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A B S T R A C T

Background: Bispecific antibodies promise to broadly expand the clinical utility of monoclonal antibody tech-
nology. Several approaches for heterodimerization of heavy chains have been established to produce antibodies
with two different Fab arms, but promiscuous pairing of heavy and light chains remains a challenge for their
manufacturing.
Methods: We have designed a solution in which the CH1 and CL domain pair in one of the Fab fragments is
replaced with a CH3-domain pair and heterodimerized to facilitate correct modified Fab-chain pairing in bis-
pecific heterodimeric antibodies based on a strand-exchange engineered domain (SEED) scaffold with specificity
for epithelial growth factor receptor and either CD3 or CD16 (FcγRIII).
Results: Bispecific antibodies retained binding to their target antigens and redirected primary T cells or NK cells
to induce potent killing of target cells. All antibodies were expressed at a high yield in Expi293F cells, were
detected as single sharp symmetrical peaks in size exclusion chromatography and retained high thermostability.
Mass spectrometric analysis revealed specific heavy-to-light chain pairing for the bispecific SEED antibodies as
well as for one-armed SEED antibodies co-expressed with two different competing light chains.
Conclusion: Incorporation of a constant domain-exchanged Fab fragment into a SEED antibody yields functional
molecules with favorable biophysical properties.
General significance: Our results show that the novel engineered bispecific SEED antibody scaffold with an in-
corporated Fab fragment with CH3-exchanged constant domains is a promising tool for the generation of
complete heterodimeric bispecific antibodies with correct light chain pairing.

1. Introduction

Bispecific antibodies (BsAbs) incorporate two different binding
specificities into a single molecule enabling new therapeutic modalities

compared to classical monoclonal antibodies (mAbs) and are today
together with antibody-drug conjugates the most intensely developing
class of antibody-based therapeutics [1]. Examples of their unique
mechanisms of action include disrupting signalling in tumor cells by
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cross-linking mitogenic receptors [2], enhancing the selectivity for
target cells by avid binding via moderate interaction with two cell-
bound antigens [3], induction of receptor internalization caused by
biparatopic binding [4], crossing of the blood–brain barrier, which
makes them a therapeutic option in neurological diseases [5], and
bridging of different cell types [6–8]. Their unique properties led to
harvest of their therapeutic potential with regulatory approval for
clinical use of first catumaxumab (anti-EpCAM x anti-CD3) in 2009 [9]
and then blinatumomab (anti-CD19 x anti-CD3) in 2014 [1], both
acting by recruiting immune cells for tumor eradication, followed by
emicizumab (anti-activated factor IX x anti-factor X) in 2018, which
mimics the function of the tenase complex mediated by activated factor
VIII, deficient in people with haemophilia A [10].
Over the last three decades, antibody engineering led to a large

variety of alternative BsAb formats with over 70 different now avail-
able, including Immunoglobulin G-like molecules, such as CrossMab
[11], mAb2 [12], DVD-Ig [13], CODV-Ig [14], assembled BsAbs
[15,16], two-in-one antibodies [17] and Duetmabs [18], and several
fusion proteins composed of an IgG and another antigen-binding mo-
lecule, but also immunoglobulin domain-based binding proteins
without an Fc fragment such as TandAb and BiTE (reviewed recently in
[19]). The current success of BsAbs is only possible because the initial
limitations for their efficient production have been overcome, and the
plethora of optimized formats allows for a choice of an optimal com-
bination of antigen specificity and valency in a particular biological
setting. An early prerequisite for developability of therapeutic bispecific
antibodies is that the engineered proteins express at a high level, which
favors the molecules with IgG-like architecture compatible with ex-
pression in a single cell or fermentor [20]. Random association of two
wild-type heavy and light chains however leads to up to 10 different
IgG species and the heterogenous mixture requires sophisticated
downstream processing scheme and analytics.
The issue of random pairing of heavy chains was early solved by

modifying CH3 domains to promote heterodimerization of the two
different heavy chains using either steric effects [21,22], electrostatic
steering [23,24] or SEED technology [25], where the specific pairing of
the CH3 domains is achieved through their design of alternating seg-
ments from human IgA and IgG. Novel approaches involve driving
heterodimerization by introducing amino acid residues present at the
contact interface of the chains of naturally occurring heterodimeric
molecules of immunoglobulin class [26]. Nevertheless, the pairing of
heavy and light chains in two Fabs can still occur in a promiscuous way
[27], adversely affecting antigen binding [28] and overall stability of
the Fab fragment by altering the VH/VL packing [29]. Pairing pro-
pensity has been shown to follow certain rules [30,31] and pairing
preferences do exist in the germline, but only for certain germline gene
segments [32]. Several ingenious approaches have been designed to
promote correct heavy-to-light chain association in bispecific anti-
bodies to correctly reconstitute the different antigen binding sites (re-
viewed in [33]). An elegant solution is the combination of two anti-
bodies of different specificities that share a common light chain
[34–36], but methods for facile generation of suitable antibody candi-
dates have only been demonstrated recently [37]. Correct assembly of
four different chains with only a small fraction of side products was
described for a CrossMab molecule [11], in which correct heavy chain
pairing is achieved by “Knobs-into-holes”(KiH) technology and specific
light chain pairing by domain crossover technology in one of the two
Fab fragments. Other approaches to promote specific heavy-to-light
chain pairing involved introducing steric or electrostatic effects by
mutagenesis of residues at the contact points of VH/VL [38], CH1/CL
[39] or both VH/VL and CH1/CL [40,41].
In this work, we describe the generation and characterization of

novel IgG-like BsAbs by combining two engineering technologies: SEED
technology [25] for heterodimerization of two different heavy chains,
and the recently described replacement of the CH1/CL domains with an
IgG1 CH3 domain pair for correct heavy-to-light chain pairing [42]. We

selected SEED technology because of the positive therapeutic assess-
ment that included evaluation of biochemical and biophysical proper-
ties of the resulting molecules, its versatile compatibility with different
combinations of Fab, scFv and VHH domains, and antibody-like biolo-
gical functionality of the SEED-Fc [43]. Two BsAbs with specificity for
EGFR and either CD3 or CD16, were designed in this way and produced
at a high yield as highly homogenous heterodimeric molecules by co-
expression of four chains in mammalian cells. The resulting proteins
showed a single sharp symmetrical peak when eluted in HPLC in native
conditions and maintained high thermostability. These BsAbs retained
full binding to both of their respective cognate antigens, and armed
human immune effector cells to potently induce lysis of target cells. Our
results show that this format is a promising tool for the generation of
BsAbs combining two different binding specificities in a single mole-
cule.

2. Material and methods

2.1. Gene synthesis, expression and purification of antibodies

DNA sequences of the variable domains of used antibodies were
synthesized by GeneArt (Life Technologies). CH3 sequences for constant
domain exchange were mutagenized using Quickchange Lightning
Mutagenesis kit (Agilent Technologies). Nucleotide sequences encoding
antibody domains were PCR-amplified with oligonucleotides con-
taining flanking restriction sites to allow cloning of complete antibody
chains (Supplementary Table 1) into pTT5 expression vectors (CNRC).
Proteins were produced by transient transfection of Expi293F using

the ExpiFectamine™ 293 Transfection Kit (Thermo Fisher) following the
procedures recommended by the supplier. The expression of complete
antibodies was accomplished by co-transfection of selected combina-
tions of vectors. For each 30-mL-transfection, 7.5× 107 cells were re-
suspended in 25.5mL of Expi293™ Expression medium and transferred
to a 125mL-Erlenmeyer flask. For the preparation of the lipid-DNA
complexes, 30 μg of plasmid DNA were gently mixed in Opti-MEM®I
Reduced Serum Medium (Thermo Fisher) in a total volume of 1.5mL
and 81 μL of ExpiFectamine™ 293 Reagent were added to 1.5 mL of
Opti-MEM®I Medium. After incubating for 5min at room temperature
(RT), the diluted DNA was added to the diluted ExpiFectamine™ 293
Reagent, gently mixed and incubated for additional 20min at RT. The
3mL lipid-DNA complex was added to each flask and incubated for 18 h
at 37 °C and 8% CO2 on a shaking platform. 150 μL of ExpiFectamine™
293 Transfection Enhancer 1 and 1.5mL of ExpiFectamine™ 293
Transfection Enhancer 2 were added. 6 days after transfection, cell
culture medium was collected, sterile filtered and incubated in batch
mode with ProSep Ultra Plus Protein A Resin (Merck Millipore) for 1 h
at RT with constant low speed shaking to prevent resin settlement. After
elution, proteins were buffer exchanged into PBS using PD-10 Desalting
Columns (GE Healthcare).

2.2. Preparative SEC-HPLC

Preparative SEC purification was performed on an Äkta Purifier (GE
Healthcare) using a Superdex 200 10/300 GL column (GE Healthcare)
equilibrated with PBS (Thermo Fisher). Proteins were eluted with iso-
cratic flow of 1mL/min and collected in 1mL aliquots in 96-well plates.

2.3. Analytical SEC-HPLC

One-armed antibodies were analyzed on LC-20A Prominence system
(Shimadzu) with a Superdex 200 Increase 10/300 GL column (GE
Healthcare). The mobile-phase buffer used was PBS with 200mM NaCl.
Chromatography was conducted with a constant flow rate of 0.75mL/
min. A total of 50 μg protein at about 1mg/mL were loaded on the
column for analysis. Column calibration was performed with a set of
molecular weight (MW) standards ranging from 10 to 500 kDa (Bio-
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Rad).
Protein samples were analyzed on a 1260 Infinity LC Systems

(Agilent Technologies) with sample concentrations between 0.5 and
1mg/mL. Before loading, the TSK-GEL Super SW3000 SEC column
4.6×300mm (Tosoh Biosciences) was equilibrated with 50mM so-
dium phosphate, 400mM sodium perchlorate, pH 6.3 ± 0.1. Peak va-
lues were determined using Empower Software (Waters Corp., Milford,
MA, USA).

2.4. SDS-PAGE

The purity of purified protein samples was analyzed using SDS-
PAGE analysis in reducing and non-reducing conditions. Samples were
diluted to a final concentration of 0.25mg/mL with NuPAGE LDS
Sample Buffer (Thermo Fisher) containing 1mM maleimide Solution
(Sigma-Aldrich) for analysis in non-reducing conditions or NuPAGE
Sample Reducing Agent (Thermo Fisher) for analysis in reducing con-
ditions. Samples were heated at 85 °C for 4min and 5 μg of protein were
loaded onto NuPAGE® 4–12% Bis-Tris Gel (Thermo Fisher).
Electrophoresis was run in NuPAGE® MOPS SDS Running Buffer
(Thermo Fisher) at 200 V for 50min for the non-reduced samples and
NuPAGE®MES SDS Running Buffer (Thermo Fisher) at 200 V for 35min
for the reduced samples. Gels were stained using Colloidal Blue Staining
Kit (Thermo Fisher), destained with distilled water and scanned using
ImageQuant LAS 4000 Imager (GE Healthcare).

2.5. MS analysis

Antibody samples (~20 μg) in distilled water were dried in vacuum,
dissolved in 50 μL 50mM ammonium acetate (pH 8.4) and treated with
1 U PNGaseF (Roche) at 37 °C for 16 h. 5 μl of each antibody sample
were used for the analysis by LC-MS in a gradient from 25 to 80%
acetonitrile within 15min on a ProSwift RP-4H column
(250mm*0.2mm) (Thermo Fisher). Detection of proteins was per-
formed on a Bruker maXis 4G Q-TOF (0.3 Hz spectrum rate, 200ms
transfer time, 20 μs pre pulse storage, 150 eV isCID). Deconvolution of
summed spectra was done using the MaxEnt algorithm in Data Analysis
4.0.

2.6. DSC

Protein samples (0.5 μg in total) were buffer-exchanged into PBS,
pH 7.4 (Thermo Fisher) using the PD10 Desalting Columns (GE
Healthcare) according to the manufacturer's instructions. The con-
centration of the proteins was adjusted to 0.1 to 0.2 mg/mL. Samples
and buffer were degassed under vacuum for at least 30min before
measurement. Proteins were loaded into a VP-DSC microcalorimeter
(GE Healthcare) and measured with a scanning rate of 1.5 °C/min from
15 °C to 95 °C. Data were analyzed using Origin 7.0. PBS buffer baseline
was subtracted, and data were normalized to the molar concentration of
the protein. Fitting was performed using the non-2-state model.

2.7. Cell lines and culture

EGFR-positive A431 cells (ATCC® CRL-1555) were cultured in RPMI
1640 medium (Thermo Fisher), supplemented with heat-inactivated
10% FBS (Thermo Fisher) in a humidified atmosphere with 5% CO2 at
37 °C. For flow cytometry experiments, cells were detached with
TrypLE™ Express Enzyme (Thermo Fisher) and live cells after Trypan
Blue exclusion were counted using Countess™ Automated Cell Counter
(Thermo Fisher). For the cytotoxicity assays, target cells were co-cul-
tured with effector cells in RPMI 1640 phenol red-free medium
(Thermo Fisher) supplemented with heat-inactivated 0.5% FBS in a
humidified atmosphere with 5% CO2 at 37 °C for 16 h.

2.8. Preparation of human PBMCs

Human peripheral blood mononuclear cells (PBMCs) were prepared
from human blood samples using Ficoll density centrifugation. The
blood samples were diluted with an equal volume of PBS and 25mL of
diluted samples were layered on 15mL of Ficoll-Paque PLUS (GE
Healthcare). After centrifugation at RT and 900 g for 30min with brake
off, the PBMCs in the interface were collected and washed twice with
PBS at 900 g for 5min. Cells were counted using the Countess™
Automated Cell Counter (Thermo Fisher).

2.9. T cell and NK cell isolation

Primary T-cells or human NK cells were isolated from PBMCs using
Pan T cell Isolation Kit, human (Miltenyi Biotech) or NK cell Isolation
Kit, human (Miltenyi Biotech) according to the manufacturer's in-
structions. Briefly, 2× 108 fresh isolated PBMCs were resuspended in
800 μL of autoMACS Running Buffer and 200 μL of Biotin-Antibody
Cocktail. The cell-antibody mixture was incubated for 5min in the re-
frigerator (2–8 °C). To label the non-target cell with the magnetic beads,
600 μL of autoMACS Running Buffer and 400 μL of MicroBead Cocktail
was added and incubated for an additional 10min in the refrigerator
(2–8 °C). Magnetic separation of labeled and un-labeled cells was per-
formed by the autoMACS Pro Separator (Miltenyi Biotech) using the
program ‘Depletes’. Non-stimulated T cells and NK cells were cultivated
in RPMI 1640 medium supplemented with 10% heat-inactivated FBS
for 24 h before use in cytotoxicity assay.

2.10. T cell stimulation

A 75 cm2 culture flask was coated with 10 μg/mL of anti-CD3 OKT3
antibody in PBS for 90min at 37 °C. A total of 2×107 isolated PBMCs
were resuspended in 10mL RPMI 1640 medium supplemented with
10% heat-inactivated FBS containing 30 U/mL IL-2 (R&D Systems) and
activated on the coated plate in humidified atmosphere with 5% CO2
for 24 h at 37 °C.

2.11. Cell binding

A431 cells and primary T cells were blocked with 2% BSA-PBS on
ice for 30min. Antibodies were added in 3-fold serial dilution in 2%
BSA-PBS, incubated on ice for 30min, and binding was detected using
an anti-human Fc F(ab)2 antibody conjugated with phycoerythrin
(Sigma-Aldrich) in 1:800 dilution in 2% BSA-PBS on ice for 30min.
Measurements of fluorescence of the cell population were performed in
duplicates on a Guava® easyCyte flow cytometer (Merck Millipore).
Cell binding of BsAb2 to the CD16a receptor was measured using a

CD16a HTRF cellular binding assay, using HEK293 cells that express
the CD16a receptor with the functionally relevant gamma chain labeled
with Terbium donor dye. In the assay, unlabelled antibodies compete
with an acceptor-labeled human IgG for binding to the receptor. The
cells were thawed, washed with PBS at 300 g for 5min at RT, re-
suspended in Tag-lite buffer and distributed to the microtiter plate
wells. 3-fold serial dilution of antibodies in Tag-lite buffer were added
in duplicates. Finally, a solution of the labeled IgG (IgG-2d) was added.
Incubation was for 2 h at RT and fluorescence was read at 665/615 nm
on Molecular Devices SpectroMax M5 microplate reader.

2.12. Cytotoxicity assay

All cytotoxicity assays were performed with EGFR-positive A431
cells as target cell. Isolated T cells with or without previous stimulation
or NK cells were used as effector cells depending on the bispecific an-
tibody tested. Target and effector cells were co-incubated in 96-well
round-bottom plates at an effector to target (E:T) ratio of 10:1 with a
final defined number of 2×105 target cells per well. Test antibodies
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were added to the cells in 4-fold dilutions to a total volume of 200 μL
and the incubation proceeded for 4 h for NK cells and 18 h for activated
T cells in a humidified atmosphere with 5% CO2 at 37 °C. Cells were
then collected by centrifugation and the supernatant was used for lac-
tate dehydrogenase (LDH) release measurement with CytoTox96® Non-
Radioactive Cytotoxicity Assay (Promega) according to the manufac-
turer's instructions. Percentages of specific lysis were calculated ac-
cording to the formula: % cytotoxicity= [(experimental re-
lease)—(effector spontaneous release)—(target spontaneous release)] /
[(target maximum release)—(target spontaneous release)] x 100.

3. Results

3.1. Design of bispecific antibodies

Heterodimerization of the two different heavy chains was per-
formed using SEED technology [25]. To achieve correct heavy-to-light
chain pairing and reduce the fraction of undesired side products in the
bispecific antibody preparation (Fig. 1A), we have engineered one of
the two Fab interfaces by exchanging the CH1/CL domains of the Fab
with paired CH3 domains, following engineering principles described
recently [42]. Namely, the paired CH3 domains exchanged into the Fab
in place of the CH1/CL domains are a structurally similar im-
munoglobulin domain as the Fab constant domains they replace and
mediate CH3-to-CH3 domain protein-protein interactions. To increase
the specificity of the exchanged domain interactions, the exchanged
CH3 domain pairs incorporate” KiH” motif, which was chosen for the
study due to the minimal number of amino acid substitutions required
to drive an efficient CH3 domain heterodimerization. Furthermore, the
last three C-terminal residues of the newly introduced CH3 domains
were modified into amino acids –KSC in the heavy chain and –GEC in
the light chain elements of the Domain-Exchanged Fab, to allow for-
mation of a disulfide bond analogous to the one present natively be-
tween heavy chain and light chain in the unmodified Fab fragment
[42,44] (amino acid sequences of all constructs are given in Supple-
mentary Table 1).
Schematic depiction of the protein design is shown in Fig. 1B. The

wild-type Fab in our constructs is composed of the light chain (VL1-CL)
and the Fd fragment (VH1-CH1) of the unmodified Fab of the first an-
tibody, which is fused to the GA chain of the SEED-Fc fragment to form
the N- to C-terminal sequence of domains: VH1-CH1-CH2-CH3SEED-GA
(combinations of transfected chains for all constructs are given in
Supplementary Table 2). The variable domain of the light chain of the

second antibody incorporated into the Domain-Exchanged Fab is fused
to the “Hole” variant of the CH3 domain with the mutation Y407T (EU
numbering scheme) [45] (VL2-CH3H). The variable domain of its heavy
chain is fused to the “Knob” variant of the CH3 domain with the mu-
tation T366Y, and continues into the AG-chain of the SEED variant of
the Fc fragment to give the sequence of domains VH2-CH3K-CH2-
CH3SEED-AG as the AG chain is less likely to homodimerize than GA [25].
The “Knob” variant of the newly introduced CH3 domains was chosen
for the heavy chain element, as it reportedly obstructs homodimeriza-
tion more efficiently than the “Hole” mutation [21,46], and thus may
reduce unwanted domain interactions and chain assembly during cel-
lular production. However, it is worth noting that efficient correct
heavy-to-light chain pairing can also be achieved without additional
introduction of the “Knobs-into-holes” substitutions.

3.2. Model antibodies

We aimed to produce bispecific SEED antibodies with the ability to
trigger redirected effector cell killing of tumor cells. For target cell
binding, we chose the variable regions of the humanized antibody
hu425 (matuzumab) [47], which binds to the epithelial tumor marker
EGFR. Target cell lysis mediated through T cell binding and activation
should be efficiently promoted by the murine CD3-targeting OKT3 an-
tibody (Muromonab-CD3) [48,49], or by the murine anti-CD16 3G8
antibody [50], when NK cells are used as effector cells.
To evaluate the feasibility of combining Domain-Exchanged Fabs

with the SEED heavy chain heterodimerization technology, we con-
structed and purified unmodified Fab and Domain-Exchanged Fab one-
armed SEED antibodies (Fig. 2) for each individual candidate (variable
domains are designated VH/Lhu425, VH/LOKT3 and VH/L3G8). The
analysis of protein preparations after Protein A purification and ana-
lytical gel filtration with SEC-HPLC in native conditions resulted
in> 95% protein corresponding to the size of parental one-armed SEED
antibody with variable domains of all three antibodies, without de-
tectable fragments of lower MW.

3.3. Antibody generation and biophysical characterization

Two bispecific SEED antibodies BsAb1 (anti-EGFR x anti-CD3) and
BsAb2 (anti-EGFR x anti-CD16) were produced using transient expres-
sion in Expi293F suspension cells with co-transfection of four expres-
sion plasmids at optimized plasmid ratios. Both BsAbs were purified by
standard Protein A purification followed by preparative SEC at a yield

Fig. 1. (A) Bispecific SEED antibodies expressed with two heavy and two light chains and the possible resulting products; (B) Design of domain-exchanged bispecific
CH3KiH SEED antibody.
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of up to 200mg/L and characterized for their biophysical properties.
SDS-PAGE analysis of Protein A-purified preparations of BsAb1 and

BsAb2 in non-reducing conditions showed a single predominant band
with a MW of ~150 kDa, corresponding to the properly assembled
disulfide-bridged antibody (HC2LC2) (Fig. 3A). Additional minor bands
were detected at a size of ~125 kDa, likely corresponding to BsAbs
lacking one light chain (HC2LC), ~100 kDa, which could be a heavy
chain dimer (HC2), ~75 kDa, which could correspond to a half of the
antibody molecule (HCLC), and the ~23 kDa band, corresponding to

free LC molecules. The putative proteins detected as minor bands could
result from incomplete inter-chain disulfide bond formation at different
positions of the proteins, which then separate under non-reducing SDS-
PAGE conditions due to the presence of detergent. Alternatively, frag-
mentation of antibodies to produce minor bands in non-reducing SDS-
PAGE can occur as gel artifacts. Under reducing conditions, the larger
MW bands of BsAb1 and BsAb2 all reduced in size, as expected. Three
main bands for BsAb1 and four bands for the BsAb2 were detected. For
both BsAbs, the two different heavy chains HC1 and HC2 could be se-
parated to individual protein bands. The upper band HC2 of the doublet
corresponds to the domain-exchanged VHhu425-CH3K-CH2-CH3SEED-AG
chain with calculated MW of 51.5 kDa for both BsAbs. The lower band
HC1 corresponds to the VHOKT3-CH1-CH2-CH3SEED-GA chain with cal-
culated MW of 50 kDa for BsAb1 and the analogous VH3G8-CH1-CH2-
CH3SEED-GA chain with calculated MW of 49.5 kDa for BsAb2. The two
chains with light variable domains, VLOKT3-CL and VLhu425-CH3H of
BsAb1 appeared as a single band of about ~25 kDa in size (calculated
MW of 23.3 kDa and 23.7 kDa, respectively). The VL3G8-CL and
VLhu425-CH3H of BsAb2 were separated into two individual bands
(calculated MW of 23.7 kDa and 23.7 kDa, respectively).
The BsAbs were further characterized by analytical SEC-HPLC. After

gel filtration, a predominant peak with an area of 99% for BsAb1 and
95% for BsAb2, eluting at a time corresponding to a properly assembled
antibody, was detected for both tested samples (Fig. 3B). BsAb1 was
free of aggregates and degradation products, while for the preparations
of BsAb2 two minor additional peaks were detected, one of higher and
one of a lower MW than the main peak. The detection of one main peak
for BsAb1 and BsAb2 by analytical SEC-HPLC suggests that in solution
there was primarily one protein corresponding to the MW of a bivalent
antibody. Thus proteins representing the minor bands separated in non-
reducing SDS-PAGE after heating in buffer with detergent were not
detected by SEC-HPLC in solution. Together, these results suggest effi-
cient assembly of BsAbs with 4 protein chains in an IgG-like format.
To analyze in detail the assembly of the 4 co-expressed protein

chains in the BsAbs, a more sensitive and precise analysis using mass
spectrometry was required. Purified BsAb1 and BsAb2 (protein A and
preparative SEC purified) were de-glycosylated by treatment with
PNGaseF and their mass measured by LC-MS (Fig. 4A and B). The mass
of BsAb1 was 148,284 Da and the mass of BsAb2 was 148,050 Da.
Compared to the calculated average mass expected from the correct
assembly of the BsAb design as depicted in Fig. 1B, the actual measured
average mass differed by only<4Da for BsAb1 and ~12 Da for BsAb2.

Fig. 2. SEC-HPLC profiles of one-armed CH1/CL SEED antibodies (full line) and
CH3 SEED antibodies (dotted line) hu425, OKT3 and 3G8 after Protein A pur-
ification and subsequent gel filtration. Gray line: gel filtration standard was the
mix of protein size indicators of 670, 158, 44, 17 and 1.35 kDa (Bio-Rad).

Fig. 3. (A) SDS–PAGE of bispecific SEED antibodies BsAb1and BsAb2. M: See Blue Plus 2 Pre-Stained Molecular Weight Marker (Thermo Fisher); (B) Analytical SEC-
HPLC chromatograms of the bispecific SEED antibodies BsAb1 (green) and BsAb2 (orange), purified with Protein A and preparative SEC, gel filtration standard was
the mix of protein size indicators of 670, 158, 44, 17 and 1.35 kDa (Bio-Rad) (gray).
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Thus, MS analysis demonstrated that the 4 co-expressed protein chains
were assembled in BsAb1 and BsAb2 with the expected stoichiometry of
1 of each of the 4 protein chains per molecule.
However, this mass spectrometry analysis could not distinguish if

each light chain was correctly paired with its matching heavy chain in
the BsAbs, or if it was possible for light chain elements of the BsAb to
incorrectly pair with the heavy chains (which would still result in the
same measured 1:1:1:1 stoichiometry of the 4 protein chains).
Therefore, to conduct a sensitive test of the potential for promiscuous
light chain pairing among the unmodified Fab elements and Domain-
Exchanged Fab elements in our BsAb design (Fig. 1B), a co-expression
competition assay was performed. Both light chains from BsAb1 were
co-expressed with just one of the heavy chains of BsAb1 in the format of
a one-armed antibody with Fab heavy chain elements fused to the AG
chain of the SEED-Fc (Fig. 4C and D). Separate competition assays were
performed, with both BsAb1 light chains competing for assembly with
each of the BsAb1 heavy chain elements, one-heavy-chain-at-a-time.
After Protein A purification and de-glycosylation, the one-armed anti-
bodies that resulted were detected by MS (Fig. 4C and D).
Fig. 4C shows the result of competition between unmodified light

chain (VLOKT3-CL) and Domain-Exchanged light chain (VLhu425-CH3H)
for assembly onto unmodified heavy chain (VHOKT3-CH1-CH2-CH3SEED-
AG) as a one-armed antibody. MS detected protein with the mass of the
correctly assembled one-armed anti-CD3 OKT3-SEED antibody
(99,521 Da). No mispaired one-armed antibody assembled with the
incorrect light chain was detected. Based on the estimated detection
limit for mispaired one-armed antibody, it can be stated that> 95% of
the one-armed antibody assembled with the correct light chain.
Fig. 4D shows the result of competition between unmodified light

chain (VLOKT3-CL) and Domain-Exchanged light chain (VLhu425-CH3H)
for assembly onto domain-exchanged heavy chain (VHhu425-CH3K-CH2-
CH3SEED-AG) as a one-armed antibody. MS detected protein with the
mass of the correctly assembled one-armed anti-EGFR hu425-SEED
antibody (101,387 Da). No mispaired one-armed antibody assembled
with the incorrect light chain was detected. Again, based on the esti-
mated detection limit for mispaired one-armed antibody, it can be
stated that> 95% of the one-armed antibody assembled with the cor-
rect light chain.
These co-expression competition assays demonstrated very specific

assembly, as intended, of the matching light chain and heavy chain
elements. The unmodified light chain was only seen to assemble with

the unmodified heavy chain Fab element, and the Domain-Exchanged
light chain was only seen to assemble with the Domain-Exchanged
heavy chain Fab element. Together with the 1:1:1:1 protein chain
stoichiometry determined by MS of the full BsAb1 and BsAb2 proteins,
these sensitive and precise MS analyses strongly suggest efficient and
accurate assembly of the 4 co-expressed protein chains occurs as dia-
grammed in Fig. 1B, and that including Domain-Exchanged Fab ele-
ments in the BsAb successfully drives correct heavy-to-light chain
pairing.
After determining that BsAb1 and BsAb2 were correctly assembled,

we went on to test the stability of these proteins. We measured the
thermal stability of BsAb1 and BsAb2 with differential scanning ca-
lorimetry (DSC) (Fig. 5). Endotherms measured for BsAb1 and BsAb2
were compared to those of one-arm anti-EGFR SEED antibody variants
to aid deconvolution of the thermal unfolding profiles of the multi-
domain proteins and assign the melting temperatures to separate
melting events. Further, the endotherm of the one-armed anti-EGFR
SEED antibody was compared to that recorded for the Domain-Ex-
changed version of one-armed anti-EGFR SEED antibody to illustrate
the effect of this particular modification.
The bivalent anti-EGFR CH1/CL SEED antibody unfolded with two

well separated transitions, one at Tm=68.9 °C and a second at
Tm=75.1 °C. Based on published results, the first transition can be
assigned to melting of the SEED-Fc fragment and the second one to
melting of the Fab fragment [43]. The transitions observed for the
monovalent anti-EGFR CH1/CL SEED antibody matched the ones ob-
served for the bivalent anti-EGFR IgG, except as expected the area for
the hu425 Fab peak was smaller since there was only 1 Fab per mole-
cule instead of 2 Fabs per molecule (Fig. 5).
The one-armed Domain-Exchanged anti-EGFR antibody displayed a

different unfolding profile compared to the one-armed antibody with
unmodified Fab. The thermal denaturation of the SEED-Fc domain oc-
curred at Tm=66.4 °C and overlapped with the thermal denaturation
of SEED domains of the bivalent and one-armed anti-EGFR antibodies.
Thermal denaturation of the Domain-Exchanged Fab however occurred
at Tm=61.4 °C, a lower temperature than that determined for the
unmodified Fab fragment.
Both bivalent BsAbs endotherms when deconvoluted fit to show

they unfolded with three transitions. The first transitions of BsAb1 and
BsAb2 were observed at Tm=61.7 °C and Tm=61.3 °C, respectively.
This transition corresponds to the thermal unfolding of the Domain-

Fig. 4. LC-MS analysis of BsAbs. (A) Deconvoluted sum spectrum shows the mass of correctly assembled BsAb1 and (B) mass of correctly assembled BsAb2. The
outcome of competition experiments where both VLhu425-CH3H and VLOKT3-CL light chains were co-expressed with one-armed SEED antibody heavy chain elements
(boxed diagrams) to test the potential for incorrect heavy-to-light chain pairing was: (C) correctly assembled one-armed OKT3-CH1/CL SEED antibody and (D)
correctly assembled one armed hu425-CH3KiH SEED antibody. Red arrows indicate the expected position of the incorrect heavy and light chain pairs.
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Exchanged anti-EGFR Fab domain. The second transition at
Tm=67.4 °C for BsAb1 and Tm=67.3 °C for BsAb2 corresponds to the
unfolding of the SEED-Fc fragment. The third transition at Tm=71.1 °C
for BsAb1 and Tm=71.8 °C for BsAb2 corresponds to the unfolding of
the unmodified Fab domain (anti-CD3 or anti-CD16, respectively).
Together, these results show that the Domain-Exchanged Fab displayed
a lower thermal stability compared to the unmodified Fab, but other
domains of the BsAbs were not affected.

3.4. Functional binding activity of domain-exchanged SEED BsAbs

To test the functional activity of the binding arms of the BsAbs,
binding assays to their respective targets were performed. Binding of
BsAb1 (anti-EGFR CH3KiH x anti-CD3) to the EGFR-expressing A431 cell
line and to CD3-positive primary human T cells was determined by flow
cytometry (Fig. 6A and B). BsAb1 showed dose-dependent binding to
both targets. BsAb1 bound to EGFR-positive cells with an EC50 of
~7 nM, which was comparable to the binding of one-armed anti-EGFR
antibodies with unmodified Fab (CH1/CL) and with Domain-Exchanged
Fab (CH3KiH) (~8 nM and ~7 nM, respectively). As expected, one-
armed anti-CD3 antibody and an isotype control antibody did not bind
to A431 cells (Fig. 6A). BsAb1 bound to CD3-positive primary T cells
with an EC50 of ~37 nM. The EC50 for one-armed anti-CD3 antibodies
with unmodified Fab (CH1/CL) and with Domain-Exchanged Fab
(CH3KiH) was marginally higher (~50 nM). As expected, one-armed
anti-EGFR and an isotype control antibody did not bind to CD3-positive
primary T cells (Fig. 6B).
Binding of BsAb2 (anti-EGFR CH3KiH x anti-CD16) to CD16a was

determined by a CD16a HTRF Cellular Binding assay (CisBio) (Fig. 6C).
This is a competition assay that measures binding of an antibody to cell
surface CD16a through a competition readout. If the antibody being
tested binds to CD16a, that will reduce binding between the fluor-
ophore-labeled cell surface CD16a and a soluble fluorophore-labeled
IgG antibody standard, which in turn reduces the FRET signal measured

due to interaction between the 2 labeled components of the assay. If the
antibody being tested does not bind CD16a, there will be no competi-
tion observed and no reduction in the FRET signal. The relative strength
of test antibody binding to CD16 can be observed and ranked with the
half-maximal inhibitory concentration (IC50) measured from dose-de-
pendent competition curves.
BsAb2 can bind to CD16 via both the anti-CD16 Fab arm and the

native FcγR-binding activity of the Fc fragment. To isolate the activity
of the anti-CD16 Fab arm from the activity of the Fc portion of the BsAb
to bind to FcγR (including CD16) and mediate ADCC, effector-negative
versions of the BsAb and one-armed antibodies were produced. The
effector-negative antibodies had their CH2 domains replaced with an
aglycosylated IgG2-CH2 domain (designated “CH2EN”), which greatly
reduces/eliminates FcγR-binding and effector functions.
As expected, no binding to CD16 was detected for the negative

control effector-negative one-armed anti-EGFR antibody, as shown by
the absence of competition for the FRET signal at all doses tested
(Fig. 6C). BsAb2 and one-armed anti-CD16 antibody showed the
strongest binding to CD16, with IC50 values of 0.3 and 0.1 nM. BsAb2
produced with the effector-negative variant isotype SEED-FcEN (se-
quence in Supplementary Table 1) ranked next in CD16 binding, with
IC50 ~3.6 nM. One-armed anti-EGFR antibodies produced with an un-
modified Fab or with a Domain-Exchanged Fab ranked in a similar and
lower range of CD16 binding, with IC50 of 23 and 71 nM. Thus this
assay ranked these antibodies into 3 categories (Fig. 6C). The sub-na-
nomolar IC50 competition range presumably represents CD16 binding
from combination of both the anti-CD16 Fab binding and the native
FcγR-binding activity of the Fc fragment. Competition by the effector-
negative isotype BsAb2 represents only the effect of the anti-CD16 Fab
binding. The weakest competition category from the one-armed anti-
EGFR antibodies represents only the native FcγR-binding activity of the
Fc fragment.
Altogether, these binding studies showed that the BsAbs constructed

to include a Domain-Exchanged Fab had similar cognate antigen
binding as their corresponding one-armed antibody variants and an-
tigen binding was not influenced by the constant domain-exchange in a
Fab fragment. Furthermore, contributions to CD16 binding in BsAb2 by
the anti-CD16 Fab and the Fc domain can be combined or isolated to
the anti-CD16 Fab activity, by use of IgG1-based versus effector-nega-
tive isotypes in the BsAb heavy chain.

3.5. Biological activity of domain-exchanged SEED BsAbs

We tested the ability of both BsAbs and their corresponding one-
armed SEED antibodies to redirect effector cells to kill target cells.
Activated primary T cells or NK cells were incubated with EGFR-over-
expressing A431 target cells in the presence of antibodies applied in
serial dilutions. Cell lysis was measured by release of the intracellular
enzyme LDH.
Dose-dependent cell lysis of A431 target cells by activated T cells

was measured in the presence of BsAb1 (anti-EGFR x anti-CD3)
(Fig. 7A). As expected, one-armed anti-CD3, anti-CD16 and anti-EGFR
CH3KiH antibodies did not induce cell lysis. In contrast, BsAb1 induced
up to 50% cell lysis with a calculated EC50 value between 0.1 and
0.3 nM. These results demonstrate redirected T cell lysis of the target
cells, which occurred only with the BsAb1 that can bind EGFR on A431
target cells with one arm and CD3 on T cells with the other arm; one-
armed antibodies binding individually CD3 or EGFR did not induce
target cell lysis in the presence of activated T cells.
Specific cell lysis of A431 cells by NK cells was mediated by BsAb2

and by its effector-negative variant BsAb2 SEED-FcEN (Fig. 7B). Both
isotype versions of BsAb2 induced up to 50% cell lysis, however the
calculated EC50 value determined for BsAb2 with an effector-positive
IgG1-based isotype (10 pM) was lower than the EC50 value for BsAb2
with SEED-FcEN effector-negative isotype (37 pM). Control one-armed
anti-CD3 antibody did not cause detectable lysis of target cells, as

Fig. 5. DSC analysis of thermal stability of (bottom to top): BsAb1 (green),
BsAb2 (orange), bivalent hu425-CH1/CL SEED antibody (blue full line), one-
armed hu425-CH1/CL SEED antibody (blue dashed line), and one-armed hu425-
CH3KiH SEED antibody (blue dash-dotted line). Deconvoluted thermograms are
depicted in dotted lines to aid assignment of the discrete melting events to
thermal unfolding of the antibody domains.
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expected. In contrast, one-armed anti-EGFR CH3KiH SEED antibody in-
duced up to 50% cell lysis with an EC50 value of ~450 pM, which re-
presented ADCC activity mediated through the native FcγR-binding

activity of the Fc domains of the one-armed anti-EGFR antibody. As
expected for ADCC activity, effector-negative isotype one-armed anti-
EGFR antibody did not induce target cell lysis. Thus, target cell lysis
induced by effector-negative BsAb2 represented only redirected NK
lysis of target cells, while effector-competent BsAb2 could induce target
cell lysis both by ADCC and by redirected NK cytotoxicity.
In summary, bispecific binding to either T cells or NK cells and

EGFR-expressing target cells by Domain-Exchanged SEED BsAbs re-
directed and activated the effector cells, resulting in potent killing of
the target tumor cells.

4. Discussion

In the present work, we have explored a novel approach to govern
correct heavy-to-light chain pairing in a bispecific SEED antibody by
replacing constant domains in one of the Fab fragments with a pair of
CH3 domains. The specificities of the model antibodies were chosen to
bridge EGFR-positive target cells with immune effector cells, either via
CD3 or CD16a engagement in BsAb1 and BsAb2, respectively. First, we
tested the feasibility of the domain exchange by expressing all three
antibodies (humanized anti-EGFR, murine anti-CD3 and murine anti-
CD16) as conventional and Domain-Exchanged one-armed SEED anti-
bodies: all expressed at a similar level and exhibited sharp peaks with
the area similar to their CH1/CL counterparts, which points towards
broad applicability of this engineering method.
Full-length bispecific antibodies were expressed in mammalian cells

and purified over Protein A column and size-exclusion chromatography
and appeared as sharp peaks corresponding to a size of a full antibody
in SEC-HPLC in native conditions. Mass spectrometry analysis of the
intact BsAbs produced by co-expression of 4 protein chains detected
only the heavy-chain heterodimer with one each of the different light
chains, in the correct 1:1:1:1 stoichiometry of the 4 protein chains.
However, mass spectrometry on the intact BsAbs could not distinguish
between correctly assembled BsAbs and antibodies with light chains
incorrectly swapped between the Fabs. Therefore, in a sensitive co-ex-
pression competition experiment we expressed the anti-EGFR Domain-
Exchanged Fab or the anti-CD3 unmodified Fab as one-armed anti-
bodies, while co-expressing both of the two light chains used in BsAb1.
This assay tested the potential for light chain mispairing to occur
among unmodified and Domain-Exchanged Fab elements under the
same conditions as during expression and assembly of the BsAbs, but
allowed sensitive detection of any light chain mispairing that might
occur. Analysis of the one-armed antibodies produced in the co-ex-
pression competition experiments by mass spectrometry demonstrated

Fig. 6. Antigen-binding properties of BsAb1 and BsAb2. (A) Binding to EGFR-positive A431 cells of BsAb1 (blue full squares), one-armed hu425-CH3KiH SEED
antibody (blue empty squares), one-armed hu425-CH1/CL SEED antibody (blue empty circles), one-armed OKT3-CH1/CL SEED antibody (green empty circles) and
isotype control (gray triangles); (B) Binding to CD3-positive primary T cells of BsAb1 (blue full squares), one-armed OKT3-CH3KiH SEED antibody (green empty
squares), one-armed OKT3-CH1/CL SEED antibody (green empty circles), one-armed hu425-CH1/CL SEED antibody (blue empty circles) and isotype control (gray
triangles); (C) Binding to CD16a receptor of BsAb2 (orange full squares), effector-negative BsAb2 (orange full triangles), one-armed 3G8- CH1/CL SEED antibody
(orange empty circles), one-armed hu425-CH1/CL SEED antibody (blue empty circles), one-armed hu425-CH3KiH SEED antibody (blue empty squares) and effector-
negative one-armed 425- CH3KiH SEED antibody (blue empty triangles).

Fig. 7. Bispecific antibodies enable the immune cells to mediate target cell
lysis. (A) Target cell lysis, induced with stimulated T cells in E:T ratio of 10:1.
Effector cells were armed with BsAb1 (anti-EGFR-CH3KiH x anti-CD3 antibody)
(blue full squares), one-armed hu425-CH3KiH SEED antibody (blue empty
squares), one-armed OKT3-CH1/CL SEED antibody (green empty circles) or one-
armed 3G8- CH1/CL SEED antibody (orange empty circles). (B) Target cell lysis,
mediated with NK cells in an E:T ratio of 10:1. NK cells were armed with BsAb2
(anti-EGFR-CH3KiH x anti-CD16 antibody) (orange full squares), effector-nega-
tive BsAb2 (orange full triangles), one-armed hu425-CH3KiH SEED antibody
(blue empty squares), effector-negative one-armed hu425- CH3KiH SEED anti-
body (blue empty triangles) and one-armed OKT3-CH1/CL SEED antibody
(green empty circles). Cell lysis was measured by LDH release using CytoTox 96
Non-Radioactive Cytotoxicity Assay (Promega). Each data point is the
mean ± SD of triplicates.
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that> 95% correct cognate heavy-light chain pairing occurred.
Homogeneity of the protein preparation allowed a comparison of an-
tigen-binding properties of domain-exchanged antibodies with their
parental version. The anti-EGFR domain-exchanged antibody bound to
cell-associated cognate antigen with the same EC50 as the parental one-
armed antibody. The binding to cell-bound antigen was not altered
when the domain-exchanged Fab was incorporated into a full-length
BsAb. Binding to the T cell surface of the one-armed domain-exchanged
anti-CD3 antibody was comparable with its CH1/CL version and the
BsAb with the anti-CD3-Fab. Altogether, both domain-exchanged Fab
variants retained their antigen-recognition properties, similarly as de-
scribed previously for the monovalent versions of the domain-ex-
changed antibody [42]; however in that study the very stable antibody
trastuzumab was used as a scaffold.
The domain exchange caused a decrease in thermal stability of the

modified Fab fragment by about 14 °C, a typical phenomenon asso-
ciated with single amino acid “KiH” substitutions [46]. It is encouraging
to see that the thermal stability of other domains and, more im-
portantly, antigen binding were not adversely affected. It has been re-
ported that alterations in antigen binding can be caused by changes in
the VH/VL interface [51], which could also be a consequence of the
domain exchange. Alterations in VH/VL domain association can change
the shape of the antigen-binding site through modifications of the re-
lative positions of the hypervariable loops and the positions of side
chains of antigen-contacting residues [52] and vice versa, the mod-
ifications of amino acid residues of complementarity determining re-
gions, in particular the VH, can influence the framework of the variable
domain and VH/VL association [53].
The study of binding to cell-surface expressed CD16a was designed

to dissect the interaction into one mediated by the anti-CD16 antibody
and one mediated by the Fc fragment. The effector-negative scaffold
variant of the SEED-Fc used here was modified by replacing the CH2
domain with an aglycosylated variant of the IgG2-CH2 domain, and
labeled as SEED-FcEN. This change eliminates or greatly reduces FcγR
binding and effector functions [54–56]. The assay readout on cell sur-
face CD16a showed the strongest CD16 binding from BsAb2 which was
very similar to binding of one-armed anti-CD16 CH1/CL antibody. This
binding was decreased by>10-fold when the BsAb2 effector-negative
isotype version was used, showing that both the anti-CD16 Fab binding
site and the FcγR-binding site on the Fc domains were implicated in
CD16a engagement for BsAb2 and the one-armed anti-CD16 antibody.
One-armed anti-EGFR antibodies bound CD16 with only the native
FcγR-binding activity of the Fc fragment, and consequently had weaker
binding to CD16. This weaker level of CD16 binding was similar be-
tween one-armed anti-EGFR with an unmodified (CH1/CL) Fab and with
a Domain-Exchanged Fab. Effector-negative isotype BsAb2 had inter-
mediate CD16 binding that comes only from the anti-CD16 Fab. Con-
sistent with the above results, CD16 binding was completely abrogated
in the one-armed anti-EGFR antibody with the effector-negative isotype
SEED-FcEN.
Finally, we tested the bispecific antibodies for their ability to induce

cell-mediated lysis. BsAb1 induced potent lysis of target cells using
activated T cells as effector cells, with an EC50 of 0.1 to 0.3 nM, which is
in the range reported for other bispecific constructs involving OKT3
variable domains [57–59]. There was no target cell lysis by T cells in
the presence of one-armed antibodies with the individual component
Fabs of BsAb1, only when anti-EGFR and anti-CD3 were linked in a
single bispecific protein. BsAb2 was tested for the ability to induce
target cell lysis using NK cells as effector cells. Up to 50% lysis was
induced with an EC50 of 10 pM. BsAb2 was more potent when the ef-
fector-competent Fc version was used, indicating that NK cell activation
proceeded via anti-CD16 antibody and via the Fc fragment, and re-
presented a combination of redirected NK target cell lysis plus ADCC.
BsAb2 with effector-negative isotype still induced a similar maximum
level of target cell lysis, with a relatively small increase in EC50, de-
monstrating that redirected NK target cell lysis was very potent simply

through the bispecific linkage of anti-EGFR and anti-CD16 Fabs. In
contrast, the one-armed anti-EGFR domain-exchanged antibody in-
duced specific target cell lysis only through ADCC, however with lower
potency compared to BsAb2-effector-negative isotype antibody. Con-
sistent with the CD16 binding results, one-armed anti-EGFR-effector-
negative isotype antibody showed no ADCC activity and induced no
target cell lysis. Together, these experiments showed the Domain-Ex-
changed SEED bispecific antibody format has potent biological function
to redirect immune effector cells for target cell lysis.

5. Conclusions

To conclude, we have applied constant domain exchange in Fabs to
address the heavy-to-light chain pairing issue in bispecific SEED anti-
bodies. Correct assembly of the 4 co-expressed protein chains as de-
signed was confirmed with mass spectrometry. The molecules produced
by the method described herein were of favorable biophysical proper-
ties: well expressed, thermostable and dimeric in SEC under native
conditions. The antigen binding properties of domain-exchanged
monovalent antibodies were similar to their CH1/CL counterparts. The
two bispecific antibodies characterized in this work acted efficiently as
a bridging molecule to elicit potent target cell killing via redirected
cytotoxicity by T cells or NK cells. In contrast to several other en-
gineering solutions to promote specific heavy-to-light chain association,
Fab constant domain exchange does not involve artificial linker se-
quences and appears to be applicable to several antibodies without
particular optimization.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.bbapap.2019.07.003.
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