simultaneous Binding Assay via Biolayer Interferometry

For affinity determination, anti-human IgG-Fc capture (AHC, Sartorius, Göttingen,
Germany) biosensors were equilibrated in PBS for 10 min and loaded with 10 µg/mL
antibody solution until a layer thickness of 1 nm was reached. After a 30 s quenching step
in kinetics buffer (KB, Sartorius), association was measured for 300 s against varying antigen
concentrations diluted in KB. All antigens were produced in-house (B7-H3 with C-terminal
StrepII-Tag, TIGIT and CD16 with N-terminal His6 and C-terminal TwinStrep-Tag), and
analyzed concentrations ranged from 500 nM to 7.8 nM. Subsequent dissociation in KB was
measured for 300 s. KB without antigen was used as a negative control. Binding kinetics
were calculated based on Savitzky-Golay filtering and a 1:1 Langmuir binding model.

For the simultaneous binding assay, AHC biosensors were equilibrated in PBS for
10 min and loaded with 10 µg/mL antibody until a layer thickness of 1 nm was reached.
After a 30 s quenching step in PBS, association was measured sequentially for a 250 nM
solution of all antigens. As a control, the association of only one or two antigens with
subsequent incubation in PBS was also measured. The antigens used were B7-H3-SII, TIGIT,
and His-CD16-TwinStrep.

All measurements were performed using the Octet RED96 system (ForteBio, Fremont,
CA, USA) at 30 ◦C and 1000 rpm.

4.8. Size Exclusion Chromatography

Size exclusion chromatography (SEC) was performed using a TSKgel SuperSW3000
column (Tosoh Bioscience, Griesheim, Germany) together with a 1260 Infinity chromatogra-
phy system (Agilent Technologies, Santa Clara, CA, USA). Chromatography was performed
at a flow rate of 0.35 mL/min for 20 min, and absorbance at 280 nm was measured to detect
protein elution.

4.9. Cultivation of NK-92 H6 Cells

NK-92 H6 is a modified human NK-92 cell line (DSMZ ACC 488) that was stably
transfected with CD16F158 in-house. Culture medium consisted of RPMI-1640 (Gibco)
supplemented with 20% fetal bovine serum (FBS) superior (Merck Millipore, Burlington,
MA, USA), 1% Penicillin/Streptomycin solution (Sigma Aldrich, St. Louis, MO, USA),
250 µg/mL G418 (Sigma Aldrich), and 10 ng/mL hIL-15 (produced in-house). Cells were
cultured at 37 ◦C and 5% CO2 under a humidified atmosphere in a T75 flask and passaged
every two to three days.

4.10. Cultivation of RT112 and A549 Cells

RT112 (ACC 418) and A549 (ACC 107) cell lines were obtained from DSMZ (German
Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany). RT112
culture medium consisted of RPMI-1640 (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS) superior (Merck Millipore) and 1% Penicillin/Streptomycin
solution (Sigma Aldrich). A549 was maintained in Dulbecco’s Minimal Eagle Medium
(DMEM) supplemented with 10% FBS and 1% Penicillin/Streptomycin solution (Sigma
Aldrich). Cells were cultured at 37 ◦C and 5% CO2 under a humidified atmosphere in a
T75 flask and passaged every three to four days after reaching 80% confluence.
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4.11. On-Cell Binding Affinities

Binding to target and effector cells was determined by affinity titration. The cell
lines used were the B7-H3-positive RT112 bladder cancer cell line or CD16/TIGIT double-
positive NK-92 H6 cells. For staining, 105 cells/well were seeded in 96-well plates, washed
with PBS-B, and incubated with varying concentrations of the respective antibody. After
30 min on ice, cells were washed twice with PBS-B and incubated with a 1:75 dilution of
PE-conjugated anti-human IgG–Fc for 15 min in the dark. After two washing steps, mean
fluorescence of whole cell population was measured using a CytoFLEX S (Beckmann Coul-
ter, Brea, CA, USA). Data points were plotted against logarithmic antibody concentration,
and curves were fitted with a variable-slope four-parameter fit using GraphPad Prism. All
measurements were performed in triplicate, and experiments were repeated at least 3 times,
yielding comparable results.

4.12. NK-92 Killing Assay and EC50 Determination

RT112 cells were washed twice with PBS and treated with Trypsin/EDTA (Gibco)
solution until cells detached from the culture flask. Afterwards, cells were collected by
centrifugation at 500× g for 4 min and resuspended in fresh PBS. CalceinAM (Invitrogen)
was added to a final concentration of 100 nM, and cells were incubated for 20 min at
37 ◦C and 5% CO2 in a humidified atmosphere. Subsequently, cells were collected and
resuspended in RPMI + 10% FBS. At the same time, NK-92 H6 cells were harvested by
centrifugation and washed with PBS before resuspension in RPMI + 10% FBS. Both cell
suspensions were adjusted to a density of 5 × 105 cells/mL, and 100 µL of each solution
was mixed in a round-bottom 96-well plate, resulting in a 1:1 ratio of fluorescently labelled
target and effector cells. A total of 200 µL of each cell suspension alone served as the
negative control. A total of 20 µL of a 10 µg/mL solution of PMA/ionomycin in PBS was
added to the positive control. Antibodies were diluted in PBS, and 20 µL of each solution
was added to the well. PBS was added to the untreated control and negative controls.
The plate was incubated for 3 h at 37 ◦C and 5% CO2 in a humidified atmosphere. All
experiments were performed in triplicate.

To analyze apoptosis induction, cells were collected by centrifugation for 3 min at
800× g and thoroughly resuspended in 25 µL Annexin V staining buffer (10 mM HEPES,
140 mM NaCl, and 2.5 mM CaCl2, pH 7.4) containing 1 drop Annexin V Ready Flow AF647
reagent (Invitrogen)/500 µL buffer. Cells were incubated for 15 min at room temperature,
and 100 µL Annexin V staining buffer was added to dilute the samples before analysis
using a CytoFlex S. Calcein-positive RT112 cells were gated in the FITC channel, while
AF647 fluorescence was analyzed in the APC channel. Apoptosis induction was measured
by dividing the population into AF647 high- and AF647 low-signal subsets. The ratio of
AF647 high cells was plotted using GraphPad Prism.

4.13. PBMC Killing Assay and EC50 Determination

PBMCs were isolated from whole blood samples of healthy donors by density gradient
centrifugation using SepMate™ PBMC Isolation Tubes (StemCell Technologies, Vancouver,
BC, Canada). NK cells were then isolated with the EasySep™ Human NK Cell Isolation
Kit (Stemcell Technologies) and rested overnight at 1.2 × 106 vc/mL in AIMV media
(Thermo Fisher Scientific) containing 100 U/mL recombinant human interleukin-2 (Acro
Biosystems, Newark, DE, USA). RT112 and A549 cells were prepared the next day by
parallel staining with CellTracker™ Deep Red Dye (Thermo Fisher) according to the
manufacturer’s instructions. The target cells were seeded in a 384-well clear-bottom
microtiter plate (Greiner Bio-One, Kremsmünster, Austria) with 2500 cells/well in 17.5 µL.
After 3 h of incubation at 37 ◦C, 10 µL of the samples was added at 200 nM in a 1:10 dilution
series, followed by the addition of 17.5 µL NK cells in an effector cell to target a cell ratio
of 5:1. SYTOX™ Green Dead Cell Stain (Invitrogen) was added to the plate for a final
concentration of 0.03 µM. Effector cells cultivated with target cells without antibodies, as
well as a monovalent EGFR targeting Fc effector-silenced antibody derivative (oa_hu225
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(eff-)), were used as negative controls. To analyze tumor cell lysis, the overlay signals
(green and red fluorescence) displayed dead target cells only, which were evaluated after
4 h using the Incucyte® Live Cell Analysis System (Sartorius). Target cell lysis is displayed
after basal killing subtraction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29051140/s1, Figure S1: FACS plots of the anti-B7-H3
screening campaign, Figure S2: Single clone analysis of anti-B7-H3 Fabs, Figure S3: FACS plots of
the anti-TIGIT screening campaign, Figure S4: FACS plots of the anti-TIGIT screening campaign
focusing on blocking antibodies, Figure S5: Single clone analysis of anti-TIGIT Fabs derived from
both screening campaigns, Figure S6: Gating strategy used for the analysis of apoptosis induction
in the NK-92 H6-based assay, Figure S7: Apoptosis induction in RT112 cells by different antibody
constructs in the NK-92 H6-based assay.

Author Contributions: Conceptualization, M.U., B.H. and H.K.; methodology, M.U. and B.L.; vali-
dation, M.U.; formal analysis, M.U.; investigation, M.U., J.H., B.L. and H.T.; resources, H.K.; data
curation, M.U.; writing—original draft preparation, M.U.; writing—review and editing, J.H., B.H. and
H.K.; visualization, M.U. and H.T.; supervision, B.H. and H.K.; project administration, M.U.; funding
acquisition, H.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ferring Darmstadt Laboratories at Technical University of
Darmstadt and by the department of GPRD at Ferring Holding S.A., Saint-Prex, Switzerland. The
funders had no role in the study design, data collection and analysis, interpretation of data, decision
to publish, or preparation of the manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in article and Supple-
mentary Materials.

Acknowledgments: The authors want to thank Jens Moll for generating the NK-92 H6 cell line
and Benjamin Mattes for optimizing the culture conditions. The graphical abstract was generated
with BioRender.

Conflicts of Interest: M.U. was employed by TU Darmstadt under the framework of a collaboration
project with Ferring Pharmaceuticals. Other than this, this research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflicts of interest.

References
1. Waldhauer, I.; Steinle, A. NK Cells and Cancer Immunosurveillance. Oncogene 2008, 27, 5932–5943. [CrossRef]
2. Yokoyama, W.M.; Riley, J.K. NK Cells and Their Receptors. Reprod. Biomed. Online 2008, 16, 173–191. [CrossRef]
3. Ramírez-Labrada, A.; Pesini, C.; Santiago, L.; Hidalgo, S.; Calvo-Pérez, A.; Oñate, C.; Andrés-Tovar, A.; Garzón-Tituaña, M.;

Uranga-Murillo, I.; Arias, M.A.; et al. All About (NK Cell-Mediated) Death in Two Acts and an Unexpected Encore: Initiation,
Execution and Activation of Adaptive Immunity. Front. Immunol. 2022, 13, 1–14. [CrossRef]

4. Chin, D.S.; Lim, C.S.Y.; Nordin, F.; Arifin, N.; Jun, T.G. Antibody-Dependent Cell-Mediated Cytotoxicity through Natural Killer
(NK) Cells: Unlocking NK Cells for Future Immunotherapy. Curr. Pharm. Biotechnol. 2021, 23, 552–578. [CrossRef]

5. Demaria, O.; Gauthier, L.; Vetizou, M.; Blanchard Alvarez, A.; Vagne, C.; Habif, G.; Batista, L.; Baron, W.; Belaïd, N.; Girard-
Madoux, M.; 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. [CrossRef]

6. Arvindam, U.S.; van Hauten, P.M.M.; Schirm, D.; Schaap, N.; Hobo, W.; Blazar, B.R.; Vallera, D.A.; Dolstra, H.; Felices, M.; Miller,
J.S. A Trispecific Killer Engager Molecule against CLEC12A Effectively Induces NK-Cell Mediated Killing of AML Cells. Leukemia
2021, 35, 1586–1596. [CrossRef]

7. Bogen, J.P.; Carrara, S.C.; Fiebig, D.; Grzeschik, J.; Hock, B.; Kolmar, H. Design of a Trispecific Checkpoint Inhibitor and Natural
Killer Cell Engager Based on a 2 + 1 Common Light Chain Antibody Architecture. Front. Immunol. 2021, 12, 669496. [CrossRef]

8. Vallera, D.A.; Felices, M.; McElmurry, R.; McCullar, V.; Zhou, X.; Schmohl, J.U.; Zhang, B.; Lenvik, A.J.; Panoskaltsis-Mortari, A.;
Verneris, M.R.; et al. IL15 Trispecific Killer Engagers (TriKE) Make Natural Killer Cells Specific to CD33+ Targets While Also
Inducing Persistence, in Vivo Expansion, and Enhanced Function. Clin. Cancer Res. 2016, 22, 3440–3450. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules29051140/s1
https://www.mdpi.com/article/10.3390/molecules29051140/s1
https://doi.org/10.1038/onc.2008.267
https://doi.org/10.1016/S1472-6483(10)60573-1
https://doi.org/10.3389/fimmu.2022.896228
https://doi.org/10.2174/1389201022666210820093608
https://doi.org/10.1016/j.xcrm.2022.100783
https://doi.org/10.1038/s41375-020-01065-5
https://doi.org/10.3389/fimmu.2021.669496
https://doi.org/10.1158/1078-0432.CCR-15-2710
https://www.ncbi.nlm.nih.gov/pubmed/26847056


Molecules 2024, 29, 1140 15 of 16

9. Beha, N.; Harder, M.; Ring, S.; Kontermann, R.E.; Muller, D. IL15-Based Trifunctional Antibody-Fusion Proteins with Costimula-
tory TNF-Superfamily Ligands in the Single-Chain Format for Cancer Immunotherapy. Mol. Cancer Ther. 2019, 18, 1278–1288.
[CrossRef] [PubMed]

10. Wingert, S.; Reusch, U.; Knackmuss, S.; Kluge, M.; Damrat, M.; Pahl, J.; Schniegler-Mattox, U.; Mueller, T.; Fucek, I.; Ellwanger, K.;
et al. Preclinical Evaluation of AFM24, a Novel CD16A-Specific Innate Immune Cell Engager Targeting EGFR-Positive Tumors; Taylor &
Francis: Milton Park, UK, 2021; Volume 13. [CrossRef]

11. Kakiuchi-Kiyota, S.; Ross, T.; Wallweber, H.A.; Kiefer, J.R.; Schutten, M.M.; Adedeji, A.O.; Cai, H.; Hendricks, R.; Cohen, S.;
Myneni, S.; et al. A BCMA/CD16A Bispecific Innate Cell Engager for the Treatment of Multiple Myeloma. Leukemia 2022, 36,
1006–1014. [CrossRef] [PubMed]

12. Nikkhoi, S.K.; Li, G.; Eleya, S.; Yang, G.; Vandavasi, V.G.; Hatefi, A. Bispecific Killer Cell Engager with High Affinity and
Specificity toward CD16a on NK Cells for Cancer Immunotherapy. Front. Immunol. 2023, 13, 7658. [CrossRef] [PubMed]

13. Vallera, D.A.; Ferrone, S.; Kodal, B.; Hinderlie, P.; Bendzick, L.; Ettestad, B.; Hallstrom, C.; Zorko, N.A.; Rao, A.; Fujioka, N.; et al.
NK-Cell-Mediated Targeting of Various Solid Tumors Using a B7-H3 Tri-Specific Killer Engager In Vitro and In Vivo. Cancers
2020, 12, 2659. [CrossRef]

14. Ellwanger, K.; Reusch, U.; Fucek, I.; Wingert, S.; Ross, T.; Müller, T.; Schniegler-Mattox, U.; Haneke, T.; Rajkovic, E.; Koch, J.;
et al. Redirected Optimized Cell Killing (ROCK®): A Highly Versatile Multispecific Fit-for-Purpose Antibody Platform for Engaging Innate
Immunity; Taylor & Francis: Milton Park, UK, 2019; Volume 11, pp. 899–918. [CrossRef]

15. Gauthier, L.; Morel, A.; Anceriz, N.; Rossi, B.; Blanchard-Alvarez, A.; Grondin, G.; Trichard, S.; Cesari, C.; Sapet, M.; Bosco, F.; et al.
Multifunctional Natural Killer Cell Engagers Targeting NKp46 Trigger Protective Tumor Immunity. Cell 2019, 177, 1701–1713.e16.
[CrossRef]

16. Van Hall, T.; André, P.; Horowitz, A.; Ruan, D.F.; Borst, L.; Zerbib, R.; Narni-Mancinelli, E.; Van Der Burg, S.H.; Vivier, E.
Monalizumab: Inhibiting the Novel Immune Checkpoint NKG2A. J. Immunother. Cancer 2019, 7, 263. [CrossRef]

17. Kanchan, R.K.; Doss, D.; Khan, P.; Nasser, M.W.; Mahapatra, S. To Kill a Cancer: Targeting the Immune Inhibitory Checkpoint
Molecule, B7-H3. Biochim. Biophys. Acta (BBA)-Rev. Cancer 2022, 1877, 188783. [CrossRef]

18. Dong, P.; Xiong, Y.; Yue, J.; Hanley, S.J.B.; Watari, H. B7H3 As a Promoter of Metastasis and Promising Therapeutic Target. Front.
Oncol. 2018, 8, 264. [CrossRef] [PubMed]

19. Flem-Karlsen, K.; Fodstad, Ø.; Tan, M.; Nunes-Xavier, C.E. B7-H3 in Cancer—Beyond Immune Regulation. Trends Cancer 2018, 4,
401–404. [CrossRef] [PubMed]

20. Picarda, E.; Ohaegbulam, K.C.; Zang, X. Molecular Pathways: Targeting B7-H3 (CD276) for Human Cancer Immunotherapy. Clin.
Cancer Res. 2016, 22, 3425–3431. [CrossRef]

21. Yang, S.; Wei, W.; Zhao, Q. B7-H3, a Checkpoint Molecule, as a Target for Cancer Immunotherapy. Int. J. Biol. Sci. 2020, 16,
1767–1773. [CrossRef]

22. Capuano, C.; Pighi, C.; Battella, S.; De Federicis, D.; Galandrini, R.; Palmieri, G. Harnessing Cd16-Mediated Nk Cell Functions to
Enhance Therapeutic Efficacy of Tumor-Targeting Mabs. Cancers 2021, 13, 2500. [CrossRef]

23. Srpan, K.; Ambrose, A.; Karampatzakis, A.; Saeed, M.; Cartwright, A.N.R.; Guldevall, K.; De Matos, G.D.S.C.; Önfelt, B.; Davis,
D.M. Shedding of CD16 Disassembles the NK Cell Immune Synapse and Boosts Serial Engagement of Target Cells. J. Cell Biol.
2018, 217, 3267–3283. [CrossRef] [PubMed]

24. Romee, R.; Foley, B.; Lenvik, T.; Wang, Y.; Zhang, B.; Ankarlo, D.; Luo, X.; Cooley, S.; Verneris, M.; Walcheck, B.; et al. NK
Cell CD16 Surface Expression and Function Is Regulated by a Disintegrin and Metalloprotease-17 (ADAM17). Blood 2013, 121,
3599–3608. [CrossRef] [PubMed]

25. Sanchez-Correa, B.; Valhondo, I.; Hassouneh, F.; Lopez-Sejas, N.; Pera, A.; Bergua, J.M.; Arcos, M.J.; Bañas, H.; Casas-Avilés, I.;
Durán, E.; et al. DNAM-1 and the TIGIT/PVRIG/TACTILE Axis: Novel Immune Checkpoints for Natural Killer Cell-Based
Cancer Immunotherapy. Cancers 2019, 11, 877. [CrossRef] [PubMed]

26. Stanietsky, N.; Simic, H.; Arapovic, J.; Toporik, A.; Levy, O.; Novik, A.; Levine, Z.; Beiman, M.; Dassa, L.; Achdout, H.; et al.
The Interaction of TIGIT with PVR and PVRL2 Inhibits Human NK Cell Cytotoxicity. Proc. Natl. Acad. Sci. USA 2009, 106,
17858–17863. [CrossRef]

27. Chauvin, J.-M.; Zarour, H.M. TIGIT in Cancer Immunotherapy. J. Immunother. Cancer 2020, 8, e000957. [CrossRef] [PubMed]
28. Chen, X.; Xue, L.; Ding, X.; Zhang, J.; Jiang, L.; Liu, S.; Hou, H.; Jiang, B.; Cheng, L.; Zhu, Q.; et al. An Fc-Competent Anti-

Human TIGIT Blocking Antibody Ociperlimab (BGB-A1217) Elicits Strong Immune Responses and Potent Anti-Tumor Efficacy in
Pre-Clinical Models. Front. Immunol. 2022, 13, 828319. [CrossRef]

29. Mu, S.; Liang, Z.; Wang, Y.; Chu, W.; Chen, Y.-L.; Wang, Q.; Wang, G.; Wang, C. PD-L1/TIGIT Bispecific Antibody Showed
Survival Advantage in Animal Model. Clin. Transl. Med. 2022, 12, e754. [CrossRef]

30. Rousseau, A.; Parisi, C.; Barlesi, F. Anti-TIGIT Therapies for Solid Tumors: A Systematic Review. ESMO Open 2023, 8, 101184.
[CrossRef]

31. Bogen, J.P.; Grzeschik, J.; Krah, S.; Zielonka, S.; Kolmar, H. Rapid Generation of Chicken Immune Libraries for Yeast Surface
Display. Methods Mol. Biol. 2020, 2070, 289–302. [CrossRef]

32. Bogen, J.P.; Storka, J.; Yanakieva, D.; Fiebig, D.; Grzeschik, J.; Hock, B.; Kolmar, H. Isolation of Common Light Chain Antibodies
from Immunized Chickens Using Yeast Biopanning and Fluorescence-Activated Cell Sorting. Biotechnol. J. 2021, 16, 2000240.
[CrossRef]

https://doi.org/10.1158/1535-7163.MCT-18-1204
https://www.ncbi.nlm.nih.gov/pubmed/31040163
https://doi.org/10.1080/19420862.2021.1950264
https://doi.org/10.1038/s41375-021-01478-w
https://www.ncbi.nlm.nih.gov/pubmed/35001074
https://doi.org/10.3389/fimmu.2022.1039969
https://www.ncbi.nlm.nih.gov/pubmed/36685519
https://doi.org/10.3390/cancers12092659
https://doi.org/10.1080/19420862.2019.1616506
https://doi.org/10.1016/j.cell.2019.04.041
https://doi.org/10.1186/s40425-019-0761-3
https://doi.org/10.1016/j.bbcan.2022.188783
https://doi.org/10.3389/fonc.2018.00264
https://www.ncbi.nlm.nih.gov/pubmed/30035102
https://doi.org/10.1016/j.trecan.2018.03.010
https://www.ncbi.nlm.nih.gov/pubmed/29860983
https://doi.org/10.1158/1078-0432.CCR-15-2428
https://doi.org/10.7150/ijbs.41105
https://doi.org/10.3390/cancers13102500
https://doi.org/10.1083/jcb.201712085
https://www.ncbi.nlm.nih.gov/pubmed/29967280
https://doi.org/10.1182/blood-2012-04-425397
https://www.ncbi.nlm.nih.gov/pubmed/23487023
https://doi.org/10.3390/cancers11060877
https://www.ncbi.nlm.nih.gov/pubmed/31234588
https://doi.org/10.1073/pnas.0903474106
https://doi.org/10.1136/jitc-2020-000957
https://www.ncbi.nlm.nih.gov/pubmed/32900861
https://doi.org/10.3389/fimmu.2022.828319
https://doi.org/10.1002/ctm2.754
https://doi.org/10.1016/j.esmoop.2023.101184
https://doi.org/10.1007/978-1-4939-9853-1_16
https://doi.org/10.1002/biot.202000240


Molecules 2024, 29, 1140 16 of 16

33. Romera-Cárdenas, G.; Thomas, L.M.; Lopez-Cobo, S.; García-Cuesta, E.M.; Long, E.O.; Reyburn, H.T. Ionomycin Treatment
Renders NK Cells Hyporesponsive. PLoS ONE 2016, 11, e0150998. [CrossRef]

34. Gantke, T.; Weichel, M.; Herbrecht, C.; Reusch, U.; Ellwanger, K.; Fucek, I.; Eser, M.; Müller, T.; Griep, R.; Molkenthin, V.; et al.
Trispecific Antibodies for CD16A-Directed NK Cell Engagement and Dual-Targeting of Tumor Cells. Protein Eng. Des. Sel. 2017,
30, 673–684. [CrossRef]

35. Schubert, I.; Kellner, C.; Stein, C.; Kügler, M.; Schwenkert, M.; Saul, D.; Mentz, K.; Singer, H.; Stockmeyer, B.; Hillen, W.; et al. A
Single-Chain Triplebody with Specificity for CD19 and CD33 Mediates Effective Lysis of Mixed Lineage Leukemia Cells by Dual Targeting;
Taylor & Francis: Milton Park, UK, 2011; Volume 3, pp. 21–30. [CrossRef]

36. Schmohl, J.U.; Felices, M.; Taras, E.; Miller, J.S.; Vallera, D.A. Enhanced ADCC and NK Cell Activation of an Anticarcinoma
Bispecific Antibody by Genetic Insertion of a Modified IL-15 Cross-Linker. Mol. Ther. 2016, 24, 1312. [CrossRef]

37. Tapia-Galisteo, A.; Compte, M.; Álvarez-Vallina, L.; Sanz, L. When Three Is Not a Crowd: Trispecific Antibodies for Enhanced
Cancer Immunotherapy. Theranostics 2023, 13, 1028–1041. [CrossRef]

38. Coënon, L.; Villalba, M. From CD16a Biology to Antibody-Dependent Cell-Mediated Cytotoxicity Improvement. Front. Immunol.
2022, 13, 913215. [CrossRef] [PubMed]

39. Gauthier, L.; Virone-Oddos, A.; Beninga, J.; Rossi, B.; Nicolazzi, C.; Amara, C.; Blanchard-Alvarez, A.; Gourdin, N.; Courta, J.;
Basset, A.; et al. Control of Acute Myeloid Leukemia by a Trifunctional NKp46-CD16a-NK Cell Engager Targeting CD123. Nat.
Biotechnol. 2023, 41, 1296–1306. [CrossRef] [PubMed]

40. Cancer Cell-Expressed B7-H3 Regulates the Differentiation of Tumor-Associated Macrophages in Human Colorectal Carcinoma.
Available online: https://www.spandidos-publications.com/10.3892/ol.2017.6935 (accessed on 27 February 2024).

41. Liu, X.; Zhelev, D.; Adams, C.; Chen, C.; Mellors, J.W.; Dimitrov, D.S. Effective Killing of Cells Expressing CD276 (B7-H3) by a
Bispecific T Cell Engager Based on a New Fully Human Antibody. Transl. Oncol. 2021, 14, 101232. [CrossRef]

42. Feng, Y.; Xie, K.; Yin, Y.; Li, B.; Pi, C.; Xu, X.; Huang, T.; Zhang, J.; Wang, B.; Gu, H.; et al. A Novel Anti-B7-H3 × Anti-CD3
Bispecific Antibody with Potent Antitumor Activity. Life 2022, 12, 157. [CrossRef]

43. Liu, J.; Yang, S.; Cao, B.; Zhou, G.; Zhang, F.; Wang, Y.; Wang, R.; Zhu, L.; Meng, Y.; Hu, C.; et al. Targeting B7-H3 via Chimeric
Antigen Receptor T Cells and Bispecific Killer Cell Engagers Augments Antitumor Response of Cytotoxic Lymphocytes. J.
Hematol. Oncol. 2021, 14, 21. [CrossRef] [PubMed]

44. Vivier, E.; Rebuffet, L.; Narni-Mancinelli, E.; Cornen, S.; Igarashi, R.Y.; Fantin, V.R. Natural Killer Cell Therapies. Nature 2024, 626,
727–736. [CrossRef]

45. Yang, R.; Huang, S.; Huang, C.; Fay, N.S.; Wang, Y.; Putrevu, S.; Wright, K.; Zaman, M.S.; Cai, W.; Huang, B.; et al. Fc-Competent
Multispecific PDL-1/TIGIT/LAG-3 Antibodies Potentiate Superior Anti-Tumor T Cell Response. Sci. Rep. 2023, 13, 9865.
[CrossRef]

46. Datta-Mannan, A.; Brown, R.; Key, S.; Cain, P.; Feng, Y. Pharmacokinetic Developability and Disposition Profiles of Bispecific
Antibodies: A Case Study with Two Molecules. Antibodies 2022, 11, 2. [CrossRef]

47. Felices, M.; Lenvik, T.R.; Davis, Z.B.; Miller, J.S.; Vallera, D.A. Generation of BiKEs and TriKEs to Improve NK Cell-Mediated
Targeting of Tumor Cells. In Methods in Molecular Biology; Springer: Berlin, Germany, 2016; pp. 333–346.

48. Waldmann, T.A.; Strober, W. Metabolism of Immunoglobulins. Prog. Immunol. 1971, 13, 891–903. [CrossRef]
49. Bogen, J.P.; Elter, A.; Grzeschik, J.; Hock, B.; Kolmar, H. Humanization of Chicken-Derived Antibodies by Yeast Surface Display.

Methods Mol. Biol. 2022, 2491, 335–360. [CrossRef] [PubMed]
50. Benatuil, L.; Perez, J.M.; Belk, J.; Hsieh, C.M. An Improved Yeast Transformation Method for the Generation of Very Large Human

Antibody Libraries. Protein Eng. Des. Sel. 2010, 23, 155–159. [CrossRef] [PubMed]
51. Dyballa, N.; Metzger, S. Fast and Sensitive Colloidal Coomassie G-250 Staining for Proteins in Polyacrylamide Gels. J. Vis. Exp.

2009, 30, 2–5. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0150998
https://doi.org/10.1093/protein/gzx043
https://doi.org/10.4161/MABS.3.1.14057
https://doi.org/10.1038/mt.2016.88
https://doi.org/10.7150/thno.81494
https://doi.org/10.3389/fimmu.2022.913215
https://www.ncbi.nlm.nih.gov/pubmed/35720368
https://doi.org/10.1038/s41587-022-01626-2
https://www.ncbi.nlm.nih.gov/pubmed/36635380
https://www.spandidos-publications.com/10.3892/ol.2017.6935
https://doi.org/10.1016/j.tranon.2021.101232
https://doi.org/10.3390/life12020157
https://doi.org/10.1186/s13045-020-01024-8
https://www.ncbi.nlm.nih.gov/pubmed/33514401
https://doi.org/10.1038/s41586-023-06945-1
https://doi.org/10.1038/s41598-023-36942-3
https://doi.org/10.3390/antib11010002
https://doi.org/10.1159/000385919
https://doi.org/10.1007/978-1-0716-2285-8_18
https://www.ncbi.nlm.nih.gov/pubmed/35482199
https://doi.org/10.1093/protein/gzq002
https://www.ncbi.nlm.nih.gov/pubmed/20130105
https://doi.org/10.3791/1431

	Introduction 
	Results 
	Anti-B7-H3 Fab: Immunization, Screening, and Characterization 
	Anti-TIGIT Fab: Immunization, Screening, Characterization, and Humanization 
	Construction and Characterization of Trispecific Dual-NK Engaging Antibody 
	Cell-Based NK Killing Assay 
	PBMC Killing Assay 

	Discussion 
	Materials and Methods 
	Chicken Immunization 
	Yeast Strains and Plasmids 
	Yeast Library Generation 
	Yeast Library Screening Procedure 
	Reformatting, Expression, and Purification of Full-Length Antibodies 
	SDS-PAGE 
	Affinity Determination and Simultaneous Binding Assay via Biolayer Interferometry 
	Size Exclusion Chromatography 
	Cultivation of NK-92 H6 Cells 
	Cultivation of RT112 and A549 Cells 
	On-Cell Binding Affinities 
	NK-92 Killing Assay and EC50 Determination 
	PBMC Killing Assay and EC50 Determination 

	References

