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trispecific NK cell engager based
on a two-in-one antibody
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Darmstadt, Germany
To construct a trispecific IgG-like antibody at least three different binding

moieties need to be combined, which results in a complex architecture and

challenging production of these molecules. Here we report for the first time the

construction of trispecific natural killer cell engagers based on a previously

reported two-in-one antibody combined with a novel anti-CD16a common

light chain module identified by yeast surface display (YSD) screening of chicken-

derived immune libraries. The resulting antibodies simultaneously target

epidermal growth factor receptor (EGFR), programmed death-ligand 1 (PD-L1)

and CD16a with two Fab fragments, resulting in specific cellular binding

properties on EGFR/PD-L1 double positive tumor cells and a potent ADCC

effect. This study paves the way for further development of multispecific

therapeutic antibodies derived from avian immunization with desired target

combinations, valencies, molecular symmetries and architectures.

KEYWORDS

trispecific antibody, two-in-one antibody, NK cell engager, common light chain, yeast
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Introduction

While monoclonal antibodies (mAbs) have tremendous potential for treating a variety

of diseases, certain modes of action require two different cells to be positioned in close

proximity to achieve the desired therapeutic effect. Due to their monospecificity, this is not

possible with a mAb or combination therapy, but can be achieved by combining antibody-

like fragments in one molecule (1, 2). Since the first proposition of bispecific antibodies

(bsAbs) targeting two independent epitopes in the 1960s (3), they have been extensively

explored in translational and clinical studies (4, 5).

One possible mode of action for bsAbs, which are referred to as NK cell engager

(NKCE), is the recruitment of natural killer (NK) cells by simultaneously binding to a
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tumor-associated antigen (TAA) and a specific marker on the

surface of NK cells to harness the immune function of NK cells

in tumor therapy (6).

Among many other proteins, NK cells express CD16a, also

known as FcgRIIIa, which is targeted with low affinity by the Fc

region of TAA-bound IgG antibodies (7). These IgG molecules can

thus mediate antibody-dependent cellular cytotoxicity (ADCC), an

effective mechanism for tumor cell killing by NK cells (8). The anti-

CD20 antibody rituximab was the first cytotoxic ADCC-capable

mAb to be approved for the treatment of non-Hodgkin´s

lymphoma in 1997 (9). Since then, more than 30 cytotoxic

antibodies have been developed (10) and considerable efforts have

been made to increase the efficacy of these therapeutic antibodies by

Fc engineering (11). Preclinical models and clinical outcome of

patients have shown that ADCC is one of the most important

mechanisms contributing to the therapeutic effect of many

approved antibodies, including rituximab, cetuximab and

trastuzumab (12). Thereby, binding affinity to CD16a seems to be

an important component. The 158V isoform of CD16a, which

mediates a stronger binding to IgG1 Fcs compared to its 158F

counterpart, has been shown to be positively associated with clinical

outcome in patients (13, 14).

To further increase affinity and cytotoxicity, antibody-like

molecules have been developed that target CD16a with higher

affinity than the wild-type Fc of an IgG1 antibody (15). An

example of this are bispecific killer cell engagers (BiKEs) targeting

CD16a with one binding arm and a TAA with the other e.g.

Epithelial Cell Adhesion Molecule (EpCAM) (16) or CD133 (17),

respectively. Trispecific killer engagers (TriKEs) are an improved

version of BiKEs with CD16a and TAA targeting single chain

variable fragments (scFvs) cross-linked with a human IL-15

moiety, having an additional stimulatory effect on NK cell

proliferation and activation (18). Innate Pharma is developing

trifunctional NKCEs consisting of antibody fragments targeting

two NK cell-activating receptors, CD16a and NKp46, and one TAA

including CD19, CD20 and EGFR (19). Some approaches utilize

two CD16a engaging binding moieties. The company Affimed has

introduced its bispecific ROCK® (Redirected Optimized Cell

Killing) antibody platform into the clinic. This platform is based

on a tetravalent bispecific antibody consisting of altogether four

diabodies with two fragment variable (Fv) domains against CD16a

and a TAA (20).

One TAA that has already shown impressive outcomes in vitro

and in vivo in combination with CD16a as an NKCE (19) and has

even been clinically validated in phase 1/2a clinical trials (AFM24,

NCT 04259450) as part of the bispecific ROCK® platform (20) is

epidermal growth factor receptor (EGFR). Overexpression of EGFR

has been reported in a variety of cancers, where it is involved in

tumor progression and metastasis (21–23).

Furthermore, AFM24 is also being investigated in phase 1/2a

clinical trials in combination with atezolizumab, an anti-programmed

death-ligand 1 (PD-L1) antibody (NCT05109442). PD-L1 is

overexpressed in many malignancies and represents a mechanism by

which cancer evades immune surveillance (24, 25). Moreover, NK cell

activity can be negatively affected by immune checkpoints such as

PD-1/PD-L1 axis (26). Therefore, the combination of targeting CD16a,
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EGFR and PD-L1 could provide significant clinical benefit also in view

of the recently reported finding that tumor-specificity can be elevated by

simultaneous targeting EGFR and PD-L1 by a bispecific antibody (27).

Recently, we reported the isolation of a chicken-derived two-in-

one antibody (HCP-LCE) targeting EGFR and PD-L1 with two

independent paratopes on a single Fab (28). Unlike classical IgG-

like bispecific antibodies that require heterodimerization of the

heavy chains and correct light chain pairing (29), two-in-one

antibodies are symmetrical molecules consisting of two identical

heavy and light chains (30). Consequently, they can be produced

without engineering of constant chains, eliminating the need to

incorporate unnaturally occurring amino acids as found in knob-

into-hole antibodies (31) or orthogonal Fab interfaces (32). This

chicken-derived two-in-one antibody inhibits EGFR signaling by

binding to dimerization domain II and blocks the PD-1/PD-L1

interaction (28). Notably, while individual affinities to EGFR and

PD-L1 are moderate with KD values in the triple and double digit

nanomolar range, the two-in-one combined antibody displays high

affinity binding to cells expressing both targets (28).

Although most approved therapeutic antibodies have been

generated using rodent immunization (33), immunization of

chickens has gained interest in the scientific community. Due to

the wider phylogenetic distance from humans, chicken immunization

may result in antibodies targeting epitopes not accessible upon

immunization of rodents (34, 35). In addition, gene diversification

in birds allows library generation with a single set of primers,

significantly reducing hands-on time and costs compared to

rodents (36). Subsequently, chicken-derived antibodies with high

affinity can be isolated using yeast surface display (YSD) in

combination with fluorescence-activated cell sorting (FACS) (36–38).

In this study, we describe the construction and characterization of a

symmetric trispecific common light chain antibody based on a

previously identified two-in-one antibody targeting EGFR and PD-

L1. By utilization of the light chain of this two-in-one antibody as a

common light chain (cLC) in a chicken-derived anti-CD16a immune

heavy chain library, a novel CD16a engaging cLC antibody was

identified and subsequently fused in a head-to-tail setup with the

parental two-in-one antibody. The resulting trispecific antibody

(HC16-HCP) has the ability to simultaneously bind PD-L1, EGFR

and CD16a with six independent paratopes on four single Fabs,

without additional engineering of the CDR regions and in a generic,

symmetrical architecture. Comparable to the two-in-one antibody

HCP-LCE, it exhibits specific cellular binding on EGFR and PD-L1

double positive tumor cells, blocks the PD-1/PD-L1 axis andmediates a

potent ADCC effect as an NKCE. This work paves the way for the

generation of chicken-derived trispecific common light chain immune

cell engager molecules in a straightforward manner and facilitates

subsequent process development through its symmetrical architecture.
Results

Library generation and screening

Recently, we isolated a chicken-derived two-in-one antibody

(HCP-LCE) that simultaneously targets EGFR and PD-L1 with the
frontiersin.org
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same Fv region (28). Notably, additional studies revealed that the two-

in-one antibody targets keratinocytes and fibroblasts with a lower on-

cell affinity than cetuximab (Supplementary Figures 1A, B).

Therefore, HCP-LCE may be expected to cause milder side effects

compared to EGFR high affinity binding antibodies such as

cetuximab, for which the main side effect is skin toxicity, including

rash, dry skin, hair growth disturbances and nail changes (39, 40).

Based on its ability to inhibit EGFR signaling by binding to

dimerization domain II, block the PD-1/PD-L1 interaction and

mediate specific cellular recognition to EGFR/PD-L1 double-

positive tumor cells, HCP-LCE was chosen as a starting molecule to

introduce a NK cell engaging module. Since the most straightforward

approach to circumvent light chain pairing problems in multispecific

antibodies is the use of a common light chain that pairs with all VH

moieties (41, 42), the HCP-LCE light chain was combined with a VH

library from chickens immunized with the CD16a extracellular

domain aimed at screening for high affinity binders (Figure 1). To

this end, the heavy chain yeast surface display library was generated
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by amplification of VH genes from cDNA derived from a chicken

immunized with CD16a-Fc and boosted with monomeric CD16a and

subsequently inserted into a pYD1-derived vector encoding a human

CH1 domain by homologous recombination in EBY100 yeast, as

previously described (43). The heavy chain diversity was combined

with BJ5464 yeast cells encoding the HCP-LCE VL-CLl fragment by

yeast mating (Figure 1), resulting in an estimated library size of

4x108 variants.

The diploid common light chain yeast library was screened

by FACS over four consecutive sorting rounds using His6-tagged

monomeric CD16a, resulting in an enrichment of a binding

population (Supplementary Figure 2A). Sequence analysis of

eight randomly chosen clones revealed one distinct VH

sequence, which was enriched during the sorting process. The

isolated anti-CD16a antibody is referred to as HC16. Binding to

the His6-Tag of the protein could be excluded by binding

analysis of a yeast single clone to an unrelated His6-tagged

protein (Supplementary Figure 2B).
B

A

FIGURE 1

Schematic representation demonstrating the generation of trispecific antibody variants based on the two-in-one antibody HCP-LCE. (A) The VL
fragment of the anti-PD-L1/anti-EGFR two-in-one antibody HCP-LCE was paired with an anti-CD16a VH yeast surface display library by yeast
mating. FACS screening and subsequent reformatting into full-length antibody format enabled the isolation of the anti-CD16 antibody HC16. (B)
Based on the antibodies HCP-LCE and HC16, three different trispecific anti-PD-L1/anti-EGFR/anti-CD16 antibody variants were generated. Created
with BioRender.com.
frontiersin.org
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Cloning and biophysical characterization of
trispecific antibodies

For the generation of EGFR, PD-L1 and CD16a targeting

antibody variants, Fab fragments of the two-in-one antibody

HCP-LCE and the anti-CD16a antibody HC16 were fused in a

head-to-tail setup into a 2 + 2 double Fab format (termed HC16-

HCP) and an 1 + 1 IgG-like format (termed KiH variant) via

Golden Gate Cloning. For the symmetrical 2 + 2 variant HC16-

HCP, similar to a Fabs-in-tandem immunoglobulin (FIT-Ig) (44),

two Fabs were located on each heavy chain, connected by a flexible

linker. Contrary to the crisscross orientation of the FIT-Igs (44), the

VH of the inner Fab was connected to the CH1 domain of the outer

Fab. Since the light chains were identical for each binding moiety of

the 2 + 2 variant HC16-HCP, the possibility of mismatch between

heavy and light chains was eliminated. The Fc exhibited the LALA

mutation to circumvent Fc : CD16a-interactions (45, 46). Following

production in Expi293F cells, HC16-HCP was purified like a

conventional IgG via Protein A affinity chromatography due to its

symmetrical architecture, circumventing the need to include

unnaturally occurring amino acid sequences in constant chains as

found in knob-into-hole antibodies or orthogonal Fab interfaces

(31). In addition, a trispecific 1 + 1 variant (KiH variant; Figure 1)

and a one-armed double Fab HC16-HCP variant (termed oaHC16-

HCP) were generated in which the Fc fragments exhibited the knob-

into-hole mutations to force heterodimerization of the heavy chains

(31). To ensure the isolation of heterodimers only, a TwinStrepII-

Tag was fused to the C-terminus of the Knob heavy chain (HC),

whereas a His6-Tag was placed C-terminally to the Hole-HC,

enabling two-step purification via IMAC followed by StrepTactin

purification as previously described (28).

SDS-PAGE analysis revealed the presence of all expected heavy

and light chains under reducing conditions, as well as the expected

molecular size under non-reducing conditions without degradation

products (Supplementary Figure 3A). For the KiH variant, the two

heavy chains run higher than the unmodified two-in-one HCP-LCE

heavy chains, due to the additional Twin-StrepII- and His6-tag used

for purification. The significantly higher molecular weight of the 2 +

2 variant HC16-HCP compared to a full-length antibody was
Frontiers in Immunology 04
confirmed during size-exclusion chromatography (SEC) by the

lower retention time. SEC profiles demonstrated that HC16-HCP

exhibited favorable properties with almost no measurable

aggregation (Supplementary Figure 3B). Thermostability

investigated by SYPRO Orange revealed melting temperatures

between 64.0°C and 66.0°C, with the parental antibodies HCP-

LCE and HC16 exhibiting 58.9°C and 61.5°C respectively,

indicating no reduction in thermal stability (Table 1).

Affinity measurement

BLI measurements were performed to determine the affinity of

the different trispecific variants to all three targets of interest. All

three antibody variants were able to target CD16a as well as EGFR

and PD-L1 (Figure 2A). The binding affinities to EGFR and PD-L1

were in similar ranges to those previously published for the two-in-

one antibody HCP-LCE (28). This suggests that the outer CD16a

targeting Fab arm does not significantly interfere with EGFR and

PD-L1 binding of the inner two-in-one Fab arm of the 2 + 2 variant

HC16-HCP and the oaHC16-HCP variant. The parental antibody

HC16 exclusively targeted CD16a with a KD value of 18 nM and

exhibited no binding to EGFR (Supplementary Figure 4). The

binding affinities of the trispecific variants to CD16a were in

similar ranges to that of the parental antibody (Figure 2). This

supports the notion that EGFR binding of the HCP-LCE light chain

is supported by the presence of the anti-PD-L1 heavy chain (28).

In order to maintain tumor selectivity of the two-in-one antibody

and additionally obtain effector cell recruitment, simultaneous binding

to all three targets is essential. To analyze whether CD16a, EGFR and

PD-L1 can be targeted simultaneously with two Fab arms, the KiH

variant and the double Fab oaHC16-HCP variant were loaded onto

anti-human IgG Fc Capture (AHC) biosensors and incubated

sequentially with the target proteins of interest. Here, it was

important to use the one-armed variant, since the symmetrical 2 + 2

HC16-HCP is hexavalent. Binding to PD-L1 first, EGFR second and

CD16a third was considered (Figure 2B). Both variants were able to

bind all three targets simultaneously with two Fab fragments,

supporting the suggestion that the outer Fab arms does not disrupt

the EGFR and PD-L1 binding properties of the two-in-one Fab.
TABLE 1 Biophysical properties of HCP-LCE, HC16-HCP, oaHC16-HCP, KiH including affinity, kinetic binding rates and melting temperatures.

Antibody KD [nM] kon [M
-1 s-1] kdis [s

-1] TM [°C]

EGFR PD-L1 CD16a EGFR PD-L1 CD16a EGFR PD-L1 CD16a

HC16-HCP 331 ±
29.9

68.0 ±
1.82

17 ±
0.21

5.06 x 105 ±
3.39 x 104

7.75 x 105 ±
1.58 x 104

1.37 x 105 ±
1.14 x 103

1.68 x 10-1 ± 5.26 x 10-2 ±
9.16 x 10-4

2.33 x 10-3 ±
2.14 x 10-5

66.0°C

oaHC16-
HCP

463 ±
51.2

64.8 ±
1.84

19.9 ±
2.01

4.22 x 105 ±
3.5 x 104

8.83 x 105 ±
1.90 x 104

1.36 x 105 ±
9.76 x 102

1.96 x 10-1 ±
1.43 x 10-2

5.73 x 10-2 ±
1.06 x 10-3

2.70 x 10-3 ±
1.91 x 10-5

64.0°C

KiH 320 ±
26.8

57.7 ±
4.10

21.9 ±
0.23

5.63 x 105 ±
3.50 x 104

1.17 x 106 ±
6.24 x 104

1.14 x 105 ±
1.07 x 103

1.80 x 10-1 ±
1.01 x 10-2

6.76 x 10-2 ±
3.17 x 10-3

3.09 x 10-3 ±
2.10 x 10-5

64.5°C

HC16 – – 18.3 ±
0.20

– – 1.55 x 105 ±
1.23 x 103

– – 2.83 x 10-3 ±
2.14 x 10-5

61.5°C

HCP-LCE 236 ±
10.7

78.3 ±
1.36

– 4.15 x 105 ±
1.58 x 104

9.73 x 105 ±
1.37 x 104

– 9.81 x 10-2 ±
2.41 x 10-3

7.62 x 10-2 ±
7.78 x 10-4

– 58.9°C
fr
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EGF and PD-1 competition

To study whether not only the binding kinetics of the two-in-

one antibody were preserved but also the antibody-mediated

ligand receptor blocking properties, BLI-assisted competition

assays were performed. To investigate PD-1/PD-L1 competition,

the respective antibodies were loaded onto FAB2G biosensors

and associated with 250 nM PD-L1 preincubated with either 250

nM or 1000 nM PD-1-Fc. Binding of both trispecific antibody

variants to PD-L1 was significantly impaired in the presence of

PD-1 (Figure 3A), suggesting that the ability of the two-in-one

antibody to target and block the PD-1/PD-L1 interaction site

is preserved.

HCP-LCE targets EGFR domain II, which is involved in

receptor dimerization (28, 47). Since EGF binds simultaneously to

EGFR domains I and III, the antibody does not block the EGF/
Frontiers in Immunology 05
EGFR interaction. Ligand binding and EGFR dimerization are

essential for full EGFR activation, so HCP-LCE inhibits EGFR

signaling by inhibiting dimerization of EGFR. For analysis of EGF

competition, AHC biosensors were loaded with the respective

antibody and associated with 250 nM EGFR preincubated with

250 nM or 1000 nM monomeric EGF. Binding of the antibodies to

the EGFR/EGF complex resulted in an increase in layer thickness

compared with binding to EGFR alone (Figure 3B), indicating that

both trispecific antibodies, like the two-in-one antibody, do not

target the interaction site of EGF and EGFR.
Cellular EGFR and PD-L1 binding

To ensure that the 2 + 2 HC16-HCP variant shows comparable

tumor-targeting to the two-in-one antibody HCP-LCE, cellular binding
B

A

FIGURE 2

Characterization of antigen binding of the trispecific antibody variants by BLI-measurements. (A) BLI-measurements of the double Fab variant HC16-
HCP, the knob-into-hole (KiH) variant and the one-armed (oa) double Fab variant oaHC16-HCP against CD16a, EGFR and PD-L1. All antibody
variants target the three respective antigens with comparable KD values. (B) BLI-assisted simultaneous binding assay. The KiH variant and the oa
double Fab variant were loaded onto AHC biosensors and antigens were added stepwise, demonstrating simultaneous PD-L1, EGFR and CD16a
binding. Created with BioRender.com.
frontiersin.org
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experiments were performed on EGFR/PD-L1 double positive A431

and A549 cells by flow cytometry. Cells were stained with the respective

antibodies at a concentration ranging from 0.1 pM to 80 nM for A431

cells and from 5.12 pM to 80 nM for A549 cells utilizing a five-fold

dilution series. Binding was verified using an anti-human Fc PE

detection antibody. As a control, the cells were stained with the KiH

variants at a concentration ranging from 0.1 pM to 400 nM for A431

cells and from 5.12 pM to 400 nM for A549 cells. The 2 + 2 antibody

HC16-HCP exhibited cellular. Binding with an EC50 value of 0.68 nM

on A431 cells and 1.49 nM on A549 cells, which was within the range of

the two-in-one antibody (Figure 4). The EC50 values of the 1 + 1 KiH

variant and the oaHC16-HCP were also in a similar range for both cell

lines. However, the antibody variants consisting of only one two-in-one

Fab exhibited a higher EC50 value by a factor of approximately 6 on

A431 cells and about 30 on A549 cells (Figure 4). Since EGFR
Frontiers in Immunology 06
expression on A431 cells is significantly higher than that on A549

cells (48), lower EC50 values were expected on A431 cells. The similar

EC50 values of the antibodies HCP-LCE and HC16-HCP, as well as of

the 1 + 1 KiH variant and oaHC16-HCP, were also in line with

expectations, as they each consist of the same number of EGFR/PD-

L1 binding Fab fragments. The different valency of EGFR/PD-L1

binding likely contributes to the lower EC50 value of the double Fab

HC16-HCP variant, which, contrary to the KiH variants, targets the

antigens bivalently instead of monovalently. Similarly, the lower binding

maximum observed for the monovalent constructs was to be expected

due to the lack of avidity effects. The antibodies did not show binding to

EGFR/PD-L1 double negative Daudi cells, excluding non-specific

cellular binding (Supplementary Figure 5). These data indicate that

the tumor-targeting ability of the two-in-one Fab fragment remains

functional even when another antibody fragment is fused to it. In
B

A

FIGURE 3

EGF and PD-1 competition assay by BLI. (A) BLI-assisted PD-1 competition assay. The two-in-one antibody HCP-LCE (pink), the KiH variant (blue)
and the double Fab variant HC16-HCP (orange) were loaded onto FAB2G biosensors and subsequently associated to PD-L1 preincubated with
varying PD-1 concentrations. Binding of the antibody variants to PD-L1 at different PD-1 concentrations reveal dose-dependent binding. (B) BLI-
assisted EGF competition assay. The two-in-one antibody HCP-LCE (pink), the KiH variant (blue) and the double Fab variant HC16-HCP (orange)
were loaded onto AHC biosensors and subsequently associated to EGFR preincubated with varying EGF concentrations. The trispecific antibody
variants bind to EGFR despite EGF binding. Created with BioRender.com.
frontiersin.org
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addition, tumor selectivity is assumed to bemaintained as demonstrated

by cellular MRC-5 binding (Supplementary Figure 1C).
Antibody-dependent cell-mediated
cytotoxicity reporter assay

Fundamental aspects of an NK-cell engager are immune cell

stimulation and cell killing. To compare the ADCC effect of the

trispecific variants, the Promega ADCC luminescent reporter

assay was used with EGFR/PD-L1 double-positive A431 cells as

target cells. All variants contained the LALA mutation , except for
Frontiers in Immunology 07
HCP-LCE were, additional to a LALA variant, an antibody with

wild-type Fc was tested. As expected, HCP-LCE exhibiting the

LALA mutation failed to mediate an ADCC effect even at high

antibody concentrations. The 1 + 1 trispecific KiH variant

mediated an ADCC effect that showed a two-fold higher

induction than the bivalent EGFR and PD-L1 binding HCP-LCE

exhibiting a wild-type IgG1 Fc. The 2 + 2 HC16-HCP trispecific

showed the most potent ADCC effect, indicating the effector cell

engaging properties of the anti-CD16a Fab fragment (Figure 5).

No signal was detected in the absence of tumor cells, suggesting

that HC16-HCP does not activate NK cells via CD16a cross-

linking (Supplementary Figure 6).
FIGURE 4

Cellular binding of trispecific variants on EGFR and PD-L1 double positive cells. Cell titration of double Fab HC16-HCP (orange), double Fab
oaHC16-HCP (green), KiH variant (blue) and HCP-LCE (pink) on EGFR/PD-L1 double positive A431 and A549 cells. A variable slope three-parameter
fit was used to fit the resulting curves. EC50 values of A431 cellular binding: HCP-LCE, 0.25 nM; HC16-HCP, 0.68 nM; KiH, 3.93 nM; oaHC16-HCP,
6.60 nM. EC50 values of A549 cellular binding: HCP-LCE, 2.58 nM; HC16-HCP, 1.49 nM; KiH, 31.09 nM; oaHC16-HCP, 34.86 nM. All measurements
were performed in duplicates and the experiments were repeated at least three times, yielding similar results. Created with BioRender.com.
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In summary, the generated trispecific antibody of symmetric

architecture (HC16-HCP) is able to simultaneously target PD-L1,

EGFR and CD16a with six independent paratopes on four

individual Fab fragments. Comparable to the two-in-one antibody

HCP-LCE, it exhibits specific cellular binding to EGFR and PD-L1

double positive tumor cells, blocks the PD-1/PD-L1 axis and

mediates a potent ADCC effect as an NKCE.
Discussion

Trispecific antibodies are considered promising molecules

since, compared to bispecific antibodies, the additional specificity

expands the repertoire of targets and provides flexibility in

designing the antigen binding valence. Consequently, trispecific

antibodies are available in many different formats and target

combinations (49–51).

In this study, we generated the first chicken-derived trispecific

antibody based on a two-in-one antibody simultaneously targeting

EGFR, PD-L1 and CD16a with two Fab fragments. To this end, the

light chain of the chicken-derived EGFR and PD-L1 targeting two-

in-one antibody HCP-LCE (28) was paired with a chicken-derived

anti-CD16a heavy chain immune library by yeast mating. Isolation

of the anti-CD16a antibody HC16 tolerating the common light

chain was performed by four rounds of FACS-based selection using

YSD. Based on the antibodies HCP-LCE and HC16, two different

trispecific common light chain antibodies were generated, which

differ in their structure and antigen binding valency. One of the two

variants consists of a 2 + 2 format (HC16-HCP), while the KiH

variant is constructed like a conventional 1 + 1 IgG-like antibody.

The tumor-targeting ability of the two-in-one Fab fragment

remained intact and the trispecific antibody variants additionally

showed a potent ADCC effect.

Most trispecific antibodies consist of three independent

monomeric antigen binding units (49, 50). Another trispecific

antibody that resembles the structure of the 1 + 1 trispecific

variant is the CD38×CD3×CD28 crossover variable domain

(COVD) antibody SAR442257. Here, CD38 is targeted by a

conventional Fab and the other arm consists of two linked Fv
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fragments targeting CD3 and CD28 (52). SAR442257 is currently

investigated in a phase I clinical trail (NCT04401020). The same

molecular architecture was used by Xu et al. to generate an antibody

that targets three different epitopes of HIV envelope (53).

Nevertheless, the structure of the 1 + 1 trispecific variant

resembles that of a natural IgG more closely, since it consists of

two conventional Fab fragments. One advantage of a mAb-like

structure is that immunogenicity is expected to be like that of a

conventional mAb.

A class of antibodies close to the 2 + 2 trispecific HC16-HCP

variant include FIT-Ig molecules (44). FIT-Igs are symmetrical and

tetravalent IgG-like bispecific molecules, where two Fabs are fused

directly in a crisscross orientation leading to correct VH/VL pairing.

A similar structure results in similar advantages which include

simple purification of homodimers using standard procedures

without extensive optimization. FIT-Ig molecules demonstrate

favorable drug-like properties, in vitro and in vivo functions, and

efficient manufacturing for commercial development (44, 54),

which is also expected for the 2 + 2 trispecific variant.

Remarkably, the inner HCP-LCE arm of the 2 + 2 variant

exhibits binding kinetics comparable to the parental two-in-one

antibody. Previous studies using 2 + 2 bispecific antibodies found

that the affinity of some mAbs at the inner position decreased

slightly, whereas no major effects on affinity were observed for other

antibodies, which most likely depends on the shape of the paratope

of the inner Fab (44, 54–56). This highlights the suitability of two-

in-one antibodies for use in a 2 + 2 architecture. Interestingly, the

newly isolated antibody HC16 carrying the two-in-one light chain

exclusively targets CD16a, corroborating the notion that EGFR

binding of the light chain is supported by the presence of the PD-L1

heavy chain (28), while no contribution to binding or even adverse

effects are provided by the CD16a binding VH domain.

By utilizing the HCP-LCE Fab arm as tumor targeting fragment,

the trispecific molecules of this study might have increased tumor

selectivity. Koopmans and coworkers demonstrated elevated tumor

specificity by an EGFR×PD-L1 antibody (27). Because of the

comparatively low affinity of HCP-LCE to EGFR, increased target

expression, which is predominantly found on tumor cells (57), is

required for targeting of the antibody. The low binding affinity
FIGURE 5

ADCC cell-based reporter assay. The trispecific constructs KiH (blue), HC16-HCP (orange), oaHC16-HCP (green) and HCP-LCE (grey) with the LALA
mutation were tested in comparison to HCP-LCE with a wildtype IgG1 Fc (pink). EC50 values: HC16-HCP, 0.03 nM; oaHC16-HCP, 4.96 nM; KiH, 5.29
nM; HCP-LCE, 10.23 nM. Luciferase activity is plotted against the logarithmic antibody concentration. A variable slope three-parameter fit was used
to fit the resulting curves. All measurements were performed in duplicates and the experiment was repeated at least three times, yielding similar
results. Created with BioRender.com.
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could cause EGFR binding exclusively on cells that additionally

express PD-L1 due to spatial proximity and local concentration,

based on the same concept described for bispecific antibodies

targeting CD47 (58–60). This notion is supported by the lower

on-cell affinity to MRC-5 and NHEK cells compared to cetuximab.

The associated increased tumor selectivity would lead to a more

favorable safety profile of the trispecific antibodies.

The design of the two reported trispecific antibody variants

varies mainly in their valency towards EGFR, PD-L1 and CD16a,

with 2 + 2 HC16-HCP binding bivalently and 1 + 1 variant only

monovalently. The effect of bivalent target binding was primarily

seen in the cellular binding assay on EGFR and PD-L1 double

positive cells, which resulted in lower EC50 values. In addition, a

significant more potent ADCC effect was observed with bivalent

CD16a binding.

Bivalent targeting of CD16a by the 2 + 2 variant HC16-HCP

might result in NK cell fratricide after crosslinking two NK cells.

Preclinical studies with NKCEs and TriKEs have reported low/no

NK cell-mediated fratricide in in vitro cytotoxicity assays despite

the potential co-engagement of CD16a or NKp46/CD16a on

separate NK cells (19, 20). Moreover, the use of an effector-

competent Fc could induce even stronger NK cell activation.

However, NK cell activity also depends on the distance between

target and effector cell (61–63). Therefore, an anti-CD16a Fab

adjacent to the tumor arm targeting NK cells might mediate a

more favorable distance between target and effector cells than an Fc.

In summary, the trifunctional antibodies exhibit the following

properties: i) dual tumor-targeting by EGFR and PD-L1 binding to

increase tumor selectivity, ii) immune checkpoint inhibition by

blocking the PD-1/PD-L1 axis, and iii) potent NK cell-mediated

cytotoxicity by CD16a targeting (Figure 6). As a result, the

symmetrical 2 + 2 antibody mediates tetravalent TAA binding

and bivalent NK cell binding. To our knowledge, this is the first

hexavalent antibody of this format. The advantages of the

symmetrical 2 + 2 and the IgG-like 1 + 1 trispecific constructs

may pave the way to generate more trispecific molecules based on a

two-in-one antibody. In this context, different target combinations

and modes of action are possible.
Material and methods

Plasmids and yeast strains

For yeast surface display, pYD1-derived vectors (Yeast Display

Vector Kit, version D, #V835-01, Thermo Fisher Scientific) were

used. The heavy chain encoding plasmid contained the AGA2 signal

peptide, followed by the VH-CH1 sequences and the AGA2 gene, a

tryptophan auxotrophic marker and an ampicillin resistance. The

light chain plasmid encoded an aMFpp8 signal sequence, followed

by the HCP-LCE (28) VL-CLl sequence, a leucine auxotrophic

marker as well as a kanamycin resistance gene. Plasmid gene

expression was controlled by the galactose-inducible promotor

(GAL1). For soluble expression of full-length and double Fab

chimeric antibodies, pTT5-derived vectors (64) encoding either

the heavy or light chain constant domain were utilized. The KiH
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variant was expressed using pTT5-derived vectors encoding the

full-length chimeric antibody with either a knob or hole mutation

(31) within the CH3 sequence and a C-terminal His6- or Twin-

StrepII-Tag, respectively. For the one-armed double Fab variant, a

pTT5-derived vector encoding the Hinge CH2-CH3 domain with a

hole mutation and a C-terminal Twin-StrepII-Tag was used.

For Fab display, Saccharomyces cerevisiae strains EBY100

[MATa URA3-52 trp1 leu2D1 his3D200 pep4::HIS3 prb1D1.6R
can1 GAL (pIU211:URA3)] (Thermo Fisher Scientific) and

BJ5464 (MATa URA3-52 trp1 leu2D1his3D200 pep4::HIS3

prb1D1. 6R can1 GAL) (American Type Culture Collection) were

transformed with the plasmids containing the heavy and light chain

genes, respectively. Cultivation of haploid and diploid yeasts in

YPD, SD-CAA and SG-CAA media was performed as previously

described (65).
Library generation and sorting

For yeast library generation, the VL-CLl fragment of the two-

in-one antibody HCP-LCE (28) was combined with a chicken-

derived anti-CD16a VH-CH1 library (43). The HCP-LCE VL gene

was amplified by PCR using Q5 polymerase (NEB) and the light

chain pYD1 vector was linearized utilizing BamHI-HF (NEB) and

NheI-HF (NEB) according to the manufacturer´s protocol.

Homologous recombination of HCP-LCE VL gene in pYD1 was

performed in BJ5464 yeast cells according to the protocol described

by Bernatuil et al. (65). In order to combine the anti-CD16a heavy

chain diversity with the common HCP-LCE light chain for

subsequent Fab display, yeast mating was performed as described

previously (66).

For library sorting, the diploid yeast library was grown overnight in

SD-Trp-Leu medium at 30°C and 120 rpm. The next day, cells were

harvested by centrifugation and used to inoculate SG-Trp-Leumedium

at an OD600 of 1.0. After incubation at 30°C and 120 rpm overnight,

cells were harvested by centrifugation, washed once with PBS-B [PBS +

0.1% (w/v) BSA], and incubated on ice with 1µM or 200nM

biotinylated CD16a-His6 (produced in-house) or CD16a-His6
(produced in house) for 30 minutes. Following a PBS-B wash, cells

were incubated with a goat anti-human-LambdaAlexa Fluor 647 F(ab’)

2 antibody (SouthernBiotech, diluted 1:75) to detect Fab surface

presentation and Streptavdin-APC conjugate (Thermo Fisher

Scientific, diluted 1:75) or a 6x-His Tag antibody (Fisher Scientific,

diluted 1:75) to detect target binding for 15 minutes on ice. An

additional PBS-B was step was followed by FACS screening of the

cells using a Sony SH800S.
Reformatting, expression and purification
of full-length, one-armed and
trispecific antibodies

Plasmid isolation from yeast cells was performed using the

Zymoprep Yeast Plasmid Miniprep Kit (Zymo Reasearch)

according to the manufacturer’s protocol. The isolated plasmids

were transformed into E. coli XL1-Blue and sequenced at
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Microsynth Seqlab (Göttingen). The resulting VH gene was amplified

by PCR using Q5 polymerase (NEB) according to the manufacturer’s

protocol, incorporating SapI sites for subsequent Golden Gate

cloning into pTT5-derived vectors as previously described (43).

Expi293F cells (Thermo Fisher Scientific, A14527) were transiently

transfected with Expifectamine293 (Thermo Fisher Scientific) for

soluble expression following the manufacturer’s instructions. The

cells were cultured in Expi293 Expression medium (Thermo Fisher

Scientific) at 37°C and 8.0% CO2 at 110 rpm. For purification of full-

length and double Fab antibodies, sterile-filtered cell culture

supernatant was applied to a Protein A HP column (GE

Healthcare) five days after transfection using an ÄKTA pure

system (GE Healthcare). The KiH and one-armed variant were

captured by IMAC (HisTrap HP, GE Healthcare), followed by

Strep-Tactin XT affinity chromatography according to the

manufacturer´s protocol. Buffer exchange against PBS was

performed using a HiTrap Desalting column (GE Healthcare).
Affinity determination, receptor-ligand
competition and simultaneous binding
assay via biolayer interferometry

For affinity determination, anti-human IgG-Fc capture (AHC)

biosensors were loaded with 10 µg/ml of the antibody of interest
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until a layer thickness of 1 nm was reached. For the following steps

kinetics buffer (KB, Sartorius) was used. Association was measured

for 300 s using varying concentrations of EGFR-ECD, PD-L1-ECD

or CD16a-ECD (produced in-house) ranging from 7.8 nM to 500

nM followed by dissociation for 300 s. Binding kinetics were

determined based on Savitzky-Golay filtering and a 1:1 Langmuir

binding model.

For the EGF competition assay, AHC biosensors were loaded

with 10 µg/ml of the antibody of interest until a layer thickness of 1

nm was reached. Subsequently, 250 nM EGFR-ECD pre-incubated

with either 0 nM, 250 nM or 1000 nM monomeric EGF was applied

for 600 s.

For the PD-1 competition assay, anti-human Fab-CH1 2nd

Generation (FAB2G) biosensors were loaded with 10 µg/ml of the

antibody of interest until a layer thickness of 1 nm was reached.

Subsequently, 250 nM PD-L1-ECD pre-incubated with either 0 nM,

250 nM or 1000 nM PD-1-Fc was applied for 600 s.

For the simultaneous binding assay, anti-human IgG-Fc capture

(AHC) biosensors were loaded with 2 µg of the KiH variant or the

one-armed variant until a layer thickness of 1 nm was reached. After

measuring association to 250 nM PD-L1-ECD for 200 s, 250 nM

EGFR-ECD followed by 250 nM CD16a-ECD were added stepwise,

each for a period of 200 s.

All measurements were performed using the Octet RED96

system (FortéBio, Molecular Devices) at 30°C and 1000 rpm.
FIGURE 6

Schematic representation of the three functionalities of trispecific 2 + 2 antibody variant HC16-HCP. While simultaneous binding of EGFR and PD-L1
mediated an elevated tumor specificity, EGFR downstream signaling is inhibited and PD-L1 is blocked, inhibiting interaction with PD-1 on NK cells.
The recruitment of cytotoxic NK cells via CD16a engagement leads to an effective ADCC.
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Thermal stability, SDS-PAGE and size
exclusion chromatography

To determine thermal stability, antibodies were incubated with

SYPRO Orange (Thermo Fisher Scientific) and a thermal shift assay

was performed using a CFX Connect Real-Time PCR System

(BioRad). The temperature gradient was set from 10°C to 95°C

with an increment of 0.5°C/10s. The derivatives of the melting

curves were determined using the CFX Maestro software to

calculate the melting temperature (TM).

SDS-PAGE analysis was performed to characterize the

produced antibodies. For this purpose, 3 µg of purified antibody

were loaded onto a Mini-PROTEAN TGX 4-15% gel (BioRad) with

either reducing or non-reducing Lämmli buffer and subsequently

stained with Coomassie.

Size exclusion chromatography (SEC) using a Superdex 200

increase 10/300 GL column (Cytiva) together with an ÄKTA pure

system (GE Healthcare) was performed at a flow rate of 0.15 mL/

min for 20 min.
Cultivation of A431, A549, MRC-5 and
Daudi cells

A431 (DSMZ ACC 91), A549 (DSMZ ACC 107) and MRC-5

(ATCC CCL-171) cells were cultured in Dulbecco´s Eagle Medium

(DMEM, Thermo Fisher), supplemented with 10% fetal bovine

serum (FBS) superior (Merck Millipore) and 1x penicillin/

streptomycin (Sigma Aldrich). Cells were cultured in T75 cell

culture flasks at 37°C in a humidified atmosphere with 5% CO2

and passaged every 3-4 days after reaching 80% confluence. Daudi

cells were maintained in RPMI 1640 supplemented with 20% FBS

and 1x penicillin/streptomycin. Cells were subcultured every 2-3

days and incubated at 37°C and 5% CO2. Ready-to-use NHEK cells

(PromoCell) were utilized for cellular binding studies.
Cellular binding assay

Cellular binding of the produced antibodies was determined by

affinity titration using EGFR/PD-L1 double positive A431 and A549

cells as well as EGFR positive MRC-5 and NHEK cells. To this end,

105 cells/well were seeded in 96-well plates, washed with PBS-F

[PBS + 2% (w/v) FBS] and subsequently incubated with the

respective antibody in varying concentrations for 30 min on ice.

Following another washing step, anti-human IgG-Fc PE-conjugated

antibody was applied for 15 min. After washing, mean fluorescence

was determined by flow cytometry using a CytoFLEX S (Beckman

Coulter) and plotted against logarithmic antibody concentration.

The resulting curves were fitted with a variable slope three-

parameter fit using GraphPad Prism. All measurements were

performed in duplicates, and the experiments were repeated at

least three times, yielding comparable results. EGFR/PD-L1/CD16a

triple negative Daudi cells were used to analyze nonspecific

cellular binding.
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Antibody-dependent cell-mediated
cytotoxicity (ADCC) reporter assay

The ADCC assay was performed using the Promega ADCC

Reporter Bioassay Kit (G7010) according to the manufacturer’s

protocol. The day before the assay, 10.000 A431 cells were seeded

into a 96-well plate. A five-fold serial dilution of the antibodies of

interest was tested (0.1 pM – 200 nM). The double Fab variant was

analyzed in the range of 0.02 pM – 40nM. The assay was performed

at 37°C and 5% CO2 for six hours. Luciferase activity was plotted

against logarithmic antibody concentration and a variable slope

four-parameter fit was used for fitting of the resulting curves.
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1. Fischer N, Léger O. Bispecific antibodies: Molecules that enable novel therapeutic
strategies. Pathobiology (2007) 74(1):3–14. doi: 10.1159/000101046

2. Thakur A, Huang M, Lum LG. Bispecific antibody based therapeutics: Strengths
and challenges. Blood Rev (2018) 32(4):339–47. doi: 10.1016/j.blre.2018.02.004

3. Nisonoff A, Wissler FC, Lipman LN. Properties of the major component of a
peptic digest of rabbit antibody. Science (1960) 132(3441):1770–1. doi: 10.1126/
science.132.3441.1770

4. Wang S, Chen K, Lei Q, Ma P, Yuan AQ, Zhao Y, et al. The state of the art of
bispecific antibodies for treating human malignancies. EMBO Mol Med (2021) 13(9):
e14291. doi: 10.15252/emmm.202114291

5. Rader C. Bispecific antibodies in cancer immunotherapy. Curr Opin Biotechnol
(2020) 65:9–16. doi: 10.1016/j.copbio.2019.11.020

6. 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(8):1934–42. doi: 10.1002/eji.202048953

7. Khan M, Arooj S, Wang H. NK cell-based immune checkpoint inhibition. Front
Immunol (2020) 11. doi: 10.3389/fimmu.2020.00167

8. Yeap WH, Wong KL, Shimasaki N, Teo ECY, Quek JKS, Yong HX, et al. CD16 is
indispensable for antibody-dependent cellular cytotoxicity by human monocytes. Sci
Rep (2016) 6(1):34310. doi: 10.1038/srep34310

9. Molina A. A decade of rituximab: Improving survival outcomes in non-hodgkin’s
lymphoma. Annu Rev Med (2008) 59(1):237–50. doi: 10.1146/annurev.med.59.060906.
220345

10. Kaplon H, Muralidharan M, Schneider Z, Reichert JM. Antibodies to watch in
2020. MAbs (2020) 12:1. doi: 10.1080/19420862.2019.1703531

11. Abès R, Teillaud J-L. Impact of glycosylation on effector functions of therapeutic
IgG. Pharmaceuticals (2010) 3(1):146–57. doi: 10.3390/ph3010146

12. Weng W-K, Levy R. Two immunoglobulin G fragment c receptor
polymorphisms independently predict response to rituximab in patients with
follicular lymphoma. J Clin Oncol (2003) 21(21):3940–7. doi: 10.1200/JCO.2003.05.013

13. Felices M, Lenvik TR, Davis ZB, Miller JS, Vallera DA. Generation of BiKEs and
TriKEs to improve NK cell-mediated targeting of tumor cells. In: S., Somanchi. (eds)
Natural Killer Cells. Methods in Molecular Biology. New York, NY: Humana Press.
(2016), 1441:333–46. doi: 10.1007/978-1-4939-3684-7_28

14. Congy-Jolivet N, Bolzec A, Ternant D, Ohresser M, Watier H, Thibault G.
FcgRIIIa expression is not increased on natural killer cells expressing the FcgRIIIa-
158V allotype. Cancer Res (2008) 68(4):976–80. doi: 10.1158/0008-5472.CAN-07-6523

15. Moore GL, Bautista C, Pong E, Nguyen D-HT, Jacinto J, Eivazi A, et al. A novel
bispecific antibody format enables simultaneous bivalent and monovalent co-engagement
of distinct target antigens. MAbs (2011) 3(6):546–57. doi: 10.4161/mabs.3.6.18123

16. Vallera DA, Zhang B, Gleason MK, Oh S, Weiner LM, Kaufman DS, et al.
Heterodimeric bispecific single-chain variable-fragment antibodies against EpCAM and
CD16 induce effective antibody-dependent cellular cytotoxicity against human carcinoma
cells. Cancer Biother Radiopharm (2013) 28(4):274–82. doi: 10.1089/cbr.2012.1329

17. Schmohl JU, Gleason MK, Dougherty PR, Miller JS, Vallera DA. Heterodimeric
bispecific single chain variable fragments (scFv) killer engagers (BiKEs) enhance NK-
cell activity against CD133+ colorectal cancer cells. Target Oncol (2016) 11(3):353–61.
doi: 10.1007/s11523-015-0391-8

18. Schmohl JU, Felices M, Oh F, Lenvik AJ, Lebeau AM, Panyam J, et al.
Engineering of anti-CD133 trispecific molecule capable of inducing NK expansion
and driving antibody-dependent cell-mediated cytotoxicity. Cancer Res Treat (2017) 49
(4):1140–52. doi: 10.4143/crt.2016.491

19. 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(7):1701–1713.e16. doi: 10.1016/j.cell.2019.04.041
20. Ellwanger K, Reusch U, Fucek I, Wingert S, Ross T, Müller T, et al. Redirected
optimized cell killing (ROCK®): A highly versatile multispecific fit-for-purpose
antibody platform for engaging innate immunity. MAbs (2019) 11(5):899–918. doi:
10.1080/19420862.2019.1616506

21. Sigismund S, Avanzato D, Lanzetti L. Emerging functions of the EGFR in cancer.
Mol Oncol (2018) 12(1):3–20. doi: 10.1002/1878-0261.12155

22. Wee P, Wang Z. Epidermal growth factor receptor cell proliferation signaling
pathways. Cancers (Basel) (2017) 9(5):52. doi: 10.3390/cancers9050052

23. Pastore S, Mascia F, Mariani V, Girolomoni G. The epidermal growth factor
receptor system in skin repair and inflammation. J Invest Dermatol (2008) 128(6):1365–
74. doi: 10.1038/sj.jid.5701184

24. Brunner-Weinzierl MC, Rudd CE. CTLA-4 and PD-1 control of T-cell motility
and migration: Implications for tumor immunotherapy. Front Immunol (2018) 9. doi:
10.3389/fimmu.2018.02737

25. Ju X, Zhang H, Zhou Z, Wang Q. Regulation of PD-L1 expression in cancer and
clinical implications in immunotherapy. Am J Cancer Res (2020) 10(1):1–11.

26. Hsu J, Hodgins JJ, Marathe M, Nicolai CJ, Bourgeois-Daigneault M-C, Trevino
TN, et al. Contribution of NK cells to immunotherapy mediated by PD-1/PD-L1
blockade. J Clin Invest (2018) 128(10):4654–68. doi: 10.1172/JCI99317

27. Koopmans I, Hendriks D, Samplonius DF, van Ginkel RJ, Heskamp S, Wierstra
PJ, et al. A novel bispecific antibody for EGFR-directed blockade of the PD-1/PD-L1
immune checkpoint. Oncoimmunology (2018) 7(8):e1466016. doi: 10.1080/
2162402X.2018.1466016

28. Harwardt J, Bogen JP, Carrara SC, Ulitzka M, Grzeschik J, Hock B, et al. A
generic strategy to generate bifunctional two-in-One antibodies by chicken
immunization. Front Immunol (2022) 13. doi: 10.3389/fimmu.2022.888838

29. Krah S, Kolmar H, Becker S, Zielonka S. Engineering IgG-like bispecific
antibodies–an overview. Antibodies (2018) 7(3):28. doi: 10.3390/antib7030028

30. Beck A, Wurch T, Bailly C, Corvaia N. Strategies and challenges for the next
generation of therapeutic antibodies. Nat Rev Immunol (2010) 10(5):345–52. doi:
10.1038/nri2747

31. Ridgway JBB, Presta LG, Carter P. ‘Knobs-into-holes’ engineering of antibody c
H 3 domains for heavy chain heterodimerization. Protein Eng Des Sel (1996) 9(7):617–
21. doi: 10.1093/protein/9.7.617

32. Lewis SM, Wu X, Pustilnik A, Sereno A, Huang F, Rick HL, et al. Generation of
bispecific IgG antibodies by structure-based design of an orthogonal fab interface. Nat
Biotechnol (2014) 32(2):191–8. doi: 10.1038/nbt.2797

33. Lu R-M, Hwang Y-C, Liu I-J, Lee C-C, Tsai H-Z, Li H-J, et al. Development of
therapeutic antibodies for the treatment of diseases. J BioMed Sci (2020) 27(1):1. doi:
10.1186/s12929-019-0592-z

34. Ching KH, Collarini EJ, Abdiche YN, Bedinger D, Pedersen D, Izquierdo S, et al.
Chickens with humanized immunoglobulin genes generate antibodies with high affinity
and broad epitope coverage to conserved targets. MAbs (2018) 10(1):71–80. doi:
10.1080/19420862.2017.1386825

35. Larsson A, Bålöw R-M, Lindahl TL, Forsberg P-O. Chicken antibodies: Taking
advantage of evolution–a review. Poult Sci (1993) 72(10):1807–12. doi: 10.3382/
ps.0721807

36. Bogen JP, Grzeschik J, Krah S, Zielonka S, Kolmar H. Rapid generation of
chicken immune libraries for yeast surface display. In: S., Zielonka, S., Krah, (eds)
Genotype Phenotype Coupling. Methods in Molecular Biology. New York, NY: Humana
Press. (2020) 2070:289–302. doi: 10.1007/978-1-4939-9853-1_16

37. Grzeschik J, Yanakieva D, Roth L, Krah S, Hinz SC, Elter A, et al. Yeast surface
display in combination with fluorescence-activated cell sorting enables the rapid
isolation of antibody fragments derived from immunized chickens. Biotechnol J
(2019) 14(4):1800466. doi: 10.1002/biot.201800466
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1170042/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1170042/full#supplementary-material
https://doi.org/10.1159/000101046
https://doi.org/10.1016/j.blre.2018.02.004
https://doi.org/10.1126/science.132.3441.1770
https://doi.org/10.1126/science.132.3441.1770
https://doi.org/10.15252/emmm.202114291
https://doi.org/10.1016/j.copbio.2019.11.020
https://doi.org/10.1002/eji.202048953
https://doi.org/10.3389/fimmu.2020.00167
https://doi.org/10.1038/srep34310
https://doi.org/10.1146/annurev.med.59.060906.220345
https://doi.org/10.1146/annurev.med.59.060906.220345
https://doi.org/10.1080/19420862.2019.1703531
https://doi.org/10.3390/ph3010146
https://doi.org/10.1200/JCO.2003.05.013
https://doi.org/10.1007/978-1-4939-3684-7_28
https://doi.org/10.1158/0008-5472.CAN-07-6523
https://doi.org/10.4161/mabs.3.6.18123
https://doi.org/10.1089/cbr.2012.1329
https://doi.org/10.1007/s11523-015-0391-8
https://doi.org/10.4143/crt.2016.491
https://doi.org/10.1016/j.cell.2019.04.041
https://doi.org/10.1080/19420862.2019.1616506
https://doi.org/10.1002/1878-0261.12155
https://doi.org/10.3390/cancers9050052
https://doi.org/10.1038/sj.jid.5701184
https://doi.org/10.3389/fimmu.2018.02737
https://doi.org/10.1172/JCI99317
https://doi.org/10.1080/2162402X.2018.1466016
https://doi.org/10.1080/2162402X.2018.1466016
https://doi.org/10.3389/fimmu.2022.888838
https://doi.org/10.3390/antib7030028
https://doi.org/10.1038/nri2747
https://doi.org/10.1093/protein/9.7.617
https://doi.org/10.1038/nbt.2797
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1080/19420862.2017.1386825
https://doi.org/10.3382/ps.0721807
https://doi.org/10.3382/ps.0721807
https://doi.org/10.1007/978-1-4939-9853-1_16
https://doi.org/10.1002/biot.201800466
https://doi.org/10.3389/fimmu.2023.1170042
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Harwardt et al. 10.3389/fimmu.2023.1170042
38. Roth L, Grzeschik J, Hinz SC, Becker S, Toleikis L, Busch M, et al. Facile
generation of antibody heavy and light chain diversities for yeast surface display by
golden gate cloning. Biol Chem (2019) 400(3):383–93. doi: 10.1515/hsz-2018-0347

39. Segaert S, Van Cutsem E. Clinical signs, pathophysiology and management of
skin toxicity during therapy with epidermal growth factor receptor inhibitors. Ann
Oncol (2005) 16(9):1425–33. doi: 10.1093/annonc/mdi279

40. Lacouture ME. Mechanisms of cutaneous toxicities to EGFR inhibitors. Nat Rev
Cancer (2006) 6(10):803–12. doi: 10.1038/nrc1970

41. De Nardis C, Hendriks LJA, Poirier E, Arvinte T, Gros P, Bakker ABH, et al. A
new approach for generating bispecific antibodies based on a common light chain
format and the stable architecture of human immunoglobulin G1. J Biol Chem (2017)
292(35):14706–17. doi: 10.1074/jbc.M117.793497

42. Krah S, Schröter C, Eller C, Rhiel L, Rasche N, Beck J, et al. Generation of human
bispecific common light chain antibodies by combining animal immunization and
yeast display. Protein Eng Des Sel (2017) 30(4):291–301. doi: 10.1093/protein/gzw077

43. Bogen JP, Carrara SC, 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. doi: 10.3389/
fimmu.2021.669496

44. Gong S, Ren F, Wu D, Wu X, Wu C. Fabs-in-tandem immunoglobulin is a novel
and versatile bispecific design for engaging multiple therapeutic targets.MAbs (2017) 9
(7):1118–28. doi: 10.1080/19420862.2017.1345401

45. Schlothauer T, Herter S, Koller CF, Grau-Richards S, Steinhart V, Spick C, et al.
Novel human IgG1 and IgG4 fc-engineered antibodies with completely abolished
immune effector functions. Protein Eng Des Sel (2016) 29(10):457–66. doi: 10.1093/
protein/gzw040

46. Cambay F, Raymond C, Brochu D, Gilbert M, Tu TM, Cantin C, et al. Impact of
IgG1 n-glycosylation on their interaction with fc gamma receptors. Curr Res Immunol
(2020) 1:23–37. doi: 10.1016/j.crimmu.2020.06.001

47. Ferguson KM. Structure-based view of epidermal growth factor receptor
regu la t ion . Annu Rev Biophys (2008) 37(1) :353–73 . do i : 10 .1146/
annurev.biophys.37.032807.125829

48. Zhang F, Wang S, Yin L, Yang Y, Guan Y, Wang W, et al. Quantification of
epidermal growth factor receptor expression level and binding kinetics on cell surfaces
by surface plasmon resonance imaging. Anal Chem (2015) 87(19):9960–5. doi: 10.1021/
acs.analchem.5b02572

49. Elshiaty M, Schindler H, Christopoulos P. Principles and current clinical
landscape of multispecific antibodies against cancer. Int J Mol Sci (2021) 22
(11):5632. doi: 10.3390/ijms22115632

50. Wu X, Demarest SJ. Building blocks for bispecific and trispecific antibodies.
Methods (2019) 154:3–9. doi: 10.1016/j.ymeth.2018.08.010

51. Guo ZS, Lotze MT, Zhu Z, Storkus WJ, Song X-T. Biomedicines bi-and tri-
specific T cell engager-armed oncolytic viruses: Next-generation cancer
immunotherapy. (2020) 8(7):204. doi: 10.3390/biomedicines8070204
Frontiers in Immunology 13
52. Wu L, Seung E, Xu L, Rao E, Lord DM, Wei RR, et al. Trispecific antibodies
enhance the therapeutic efficacy of tumor-directed T cells through T cell receptor co-
stimulation. Nat Cancer (2020) 1(1):86–98. doi: 10.1038/s43018-019-0004-z

53. Xu L, Pegu A, Rao E, Doria-Rose N, Beninga J, McKee K, et al. Trispecific
broadly neutralizing HIV antibodies mediate potent SHIV protection in macaques.
Science (2017) 358(6359):85–90. doi: 10.1126/science.aan8630

54. Gong S, Wu C. Generation of fabs-in-tandem immunoglobulin molecules for
dual-specific targeting. Methods (2019) 154:87–92. doi: 10.1016/j.ymeth.2018.07.014

55. Golay J, Choblet S, Iwaszkiewicz J, Cérutti P, Ozil A, Loisel S, et al. Design and
validation of a novel generic platform for the production of tetravalent IgG1-like bispecific
antibodies. J Immunol (2016) 196(7):3199–211. doi: 10.4049/jimmunol.1501592

56. Klein C, Sustmann C, Thomas M, Stubenrauch K, Croasdale R, Schanzer J, et al.
Progress in overcoming the chain association issue in bispecific heterodimeric IgG
antibodies. MAbs (2012) 4(6):653–63. doi: 10.4161/mabs.21379

57. Nicholson R, Gee JM, Harper M. EGFR and cancer prognosis. Eur J Cancer
(2001) 37(SUPPLEMENT 4):9–15. doi: 10.1016/S0959-8049(01)00231-3

58. Zhang H, Deng M, Lin P, Liu J, Liu C, Strohl WR, et al. Frontiers and
opportunities: Highlights of the 2nd annual conference of the Chinese antibody
society. Antib Ther (2018) 1(2):27–36. doi: 10.1093/abt/tby009

59. Piccione EC, Juarez S, Liu J, Tseng S, Ryan CE, Narayanan C, et al. A bispecific
antibody targeting CD47 and CD20 selectively binds and eliminates dual antigen expressing
lymphoma cells. MAbs (2015) 7(5):946–56. doi: 10.1080/19420862.2015.1062192

60. Dheilly E, Moine V, Broyer L, Salgado-Pires S, Johnson Z, Papaioannou A, et al.
Selective blockade of the ubiquitous checkpoint receptor CD47 is enabled by dual-
targeting bispecific antibodies. Mol Ther (2017) 25(2):523–33. doi: 10.1016/
j.ymthe.2016.11.006

61. Cleary KLS, Chan HTC, James S, Glennie MJ, Cragg MS. Antibody distance
from the cell membrane regulates antibody effector mechanisms. J Immunol (2017) 198
(10):3999–4011. doi: 10.4049/jimmunol.1601473

62. Orange JS. Formation and function of the lytic NK-cell immunological synapse.
Nat Rev Immunol (2008) 8(9):713–25. doi: 10.1038/nri2381

63. Murin CD. Considerations of antibody geometric constraints on NK cell
antibody dependent cellular cytotoxicity. Front Immunol (2020) 11. doi: 10.3389/
fimmu.2020.01635

64. Bogen JP, Storka J, Yanakieva D, Fiebig D, Grzeschik J, Hock B, et al. Isolation of
common light chain antibodies from immunized chickens using yeast biopanning and
fluorescence-activated cell sorting. Biotechnol J (2021) 16(3):2000240. doi: 10.1002/
biot.202000240

65. Benatuil L, Perez JM, 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(4):155–9. doi: 10.1093/protein/gzq002

66. Bogen JP, Hinz SC, Grzeschik J, Ebenig A, Krah S, Zielonka S, et al. Dual
function pH responsive bispecific antibodies for tumor targeting and antigen depletion
in plasma. Front Immunol (2019) 10. doi: 10.3389/fimmu.2019.01892
frontiersin.org

https://doi.org/10.1515/hsz-2018-0347
https://doi.org/10.1093/annonc/mdi279
https://doi.org/10.1038/nrc1970
https://doi.org/10.1074/jbc.M117.793497
https://doi.org/10.1093/protein/gzw077
https://doi.org/10.3389/fimmu.2021.669496
https://doi.org/10.3389/fimmu.2021.669496
https://doi.org/10.1080/19420862.2017.1345401
https://doi.org/10.1093/protein/gzw040
https://doi.org/10.1093/protein/gzw040
https://doi.org/10.1016/j.crimmu.2020.06.001
https://doi.org/10.1146/annurev.biophys.37.032807.125829
https://doi.org/10.1146/annurev.biophys.37.032807.125829
https://doi.org/10.1021/acs.analchem.5b02572
https://doi.org/10.1021/acs.analchem.5b02572
https://doi.org/10.3390/ijms22115632
https://doi.org/10.1016/j.ymeth.2018.08.010
https://doi.org/10.3390/biomedicines8070204
https://doi.org/10.1038/s43018-019-0004-z
https://doi.org/10.1126/science.aan8630
https://doi.org/10.1016/j.ymeth.2018.07.014
https://doi.org/10.4049/jimmunol.1501592
https://doi.org/10.4161/mabs.21379
https://doi.org/10.1016/S0959-8049(01)00231-3
https://doi.org/10.1093/abt/tby009
https://doi.org/10.1080/19420862.2015.1062192
https://doi.org/10.1016/j.ymthe.2016.11.006
https://doi.org/10.1016/j.ymthe.2016.11.006
https://doi.org/10.4049/jimmunol.1601473
https://doi.org/10.1038/nri2381
https://doi.org/10.3389/fimmu.2020.01635
https://doi.org/10.3389/fimmu.2020.01635
https://doi.org/10.1002/biot.202000240
https://doi.org/10.1002/biot.202000240
https://doi.org/10.1093/protein/gzq002
https://doi.org/10.3389/fimmu.2019.01892
https://doi.org/10.3389/fimmu.2023.1170042
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Generation of a symmetrical trispecific NK cell engager based on a two-in-one antibody
	Introduction
	Results
	Library generation and screening
	Cloning and biophysical characterization of trispecific antibodies
	Affinity measurement
	EGF and PD-1 competition
	Cellular EGFR and PD-L1 binding
	Antibody-dependent cell-mediated cytotoxicity reporter assay

	Discussion
	Material and methods
	Plasmids and yeast strains
	Library generation and sorting
	Reformatting, expression and purification of full-length, one-armed and trispecific antibodies
	Affinity determination, receptor-ligand competition and simultaneous binding assay via biolayer interferometry
	Thermal stability, SDS-PAGE and size exclusion chromatography
	Cultivation of A431, A549, MRC-5 and Daudi cells
	Cellular binding assay
	Antibody-dependent cell-mediated cytotoxicity (ADCC) reporter assay

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


