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ABSTRACT
Bispecific antibodies have emerged as therapeutic molecules with a multitude of modes of action and 
applications. Here, we present a novel approach to solve the light-chain problem for the generation of 
bispecific Ig-like antibodies using the second constant domain of IgE (EHD2) genetically modified to force 
heterodimerization. This was achieved by introducing a C14S mutation in one domain and a C102S mutation 
in the other domain, which removed of one of the crossover disulfide bonds. Substituting the CH1 and CL 
domains of an antigen binding fragment (Fab) with these heterodimerizing EHD2 (hetEHD2) domains 
resulted in Fab-like building blocks (eFab). These eFabs were used to generate different bispecific antibodies 
of varying valency and molecular composition employing variable domains with different specificities and 
from different origins. Formats included bivalent bispecific IgG-like molecules (eIgs) and Fc-less Fab-eFab 
fusion proteins, as well as tri- and tetravalent Fab-eIg fusion proteins. All proteins, including bispecific 
antibodies for dual receptor targeting and for retargeting of T cells, efficiently assembled into functional 
molecules. Furthermore, none of the hetEHD2-comprising molecules showed binding to the two Fcε 
receptors and are thus most likely do not induce receptor cross-linking and activation. In summary, we 
established the eIg technology as a versatile and robust platform for the generation of bispecific antibodies 
of varying valency, geometry, and composition, suitable for numerous applications.

Abbreviations: antibody drug conjugate (ADC), acute lymphocytic leukemia (ALL), constant domain of 
IgE (Cε), receptor of Cε (CεRI or CεRII), cluster of differentiation (CD), constant domain of heavy chain (CH), 
constant domain of light chain (CL), (single-chain) diabody ((sc)Db), diabody-immunoglobulin (Db-Ig), 
dynamic light scattering (DLS), Fragment antigen-binding (Fab), Fab with hetEHD2 (eFab), Fab-EHD2 with 
T121G in chain 1 and S10I in chain 2 (EFab), bispecific Ig domain containing hetEHD2 (eIg), extracellular 
domain (ECD), epidermal growth factor receptor 1, 2, 3 (EGFR, HER2, HER3), heavy chain domain 2 of IgE 
(EHD2), EHD2 domain with C102S (EHD2-1), EHD2 domain with C14S and N39Q (EHD2-2), (human or 
mouse) fragment crystalline ((hu or mo)Fc), heavy chain (HC), heterodimerized second domain of IgE 
(hetEHD2), high molecular weight (HMW), immunoglobulin (Ig), light chain (LC), liquid chromatography- 
mass spectrometry (LC-MS), mesenchymal epithelial transition factor (MET), heavy chain domain 2 of IgM 
(MHD2), peripheral blood mononuclear cell (PBMC), prolactin receptor (PRLP), Stokes radius (RS), single- 
chain Fragment variable (scFv), tumor necrosis factor (TNF), TNF receptor 2 (TNFR2), single-chain TNF- 
related apoptosis-inducing ligand (scTRAIL), variable domain of heavy chain (VH), variable domain of light 
chain (VL).
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Introduction

Bispecific antibodies targeting two different epitopes enable 
diverse modes of action either in a combinatorial or obli-
gate manner, such as dual targeting of growth factors and 
their receptors, retargeting of effector cells, transport 
through biological barriers, or mimicking the activity of 
natural proteins.1 Three bispecific antibodies are currently 
approved for therapy: blinatumomab, targeting CD19 and 
CD3 for treatment of acute lymphatic leukemia (ALL), 
amivantamab for dual targeting of EGFR and MET to 
treat non-small cell lung cancer, and emicizumab as 
a substitute of factor VIIIa for the treatment of hemophilia 
A. Many more bispecific antibodies are in different stages 
of clinical development.2

An entire zoo of different formats is available for the gen-
eration of bispecific antibodies, including Ig-like molecules 
comprising an Fc region and two or more antigen-binding 
sites.3 For example, bispecific molecules with a symmetric 
architecture can be generated by fusing additional binding 
sites to an IgG molecule, thus being bispecific and tetravalent. 
In contrast, Ig-like molecules with a 1 + 1 binding mode, i.e., 
comprising one binding site for each antigen, require genetic 
engineering to force heterodimerization of the heavy chains 
(the heavy chain problem) and pairing of the light chains with 
their cognate heavy chains (the light chain problem). Various 
strategies have been established to solve the heavy chain pro-
blem, such as hydrophobic/steric complementarity, e.g., the 
knobs-into-holes technology, electrostatic complementarity, 
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or combinations thereof.3–5 Several strategies were also devel-
oped to force correct pairing of the light chain with its cognate 
heavy chain.6,7 Besides introducing mutations into the con-
stant (CH1 and CL) and variable (VH and VL) domains of an 
antigen binding fragment (Fab) or applying the CrossMab 
technology,8 approaches were developed to exchange these 
domains by alternative heterodimerization domains.

We recently established the heavy chain domain 2 of IgM 
(MHD2) and IgE (EHD2), which form disulfide-linked hinge- 
like homodimers in IgM and IgE, respectively, as antibody- 
derived dimerization modules lacking antibody effector 
functions.9,10 We demonstrated that different moieties, such 
as single-chain variable fragment (scFv) or single-chain deri-
vatives of members of the tumor necrosis factor (TNF) super-
family can be fused to the N- and/or C-terminus of the MHD2 
or EHD2 forming stable homodimers. For example, hexavalent 
EHD2 fusion proteins of scTRAIL or a TNFR2-selective TNF 
mutein, respectively, were shown to be potent activators of the 
respective receptors due to efficient receptor clustering.11–14 

Furthermore, the MHD2 and EHD2 domains were used to 
stabilize mono- or bispecific diabodies (Dab). Fusion of these 
Dab moieties to an Fc region resulted in tetravalent Ig-like 
molecules (Diabody-Ig, Db-Ig).14 Heterodimerization of bispe-
cific Diabody-EHD2 fusions were further facilitated by intro-
ducing single mutations into the EHD2 domains. Removal of 
one of the two disulfide bonds formed between Cys14 and 
Cys102 between the two domains by substituting Cys14 in 
a first domain and Cys102 in a second domain with serine 
lead to efficient formation of heterodimeric EHD2 domains 
(hetEHD2) (Figure 1).

In this study, we applied the hetEHD2 domains as 
a solution to the light chain problem. We could demonstrate 
that fusion of a VH domain to a first hetEHD2 domain and 
a VL domain to a second hetEHD2 domain results in effi-
cient formation of heterodimeric Fab-like moieties (eFab). 
These eFabs were then used to generate bispecific Ig-like 
molecules by combining them with natural Fab arms and 
an Fc region. Here, various molecular compositions were 

analyzed, including bivalent bispecific Fab-eFab fusions and 
Ig-like molecules (eIgs), as well as various trivalent and 
tetravalent configurations (Fab-eIgs). Proof of concept was 
obtained for bispecific molecules targeting different surface 
receptors (dual targeting) and for the retargeting of T cells to 
tumor cells (T-cell engagement). All molecules were pro-
duced in yields and purity comparable to normal IgGs. 
Furthermore, analysis for binding to FcεRI and FcεRII con-
firmed lack of interaction with the Fcε receptors, providing 
evidence that the molecules will not lead to Fcε receptor 
crosslinking of immune cells. Thus, with our study we estab-
lished eFabs as robust building blocks to generate bispecific 
antibodies of varying valency and composition.

Results

Generation of eFab

Two different eFab molecules were generated by fusing the vari-
able domains of an anti-MET antibody 5D5 to the hetEHD2 
domains. The VH domain of 5D5 was fused to the EHD2-1 
domain (carrying the C102S mutation and further comprising 
a His-tag) and the VL domain of 5D5 was fused to the EHD2-2 
domain (carrying the C14S mutation and further an N39Q muta-
tion to delete the N-glycosylation site), resulting in eFab1, or vice 
versa (resulting in eFab2) (Figure 2(a,b)). The eFabs were pro-
duced in transiently co-transfected HEK293-6E cells and purified 
by immobilized metal ion affinity chromatography (IMAC) with 
yields of 10.7 mg/L (eFab1) and 4.8 mg/L (eFab2), while the 
Fab5D5 molecule was purified with CaptureSelect CH1 with yields 
of 7.2 mg/L. SDS-PAGE analysis of purified proteins showed two 
bands under reducing conditions for the eFab1 molecule, one at 
~35 kDa, corresponding to the N-glycosylated EHD2-1 compris-
ing fragment and one band at ~27 kDa, corresponding to the non- 
glycosylated EHD2-2 comprising fragment, while for the eFab2 
molecule only one band at ~30 kDa was observed under reducing 
conditions representing both chains. One major band in the range 
of 47͐–50 kDa was observed for both proteins under non-reducing 

Figure 1. Generation of hetEHD2 domains. (a) Sequences of the human IgE heavy-chain domain 2 (EHD2) and the heterodimerization domains (hetEHD2 containing 
EHD2-1 and EHD2-2). Inter- and intrachain disulfide bonds as well as N-glycosylation site are marked. (b) Structure of the heterodimerization domain (hetEHD2) 
(modified from pdb entry 1O0V).15 The two domains are colored in blue (EHD2-1) and red (EHD2-2). Cysteine residues in the two domains are shown as spheres in 
orange (EHD2-1) and yellow (EHD2-2). Cysteine residues on position 28 (Kabat: 261) and 86 (Kabat: 321) for intradomain disulfide bonds in each hetEHD2 domain, while 
the cysteine 14 (Kabat: 247) of EHD2-1 and the cysteine 102 (Kabat: 337) of EHD2-2 form interchain disulfide bond. The potential N-glycosylation site is show in green. 
Numbering of the residues according to A or the Kabat index.16 Protein alignment of EHD2(WT) and hetEHD2 domains, as well as modified structure of hetEHD2.

e2063043-2 L. KÜHL ET AL.



conditions, corresponding to the heterodimeric eFab molecules 
with calculated molecular masses of 50.2 kDa (Figure 2c). The 
faint bands at ~30 (eFab1) and ~24 kDa (eFab2) under non- 
reducing conditions correspond to the purified monomeric VH- 
comprising fragment. In the case of the Fab5D5 molecule, one 
major band was detected at ~26 kDa under reducing conditions 
corresponding to both chains and one major band at ~40 kDa 
corresponding to the dimeric assembled Fab fragment. Dimeric 
assembly and integrity were further confirmed by size-exclusion 
chromatography (SEC) analysis showing one major peak at 
2.4 nm (33.2 kDa) for eFab1, 1.8 nm (29.1 kDa) for eFab2 and 
2.2 nm (31.7 kDa) for Fab (Figure 2d). Aggregation temperatures 
of 63°C were determined by dynamic light scattering (DLS) for 
both eFab molecules, while the Fab molecule showed an aggrega-
tion temperature of 67°C (Figure 2e).

Binding of all molecules was analyzed in an enzyme-linked 
immunosorbent assay (ELISA) using MET-huFc fusion protein 
as immobilized antigen. All proteins showed concentration- 
dependent binding to MET-huFc with EC50 values of 
3.8 ± 0.2 nM for eFab1, 2.1 ± 0.1 nM for eFab2 and 
1.5 ± 0.1 nM for Fab, similar as described for a one-armed anti- 

Met 5D5 antibody (Figure 2f).18 In summary, both eFab con-
figurations were produced in mammalian cells and efficiently 
assembled into dimeric Fab-like molecules retaining antigen- 
binding activity.

Generation of bispecific and bivalent eIg molecules

The anti-MET eFab molecules were used in combination 
with an anti-HER3 Fab arm and a heterodimerizing Fc 
region to generate bivalent bispecific Ig-like molecules 
(eIgs).19,20 Two types of eIg molecules were produced. In 
eIg1, the eFab1 fragment directed against MET was fused 
through the EHD2-1 domain to a human γ1 CH2-CH3hole 
chain and the anti-HER3 Fab through the CH1 domain to 
a complementary human γ1 CH2-CH3knob chain. In eIg2, 
the eFab2 fragment directed against MET was fused 
through the EHD2-2 domain to a human γ1 CH2-CH3hole 
chain and the anti-HER3 Fab through the CH1 domain to 
a complementary human γ1 CH2-CH3knob chain (Figure 3 
(a,b)). The eIg molecules were produced in transiently co- 
transfected HEK293-6E cells and purified with protein 
A with yields of 21.3 mg/L (eIg1) and 17.9 mg/L (eIg2). 

Figure 2. Generation of hetEHD2-derived eFab molecules. (a) Schematic illustration of the eFab molecules containing the anti-MET variable domains (from 5D5)17 and 
the hetEHD2 domains. In this experiment, we used the VL5D5-comprising chain in combination either with non-glycosylated EHD2-2 or with the glycosylated version 
EHD2-1. For the Fd-like fragment, the VH5D5-containing chain was either combined with EHD2-1 (eFab1) or with the non-glycosylated version EHD2-2 (eFab2) fused to 
a His-tag. As control, we included a Fab fragment using the same variable domains. (b) Schematic illustration of both eFab molecules (eFab1: VL5D5-EHD2-2 + VH5D5- 
EHD2-1-His; eFab2: VL5D5-EHD2-1 + VH5D5-EHD2-2-His) and the Fab5D5. (c) SDS-PAGE analysis of the purified eFab and Fab molecules under reducing (R) and non- 
reducing (NR) conditions (12% PAA, 4 µg of protein, M: marker). (d) Size-exclusion chromatography (SEC) profile with a TSKgel G2000SWXL column under native 
conditions using HPLC analysis. (e) Aggregation temperature of both eFab molecules and the Fab5D5 using dynamic light scattering (DLS). Dotted line indicates the 
aggregation point. (f) ELISA binding experiment using MET-huFc fusion protein as immobilized antigen. Bound antibodies were detected with an anti-His-HRP detection 
antibody. Mean ± SD, n = 3. Construction of different monovalent molecules (eFab and Fab) including biochemical characterization and binding analysis.
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SDS-PAGE analysis of the purified molecules showed one 
band under non-reducing conditions at ~200 kDa repre-
senting the tetrameric assembled bispecific antibody with 
a calculated molecular mass of 147.2 kDa. Under reducing 
conditions, we observed bands between 52 and 60 kDa 
and between 24 and 30 kDa for both eIg molecules corre-
sponding to the two different heavy and light chains 
(Figure 3c). In SEC analysis, both eIg molecules showed 
a purity of 93% and 92%, respectively (Figure 3d). By 
dynamic light scattering an aggregation temperature of 
64°C was determined for both molecules (Figure 3e).

A non-glycosylated eIg1 molecule was further analyzed by 
liquid chromatography-mass spectrometry (LC-MS), demon-
strating that the major component (93%) of the sample corre-
sponds to the intact bispecific antibody molecule composed of 
the two different heavy and two different light chains, with 7% 
of the molecules composed of the two different heavy chains 
and two VL-EHD2-2 chains (Fig. S1A +B). In this analysis 

small amounts of free cysteinylated VL-EHD2-2 molecule 
were identified (data not shown). This bispecific antibody was 
additionally subjected to an affinity chromatography polishing 
step using CaptureSelect Lambda XP resin for the purification 
of bispecific antibodies comprising a natural Fab arm. An LC- 
MS analysis of this two-step purified eIg1 revealed complete 
removal of incorrectly assembled molecules and the absence of 
mispaired species (Fig. S1C). Antigen-binding activity was 
confirmed in ELISA using MET-huFc or His-tagged HER3 as 
immobilized antigens. Both eIg molecules showed 
a concentration-dependent binding with EC50 values of 
1.1 nM to MET-Fc (with anti-human Fab detection antibody) 
and 1.5 nM (eIg1) and 2.0 nM (eIg2) to HER3 (with anti- 
human Fc detection antibody) using eIg1 and eIg2 molecules 
(Figure 3f). Finally, binding to both antigens was confirmed in 
sandwich-ELISA using MET-huFc as immobilized antigen, 
titrated eIg molecules and HER3-moFc as soluble antigen with 
EC50 values of 0.7 nM (eIg1) and 0.5 nM (eIg2) (Figure 3g). In 

Figure 3. Generation of eIg molecules with dual specificity and bivalency. (a) Schematic presentation of the used light (LC) and heavy chain (HC) in these molecules. (b) 
Schematic illustration of the two different eIg molecules that are specific for MET and HER3. The eIg molecules were generated with different MET-specific hetEHD2 
domains (eIg1: VH5D5-EHD2-1-CH2-CH3hole + VL5D5-EHD2-2; eIg2: VH5D5-EHD2-2-CH2-CH3hole + VL5D5-EHD2-1) in combination with the HER3-specific VH3-43-CH1-CH2- 
CH3knob and VL3-43-CLk. (c) SDS-PAGE analysis of the protein A purified eIg molecules under reducing (R) and non-reducing (NR) conditions (12% PAA, 6 µg for R, 4 µg for 
NR, M: marker). (d) SEC profile with a TSKgel SuperSW mAb HR column under native conditions of the purified eIg molecules using HPLC analysis. (e) Determination of 
the aggregation point by dynamic light scattering (DLS) of the purified eIg molecules. Dotted line indicates the aggregation point. (f) ELISA binding experiments using 
either MET-huFc or HER3-His fusion protein as immobilized antigen. Bound antibodies were detected either with anti-human Fab (MET-huFc) or with an anti-human Fc 
(for HER3-His) as detection antibodies. (g) Sandwich-ELISA testing binding of HER3-moFc to titrated eIg molecules bound to immobilized MET-huFc as antigen. Bound 
HER3-moFc was detected with an HRP-conjugated anti-mouse Fc detection antibody. Mean ± SD; n = 3. Construction of two different 1 + 1 eIg molecules including 
biochemical characterization and binding analysis. Both molecules showed similar properties.
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summary, both eFabs could be applied in combination with 
normal Fab arms to efficiently generate bivalent bispecific Ig- 
like molecules. Because differences between eFab1 and eFab2 
were marginal, we decided to use EHD2-1 for the generation of 
heavy chain fusions and EHD2-2 for making light chain 
equivalents.

Generation of bispecific bivalent or tetravalent Fab-eFab 
fusion proteins
Next, we combined an anti-EGFR targeting Fab (hu225, 
a humanized version of cetuximab) with the anti-HER3 tar-
geting eFab to generate bispecific molecules for dual target-
ing of these two epidermal growth receptors. In a first 

approach, a bivalent bispecific Fab-eFab fusion protein was 
generated by fusing the VH-CH1 chain of the Fab through 
a flexible 10 amino acid glycine-serine linker to the VH- 
EHD2-2 chain (HC1) co-expressed with the corresponding 
light chains LC1 and LC2. In a second approach, a tetravalent 
bispecific Fab-eIg fusion protein was generated by further 
fusing the HC1 to a human γ1 Fc chain (HC2) (Figure 4(a, 
b)). Proteins were produced in transiently co-transfected 
HEK293-6E cells and purified either with IMAC (Fab-eFab) 
or protein A affinity chromatography (Fab-eIg) with yields of 
1.2 mg/L for Fab-eFab and 0.5 mg/L for the Fab-eIg. In SDS- 
PAGE analysis, two major bands at 130 and 100 kDa for Fab- 
eFab and one major band at ~250 kDa for Fab-eIg molecule 
were observed under non-reducing conditions, with 

Figure 4. Generation of different antibody geometries using hetEHD2. (a) Schematic presentation of the used light (LC; LC1: VL3-43-EHD2-2; LC2: VLhu225-CLk) and 
heavy chain (HC; HC1: VHhu225-CH1-VH3-43-EHD2-1; HC2: VHhu225-CH1-VH3-43-EHD2-1-CH2-CH3) for the Fc-less Fab-eFab (1 + 1) and tetravalent Fab-eIg (2 + 2) 
molecules. (b) Schematic illustration of the Fc-less Fab-eFab (1 + 1) and the Fab-eIg (2 + 2) specific for EGFR and HER3. (c) SDS-PAGE analysis of the Fab-eFab and Fab- 
eIg molecule using reducing (R) and non-reducing (NR) conditions. (12% PAA; 6 µg for R; 4 µg for NR; M: marker). (d) SEC profile of the Fab-eFab and the Fab-eIg 
molecule with a TSKgel SuperSW mAb HR column analyzed by HPLC. (e) ELISA binding experiment using either EGFR-His or HER3-His as immobilized antigen. Bound 
antibodies were detected with an anti-human Fc detection antibody. Parental antibodies were included as control. (f) Sandwich-ELISA testing binding of HER3-moFc to 
titrated Fab-eFab or Fab-eIg molecule bound to immobilized EGFR-huFc as antigen. Bound HER3-moFc was detected with an HRP-conjugated anti-mouse Fc detection 
antibody. Parental antibodies were included as control. (g) Flow cytometry analysis of both eIg molecules using FaDu cells. Bound antibodies were detected with PE- 
labeled anti-His (Fab-eFab) or anti-human Fc (Fab-eIg) antibodies. Parental antibodies were included as control. (h) Proliferation assay of Fab-eFab (100 nM) and Fab-eIg 
(50 nM) using FaDu cells in starvation medium after incubation of 5 days. Cells were kept unstimulated. Parental antibodies were included as control (single treatment: 
50 nM; combination: 50 nM each). Cell viability was measured using CellTiterGlo 2.0. Mean ± SD; n = 3. Construction of two different bispecific molecules using eIg 
technology (1 + 1 and 2 + 2) for the dual targeting approach including biochemical characterization as well as binding and functional analysis. The 2 + 2 molecule 
showed increased binding and inhibition of proliferation compared to the 1 + 1 molecule.
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calculated molecular masses of 96.9 kDa for Fab-eFab and 
242.2 kDa for the Fab-eIg molecule. Under reducing condi-
tions, we observed two single bands at 24 kDa and 26 kDa 
representing the two light chains LC1 and LC2 and one band 
at 55 kDa for Fab-eFab and at ~75 kDa for Fab-eIg molecule 
corresponding to the HC1 and HC2, respectively (Figure 4c). 
Integrity was further confirmed by SEC analysis showing one 
peak with a RS of 4.5 nm (100 kDa) for Fab-eFab and 6.7 nm 
(440 kDa) for the Fab-eIg molecule (Figure 4d). For the Fab- 
eIg molecule, there was also a small shoulder in the SEC 
analysis.

Antigen binding was confirmed by ELISA using the His- 
tagged extracellular domain of EGFR and HER3. The bivalent 
Fab-eFab molecule showed binding with EC50 values of 742 
pM for EGFR and 6,204 pM for HER3, while the tetravalent 
Fab-eIg molecule showed an approximately 5-fold increased 
binding to both antigens (EC50 value of 132 pM for EGFR and 
1,409 pM for HER3). The parental antibodies were included 
as control. Here, IgG hu225 showed similar binding to EGFR 
with EC50 value of 126 pM as the tetravalent Fab-eIg mole-
cule, while binding of IgG 3–43 to HER3 was approximately 
11-fold stronger (EC50 value of 127 pM) (Figure 4e). 
Furthermore, sequential binding has been shown in 
a sandwich-ELISA confirming binding to both antigens 
(Figure 4f). As expected, the parental antibodies did not 
show binding to both antigens. Thus, Fab-eFab and Fab-eIg 
molecules were efficiently produced and assembled into func-
tional molecules.

The effects of dual targeting of EGFR and HER3 were 
analyzed using FaDu cells with high EGFR-expression 
(~140,000 EGFR/cell) and low HER3-expression (~3,000 
HER3/cell).19 The tetravalent bispecific Fab-eIg molecule and 
the parental antibodies IgG hu225 showed strong binding to 
FaDu cells, with EC50 values of 139 pM and 127 pM, respec-
tively, while binding of the bivalent bispecific Fab-eFab was 
approximately 15-fold weaker (EC50 value of 1,882 pM). IgG 
3–43 showed very strong binding with an EC50 value of 9 pM, 
in accordance with previous findings, although with a low 
mean fluorescence intensity due to low HER3 expression levels 
(Figure 4g).19 Bioactivity of the Fab-eFab and Fab-eIg mole-
cules was further analyzed in a proliferation assay. Here, the 
tetravalent Fab-eIg molecule showed strong reduction of pro-
liferation by approximately 55%, significantly different to the 
untreated control. The bivalent Fab-eFab molecule and the 
combination of both parental antibodies showed a similar 

reduction of proliferation by approximately 50%. IgG hu225 
also showed a reduction in proliferation by 35%, while the anti- 
HER3 antibody showed only marginal reduction of prolifera-
tion by 5% (Figure 4h, Table 1). In summary, both the Fab- 
eFab and Fab-eIg retained antigen-binding activity and were 
able to inhibit cell proliferation similar to the combination of 
the parental antibodies.

Generation of bispecific bi- or trivalent T-cell engagers

Bispecific T-cell engagers were generated by combining one 
humanized anti-CD3 eFab (huU3) arm with one or two Fab 
arms directed against EGFR (hu225), respectively, using 
a bivalent eIg (1 + 1) or trivalent Fab-eIg (2 + 1) format. 
The Fc regions were modified to allow heterodimerization 
and ablate Fc effector functions (Figure 5(a,b)).20,21 Both 
proteins were purified with protein A chromatography with 
yields between 8.3 mg/L for eIg (high molecular weight 
(HMW) fraction: 7.7%) and 4.3 mg/L for Fab-eIg (HMW 
fraction: 6.3%), followed by a preparative SEC to remove the 
HMW species. SDS-PAGE analysis under reducing condi-
tions revealed in total four different chains at 60 to 65 kDa 
representing the VHhuU3-EHD2-1-CH2-CH3knob (HC2), at 
55 kDa representing the VHhu225-CH1-CH2-CH3hole (HC1), 
and at 25 kDa representing both light chains (VLhu225-CLκ 
(LC1) and VLhuU3-EHD2-2 (LC2)). Similarly, at 55 kDa the 
VHhu225-CH1-CH2-CH3hole (HC1) and both light chains 
were observed at 25 kDa, while the second heavy chain was 
observed at 80 kDa representing the VHhu225-CH1-VHhuU3- 
EHD2-1-CH2-CH3knob (HC3) (Figure 5c). Under non- 
reducing conditions one band of ~180 kDa was observed for 
the bivalent eIg molecule and of ~220 kDa for the trivalent 
molecule. Of note, in SEC analysis both molecules showed 
one single peak corresponding to a RS of approximately 
5.4 nm (170 kDa) for the eIg and a RS of approximately 
6.1 nm (241 kDa) for the Fab-eIg molecule (Figure 5d).

Concentration-dependent binding of both molecules to 
EGFR was shown in ELISA, with EC50 values of 1.6 nM for 
the bivalent molecule and 0.7 nM for the trivalent molecule 
with two binding moieties for EGFR (Figure 5e). Binding to 
CD3 was analyzed via flow cytometry analysis using CD3- 
expressing Jurkat cells. The bivalent eIg molecule showed 
strongest binding to Jurkat with EC50 values of ~4.5 nM, 
while the trivalent molecule showed reduced binding with 
EC50 value of ~54 nM (Figure 5f). Furthermore, both mole-
cules showed binding to tumor cell lines expressing moderate 
amounts of EGFR (LIM1215; ~36,000 EGFR/cell) and high 
amounts of EGFR (FaDu; ~140,000 EGFR/cell). Due to the 
avidity effect, the trivalent Fab-eIg molecules showed strongest 
binding with EC50 values between 0.3 and 0.6 nM, while the eIg 
molecules showed 3- to 10-fold reduced binding (Figure 5g). 
Crosslinking of the CD3-expressing Jurkat cells and the EGFR- 
expressing FaDu cells by the bispecific antibodies was detected 
by flow cytometry in a conjugate formation assay (Figure 5h). 
Here, incubation with 100 nM of the bispecific antibodies led 
to conjugate formation between the cells of ~28% for the eIg 
and of ~30% for the Fab-eIg (compared to ~5% without anti-
body). Finally, the cytotoxic effects of peripheral blood 

Table 1. Biochemical properties and bioactivity of eIg molecules targeting EGFR 
and HER3. Mean ± SD, n = 3, n.d.: not determined.

Method Analysis Fab-eFab Fab-eIg
IgG 

hu225 IgG 3–43

SEC HMW 
fraction 

[%]

0 2.5 0 0

ELISA EGFR [pM] 742 ± 323 132 ± 48 126 ± 30 n.d.
HER3 [pM] 6,204 ± 1,245 1,409 ± 420 n.d. 127 ± 18

EGFR+HER3 
[pM]

1,166 ± 113 647 ± 135 n.d. n.d.

Flow 
cytometry FaDu [pM] 1,882 ± 243 139 ± 17 127 ± 18 9 ± 7
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Figure 5. Generation of bispecific EGFR and CD3 eIg molecules with different geometry. (a) Schematic presentation of the used light (LC; LC1: VLhu225-CLκ; LC2: VL 

huU3-EHD2-2) and heavy chain (HC; HC1: VHhu225-CH1-CH2-CH3hole; HC2: VHhuU3-EHD2-1-CH2-CH3knob; HC3: VHhu225-CH1-VHhuU3-EHD2-1-CH2-CH3knob) for the eIg 
molecules either in the 1 + 1 (LC1+ LC2+ HC1+ HC2) or in the 2 + 1 (LC1+ LC2+ HC1+ HC3) configuration. (b) Schematic illustration of the bispecific bivalent (1 + 1) eIg 
and the bispecific tetravalent Fab-eIg (2 + 1) specific for EGFR and CD3. (c) SDS-PAGE analysis of the eIg and Fab-eIg molecule using reducing (R) and non-reducing (NR) 
conditions (gradient gel; 4 µg of protein; M: marker; 1: eIg; 2: Fab-eIg). (d) SEC profile of the eIg (1 + 1) and the Fab-eIg (2 + 1) molecule with a TSKgel SuperSW mAb HR 
column analyzing in HPLC. (e) ELISA binding experiment using EGFR-mouse Fc as immobilized antigen. Bound antibodies were detected with an anti-human Fc 
detection antibody. Mean ± SD; n = 3. (f + g)G Flow cytometry analysis analyzing binding of the eIg (1 + 1) and Fab-eIg (2 + 1) molecules to CD3-positive Jurkat (f) or 
EGFR-positive LIM1215 and FaDu cells (g). Mean ± SD; n = 3. (h) Conjugate formation assay using 100 nM of the bispecific antibody in combination with CD3-expressing 
Jurkat and EGFR-expressing FaDu cells. Simultaneous binding to CD3- and EGFR-expressing cells is shown. Mean ± SD, n = 3. (i) Cytotoxic potential of PBMCs stimulated 
with eIg molecules. LIM1215 or FaDu cells were incubated with a serial dilution of eIg molecules in presence of PBMCs in an effector:target cell ratio E:T of 10:1. Cell 
viability was analyzed by crystal violet staining. Mean ± SD; n = 2. Construction of 1 + 1 and 2 + 1 eIg molecules for the retargeting approach using T cells including 
biochemical characterization as well as binding and functional analysis. The 2 + 1 eIg molecule showed increased binding and killing of tumor cells compared to the 
1 + 1 molecule.
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mononuclear cells (PBMCs) on LIM1215 and FaDu cells 
(effector to target cell ratio (E:T) of 10:1) mediated by the eIg 
molecules was determined. For both cell lines, concentration- 
dependent activity was detected with increased potency for the 
trivalent Fab-eIg molecule on LIM1215 cells with 8.5 pM (EC50 
value of eIg 1,231 pM; 144-fold increased) and FaDu cells with 
10.5 pM (EC50 value of eIg 282 pM; 26-fold increased) 
(Figure 5i) (Table 2). In summary, we generated two different 
molecules capable of binding to CD3 and EGFR that efficiently 
induced T-cell-mediated tumor cell killing.

Lack of binding of eIg molecules to Fcε receptors
Crosslinked IgE molecules are prominent activators of both Fcε 
receptors, FcεRI and FcεRII (CD23), which can lead to effector 
phase activation of mast cells and B-cell differentiation.21,22 

Here, we analyzed whether eIg molecules, comprising the het-
erodimerizing CH2 domain of IgE, are able to interact with the 
two Fcε receptors. In a first experiment, we tested binding of 
a Fab-eFab, lacking an Fc region, and a bispecific tetravalent Fab- 
eIg, comprising a wild-type human γ1 Fc region, to both Fcε 
receptors (Figure 6). No binding to both Fcε receptors was 
observed for the analyzed eIg molecules, while human IgE 
included as control showed strong binding to both Fcε receptors. 
Furthermore, the parental IgG1 antibodies hu225 and 3–43 
included as further controls showed binding to EGFR or 
HER3, but not to the Fcε receptors. Thus, we could demonstrate 
that hetEHD2-comprising molecules lack binding to FcεRI and 
FcεRII and should therefore not be able to induce receptor 
crosslinking.

Discussion

The heavy chain domain 2 of IgE (EHD2, Cε2) is a versatile 
dimerization domain for the generation of dimeric fusion 
proteins.9 The domain is fully human, forms covalently linked 
dimers, and lacks effector functions.22 Because of its natural 
function as a hinge domain between the Fabs and the CH3-CH4 
domains mediating the IgE Fc effector functions, it is ideally 
suited to fuse additional polypeptides to the N- and/or 
C-terminus. Structurally, it closely resembles the CH1-CL 
domain of Fab arms, with a similar positioning of the 
N-termini. Here, we provide further evidence that the CH1 and 
CL domains can be substituted by the EHD2 domain without 
affecting the formation of functional antigen-binding sites. Of 
note, our examples demonstrate that no further engineering is 
required for the VH and VL domains or to connect these 
domains to the EHD2 domains. To force heterodimerization 
of the EHD2-comprising Fab chains (eFabs), we showed that 
substitution of one of the two interdomain crossover disulfide 
bonds is sufficient. In the study reported here, we substituted 
Cys14 in one domain and Cys102 in the other domain by 
serine. Thus, only two mutations, one in each domain, have 
to be introduced at the domain interface. Cooke et al. recently 
reported the use of modified EHD2 domains to generate Fab- 
like molecules (EFabs).23 Here, the two disulfide bonds were 
maintained and two mutations, T121G in the first domain and 
S10I in the second domain, were introduced, resembling 
a knobs-into-holes strategy. Interestingly, the crystal structure 
of an adalimumab EFab revealed an asymmetric bending of the 
Cε2 dimer with respect to the VH/VL pseudo-axis and the 
appearance of an interface between the VH and Cε2 
domains.23 This disorder also made the EFab more susceptible 
for proteolysis. It was postulated that this disorder is not 
caused by the knob-and-hole heterodimerization mutations, 
which was well resolved in the crystal structure, but by struc-
tural constraints imposed on the Cε2 domain by the VH 
domain. Currently, no crystal structures are available for our 
eFab molecules. It should be noted, however, that the 
sequences connecting the VH and VL domain to the hetEHD2 
domains differ slightly from that described by Cooke and cow-
orkers. Thus, the hetEHD2 domains start at position 234 
(DFTPPTV . . .), while in the EFabs they start with position 

Table 2. Binding and bioactivity of eIg molecules targeting EGFR and CD3. Mean ± 
SD, n = 3.

Method Analysis eIg Fab-eIg

SEC HMW fraction 
[%]

7.7 6.3

ELISA EGFR [nM] 1.6 ± 0.4 0.7 ± 0.1
Flow cytometry Jurkat [nM] 4.5 ± 0.5 54.1 ± 7.8

LIM1215 [nM] 2.9 ± 2.0 0.3 ± 0.1
FaDu [nM] 1.5 ± 0.6 0.6 ± 0.2

T-cell mediated killing of tumor 
cells

LIM1215 [pM] 1,231 ± 982 8.5 ± 1.4
FaDu [pM] 282 ± 19 10.5 ± 2.2

Figure 6. Binding of hetEHD2 to Fcε receptors. Binding of different eIg molecules for dual targeting approach (EGFR and HER3 specific) were used in ELISA experiments. 
Here, we used immobilized Fcε receptor I fused to mouse Fc and Fcε receptor II fused to His-tag as immobilized antigens and tested binding to these receptors. As 
control, we also included IgE molecule that binds to both receptors and the parental antibodies IgG hu225 and IgG 3–43. Additionally, bioactivity of the eIg molecules 
was confirmed by using EGFR and HER3 as Fc fusion proteins. Mean ± SD, n = 3. Binding experiments using eIg (1 + 1 and 2 + 1), IgG and IgE molecules for binding to Fc 
epsilon receptors I and II and control proteins. Neither eIg molecules showed any binding to both Fc epsilon receptors.
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238 (PTV . . .) based on the Kabat numbering of IgE 
molecules.16 Furthermore, in our molecules the C-terminus is 
slightly longer ending with amino acid 341 (. . . KCADSN), 
while EFabs end at position 338 (. . . KCA) (Figure 1). This 
might have effects on the structural organization of our eFab 
building blocks.

The question arises as to why it is sufficient to simply 
remove one of the two disulfide bonds to force heterodimer-
ization. Analysis of the crystal structure of the human IgE Fc 
region (Cε2-Cε4) revealed for the Cε2 domain a distinct mode 
of domain association compared to other immunoglobulin 
constant domains, such as Cε1:CL, Cε3:Cε3, or Cε4:Cε4.15 It 
was found that the Cε2:Cε2 buried surface area is much smaller 
and dominated by polar rather than the usual nonpolar resi-
dues, involving 11 hydrogen bonds and additional 10 bridged 
by water molecules. Furthermore, in another study it was 
described that in the absence of the two interdomain disulfide 
bonds the Cε2 domains have no measurable affinity for each 
other.24 Thus, disulfide bond formation is required for a stable 
domain association. Consequently, the EDH2-1 or EDH2-2 
domains, respectively, will not be able to assemble into stable 
homodimers because no disulfide bonds between two identical 
domains can be formed, and only the heterodimers will be 
covalently linked.

Various eFabs derived from one human λ-antibody (3–43 
directed against HER3) and two humanized κ-antibodies (5D5 
directed against MET, huU3 directed against CD3) were com-
bined with various Fabs (human anti-HER3 antibody 3–43, 
humanized anti-EGFR antibody hu225) to generate different 
bispecific antibodies, including an Fc-less Fab-eFab molecule 
and various Ig-like bispecific molecules with 2, 3, or 4 valen-
cies. This demonstrates that the eIg technology can be applied 
to parental antibody sequences of different origin and can also 
be combined with normal Fabs without affecting correct pair-
ing of Fabs and eFabs with their cognate heavy chain 
sequences. Furthermore, the various eIg molecules generated 
in this study showed expression yields and purities after a one- 
step protein A chromatography comparable to IgG molecules. 
Thus, the eIg platform should allow manufacturing of bispe-
cific antibodies with drug-like properties using established up- 
and downstream processes.

The LC-MS data identified 93% of correctly assembled 
bispecific eIg1 antibody of the protein A purified molecule. 
The 7% mispaired fraction resulted from incorrect assembly of 
the VH3-43-CH1-Fc(knob)WT heavy chain and the VL5D5- 
EHD2-2 light chain. For a bivalent eIg molecule, these 
unwanted side products could be efficiently removed by an 
additional lambda light chain affinity chromatography polish-
ing step, resulting in 100% correctly assembled bispecific mole-
cules. All of our bispecific eIg-based antibodies comprise eFab 
moieties and additionally natural Fab moieties with the light 
chain constant domains of either a lambda or kappa isotype. 
Thus, a polishing step with one additional affinity chromato-
graphy based on capturing of CL chains can be applied to 
remove species with incorrectly paired chains from any eIg 
molecule. Mispaired light chains to various extend were also 
described for other technologies after protein A affinity 
chromatography.8,25–27 The formation of mispaired light 
chains of the eIgs might be due to the low amounts of free 

cysteinylated molecules of this light chain. Thus, in this oxi-
dized form the VL5D5-EHD2-2 light chain will not be able to 
form stable heterodimers with the corresponding heavy chain 
formation, but rather interact with its VL domain with one of 
the VH domains of the heterodimeric heavy chains. These 
mispaired species might be avoided by optimizing the ratio of 
the plasmids encoding for the different chains in the transfec-
tion procedure, or removed by using an additional affinity 
chromatography purification step that incorporates, for exam-
ple, affinity resins specific for the constant kappa or lambda 
light chain, as shown here.

Applications of bispecific eIg molecules that we generated in 
this study include dual receptor targeting and the retargeting of 
T cells to tumor cells. Thus, we could demonstrate that a 1 + 1 
Fab-eFab as well as a 2 + 2 Fab-eIg molecule directed against 
EGFR and HER3 retained the antigen-binding activity of the 
parental antibodies, leading to efficient inhibition of cell pro-
liferation, although ELISA data indicate that binding of the 
inner eFab arm is reduced. This might be caused by steric 
hindrance of binding caused by the outer Fab arm in accor-
dance with findings for other tetravalent bispecific antibody 
formats, e.g., DVD-Ig or COVD-Ig.28,29 Further engineering of 
the connecting linker sequences or swapping of the antigen- 
binding sites might improve binding of the inner eFab arms. 
Nevertheless, sequential binding was confirmed in our study 
for the 1 + 1 and 2 + 2 molecules, demonstrating that both 
antigens can be bound simultaneously.

Bispecific eIgs directed against EGFR and CD3 were able to 
retarget T cells to EGFR-expressing tumor cells, leading to 
efficient killing of target cells. Here, the 2 + 1 Fab-eIg was 
more potent than the 1 + 1 eIg, in accordance with findings for 
2 + 1 Fab-IgGs targeting HER2 and CD3.30 These 2 + 1 bispecific 
antibodies might be especially useful to improve tumor selectiv-
ity by increased target-cell binding, resulting in an avidity- 
mediated specificity gain. Thus, we have recently shown that 
an Fc-less trivalent bispecific scDb-scFv fusion protein targeting 
HER3 and CD3 exhibited strongly increased binding and cyto-
toxicity compared to a bivalent bispecific scDb.31

An additional feature of the EHD2 domains is the presence 
of an N-glycosylation site. In our study, we removed the 
N-glycosylation site in one of the hetEHD2 domains to allow 
better discrimination of glycosylated and non-glycosylated 
chains. Preliminary data show that eIg molecules can be pro-
duced comprising both N-glycosylation sites, only one or none, 
indicating that the presence or absence of these site does not 
affect expression and assembly of the bispecific antibodies.

The natural N-glycans within the hetEHD2 domains might 
be useful for site-directed modification of bispecific antibodies, 
such as conjugation with drugs to generate antibody-drug 
conjugates (ADCs), including antibodies lacking an Fc region 
and, thus the CH2-comprising N-glycans.32 Several bispecific 
ADCs are currently under investigation, including a bispecific 
antibody combining specificities for a HER2 and the prolactin 
receptor (PRLP) for efficient internalization and increased 
cytotoxicity and a bispecific ADC targeting HER2 and CD63 
to increase the lysosomal degradation of the molecule.33,34

The Fc region of IgE is capable of binding with high 
affinity to FcεRI expressed on immune cells such as mast 
cells and basophils and with lower affinity to FcεRII.35 
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Recent studies showed that the conformation of the Fc part of 
IgE affects binding to the FcεRs, with binding to FcεRI by an 
“open” state and binding to FcεRII by a “closed” 
conformation.22 The CH3 domain of the IgE molecule was 
identified as major interaction site in binding FcεRI36,37 and 
FcεRII.36,37 The CH2 domain does not contribute to binding 
to FcεRII and interacts extremely weakly with FcεRI (Kd of 
200 µM).24 Here, we could confirm that eIg molecules com-
prising the CH2 domain of IgE (EHD2) lack binding to the 
two Fcε receptors and are, thus, most likely not able to induce 
receptor cross-linking. Nevertheless, further cell-based assays 
might be necessary to confirm this in a cellular context. 
Furthermore, because the EHD2 is fully human, with the 
two cysteine mutations located at the domain interface, it is 
rather unlikely that anti-drug antibodies directed against the 
EHD2 are formed when administered to humans, especially 
since the only described allotype Em1 does not reside in the 
CH2 domain.38

In summary, we established the eIg technology as 
a versatile platform for the generation of Ig-like bispecific 
antibodies of varying valency, geometry, and composition, 
which complements various other approaches to solve the 
light chain problem in the generation of bispecific Ig-like 
molecules. Our results provide first evidence that variable 
domains of different specificity and origin, for example, 
humanized and fully human, can be fused to the 
hetEHD2 domain without affecting correct assembly into 
functional Fab-like moieties. Further studies are warranted 
to demonstrate efficacy and safety for therapeutic 
applications.

Materials and methods

Antibody production and purification

Heavy and light chains of different antibody molecules were 
cloned into variants of pSecTagA vector, and were transi-
ently transfected into HEK293-6E suspension cells using 
polyethyleneimine (PEI; linear, 25 kDa, Sigma-Aldrich) for 
transfection. HEK293-6E cells were provided by National 
Research Council of Canada (Ottawa, Canada), and culti-
vated in F17 Freestyle expression medium (ThermoFisher) 
supplemented with 0.1% Kolliphor P-118 (Sigma), 4 mM 
GlutaMAX (ThermoFisher), and 25 µg/ml G418. By adding 
TN1 (20% tryptone N1 (Organotechnie S.A.S., France) in 
F17 medium) to feed the culture 24 hours post transfection, 
protein production was initiated; cells were cultivated for 
additional 4 days at 37°C. Supernatants were harvested, and 
antibody molecules were either dialyzed against phosphate- 
buffered saline (PBS) and purified by IMAC for His-tag 
molecules, or purified via CaptureSelect CH1 or protein 
A affinity chromatography also in combination with 
CaptureSelect Lambda XP resin (ThermoFisher). Eluted 
preparations were dialyzed against PBS at 4°C. For the 
preparation of CD3-containing T-cell engager, proteins 
were further purified with a preparative SEC using FPLC 
analysis.

Antibody characterization

Antibodies were analyzed by SDS-PAGE (4 or 6 µg of mole-
cule) and stained with Coomassie-Brilliant Blue G-250. The 
purity and integrity of molecules (30 µl) were analyzed via SEC 
using a Waters 2695 HPLC in combination with a TSKgel 
G2000SWXL (for eFab molecules) or with a TSKgel SuperSW 
mAb HR column (for all other molecules) (Tosoh Bioscience) 
at a flow rate of 0.5 ml/min using 0.1 M Na2HPO4/NaH2PO4, 
0.1 M Na2SO4, pH 6.7 as mobile phase. Standard proteins: 
thyroglobulin (669 kDa, RS 8.5 nm), β-amylase (200 kDa, RS 
5.4 nm), bovine serum albumin (67 kDa, RS 3.55 nm), carbonic 
anhydrase (29 kDa, RS 2.35 nm). Stokes radii and molecular 
weight of analyzed antibodies were interpolated from standard 
proteins.

Thermal stability

ZetaSizer Nano ZS (Malvern) was used to analyze the thermal 
stability of the proteins by dynamic light scattering. Purified 
protein was exposed to increasing temperature (30°C to 80°C) 
in 1°C intervals with 2-minute equilibration steps. The aggre-
gation point was defined by the starting point of the increase in 
the mean count rate.

Analysis of protein integrity by LC-MS

To determine the molecular composition of a bispecific eIg, the 
sample was N-deglycosylated and analyzed in non-reduced 
state by LC-MS. For that, 25 µg of the antibody (1.25 µg/µL) 
were diluted 1:4 (v:v) with non-reducing sample buffer pro-
vided with the RapidTMPNGase F enzyme kit (New England 
Biolabs, #P0711) and incubated for 5 minutes at 75°C. 0.3 µL 
RapidTMPNGase F enzyme were added and deglycosylation 
was performed over night at 37°C. Thereafter, the sample was 
diluted with histidine/NaCl buffer (pH 6.0, 20 mM histidine, 
140 mM NaCl) to a final volume of 62.5 µL. The 
N-deglycosylated antibody was analyzed by liquid chromato-
graphy (HPLC) coupled to electrospray ionization (ESI) quad-
rupole time-of-flight (QTOF) MS. 4 μl sample were desalted 
using reversed phase chromatography on a Dionex U3000 
RSLC system (Thermo Scientific, Dreieich, Germany). The 
separation was performed on an Acquity BEH300 C4 column 
(1 × 50 mm; 1.7 μm particle diameter, Waters) at 75°C and 
150 μl/min applying a 7-min linear gradient with varying 
slopes. In detail, the gradient steps were applied as following 
(min/% Eluent B): 0/5, 0.4/5, 2.55/30, 7/50, 7.5/99, 8/5, 8.75/99, 
9/99, 9.5/5). Eluent B was acetonitrile (Honeywell, LCMS grade 
quality) with 0.1% formic acid, and solvent A was water 
(Honeywell, LCMS grade quality) with 0.1% formic acid. 
Continuous MS detection was performed using a QTOF mass 
spectrometer (Maxis UHR-TOF; Bruker, Bremen, Germany) 
with an ESI source operating in positive ion mode. Spectra 
were taken in the mass range of 1000–4000 m/z. External 
calibration was applied by infusion of tune mix via a syringe 
pump during a short time segment at the beginning of the run. 
Raw MS data were lock-mass corrected (at m/z 1221.9906) and   
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further processed using Data Analysis 5.3 and MaxEnt 
Deconvolution software tools (Bruker).

Enzyme-linked immunosorbent assay

96-well plates were coated with MET-huFc (extracellular 
domain of MET: aa 25–787 with Fc fusion), EGFR-huFc, EGFR- 
moFc or EGFR-His (ECD of EGFR: aa 25–645 with C-terminal 
Fc fusion or His-tag), HER3-moFc or HER3-His (ECD of HER3: 
aa 20–643 with C-terminal Fc fusion or His-tag), or with FcεRI- 
moFc (ECD of FcεRI: aa 26–205 with C-terminal Fc fusion 
protein), or with His-tagged FcεRII (ECD of FcεRII: aa 48–321 
with N-terminal His-tag) (200 ng/well in PBS) overnight at 4°C 
and residual binding site were blocked with 2% (w/v) skim milk 
in PBS (MPBS, 200 µl/well). The antibodies were diluted in 
MPBS and titrated in duplicates starting from 400 or 100 nM 
and incubated for 1 hour at room temperature. For sequential 
binding of both antigens, HER3-moFc was added to wells for 
one additional hour at room temperature (RT). Bound antibo-
dies were detected with horseradish peroxidase (HRP)- 
conjugated antibodies specific for His-tag (for eFab molecules; 
sc-8036, Santa Cruz Biotechnology), specific for human Fab (for 
bispecific antibodies and IgE molecule; 015M4761V, Sigma 
Aldrich), specific for human Fc (for the bispecific antibodies; 
A0170, Sigma Aldrich) or mouse Fc (for the sequential binding; 
A2554, Sigma Aldrich). Detection antibodies were incubated for 
one additional hour at room temperature. TMB (1 mg/ml; 
0.006% (v/v) in 100 mM Na-acetate buffer, pH 6) was used as 
substrate, reaction was terminated using 50 µl 1 M H2SO4 and 
absorption was measured at a wavelength of 450 nM. In general, 
plates were washed three times with PBST (PBS + 0.005% Tween 
20) and twice with PBS between each incubation step and in 
advance of the detection.

Flow cytometry analysis

CD3-expressing Jurkat cells or EGFR-expressing tumor cell 
lines (LIM1215, FaDu) (1x105 per well) were incubated with 
a serial dilution of different antibodies (starting from 10 or 
100 nM) for 1 hour at 4°C. Incubation and washing steps 
were performed in PBS, 2% fetal bovine serum (FBS), and 
0.02% sodium azide. After washing the cells twice, bound anti-
bodies were detected using a R-phycoerythrin (PE)-labeled anti- 
human Fc antibody (109–115-098, Jackson ImmunoResearch). 
Flow cytometry was performed using MACSQuant Analyzer 10 
or MACSQuant VYB (both Miltenyi Biotec) and data were 
analyzed using FlowJo (Tree Star). Relative mean fluorescence 
intensities (MFI) were calculated as followed: rel. 
MFI = ((MFIsample-(MFIdetection-MFIcells))/MFIcells).

Cell proliferation assays

FaDu cells (2x103 per well) were seeded in 96-well plate and 
cultivated at 37°C in rich-medium (10% FBS) for 24 hours, and 
subsequent medium exchange to starvation medium (0.2% FBS 
and 1x penicillin/streptomycin). After 24 hours of starvation, cells 
were treated with different eIg antibodies (1 + 1: 100 nM; 2 + 2: 

50 nM each) or with the parental antibodies (50 nM) for 60 min-
utes at 37°C. Cells were kept unstimulated and incubated for 
5 days at 37°C. Cell viability was measured using CellTiter-Glo 
2.0 Assay (Promega). Luminescence of untreated cells was set 
as 100%.

Cytotoxicity

Previously seeded target cells (2x104 cells/well; LIM1215, 
FaDu) were incubated with a serial dilution of the bispecific 
antibodies for 15 min at RT prior to addition of PBMCs (E:T 
ratios of 10:1). After 3 days, supernatants were discarded and 
viable target cells were stained with crystal violet. Staining was 
solved in methanol (50 µl/well) and optical density measured at 
550 nm using the Tecan spark (Tecan).

Conjugate formation assay

To determine simultaneous binding of the eIg molecules, CD3- 
expressing Jurkat cells and EGFR-expressing FaDu cells were 
stained with either carboxyfluorescein diacetate succinimidyl 
ester (CFSE) or Far Red at 625 nM/1x106 cells/ml following the 
manufacturer’s instructions. 5 × 104 cells/well from each cell 
line were mixed in a 1:1 ratio with 100 nM of the respective 
protein. After incubation for 30 min at 37°C, 5% CO2, formed 
cell conjugates were determined in flow cytometry.

Statistics

All data are represented as mean ± SD. Significances were 
calculated using GraphPad Prism 7.0 and results were com-
pared by one-way ANOVA followed by Tukey’s multiple com-
parison test (posttest) or t-test. p < .05 (*), p < .01 (**), p < .001 
(***), p < .0001 (****) and n.d. (not determined).
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