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ABSTRACT
Bispecific immunoglobulins (Igs) typically contain at least two distinct variable domains (Fv) that bind to
two different target proteins. They are conceived to facilitate clinical development of biotherapeutic
agents for diseases where improved clinical outcome is obtained or expected by combination therapy
compared to treatment by single agents. Almost all existing formats are linear in their concept and differ
widely in drug-like and manufacture-related properties. To overcome their major limitations, we designed
cross-over dual variable Ig-like proteins (CODV-Ig). Their design is akin to the design of circularly closed
repeat architectures. Indeed, initial results showed that the traditional approach of utilizing (G4S)x linkers
for biotherapeutics design does not identify functional CODV-Igs. Therefore, we applied an
unprecedented molecular modeling strategy for linker design that consistently results in CODV-Igs with
excellent biochemical and biophysical properties. CODV architecture results in a circular self-contained
structure functioning as a self-supporting truss that maintains the parental antibody affinities for both
antigens without positional effects. The format is universally suitable for therapeutic applications targeting
both circulating and membrane-localized proteins. Due to the full functionality of the Fc domains, serum
half-life extension as well as antibody- or complement-dependent cytotoxicity may support biological
efficiency of CODV-Igs. We show that judicious choice in combination of epitopes and paratope
orientations of bispecific biotherapeutics is anticipated to be critical for clinical outcome. Uniting the
major advantages of alternative bispecific biotherapeutics, CODV-Igs are applicable in a wide range of
disease areas for fast-track multi-parametric drug optimization.
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Introduction

Bispecific antibodies may target soluble ligands or membrane
receptors to modulate signaling, or they may bind cell surface
proteins, such as in effector cell retargeting strategies.1,2 Two
bispecific antibody therapeutics, catumaxomab (Removab�)
and blinatumomab (Blincyto�), have been approved, and over
ten bispecific antibodies are currently in clinical development
for treatment of inflammatory diseases, hemophilia A, or
cancers.3,4

The drug-like properties of bispecific biotherapeutics
described in the literature vary widely. Molecular weights
range from »55 kDa to over 300 kDa, their valences for anti-
gen binding are from two to six, and serum half-lives are
reported to be between »0.5 hours and »2 weeks.1,2,5-7 Each
format presents a particular strength in physicochemical prop-
erties, manufacturing, formulation, pharmacokinetics, or phar-
macodynamics while being limited in the other evaluation
criteria.1 Sustained structural and functional homogeneity
throughout manufacture, storage, and in vivo exposure is

critical to their successful therapeutic application, but recog-
nized in many bispecific formats as limiting factor. For exam-
ple, any format isolating a variable fragment (Fv) by replacing
its adjacent constant fragment (Fc) with a peptide linking
heavy or light chain Fv domains is associated with decreased
Fv stability.2,8 Introduction of disulfide bridges or improved
interface interactions stabilize Fv dimerization in specific
cases; however, such strategies remain associated with loss of
antigen affinity or increased aggregation propensity.9-12 Asym-
metric bispecific antibodies including Fc domains give rise to
improperly paired side-products even when optimized.2 Thus,
they generally require further engineering, extensive purifica-
tion, or special production systems imposing specific limita-
tions.8,13-22 Furthermore, their avidity per antigen is reduced
compared to the parental antibodies.

Symmetric Fc containing bispecific immunoglobulins (Igs)
overcome limitations of asymmetric constructs. Improperly
paired side-products are avoided and avidity per antigen is pre-
served at the parental level. The dual-variable-domain IgG
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(DVD-Ig) format overcomes limitations of Fv instability by N-
terminally extending both heavy and light chains of a natural
antibody with another Fv fragment (Fig. 2).23 However, some
DVD-Igs show a positional effect; thus, they maintain antigen-
affinity at the level of the parental antibody only at the outer,
N-terminal Fv (Fv1). Antigen affinity at the inner Fv (Fv2) is
significantly reduced.24,25 Structural studies suggest that Fv1
may hinder antigen access by swinging “like a bucket” over the
antigen-binding region of Fv2.26,27

Biotherapeutic agents require a proper balance of target tis-
sue penetration and maintenance of therapeutic concentrations
at the site of action. Low molecular weight bispecific Igs devoid
of Fc domains aim at superior pharmacodynamics by increased
target tissue penetration. They potentially require continuous
intravenous infusion over weeks to maintain therapeutic serum
concentrations.28,29 The high molecular weight of bispecific
agents including Fc domains may limit tissue penetration. Nev-
ertheless, such constructs preserve the potential to bind to Ig
receptors (FcRs). As a consequence, they may have extended
serum half-lifes by endocytic salvage via neonatal FcR (FcRn),
which may compensate for slow tissue penetration.30-35 Fur-
thermore, they may elicit antibody-dependent cell-mediated
cytotoxicity or phagocytosis (ADCC or ADCP, respectively)
via Fcg receptors (FcgRs), which is important for cancer bio-
therapeutics.3,36-39 Fully functional Fc domains may also confer
the potential to trigger the classical pathway of complement-
dependent humoral response, and thereby elicit complement-
dependent cytotoxicity (CDC).40,41 To overcome major limita-
tions of existing bispecific biotherapeutics and to create a uni-
versally applicable format that can be fine-tuned in multi-
parametric drug optimization, we designed the CODV format
to serve as a versatile platform for the development of bispecific
agents.

Results

Inspired by the structures of natural antibodies, different types of
CODV biotherapeutics may be engineered. Both heavy and light
chains of a first parent IgG (IgGantigen1) are N-terminally extended
by an additional Fv fragment taken from a second parent IgG

(Fvantigen2, IgGantigen2). Two variants are achieved by employing
either heavy or light chain as template (Fig. 1), and two types of
each variant may be engineered. In variant 1, the heavy chain is the
template and the variable domain of the second parent antibody
(VHantigen2) extends the heavy chain of IgGantigen1 N-terminally.
However, the light chain is crossed-over by inserting variable
domain of IgGantigen2 (VLantigen2) between VLantigen1 and the con-
stant domain of the light chains (CL; Fig. 1: Type 1). The variable
and constant domains of the light chains are connected by linkers
L1 and L2, respectively. The variable domains and the first constant
domain of the heavy chains are connected by linkers L3 and L4,
respectively. CODV-Igs are formed by oligomerization of two light
and two heavy chains.

Swapping the Fv domains on both, heavy and light chains
while maintaining the linker lengths results in type 2 (Fig. 1).
Such constructs are distinct in three dimensions from the vari-
ant 2 constructs, which employ the light chain as template.
Type 4 is obtained by N-terminally extending the light chains
at Fvantigen1 by VLantigen2 and inserting VHantigen2 between
VHantigen1 and the first constant domain of the heavy chains
(CH1; Fig. 1). Type 3 is derived from type 4 by swapping the Fv
domains on both, heavy and light chains (Fig. 1).

We developed CODV prototypes using parental monoclonal
antibodies directed against interleukins IL4 and IL13. Initial
results indicated that identification of appropriate lengths of
four linking peptide stretches L1 to L4 requires significant
design (Supplements). Use of all-glycine linkers limited to a
maximum of 20 residues, and with no consideration of the
order of the two Fv domains, resulted in a search space of 214

constructs. To rationally limit the exploration of this search
space, we employed a three-dimensional (3D) modeling strat-
egy that used homology modeling of FvIL4 and protein-protein
docking of the homology model of FvIL4 and the crystallo-
graphic models of both IL4 or FvIL13 (Fig. S1) at key steps. We
identified four different spatial arrangements of FvIL4 and
FvIL13 with suitable connectivity, and for which we expected no
steric interference at the antigen binding sites either by the
other Fv or the constant domains (Fig. 2). These arrangements
suggest distinct sets of linker lengths of three to 15 residues,
and give rise to either variant 1 or 2 (Fig. 1). They also suggest

Figure 1. CODV format gives rise to four distinct three-dimensional arrangements of Fvs and Fc. Each sketch represents half of a CODV-Ig that dimerizes by heavy chain
pairing, resulting in tetramers of HC2LC2 stoichiometry. The two-dimensional sketches translate the different three-dimensional arrangements of the immunoglobulin
domains. We adopt the following nomenclature for CODV biotherapeutics: in CODV-Igantigen1 x antigen2 and CODV-Fabantigen1 x antigen2 Fvantigen1 is N-terminal on the heavy
chain and consequently located between Fvantigen2 and the first constant domain (Fc1) on the light chain no matter which engineering variant and linker lengths are con-
cerned. We apply optimized all-glycine linkers of 7, 5, 1, and 2 residues for L1 through L4 in this work unless indicated otherwise.
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that linker insertion at L4 or L2 is not obligatory in variant 1 or
2, respectively.

We confirmed these results experimentally by producing
150 CODV constructs using all-glycine linkers. We obtained
type 1 and type 4 constructs with good yield and low aggrega-
tion propensity (Table 1, Table S1). Their binding affinity for
both antigens is very well preserved. The median KD values of
6 pM and 60 pM for IL4 and IL13 binding, respectively, are as
good as the KD values of the parental antibodies of 8 and
80 pM, respectively (Table 1, Table S1). Constructs of types 2

and 3 evince that inversion of the Fv domains results in equally
well-behaved CODV-Ig. The optimal CODV-IgIL4 x IL13 proto-
type with linker lengths of 7, 5, 1, and 2 residues for L1 through
L4, which was produced at 15 mg/L culture medium with 5%
aggregation, binds IL4 and IL13 with a KD of 2.7 and 24.5 pM,
respectively. We improved yield and aggregation propensity
further by maintaining linker lengths and replacing the all-gly-
cine stretches by sequences of arbitrary peptide composition or
derived from natural CH1-CH2 domain transitions or VL-CL
transitions of both k or λ light chains of IgGs. These constructs

Figure 2. CODV format generates a self-supporting architecture that profoundly differs from DVD format. One- and two-dimensional schemes and crystal structures or
three-dimensional models are depicted for the complexes CODV-FabIL4 x IL13/IL4, CODV-FabIL13 x IL4/IL4/IL13, CODV-IgIL4 x IL13/IL4/IL13, and DVD-FabIL12 x IL18/IL18. CODV-
FabIL4 x IL13 of the crystal structures is a type 1 construct, CODV-FabIL13 x IL4 of the depicted initial models a type 4 construct.
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are extremely well-behaved, with excellent yields, aggregation
propensities, and KD values (Table 1).

The presence of either Fv does not affect the binding proper-
ties of the other Fv. Furthermore, antigen binding to FvIL4 and
FvIL13 is independent and tetravalent (Fig. S2). Notably, we
observe no positional, cooperative, or allosteric effects for
CODV-IgIL4 x IL13 in binding studies (Fig. S2).

A self-supporting architecture for universal use

The variation of linker lengths and sequences influences yield
and aggregation propensity, but the vast majority of CODV
constructs maintains antigen affinity at the level of the parental
antibodies (Table 1, Tables S1 and 2). This suggests that almost
all explored linkers permit proper Fv and Fc pairing, although
to various extends. Once Fv and Fc domains are correctly
paired, the CODV assemblies are stable.

We support this hypothesis by thermal stability studies and
the determination of CODV-Fab crystal structures. We charac-
terized thermal stability of CODV-Igs and CODV-Fabs
directed against IL4, IL13, tumor necrosis factor (TNF), IL12/
23, IL1b, insulin-like growth factor 1 receptor (IGF1R), and
human epidermal growth factor receptor 2 (HER2) by differen-
tial scanning fluorimetry. Melting temperatures of the CODV-
Igs and CODV-Fabs are in the typical range observed for natu-
ral IgGs (Tables S4A and B). Melting temperatures of CODV
constructs directed against IL4 and IL13 are slightly reduced
compared to the parental antibodies. Antigen order and linker
composition do not affect melting temperatures significantly,
however linker lengths affects melting temperatures slightly in
the selected examples. Notably, only one melting temperature
is observed in CODV-Igs, suggesting that melting of Fab- and

Fc domains occurs concomitantly. We consider this observa-
tion as a hallmark of the circular self-contained architecture
that functions as a self-supporting truss. Thermal stability of
some CODV-constructs may be slightly reduced. We conclude
that CODV architecture is overall as stable as natural Igs due to
proper Fv and Fc pairing.

We crystallized CODV-FabIL4 x IL13 both in apo-form and
complexed with IL4, and determined the structures at 2.7 and
2.6 A

�
resolution, respectively (Fig. 2, Table S4, Fig. 6). Both

structures reveal a compact assembly formed by heavy and light
chains. Both chains are properly dimerized as expected from
the initial design and evinced by in vitro characterization.
CODV-FabIL4 x IL13 is stabilized by interactions at the dimer
interfaces of both Fvs and Fc1. Linkers L1 to L4 are well defined
in the electron density maps. Longer linkers are indeed
required in the light chain to surround the heavy chain tem-
plate for proper dimerization (Fig. 2). The structure of the com-
plex reveals IL4 bound to FvIL4. The IL4 epitope of CODV-IgIL4
x IL13 involves residues at the C- and N-terminal ends of helices
H1 and H3, respectively, and part of loop H2-H3 (Fig. S4).
Thus, IL4 interacts only with complementarity-determining
region 3 (CDR3) of VLIL4 and CDR2 and CDR3 of VHIL4.

Systematic maintenance of antigen affinities by both Fv
domains at the level of the parental antibodies is a marked differ-
ence between CODV- and DVD-Igs, which we consider the
most closely related bispecific Igs (Fig. 2).26,27 The crystal struc-
tures of CODV-FabIL4 x IL13 evince reasons for maintenance of
antigen affinities and independence of antigen binding in
CODV format. The binding sites of FvIL4 and FvIL13 are about 65
A
�
apart, oriented in opposing directions, and very few interac-

tions are observed between these domains or with Fc1 (Fig. 2,
Fig. S5). Cooperative effects in antigen binding by Igs are

Table 1. The CODV format is universally applicable by maintaining antigen affinities at the level of the parental antibodies without positional effect. The table indicates
protein format, targeted antigens, CODV format type, and linker sequences. LL and LH of DVD-Ig correspond to L1 and L3 of CODV-Ig, respectively; Fv2-Fc transitions of
DVD-Ig do not require linker insertions that would correspond to L2 and L4 of CODV-Ig. Data on protein production yield, aggregation propensity measured by SEC, and
antigen affinities determined by SPR as well as activities in cellular assays are reported for selected constructs of all four CODV types explored during the optimization of
linker lengths and compositions. The CODV format is compared to the DVD-Ig format targeting various antigens. Additional data are reported in Table S1 and 2. Lines
with background shaded in white or gray differentiate constructs by order of targeted antigens. Abbreviations: na D not applicable, nm D not measured, np D not pro-
duced, nr D not reported.

Protein
format

order of
targeted antigen
on heavy chain TYPE L1 L2 L3 L4

Yield
[mg/L]

Aggregation
[%]

KD
(Antigen 1)

[pM]

KD
(Antigen 2)

[pM]

IC50
Cellular Assay

IL4 [nM]

IC50 Cellular
Assay IL13
[nM]

IC50 Cellular
Assay

TNFa [nM]

IgG1 (IL4) na na na na na na nr nr 7.8 na nm nm na
IgG1 (IL13) na na na na na na nr nr 81.8 na nm nm na
CODV-Ig IL4 x IL13 1 G7 G5 G G2 15.3 5.2 2.72 24.5 nm nm na
CODV-Ig IL13 x IL4 2 G G2 0 0 2 1.9 59.8 6.31 nm nm na
CODV-Ig IL4 x IL13 3 G G2 G2 G4 2.8 8.6 3.74 32.5 nm nm na
CODV-Fab IL13 x IL4 4 G G2 G2 G7 6.6 6.8 41.1 7.5 nm nm na
CODV-Fab IL4 x IL13 1 G7 G5 G G2 8.7 14 12 48 nm nm na
CODV-Ig IL4 x IL13 1 ASTKGPS TKGPS S RT 10.8 1.2 1 55 0.034 4.5 na
CODV-Ig IL4 x IL13 1 ASTKGPS TVAAP S QP 15.8 2.9 3 61 0.049 2.4 na
CODV-Ig IL4 x IL13 1 ASTKGPS TVAAP S SS 11.6 3.5 3 52 0.047 2.1 na
CODV-Ig IL4 x IL13 1 RTVAAPS QPKAA S TK 15 1.9 8 71 0.042 1.4 na
CODV-Ig IL4 x IL13 1 GQPKAAP TKQPS S RT 71.7 1.9 6 68 0.033 0.9 na
CODV-Ig IL4 x IL13 1 GQPKAAP TVAAP S TK 49.3 1.7 7 55 0.045 1.8 na
CODV-Ig IL4 x IL13 1 GQPKAAP QPKAA S RT 62.4 2 1 69 0.04 2 na
CODV-Ig IL4 x IL13 1 HIDSPNK QRIEG V SL 37.7 2.1 1 44 0.054 1.3 na
DVD-Ig IL13 x IL4 na (G4S)2 na (G4S)2 na nm nm 26.3 51.8 nr nr na
CODV-Ig TNFa x IL12/23 na G7 G5 G G2 7.1 7.5 321 90 na na 95
CODV-Ig IL12/23 x TNFa na G7 G5 G G2 11.9 7.1 118 543 na na 138
CODV-Fab TNFa x IL12/23 na G7 G5 G G2 18.7 1.7 232 41 na na 785
DVD-Ig TNFa x IL12/23 na (G4S)2 na (G4S)2 na 26 8.7 219 399 na na nm
CODV-Ig TNFa x IL12/23 na 0 0 0 0 3.5 71 nm nm na na nm
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proposed to be mediated by domain interactions between con-
stant and variable domains.42 Residues of the second framework
loop on the light chain may play a particular role.42-44 This loop
corresponds to residues LysL157 to LysL163 in FvIL4 and LysL43
to LysL49 in FvIL13. These critical residues are not involved in
direct domain contacts. Thus, the absence of cooperative or allo-
steric effects in surface plasmon resonance (SPR) measurements
of antigen binding is coherent with the structural data.

No antigen binding site is obstructed by the presence of the
other Fv or Fc1. Instead, the crossover architecture provides
self-supporting constructs that allow for little flexibility in the
relative placements of the Fv and Fc domains. Comparison of
the crystal structures of IL4-bound and antigen-free CODV-
FabIL4 x IL13 suggests that the linkers maintain the relative place-
ment of FvIL4 and FvIL13 tightly and allow for limited reorienta-
tion of Fc1 (Fig. S6). Access to the antigen binding sites is also
unobstructed in the antigen-free structure. The comparison
does not raise any concern on their accessibility even for large
antigens. The well-maintained binding affinities for IL4 and
IL13 of CODV-Igs with various linker lengths suggest that the
self-supporting property is inherent to CODV architecture.
Therefore, we conclude that the CODV format may be suitable
for a wide variety of uses.

We evince universal use of the CODV-Ig format by constructs
arbitrarily combining Fv domains from clinically appliedmonoclo-
nal antibodies of different IgG germ lines. They bind antigens of
various biological functions and sizes. They are directed against
clinically validated targets, including TNF, IL12/23, IL1b, IGF1R,
HER2, and EGFR. All constructs are well behaved in terms of yield,
aggregation propensity, and antigen binding compared to corre-
sponding DVD-Igs (Table 1, Table S2).

CODV proteins are fully functional in terms of antigen
binding. We also show efficient inhibition of cell signaling pro-
teins by inhibition of IL4, IL13, or TNF signaling in cellular
assays: IC50 values range from 33 to 54 pM, 0.9 to 4.5 nM, and
95 to 785 nM for IL4, IL13, or TNF signaling, respectively
(Table 1, Table S2). Thus, CODV-Igs have the potential to sat-
isfy therapeutic aims in clinical applications.

Paratope orientations affect function

We further proof the concept of their biological functionality
by a T-cell dependent cytotoxicity assay probing CODV-Fabs
directed against CD3e or ab-TCR expressed on primary
human T-cells and CD19 expressed on NALM-6 cells (Fig. 3).
This assay can only translate the biological efficacy of such “T-
cell engager” molecules if both antigens on either T-cell or tar-
get cell are simultaneously engaged.45-48 DVD-FabCD3e x CD19

and DVD-FabCD19 x CD3e are generated with identical primary
sequences for comparison. We observe highest and comparable
cytotoxicity for CODV-FabCD3e x CD19, DVD-FabCD3e x CD19,
and CODV-Fabab-TCR x CD19 with EC50 values of about 4 ng/
ml. We note a positional effect in both formats when inverting
Fv order: EC50 values are higher by 2 to 3 orders of magnitude
for CODV-Fabs. The cytotoxicity of DVD-FabCD19 x CD3e is
lower by more than 5 orders of magnitude. In DVD-Fabs this
positional effect could be explained by the positional effect on
antigen affinity. However, the CODV format is not prone to a
positional effect in antigen binding, yet we observe it in biologi-
cal efficacy. Thus, we demonstrate the ability of these bispecific
molecules to bind two membrane-bound antigens simulta-
neously, and show that the relative orientation in 3 dimensions
of the antigen binding sites with respect to their epitopes in the
biological environment is a critical property of multifunctional
biotherapeutic proteins.

CODV-Igs retain intrinsic IgG functions

IgGs exert biological activities by interactions of their Fcs with
Fc receptors and complement proteins such as C1q.36,40,49-53

To determine the effects of CODV architecture on Fc function-
ality, we quantified the affinity of CODV-IgIL4 x IL13 for FcRn
and FcgR1 by SPR. The affinity for FcgR1 is very similar to iso-
type control IgG1IL4 while the affinities for FcRn receptors are
slightly decreased by »2.5-fold (Table S3). We conclude that
Fc functionality is a priori conserved in CODV-Igs.

FcgRs bind to natural IgGs at the transition of Fc1 to Fc2.50,51

Superposition and comparison of the crystal structure of IgG1 or
the model of CODV-IgIL4 x IL13/IL4/IL13 with the crystal structure
of the FcgR3/Fc complex indicate that the binding mode of FcgRs
is unchanged (Fig. S8). Therefore, we assessed the ADCC function-
ality of CODV-IgIL12/23 x TNFa on Chinese hamster ovary (CHO)
cells as target cells that express membrane-bound TNF by using
Jurkat cells as effector cells that express FcgIIIR. Antibody binding
to FcgIIIR with concurrent target cell engagement activates a
NFAT driven luciferase reporter. Thereby, the assay reveals ADCC
of the antibody. CODV-IgIL12/23 x TNFa and positive control
IgGTNFa induce ADCC (Fig. 4). Soluble TNF successfully competes
with target cell engagement and inhibits ADCC (Fig. S10). CODV-
IgIL4 x IL13, IgGIL4, and CODV-FabIL12/23 x TNFa do not showADCC
due to lack of either target or effector cell engagement, respectively
(Fig. 4). Thus, we evidence the potential of CODV architecture to
achieve ADCC in vivo by tethering effector cells to target cells.

IgG antibodies elicit CDC by activating the classical pathway
of the complement cascade via binding to C1 complex. Forma-
tion of ordered IgG hexamers as observed in the crystal packing
of the structure of IgGgp120 increases affinity to C1 and thereby
potentiates complement activation when viral or cellular surface

Figure 3. Relative three-dimensional arrangements of Fvs in bispecific biothera-
peutics are a critical parameter in in cellulo – and by extension in in vivo – efficacy
beyond in vitro antigen affinities. Quantification of dead Nalm-6 cells in function
of concentration of bispecific immunoglobulins: CODV-FabCD3 x CD19 and CODV-
FabCD19 x CD3 (solid and dashed blue lines, filled and open circles, respectively),
CODV-Fabab x CD19 and CODV-FabCD19 x ab (solid and dashed green lines, filled and
open squares, respectively), DVD-FabCD3 x CD19 and DVD-FabCD19 x CD3 (solid and
dashed red lines, filled and open triangles, respectively). DVD-Fabs are constructed
with (G4S)2 linkers on heavy and light chains.
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targets are recognized.40 Superposition of the CODV-IgIL4 x IL13/
IL4/IL13 model on the immune-competent IgGgp120 hexamer
reveals that no steric hindrance for hexamerization by Fc2-Fc3
is introduced by the CODV architecture. Furthermore, the CDR
regions remain accessible to antigens (Fig. S9). Thus, we assessed
CDC activity of CODV-IgIL12/23 x TNFa on CHO cells expressing
membrane-bound TNF. Complement-dependent cytolysis was
detected by measurement of LDH release into the supernatant.
CODV-IgIL12/23 x TNFa and positive control IgGTNFa induce
CDC. Negative controls CODV-IgIL4 x IL13 and CODV-FabIL12/
23 x TNFa do not elicit CDC due to lack of either target cell or
complement binding, respectively (Fig. S10). Thereby, we show
that the novel bispecific Ig format potentially increases thera-
peutic benefit by antigen-promoted CDC in specific indications.

CODV-Ig binding to membrane receptors

Finally, we asked how CODV-Igs could engage in cell-surface anti-
gen binding, as in the dual receptor-targeting of HER2 and HER3
for which Phase 2 clinical studies are reported.1,54 Formation of
HER2/HER3 heterodimers is a potent mitogenic signal that
strongly depends on correct association of their transmembrane
helices.55 Dual HER2/HER3 targeting aims at inhibiting their sig-
naling, which can be achieved by simultaneously blocking HER2/
HER3 dimerization and preventing their engagement in other het-
erodimeric complexes.1,54 We constructed homology models of
CODV-IgHER2 x HER3/HER2/HER3 complexes including the trans-
membrane helices of HER2 andHER3. Themodels evince the pos-
sibility of concomitant binding of large antigens pairs at cell
surfaces (Fig. 5, Supplements). They suggest that dimer association
of transmembrane helices required for signalingmay be blocked by
suitably chosen paratopes of which the required orientation
is maintained by the self-supporting CODV architecture
(Supplements).

Discussion

The design of the CODV format is an example of applied
research in drug discovery, yet it implicates innovation and its
realization is based on atypical solutions from the point of
modeling. Protein engineering usually involves site-directed
mutagenesis, loop grafting, or creation of fusion proteins by
connecting several domains by simple linkers. Intellectually
and technically, these tasks are well mastered, in particular
when experimentally derived 3D models support design. The
design of fusion proteins also generally faces unperturbed fold-
ing of the individual domains as the only difficulty. More chal-
lenging designs are pursued in the fields of molecular
evolution, protein folding and engineering. Here, protein
design may aim at the creation of novel domain interfaces pos-
sibly with enzymatic function or adaptation of interfaces of
oligomerization or repeating unit assembly that are perturbed
when steric restraints are not properly taken care of in the
design.56-62 Immunoglobulin domains and Fv fragments are
versatile modules of proven value in biotherapeutics engineer-
ing.1 Our CODV design differs from all previously reported
designs because we do not N- or C-terminally attach VL and
VH domains to create linearly extended domain strings as in,
for example, diabody (Db), single-chain variable fragment
(scFv), or DVD-Ig formats.1 Instead, our cross-over design cre-
ates a circular self-contained architecture that gives rise to a
self-supporting truss composed of Fv1, Fv2, and Fc1. The
CODV design is thus akin to the design of circularly closed
repeat architectures such as b-propeller and b-trefoil folds.
56,63-65 Steric constraints must be matched to permit correct
VH/VL pairing of Fv1 and Fv2, as in engineering of circularly
closed repeat architectures. Inappropriate linker lengths may
result in VH/VL mismatch, leading to dimerization of DVD-Ig
type with loss of target affinity as suggested by our initial con-
structs (Supplements). To rationally identify appropriate linker

Figure 4. CODV architecture retains intrinsic functionalities of natural IgGs such as ADCC and CDC. Immunoglobulins are tested on CHO cells as target cells that express
membrane-bound TNF; effector cells are Jurkat cells that express FcgIIIR and activate an NFAT driven luciferase reporter upon antibody-binding and cross-linking due to
target cell engagement. Thus, ADCC activity of IgGTNFa, CODV-IgIL12/23 x TNFa, CODV-IgIL4 x IL13, CODV-FabIL12/23 x TNFa, and IgGIL4 is measured by activation of the Jurkat
luciferase reporter translating ADCC (orange line and tilted square, redline and square, green line and triangle, blue dotted line and square, cyan dashed line and circle,
respectively). Further data are reported in Fig. S10.
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lengths and to limit the exploration of the search space of the
214 all-glycine linker mutants, we applied protein-protein
docking of experimental and homology models of FvIL13, IL4,
and FvIL4. Protein-protein docking is revealed as a sufficiently
robust method to identify suitable domain arrangements for
protein engineering, even if it is not reliable enough to routinely
and unambiguously predict protein complexes or domain con-
figurations as they are experimentally observed.66,67 Indeed, the
modeling approach proved surprisingly efficient as we experi-
mentally explored only »0.08% of the search space and identi-
fied almost exclusively constructs with expected molecular
weight that maintain parental target affinities.

The design of a robust, universally applicable bispecific bio-
therapeutic platform has to satisfy various parameters with
regard to target antigen binding. Well-controlled affinity is one
of these.39,68 Moreover, the proper balance of target affinity and
avidity is critical to ascertain high efficacy with reduced unde-
sired side-effects.68 As the CODV design guarantees unob-
structed paratopes and stable VH/VL dimerization, it fulfils
these requirements. Nevertheless, target affinity and avidity are

not the sole parameters that drive efficacy. The 3D orientation
and distance of the paratopes of bispecific agents can determine
the biological effect. For instance, N- or C-BsAbsHer2 x Her2 in
which the heavy chain of one IgGHER2 is N- or C-terminal
extended by a second Fv-containing unit directed against
another HER2 epitope have distinct cellular activities.21 Also,
IgG-scFv and IgG-Fab built with the two previously mentioned
FvHER2 significantly differ in cellular assays.22 Similarly,
bispecific tandem scFv and tandem Fabs comprising the same
FvEGFR and FvCD3 also show distinct outcome in cellular evalua-
tions.22 The circular self-contained architecture of the CODV
format imposes defined paratope orientations by the lengths of
linkers L1 to L4 that act like reins to adjust the antigen binding
site directions. This possibility is unique among bispecific bio-
therapeutic formats because alternative architectures intrinsi-
cally allow for more flexible hinge-like movements of the Fv
joining linkers. Thus, our results in the T-cell engager assays
that systematically compare target antigen order in CODV-
and DVD-Fabs clearly evince the importance of 3D paratope
orientation at an even more subtle level compared to the cited

Figure 5. CODV-Ig format is compatible with concomitant binding of large antigens at cellular surfaces and may inhibit signaling competent receptor dimerization. The
models of CODV-IgHER2 x HER3/HER2/HER3 integrate the Fv domains of a “tryptophan-rich antibody” targeting HER2 and of antibody DL11 directed against HER3 and
EGFR, as well as the N-terminal extracellular domains and the transmembrane helices of HER2 and HER3. The bispecific antibody is depicted by a ribbon diagram colored
in magenta, green, orange, and blue for FvHER2, FvHER3, Fc regions, and linkers, respectively, and its solvent-accessible surface in transparent dark gray. Dark and light
shades of the ribbon diagram differentiate heavy and light chains. HER2 and HER3 are depicted by solvent accessible surfaces in dark violet and green, respectively. The
lipid bilayer modeled as 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) is shown by an all-atom representation that excludes hydrogen atoms while indicating carbon,
oxygen, nitrogen, and phosphor atoms in yellow, red, blue, and violet, respectively.
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examples when target engagement aims at spatially tethering
molecular or cellular units.

A universally applicable bispecific biotherapeutics platform
should also provide uncompromised functionality of Fc
domains to permit tailoring of pharmacokinetic properties and
mechanism of drug action. Engineering interaction with FcRn
gives control over the pharmacokinetic/pharmacodynamic pro-
files of biotherapeutic drugs, whether linear or non-linear phar-
macokinetics will determine clearance.29,33,34,69,70 Thereby
administration and dosing strategy can be tailored in function
of disease requirements, which may differ widely in chronic
and ad-hoc treatments. Systematic pharmacokinetic studies
show that increased FcRn affinity leads to increased elimination
half-life of IgGs; however, modulation of in vitro affinity does
not result in predictive modification of the in vivo elimination
profile. Affinity differences as much as 100-fold do not neces-
sarily translate into statistically significant modification of elim-
ination half-life, while the same level of in vitro affinity may
give rise to significantly different elimination kinetics.71 FcRn
contribute to IgG homeostasis by binding a histidine-rich site
overlapping Fc2 and Fc3 of IgG.53 Superposition of the crystal
structure of the FcRn/Fc complex and the model of CODV-
IgIL4 x IL13/IL4/IL13 suggests that the binding mode of FcRn
should be preserved in the CODV-Ig format (Fig. S7). No steric
interference due to the presence of the Fv domains is obvious
and binding of soluble antigens is likely to not interfere with
FcRn-binding. As in vitro FcRn affinity is only minimally
affected compared to isotype control, we anticipate that IgG-
derived CODV-Igs are subjected to FcRn-dependent homeosta-
sis. CODV-Fabs show the expected serum half-life of four to six
hours in preclinical pharmacokinetic studies in mice.

Interaction with FcgRs or complement may be desired as
part of the mechanism of drug action as in the trifunctional
biotherapeutics catumaxomab and ertumaxomab or mono-
clonal antibodies daratumumab, 2F2, and 7D8.3,38,40,72-75

The circular self-contained CODV architecture with its
voluminous Fab region could raise the concern that binding
of FcRs or hexamerization which potentiates complement
activation might be perturbed.40,51,76 Also, both, binding of
surface antigens on target cells with concomitant FcgR
engagement on immune effector cells and assembly of the
complement components on antigen-bound CODV-Ig are
subjected to 3D constraints that one might imagine incom-
patible with CODV architecture. These concerns have no
general applicability for two reasons: 1) conservation of
FcRn binding at the level of reference IgG evinces the
potential of fine-tuning of pharmacokinetics of CODV-Igs
when intermittent dosing schedules are desired; and 2) the
results in our ADCC and CDC assays evidence that
CODV-Igs are also applicable in complex mechanisms of
drug action. Site-directed mutagenesis studies show how
modulated binding of IgGs to FcRs or C1q can alter their
biological effect.5,32,40,70,77-79 Because our characterization of
the CODV format documents the excellent conservation of
the properties of natural IgG, we anticipate that these
mutations equivalently affect CODV-Ig functionalities, and
that multi-parametric drug optimizations benefit from such
mutations.

The close similarity of CODV proteins to natural IgG also
facilitates exploration of the format in early stages of biothera-
peutic drug discovery. Our results reveal that CODV architec-
ture generates a structurally autonomous Fab equivalent with
expected characteristics that can be employed accordingly. Fur-
thermore, well-established techniques of IgG production and
purification by affinity chromatography on protein A columns
are applicable to CODV-Igs (Supplements). Protein A binds to
the Fc of most human IgG at the transition of CH2 to CH3 and
to Fv regions built with HC of sub-group III.80-84 Binding of
protein A to IgG is concentration dependent and can be
described by a bivalent binding mechanism.85-87 Superposition
of crystal structures of Fc or Fab domains in complex with sub-
domains of protein A on CODV-Ig models constructed with
the type 1 crystal structure of CODV-FabIL4 x IL13 show that
these binding sites are unobstructed in CODV-Ig except for ste-
ric interferences observed at the site of Fv1.81,88-90 Superposi-
tion of the Fab/protein A complexes on the initial type 4 model
suggests unobstructed protein A binding sites on both Fv1 and
Fv2. Thus, choice of linker lengths may influence purification
of CODV-Igs, in particular when Fv domains with HC of sub-
group III are employed. Nevertheless, our experience in work-
ing with both CODV and DVD formats shows that the charac-
teristics of the parental IgG of which the Fv domains are
derived determine ease of production and purification in both
bispecific formats. CODV and DVD proteins built with Fv
domains of easily obtained Ig are well produced and purified,
whereas bispecific proteins constructed with Fv domains of
parental Ig that are performing worse regularly are more diffi-
cult to obtain in good quality and quantity. Indeed, the proper-
ties of employed Fvs dominate over the effect that Ig formats
may have in production and purification of bispecific proteins.
Therefore, we recommend systematic exploration of a large
choice of parental Igs to choose the best Fv pair for the con-
struction of bispecific Ig.

In summary, CODV architecture is universally suitable
for the development of bispecific multifunctional therapeu-
tic proteins simultaneously targeting circulating or cell-sur-
face antigens to elicit a curative effect. The format allows
modification of the protein sequence to optimize properties
such as antigen binding, solubility, or stability as it is state-
of-the-art in monoclonal antibody design. It allows control
of antigenicity by optimization of the framework regions
and ensures efficient generation of structurally and func-
tionally homogeneous protein. It is universally applicable
with respect to targeting strategy, targeted antigens, inte-
grated Fvs, isotype of Fc framework, and disease areas. The
format unites the major advantages of alternative bispecific
biotherapeutics to serve as a versatile starting point for fast-
track biotherapeutic drug discovery. We currently apply it
in disease areas as diverse as oncology, genetic, or infectious
diseases, and expect major contributions to satisfy unmet
medical needs.

Methods

Modeling and experimental work were carried out by state-of-
the-art procedures under conventional conditions. In
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Supplements, we report details and references on: design and
analysis by molecular modeling; expression plasmid generation,
protein production, and purification by affinity chromatogra-
phy; biochemical characterization and size-exclusion chroma-
tography; kinetic analysis of antigen- and FcR-binding by SPR;
IC50 determination in cellular assays of IL4/IL13 or TNF activ-
ity; thermostability studies by DSF; protein crystallography; T-
cell dependent cytotoxicity, ADCC, and CDC assays.

Initial design of CODV proteins

Homology models, CODV-Fab, and CODV-Ig models were
constructed using programs of Schr€odinger software package
unless indicated otherwise by state-of-the-art procedures
described in detail in Supplements.91-95 Initial CODV models
are designed by the following 3D-modeling strategy (Fig. S1).
Protein-protein docking of FvIL13 and FvIL4 was carried out
with program ZDock employing standard settings in software
package Discovery Studio.96-98 2000 unrefined poses with 99
cluster centers and 478 singletons of the first screening round
were exported for analysis in Maestro Package. The 99 cluster
centers and the 478 singletons were visually inspected. Com-
plexes of FabIL13/IL13 and FvIL4/IL4 were superimposed on
each pose to reveal the possibility of proper N/C-terminal con-
nectivity between Fvs and Fc, absence of steric interference at
the paratopes potentially leading to loss in antigen binding, and
to estimate linker lengths. Selected poses were merged with the
structure of FabIL13/IL13 to construct homology models of
CODV-FabIL4 x IL13 with minimal, intermediate, and maximal
linker lengths. Selected models of CODV-FabIL4 x IL13 with
minimal and intermediate linker lengths were checked for
structural stability by molecular dynamics simulations at
298.15 K, 2 fs time steps, 100 or 500 ps trajectory, Surface Gen-
eralized Born implicit solvent model, and standard settings in
program Impact. Neither structural instability nor any other
structural problems were revealed by the molecular dynamics
simulations. Detailed descriptions of construction and struc-
tural analysis of the final model of CODV-IgIL4 x IL13/IL4/IL13
and homology models of CODV-IgHER2 x HER3/HER2/HER3
are provided in Supplements.

The crystallographic coordinates are deposited in the Pro-
tein Data Bank (5FHX.pdb, 5HCG.pdb).
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