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ABSTRACT
Next-generation multi-specific antibody therapeutics (MSATs) are engineered to combine several func-
tional activities into one molecule to provide higher efficacy compared to conventional, mono-specific 
antibody therapeutics. However, highly engineered MSATs frequently display poor yields and less favor-
able drug-like properties (DLPs), which can adversely affect their development. Systematic screening of 
a large panel of MSAT variants in very high throughput (HT) is thus critical to identify potent molecule 
candidates with good yield and DLPs early in the discovery process. Here we report on the establishment 
of a novel, format-agnostic platform process for the fast generation and multiparametric screening of tens 
of thousands of MSAT variants. To this end, we have introduced full automation across the entire value 
chain for MSAT engineering. Specifically, we have automated the in-silico design of very large MSAT 
panels such that it reflects precisely the wet-lab processes for MSAT DNA library generation. This includes 
mass saturation mutagenesis or bulk modular cloning technologies while, concomitantly, enabling library 
deconvolution approaches using HT Sanger DNA sequencing. These DNA workflows are tightly linked to 
fully automated downstream processes for compartmentalized mammalian cell transfection expression, 
and screening of multiple parameters. All sub-processes are seamlessly integrated with tailored workflow 
supporting bioinformatics. As described here, we used this platform to perform multifactor optimization 
of a next-generation bispecific, cross-over dual variable domain-Ig (CODV-Ig). Screening of more than 
25,000 individual protein variants in mono- and bispecific format led to the identification of CODV-Ig 
variants with over 1,000-fold increased potency and significantly optimized production titers, demonstrat-
ing the power and versatility of the platform.
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Introduction

Protein engineering has paved the way for the development of 
new classes of biotherapeutics. In particular, multi-specific 
antibody therapeutics (MSAT) have emerged as successful 
treatment options for complex, multifactorial illnesses includ-
ing cancer and chronic inflammatory diseases.1–5 Since MSATs 
are engineered to combine the functional activities of two or 
more monoclonal antibodies (mAbs) into one molecule, they 
provide therapeutic advantages over conventional, mono- 
specific antibody therapeutics. However, unlike mAbs for 
which industrial production platforms have been established 
over the past decades, technical development for highly engi-
neered MSAT formats is challenging. Due to their inherent 
complexity in design, MSATs are often associated with poor 
yields, increased aggregation potential and chemical 
instability.6–8 Likewise, the design of the MSAT format can 
have substantial effects on function.9,10 For optimal physiolo-
gical efficacy, testing multiple formats by varying design 

parameters, such as valency, geometry and flexibility, while 
probing key variables for each design is often necessary.9,11,12 

As consequence, huge protein engineering efforts may be 
needed to generate potent MSAT molecules with drug-like 
properties (DLP). This is best exemplified by the case-study 
of emicizumab, a marketed bispecific antibody for the treat-
ment of hemophilia A.13,14 Emicizumab triggers coagulation in 
FVIII-deficient patients by binding simultaneously to both 
activated factor IX and factor X, thereby mediating activation 
of the latter. Substantial engineering efforts were expended 
over a period of ~10 years to arrive at emicizumab. About 
40,000 bispecific variants had to be screened to identify 
a bispecific starting molecule that could mimic the activity of 
FVIII in triggering coagulation.15 Subsequently, the starting 
variant underwent seven rounds of protein optimization, 
including testing of ~2,400 bispecific derivatives to meet criti-
cal developability criteria such as productivity and stability 
while keeping its FVIII-like activity.15
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From this example, it is evident that there is a great need for 
novel, industry-standard platform processes that enable for-
mat-agnostic MSAT engineering in the highest possible 
throughput to facilitate the development of next-generation 
biotherapeutics. To address this need, we developed an auto-
mated platform process for the fast generation and character-
ization of very large MSAT panels. In contrast to other recently 
published platforms, where format diversity is generated on the 
protein level through mix and match of semi-stable building 
blocks,16 controlled Fab arm exchange17 or bioconjugation 
technologies,18 the platform introduced here applies compart-
mentalized expression of predefined plasmid DNA combina-
tions. Here, we highlight functionalities for automated in-silico 
design and physical generation of the in-silico designed variant 
libraries on plasmid DNA level. We describe how DNA library 
generation technologies were combined with automated pro-
cedures for transfection and expression in HEK293 cells fol-
lowed by compartmentalized multiparametric screening in the 
highest throughput to achieve very challenging target protein 
profiles.

Results

Conceptual workflow design

Design features of next-generation MSAT molecules can vary 
greatly depending on the desired biological functionalities.9,12 

An industry-standard platform for HT-engineering of MSATs 
must therefore be able to accommodate any current or future 
format.11 The workflow we describe is purely based on the 
combination of pre-defined DNA expression cassettes and, 
consequently, fully agnostic to any format or process limita-
tion. Furthermore, it enables the generation of very large sets of 
compounds (>10,000), which is not practical for workflows 
that include cumbersome protein purification steps16 and 
may require further biochemical manipulations.18

In-silico design and DNA library generation workflow

Figure 1 schematically shows the flow of the individual work 
steps along the MSAT engineering value chain, which are all 
supported by a customized version of Genedata Biologics™ 
(GDB)23 software. In-silico MSAT design, as well as all data 
management activities and associated automated lab unit 
operations (LUO), are illustrated by the example of 
a bispecific tetravalent CODV-Ig molecule.19 The first step 
comprises the in-silico creation of MSAT reference libraries. 
In our example, the configuration of the intended CODV-Ig 
format (Figure 1a) is first registered within GDB 
(Supplementary Figure 1). The registered format comes with 
an in-silico design template that allows selection of pre- 
registered sequence modules of variable regions (VRs), con-
stant regions (CRs) or pre-defined generic regions (GRs; here 
of the peptide linker-type GR-L) and assembly of them combi-
natorially on the amino acid level into full CODV-Ig designed 
molecules (DMOL) (Figure 1b and Supplementary Figures 1 
and 2). Template-generated DMOL design spaces can be 
further filtered for preferred DMOL subsets (i.e., variant 
libraries). Individual light chain (LC) and heavy chain (HC) 

designs are deduced from selected cognate DMOL subsets and 
created in the data base as new designed chain (DCHAIN) 
entities. For this unique set of DCHAINs, the expected DNA 
sequences are generated via inhouse bioinformatic tools that 
can now act as references for DNA library deconvolution (see 
below).

In the next step HC and LC CODV-Ig chain libraries are 
generated at the DNA level. We use one-step modular cloning 
technologies to assemble DNA building blocks that represent 
the pre-registered VRs, CRs or GRs provided as single plasmids 
in one-pot bulk reactions (Figure 1c).20 HC and LC chain 
libraries are deconvoluted into their individual DCHAIN 
representatives using high-throughput Sanger sequencing in 
combination with an inhouse bioinformatic tool for automated 
data analysis (Figure 1d and Supplementary Figure 3). Matched 
HC and LC plasmids are then transfected into HEK293 cells. 
After 7 days of cultivation, expression supernatants are har-
vested and analyzed for multiple parameters or subjected to 
one-step purification (Figure 1e and Supplementary Figure 6c) 
for further biochemical analyses.

Automation

Our robotic platform was designed to automate the entire 
value chain for MSAT engineering and accordingly accepts 
diverse types of 96- or 384-microwell-plates used for E. coli 
colony picking, preparation of DNA and its concentration 
determination, normalization, and re-arraying in 96- or 384- 
well plates, as well as transfection of mammalian cells and 
protein expression with optional purification in 96-deep well 
plates and subsequent multi-parameter analysis of the pro-
duced molecules. To this end, three individual robotic systems 
have been established that handle LUOs associated with the 
different entities that appear along the value chain. End-to-end 
integration of all LUOs with automation is realized through 
seamless 1- or 2-D sample barcodes that are stored in GDB. 
The design of the platform, including a comprehensive 
description of the integrated components and how it supports 
underlying LUOs, is detailed in Figure 2a-b.

Workflow support and data processing pipeline

In order to ensure a maximum of format and workflow flex-
ibility, we developed a toolbox of Python-based bioinformatic 
applications for automation support and customized GDB to 
capture all data generated along the MSAT value chain by 
applying FAIR data principles.24 This refers to all data con-
cerning molecules, materials, conditions, as well as robotics or 
liquid handling device (LHD) operations. We established 
a formal registry for MSAT molecule designs and associated 
materials, which we combined with tools for sequence annota-
tion and analysis, as well as service programs for automated 
LHD worklist generation and for management of complex 
plasmid logistics. Together with pipelines for LHD quality 
control, all applications are either integrated within the GDB 
registration engine or implemented as external custom tools 
using Python as programming language. Additional interfaces 
allow processed data to be imported from other sources or the 
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Figure 1. Conceptional process design for format-agnostic HT-engineering of complex MSATs. a) One-dimensional and two-dimensional views of a tetravalent, 
bispecific CODV molecule.19 In contrast to conventional, mono-specific immunoglobulins (IGs), in bispecific CODV-Igs one parental monoclonal antibody (mAb) here 
directed against target 1 (αT1; green) is extended N-terminally on both, heavy and light chains, by an additional fragment variable (Fv) domain derived from a second 
parental antibody directed against target 2 (α-T2; blue). However, when compared to the CODV heavy chains (HC), where the variable heavy chain domains of αT1 (VH1) 
are located N-terminally followed by VH2s and the heavy chain constant domains (CH; brown), the light chains (LC) carry the αT1 variable light chain domains (VL1) 
inserted between the VL2 domains and the constant domains of the light chains (CL; gray) resulting in a crossed-over arrangement of the variable regions (VRs) in the 
CODV format. Per definition, VLs and CLs are connected by peptide linkers L1 and L2, VHs and the first constant domains (CH1) of the HCs are connected by linkers L3 
and L4, respectively. Full αT1- αT2-CODV-Igs are oligomerization products of two LCs and two HCs. b) In-silico MSAT reference library design by modular assembly 
templates. The pre-configured template for the CODV-Ig protein format includes information on the arrangement and pairing of chains, the sequential order of 
functional modules on chain level (i.e., variable regions (VRs), constant regions (CRs) and linker generic regions (GRs)) as well as the arrangement of functional modules 
between chains (e.g., cross-over pairing of VL1 with VH1 and VL2 with VH2 as depicted in a)). Pre-registered sequence building blocks can be chosen from the database 
(Supplementary Figure 2). As schematically shown in the idealized example five binding domains for the first CODV-Ig position (VR1 – VR5; green), four binding domains 
for the second CODV-Ig position (VR6-VR9; blue), one constant LC domain (CR-1), four linker variants for L1 (GR-L1 – GR-L4), two linker variants for L2 (GR-L5 – GR-L6), 
three linker variants for L3 (GR-L7 – GR-L9), two linker variants for L4 (GR-L10 – GR-L11), and one constant HC domain (CR-2) have been selected by the operator. The 
original view of the in-silico CODV-Ig design template as it appears within GDB is shown in Supplementary Figure 1b. After selection of building blocks, the system 
assembles the building blocks in a combinatorial fashion generating in-silico designs of the complete CODV-Ig molecules (Designed Molecules; DMOLs) according to the 
sequential order in the design template. 960 DMOLs covering the full combinatorial design space (here combinatorial assembly of 5 VRs x 4 VRs x 4 L1 linkers x 2 L2 
linkers x 3 L3 linkers x 2 L4 linkers) are registered in the data base including their annotated sequences and information on the individual building blocks used to create 
respective DMOLs. In a further step the unique chain designs (DCHAINs) are derived from the DMOLs and registered in a chain specific manner (i.e., separate entries for 
light and heavy chains are created) holding similar descriptive information (e.g., annotated sequences and composition of building blocks) as their parental DMOLs. In 
our example 160 HC designs (4 x 4 × 5 x 2 × 1) and 120 LC designs (5 x 3 × 4 x 2 × 1) derived from the DMOLs are registered within GDB. By using pre-configured 
templates and pre-registered sequence modules, this workflow can be generically applied to any type of multi-chain MSAT format (see Supplementary Figure 1c). c) 
Chain library generation by modular cloning. The chain designs are realized on the DNA level using modular cloning technologies as described recently.20 Importantly, 
using this technology it is possible to assemble up to 10 DNA fragments in sequential, pre-defined order reflecting the in-silico design template.21 In brief, DNA building 
blocks that represent the pre-registered functional modules shown in b) are equipped with inversely oriented BsaI TypeIIS restriction sites. BsaI recognition sites (RS) are 
in green, one nucleotide spacers are indicted in orange, while the 4 base-pair cleavage/fusion sites (FS) within the DNA modules are indicated by “1234” in blue that 
allow the seamless and directed assembly of the 16 LC and 15 HC building blocks (i.e., the VLs, VHs, L1-4s and CRs) in one tube restriction/ligation reactions to result in 
pools of fully assembled 160 LCs and 120 HCs subcloned in an expression vector. The subcloned plasmid pools are transformed into E. coli and plated on omni-tray agar 
plates. d) Chain library deconvolution and molecule assembly on plasmid level. DNA sequences are compared against the in-silico generated reference libraries of DNA 
sequences for the theoretical LC and HC chain variants (2). Our Python-based algorithm identifies individual DNA constructs that match HC or LC reference designs and 
establishes a direct connection between the reference sequence and its physical DNA clone representative using bar-coded plate IDs and well positions of the latter. In 
a last step the identified clone sequences for all well positions are translated into amino acid sequences and uploaded to GDB where a connection of the physical clone
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export of data for aggregation visualization, or modeling pur-
poses. Figure 2c describes the current data processing pipeline.

Example of HT engineering – multi-parametric 
next-generation bispecific CODV-Ig

Primary optimization goals were to increase potency and pro-
ductivity of a prototypic CODV-Ig construct directed against 
two targets, T1 and T2 (αT1-αT2-CODV-Ig). In particular, the 
neutralization activity against T2 should be improved by at 
least a factor of 30 to be comparable to αT1 while expression 
titers should be increased 2–3 fold concomitantly (Figure 3). 
To this end, we applied a two-step engineering strategy. In 
a first step, we aimed to improve the functional activity of the 
mono-specific αT2 binder on the antigen-binding fragment 
(Fab) level to allow re-use of the optimized αT2 VR as 
a building block in further multi-specific combinations also 
including non-CODV formats (Figure 3a). In a second step, we 
intended to accommodate optimized αT2 VRs with αT1 in the 
bispecific CODV-Ig format by modulating composition and 
length of peptide linkers (Figure 3b).

Optimization step 1: isolation of αT2-Fab variants with 
increased potency
To increase the neutralization activity of the αT2-Fab to sub- 
nanomolar levels, we applied a two-staged mutagenesis 
approach that includes a first round to gather position- 

specific complementarity-determining region (CDR) muta-
tions followed by a second round in which beneficial mutations 
are recombined. For positional library generation, we diversi-
fied the CDRs of αT2 as described by Votsmeier et al.25 with the 
difference that we used single-NNK saturation mutagenesis for 
each individual amino acid position. Deconvolution against all 
potential DCHAIN variants yielded 1,054 individual mutants 
representing 84% of the theoretical design space (represented 
by 1,254 registered DMOLs), which were quantified and then 
tested for T2 binding and in cell-based assays to inhibit T2- 
dependent signal transducer and activator of transcription 
(STAT) protein phosphorylation. Applying single-dose mea-
surements, 56 improved αT2 variants were identified that dis-
played greater than 130% inhibitory activity when compared to 
the originating αT2WT-Fab (Figure 4a). Increased activities 
also translated well into reduced IC50 values in full-dose 
response measurements (Figure 4b). In contrast, binding and 
potency improvements were often not correlated (Figure 4c), 
further indicating a complex interplay of structural and func-
tional features regarding the interaction with the cognate target 
T2. Accordingly, many potency improving substitutions did 
not map to the T2 antigen-αT2 antibody interface (Figure 4d). 
In conclusion, exhaustive genotype/phenotype landscaping of 
the αT2 CDRs led to the identification of single amino acid 
substitutions that significantly improved potencies.

To screen for combinations of synergistic or additive muta-
tions, we next selected 14 dispersed potency-improving

variant to the corresponding DCHAIN entity is established. Identified HC and LC clone representatives (colored dots in plates) are then re-arrayed into new plates and 
their DNA concentrations are automatically normalized (3). In the next step our algorithm identifies corresponding HC and LC chains that match a MSAT DMOL reference 
and generates worklists for the liquid handling system to combine matched plasmid pairs in one cavity of a 384-well plate that will result in transfection ready DNA 
mixes (4). Matching HC/LC plasmid pairs are indicated by same color. e) Schematic representation of the automated LUOs covering transfection, expression, purification 
and multi parametrical analysis. For transient transfection plasmid pre-mixes are first transferred to 96 DWP and then combined with 1 ml of HEK293 suspension cells 
and PEI using a Multidrop dispensing unit. The DWPs are then closed with Duetz sandwich covers which ensure sufficient gas-exchange and prevent evaporation to 
result in mini-bioreactor like compartments22 (not shown). After 5–7 days incubation at 37°C the expression plates are harvested by short centrifugation. The 
supernatants are then transferred to new 96 DWPs and are either directly re-arrayed for various analytical and functional assays or, alternatively, first subjected to 
automated protein purification on the HamiltonStar LHD using PhyTips® with matched matrices (e.g., IMAC, Protein A) before further analysis. Quantification and 
binding data are usually obtained via label-free BLI technology using an OctetHTX device. HTRF-based data, such as from cell-based activity assays can be generated on 
a BMG Clariostar reader.

Figure 1 (Continued)
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Figure 2. Designs of robotic platforms and automated lab unit operations. a) Robotic platforms designs. CAD drawings of the three robotic stations are shown providing 
side and top views including sequential numbering of integrated components. The E. coli station (ES) is designed as standalone unit to handle all E. coli-related lab unit 
operations (LUOs). The station is used to pick individual bacterial colonies from SBS (Society for Biomolecular Screening) compatible agar plates into 384- or 96-well 
plates and to inoculate 96-well-based plate formats from glycerol stocks by a cherry picking-like process using a Norgren CP7200 colony picker. Plate handling is done 
by a PlateButler® PreciseFlex robotic arm. A maximum of approximately 10,000 picking events can be realized per day. The fully automated DNA handling station (DHS) 
is designed to realize all plasmid DNA-related workflows. The station is particularly used to carry out plasmid DNA preparations using Phynexus PhyTip® 
chromatography technology, determine concentrations of plasmid DNAs by UV/Vis (DropSense96), re-array plasmid DNA samples and normalize the DNA concentra-
tions of the samples in a single step, create pre-defined plasmid DNA mixtures, and generate plasmid DNA stocks for long term storage (cherry picking). To this end we 
integrated an automated Hamilton™ Star liquid handling device with other commercially available components for DNA concentration measurement and sample 
management and a PlateButler® PreciseFlex robotic arm for plate handling. The DHS accepts diverse plate and tube types which can be used with lids or seals. 
A maximum of 2,000 plasmid DNA preparations and 10,000 plasmid DNA normalizations can be performed per regular five-day work week. The protein science station 
(PSS) is a flexible robotic platform designed to conduct all cell and protein related LUOs in a fully automated fashion. The station is used to transfect mammalian HEK293 
cells in 96 deep well plates in a sterile environment, to harvest protein containing cell supernatants by centrifugation and to transfer or dilute samples into other 96- or 
384-well plates. Expression supernatants can be quantified by BLI- (ForteBio Octet HTX) or ELISA- (BMG CLARIOStar) based technologies. Furthermore, protein 
expression titers in cell supernatants can be normalized or diluted and successively applied to BLI- or ELISA-based binding assays. If required, proteins can be purified 
from expression supernatants using Phynexus Phytip® column technology. The purified proteins can then be quantified by UV-Vis (Unchained Labs Big Lunatic), 
normalized reformatted and analyzed by nanoDSF (Nanotemper Prometheus). As for the DHS, we integrated an automated Hamilton™ Star liquid handling device with 
other commercially available components for protein concentration measurement, analytics, and sample management and a PlateButler® PreciseFlex robotic arm for 
plate handling. In addition, the workstation is used to label labware with specific barcodes and to seal the samples for long term storage. In general, plates are handled 
with lids or seals for sterility reasons. For facility maintenance, instrument drawers and turntables are included where appropriate. To increase flexibility of the PSS, the 
ForteBio Octet HTX analyzer is located on a connector trolley that can be docked to the robotic station via the Lab Services PlateButler® Pier & BarQ system. This trolley 
can be easily disconnected and replaced by alternative instruments on further connector trolleys. Capacities of the PSS comprise over 12,000 HEK293 transfections and 
expression supernatant normalizations per regular five-day work week. All ES, DHS or PSS components, as listed and described in more detail in the materials and 
methods section and in Supplementary Table 1, are integrated and controlled by the PlateButler® software. By using a two-level principle, our ES, DHS, or PSS multi- 
instrument systems are set up in a distributed environment where the main application acts as the supervisor that integrates all devices. The instruments themselves are 
controlled by their own dedicated software which can, however, also be accessed directly by the operating scientist. All plate flows are tracked by PlateButler® software 
which also creates customized reports of automated experimental runs to allow for simple upload to the GDB-based laboratory information management system. b) 
Plateflows and automated lab unit operations. ES-operated processes: E. coli colony picking and inoculation: First, HC and LC DNA libraries are transformed into E. coli 
and plated onto SBS compatible omni-tray agar plates. A customized colony picking unit (Figure 2a; E. coli station (ES)) then mediates the transfer of individual colonies 
to 96-deep well plates (DWP) which have been supplied with 2YT growth media through an integrated multi-drop liquid dispenser. Inoculated bacterial cultures are 
then grown at 37°C overnight. Alternatively, glycerol stock plates are generated first from the bacterial cultures for long term storage and new 96 DWPs are inoculated 
from the glycerol stock plates (not shown; see materials and methods section). DHS-operated processes: DNA preparation and handling: In the next step, plasmid DNAs 
are extracted and purified automatically from sedimented E. coli cultures using Phynexus PhyTip® chromatography columns and subjected to DNA sequencing. Plasmid 
DNAs of sequence-verified clones (colored dots) are measured, normalized, and transferred to new 96-well plates. Following normalization of the plasmid DNA 
concentration, DNA LC/HC pairs which correspond to an in-silico MSAT DMOL reference are combined in individual cavities of 384-well plates together with oriP/EBNA 
vectors for stable plasmid propagation. PSS-operated processes: HEK293 cell transfection, protein expression and analysis: 384-well plates are re-arrayed to 96 DWPs 
that already include appropriate process and assay controls in pre-defined wells (columns 10–12). Subsequently, DNAs are mixed with HEK293F cells and PEI 
transfection reagent and cultivated for seven days at 37°C. After cultivation, cells are sedimented by centrifugation and cell expression supernatants are transferred to 
new 96 DWPs. From the new DWPs, aliquots of the samples are directly diluted into 384-well plates and first quantified by biolayer-interferometry (BLI) using an 
Fortebio Octet HTX instrument. Following quantification, samples are frequently normalized to appropriate concentrations before being applied to cell-based (e.g., 
protein phosphorylation) assays or qualitative and quantitative binding experiments using BLI- or ELISA-based technologies. For other biophysical characterization
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mutations (7 VL, 7 VH) addressing 13 CDR positions for 
recombination in the αT2WT-Fab scaffold (Figure 4a). The 
design of the recombination library included the selected ben-
eficial substitutions, as well as the parental amino acids, for 
each of the 13 CDR positions, resulting in 96 VL and 128 VH 
recombination (rec) mutants. VH and VL rec mutants were 
individually cloned as full HC and LC constructs and subse-
quently combined on the plasmid DNA level, giving rise to 
12,288 (96 x 128) variants that had been pre-registered as 
DMOL representatives in GDB. Matched HC and LC plasmid 
pairs were transfected and expressed in HEK293 cells and 
quantified as before. A total number of 4,294 variants were 
then selected based on expression level, potency, and species 
cross-reactivity in bio-layer interferometry (BLI) binding 
experiments (Figure 5a and Supplementary Figure 4), and 
subsequently screened to inhibit STAT protein phosphoryla-
tion applying single-dose measurements (Supplementary 
Figure 4b). From this primary screen, 443 variants with sig-
nificantly increased potencies were subjected to full dose 
response measurements. Here, the best variants displayed up 
to 50-fold decreased IC50 values (Figure 5c). We found that the 
number of mutations that variants carry was not correlated 
with their potency. Variants with as few as two mutations could 
have a 20-fold increased potency, while top variants typically 
carried between 4 and 11 mutations (Figure 5c). Yet, from first 
analyses of the sequences belonging to significantly improved 
rec mutants, no apparent potency-increasing mutational pat-
terns were detectable (not shown). This is consistent with the 
above observation that potency improvements can result from 
both direct and allosteric effects that might not act synergisti-
cally. Taken together, our two-stage directed-evolution 
approach yielded a large and diverse panel of significantly 
improved αT2 binders, many of which clearly exceeded the 
targeted potency level already as monovalent Fab.

Optimization step 2: accommodation of optimized VRs in 
CODV-Ig format
Previous experiments using the prototypic αT1-αT2-CODV-Ig 
antibodies suggested that the spatial arrangement of αT1 and 
αT2 VRs can have an impact on potency and productivity 
(Figure 3a). In order to maintain potencies of the optimized 
αT2 VRs and at the same time ensure high expression titers in 
the bispecific CODV-Ig format, we wanted to explore a large 

CODV design space where optimized αT2 VRs of different 
mutational designs are combined with the fixed αT1 VR by 
varying their relative spatial arrangement. To this end, 75 
mutational VRs designs derived from the Fab screen were 
transferred to three alternative backbones of αT2 and 
assembled with the αT1 VR in two orientations using 24 
different peptide linker combinations (Figure 3b). After decon-
volution, 10,538 of 10,800 theoretical CODV DMOLs (75 
x 3 × 2 x 24) could be realized by the controlled pairing of 
1,237 HCs and 182 LCs (Supplementary Figure 5a, note that 
some HCs and LCs are re-used in different designs), which 
represents 98% of the theoretical CODV-library design space. 
After transfection, 10,538 cell culture supernatants were quan-
tified for CODV-Ig variant expression (Supplementary 
Figure 5b). The observed expression patterns clearly indicate 
a strong influence of the peptide linker configuration on 
CODV-Ig expression (Figure 6a). Combination of certain pep-
tide linkers with distinct, optimized αT2 VRs led to a 2- to 
5-fold increase in expression. It is also noteworthy that many 
variants that present optimized αT2 VRs at the inner CODV 
position (Orientation 2) expressed at much higher titers com-
pared to the corresponding initial prototypic CODV-Ig. This 
further indicates that, by optimizing linker compositions, spa-
tial VR arrangements can be tweaked to resolve potential 
structural constraints that hamper efficient expression.

Supernatants of 1,621 variant samples were then selected 
based on their expression level and screened to inhibit STAT 
protein phosphorylation in full-dose response measurements. 
Several potency-matured CODV-Ig variants were determined 
to neutralize T2-induced STAT protein phosphorylation up to 
1,000 times more efficiently than the prototypes (Figure 6b and 
c). All variants were further confirmed to maintain T1 binding 
(Figure 6b) and desired species cross reactivity (not shown). 
Importantly, observed high neutralization potencies were not 
caused by multimerization of CODV-Ig variants, as evidenced 
by size-exclusion chromatography (SEC) of one-step protein 
A affinity-purified samples (Supplementary Figure 6). In addi-
tion, improvements in functional activities and production 
titers seen at the level of micro-scale expression supernatants 
were confirmed at protein level for selected variants purified 
from large-scale expression cultures as previously described27 

(data not shown).
In summary, our two-step engineering approach yielded 

a large and diverse panel of significantly improved αT1-αT2- 

methodologies such as Nanotemper-based thermal stability assessment, samples are first immunoaffinity purified using Phynexus PhyTip® chromatography columns. c) 
Data processing workflow. Figure 2c describes the integrated data flow between the robotic systems (PlateButler® software), the data base (GDB®), internally developed 
bioinformatic tools (Python®-based) and commercial software for data analysis and visualization (idbs XLfit®, Certara D360™ and TIBCO Spotfire®). All plate and well 
information (including barcodes and plate hierarchies) along the screening process are consecutively fed into the data base using an a-posteriori workflow. After 
completion of all plate operations, the PlateButler® software generates reports as .txt files with relevant process information (e.g., barcodes of source and target plates, 
well to well mapping, plate types and transferred volumes) which can be uploaded into the data base (directly or after undergoing a quality control step of the pipetting 
operation via custom Python-based scripts). Pipetting and plate operations on the robotic systems can be initiated in different ways: 1) via pre-configured methods 
within the PlateButler® software (e.g., colony picking, plate copying and 96- to 384-well plate re-array operations); or 2) via a combination of pre-configured methods 
and worklists (e.g., hit picking, normalization, and transfection operations). Worklists are generated in .txt file format using Python-based tools and include information 
on source and target well positions and barcodes, as well as on plate types and volumes to be transferred. The required information for the worklist generation is 
automatically extracted from reports of previous plate operations or the central data repository GDB. Assay data files (including raw data) generated on the robotic 
system are pre-processed and analyzed via idbsXLfit® before being uploaded into the data base. Certara D360™ (Certara, Princeton, NJ) and TIBCO Spotfire® (Tibco, Palo 
Alto, CA) solutions are used to aggregate visualize and analyze all data generated along the value chain for the candidate molecules.
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CODV-Igs, many of which exceeded the targeted potency level 
by far while expressing at increased titers. This demonstrates 
the power and versatility of compartmentalized screening in 
very high throughput for MSAT optimization. This panel will 
now serve as a starting point to screen sequence and structu-
rally differentiated, optimized variants for additional develop-
ability criteria based on desired candidate profiles.

Discussion

We report the development of a novel, industry-standard plat-
form for the automated generation and screening of very large 
panels of complex antibody-based therapeutics. In contrast to 
existing platforms used elsewhere,16,28,29 our platform process 
has several properties that makes it stand out. In particular, it 

Figure 3. Optimization of prototypic CODV-Ig variants. a) Engineering strategy. At start, two antagonistic monoclonal antibodies (αT1 and αT2) directed against two 
unrelated antigens (target 1 (T1) and target 2 (T2)) were combined in a cross-over fashion in two orientations to allow for simultaneous neutralization of both targets 
(Prototypic CODV-Igs). The antagonistic drug potencies of the monoclonal antibodies were in the picomolar (αT1) to low nanomolar (αT2) range as determined in cell- 
based functional assays reflecting the inhibition of T1- and T2-mediated reporter gene activation respectively. However, when combining both antibodies in the CODV- 
Ig format, the inhibitory potency against T2 dropped by more than 3 fold while the IC50 against T1 remained largely unaffected. Interestingly, the bispecific αT1-αT2 
CODV antibody could be produced at significantly higher titers (100 mg/L vs. 50 mg/L) when presenting the binding domain against T2 on the outer position of the 
CODV, which indicated additional structural constraints. Primary optimization goals were to increase potency and productivity of the prototypic CODV-Ig constructs to 
meet the desired profile by applying a two-step engineering approach. First the neutralization activity of the αT2 antibody should be increased to sub-nanomolar levels 
on the Fab level followed by accommodation of optimized αT2-VRs in the CODV-Ig format by modifying the composition of the VR connecting peptide linkers on the 
HCs and LCs while providing both possible VR orientations. b) Structural diversification. 75 mutational VRs designs from step1 displaying varying combinations of 
beneficial CDR mutations were selected to be combined with three different VR backbones in the CODV format. The VR backbones included in addition to the wildtype 
αT2 backbone two alternative, sequence-optimized αT2 VR backbones where potential post-translational modifications had been addressed by neutral substitutions (75 
VR designs x 3 backbones = 225 VRs). The resulting 225 αT2 VR alterations were assembled with the αT1 VR in the CODV-Ig format in two orientations using 24 different 
peptide linker combinations, giving rise to 10,800 possible variants.
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enables us to 1) more tightly integrate with downstream devel-
opment processes; 2) de-risk the progression of engineered 
candidates from research to development while simultaneously 
allowing maximum flexibility as to the type of examined mod-
alities; 3) use compartmentalized screening of deconvoluted 
variant libraries as a foundation for multi-parametric analysis 
of compounds; and 4) generate large consistent data sets that 
allow fast and sophisticated data analysis.

The implemented process is predictive for downstream 
biotherapeutic development platforms since HT screening is 
obligatorily performed in the final product format and all 
molecules are expressed as soluble proteins in mammalian 
production hosts. In this way, anticipated post-translational 
modifications that are potentially important for function of 
the final product are preserved. On the other hand, unwanted 
modification patterns or altered physicochemical properties 

Figure 4. Compartmentalized positional Fab library screening. a) Expression activity correlation. 66 positional-NNK libraries (representing 28 variable light chain (VL) 
domain and 38 variable heavy chain (VH) domain libraries) addressing all complementarity-determining region (CDR) positions of the His-tagged anti-T2WT Fab were 
deconvoluted into their single amino acid substitutions using the same workflow as described for CODV-Igs in Figure 1 and Supplementary Figure 2. 1,054 of 1,254 
potential variants (pre-registered as DMOLS) arising out of 19 alternative amino acid substitutions for all 66 CDR positions could be recovered. Individual substitutions 
that correspond to distinct CDRL1-L3 or CDRH1-H3 positions are represented by vertically aligned dots. CDR definition according to Kabat scheme slightly modified as 
described by Votsmeier et al.25 HEK293 expression supernatants of the single NNK Fab variants were quantified by anti-His detection using BLI technology and then 
analyzed in cell-based HTRF reporter gene assays to inhibit T2-dependent STAT protein phosphorylation. The expression quantification results are represented by 
different colors. Expression ratios relative to the quantified His-tagged anti-T2WT Fab construct are shown by a color gradient from low (red; VL & VH: Min 
(Minimum) = 0.04), medium (yellow; VL Med (Median) = 1.38, VH Med = 1.14) to high (green; VL Max (Maximum) = 2.61, VH Max = 3.74). Activity ratios of the 
corresponding mutants relative to the wildtype calculated from STAT protein phosphorylation inhibition in THP-1 cells after T2 stimulation in HTRF assay (single dose 
measurements) are displayed on the y-axis. The solid blue line represents the ratio of 1.3. Distinct CDR variants (VAR) marked in dark blue are representatives of full dose 
response measurements (Figure 4b). Black circles indicate highly active variants that were selected for recombination in the αT2-Fab scaffold (see below Figure 5). Ratios 
≤0 depict variants with no measurable STAT protein phosphorylation inhibition. b) Dose response curves of STAT protein phosphorylation inhibition in THP-1 cells after 
T2 stimulation by selected Fab mutants. Supernatants containing the expressed Fab mutants were serially diluted and tested as described in materials and methods. 
Low control, containing only THP-1 cells without T2 stimulation is defined as 100% inhibition and high control with T2 stimulation as 0% inhibition. Averages of 
duplicate measurements are shown in the plot. Standard deviations are represented as error bars. Note that increased activity levels seen in a) correlated well with 
decreased 50% inhibitory concentrations (IC50). For example, variants exhibiting over 150% of the wild activity (VAR00402 or VAR01083) also showed a more than 5-fold 
decrease of the corresponding wild type IC50 values. c) Affinity potency correlation. Activity ratios of 1,054 individual Fab variants were plotted against the dissociation 
rate constants (koff) quotient from the anti-T2WT Fab and the individual variants as measured by BLI (antigen capture mode) with increased ratios indicating reduced 
off-rates. The 56 variants which displayed greater 130% activity are marked in blue. Five variants for which full dose responses have been determined are indicated in 
red. Note that slower off-rates (indicative of improved affinities) often did not correlate with increased activities. d) Structural analysis. Positional library screening 
yielded a comprehensive and multi-dimensional data set that constitutes a basis to deeper explore structure-function relationships of the αT2 binder. As an application 
example, a solid surface representation of a crystallographic structure of the anti-T2WT Fab fragment (gray) in complex with T2 (a. turquoise – solid surface; 
b. turquoise – transparent surface) was generated. CDR positions for which substitutions were found that: 1) significantly increase potency and affinity are shown in 
green; 2) increase affinity only are colored yellow; 3) increase potency only are depicted in blue. Note that many potency-improving residues are located outside the 
paratope-epitope interaction interface.
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are avoided ab-initio. Such alterations can result from cell 
surface display-based selection procedures30 or at later stages 
when displayed constructs, typically fragments of the envi-
sioned product, are reformatted into the desired soluble pro-
duct format.31,32 In addition, mini-bioreactor-like 
compartments22 are used for cell cultivation to approximate 
as best as possible large-scale fermentation processes. Using 
this approach, compatibility of the engineered molecules with 
development processes is safeguarded from the beginning.

Multi-specific antibody therapeutics are at high risk for 
chemical or physical stability issues,6,8 which are difficult to 
predict from the primary amino acid sequence alone.7 Usually, 
such issues become apparent at late discovery stages during 
comprehensive developability assessments of the drug pre- 
candidates. To mitigate the risk of late-stage failure, it is there-
fore desirable to select variants for developability assessments 
from large variant panels that comprise significant diversity on 
the sequence or structural level. Moreover, it could be impor-
tant to be able to select from pools of engineered MSAT 

variants that cover a wide range of affinities or potencies for 
their individual targets. Thus, the target-specific activities can 
be balanced or fine-tuned to achieve optimal biological 
efficacy15 or to enable novel therapeutic mechanisms.33 In 
our example, we could single out variants with different poten-
cies, affinities, production titers, configurations, mutational 
designs, or combinations thereof, from a panel of more than 
1,600 variants (Figure 6b). Having access to this wide selection 
of variants will substantially increase the probability of identi-
fying viable MSAT drug candidates that can be progressed to 
development.34

Our example suggests that independent diversification of 
the αT2 binding domain in Fab format followed by an optimi-
zation step within the final multi-specific CODV-Ig format is 
required to identify variants combining excellent biological 
activity with good developability profiles. All 75 re- 
combinatorial variants of the αT2 binding domain that were 
selected for the CODV accommodation step showed good to 
excellent expression in Fab format. As shown in Figure 6a, the 

Figure 5. Compartmentalized recombination Fab library screening. a, b) Species cross-reactivity. a) To safeguard that recombination mutants which carry potency- 
improving substitutions against the human isoform of T2 are still cross-reactive against the cynomolgus T2 isoform, all 12,288 expression supernatants were quantified 
and then analyzed for their binding capacities against human and cynomolgus T2 isoforms using BLI technology in an antigen capture format.26 Here, the signal 
increase of the binding curve over baseline after addition of normalized samples to BLI sensors decorated with captured T2 antigen was measured as wavelength shift 
[nm]. The spectral shift is indicative for the binding capacity of the analyzed variant as schematically represented on the left. An aggregated view of 384 exemplary 
binding curves is depicted on the right. Note the increased binding capacities and reduced dissociation rates of many anti-T2WT Fab recombination variants (light blue 
curves) when compared to anti-T2WT Fab curves (light green; 16 replicates). b) Representation of 4,294 recombination mutants selected from 12,288 combinatorial 
variants. Only potency-improved variants were selected that displayed equal or better signal increases to human T2 (>0.1 nm) and cynomolgus T2 (>0.05 nm) when 
compared to the anti-T2WT Fab while expressing at titers >100 mg/L. Expression as determined by anti-His detection using BLI technology is shown by a color gradient 
from low (red; Min ≤ 0.1 mg/L), medium (yellow; Med = 150 mg/L) to high (green; Max = 750 mg/L). c) Expression activity correlation. Of the 4,294 variants which had 
been verified to be cross-reactive, 443 rec mutants with significantly increased activities as determined in single dose experiments (SSupplementary Figure 5b) were 
subjected to full dose response measurements. Activity ratios of the 443 variants were plotted against the expression rate quotient from the anti-T2WT Fab and the 
individual variants. The number of mutations that variants carry is shown by a color gradient from low (white; Min = 1 mutation) to high (blue; Max = 11 mutations). The 
anti-T2WT Fab is marked in green. Variants, for which full dose response curves are depicted in d) are indicated by a red cross and respective VAR identifiers. No 
correlations were found between expression levels, IC50 values and number of mutations. d) Dose response curves of STAT protein phosphorylation inhibition in THP-1 
cells after T2 stimulation by selected Fab recombination mutants. Assay description as detailed in Figure 4b. Recombination of potency improving single substitutions 
leads to further activity improvements.
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expression titers of the optimized Fab molecules did not trans-
fer into the CODV-Ig format for all variants, and even minor 
differences in few point mutations between individual αT2 
variants could significantly affect CODV expression titers. 
A similar observation was made when comparing the potency 
improvement of αT2 variants between formats. In some cases, 
the potency of a binding domain is reduced in CODV format 
as compared to the Fab molecule, which can be explained by 
geometry, spatial constraints, or accessibility of the binding 
domain within the multi-specific format. However, even for 
binding domains for which properties like expression, stability 
or biological activity did not fully correlate between Fab and 
CODV-Ig format, we could restore or even improve the spe-
cific properties by optimizing linker setups or orientations 
within the final multi-specific format (as shown for expression 
in Figure 6a). Specifically, the co-optimization of molecular 
interactions via mutational variation and geometrical features 
through linker diversification and changes in orientation 
resulted in stronger improvements of properties like binding 
and potency within the multi-specific format as compared to 
the Fab variants. Accordingly, reduction of the design space via 
pre-selection of a preferred orientation and linker setup prior 
to the building block optimization would have led to a loss in 
hit variants with desired profiles. Furthermore, generating 
diversity and optimizing the αT2 binding domain at the level 
of the Fab format came with the additional advantage that 
a toolbox of αT2 variants covering a wide range of different 
biophysical properties was generated for use within other 
multi-specific protein formats or for the exploration of further 
target combinations.

The number of multi-targeting modalities in clinical devel-
opment is increasing.1,3,12 At the same time, the number of 
experimental MSAT formats for the treatment of complex 
diseases is constantly growing.11 Several technologies have 
been described for the generation of IgG-like bispecific anti-
bodies, including knob-into-hole-mediated combination of 
half-antibodies,35,36 Fab Arm exchange28,29 and bioconjuga-
tion-mediated assembly.18 Recently, Dengl et al. introduced 

a novel approach where various bispecific antibody formats 
can be generated in parallel through the exchange of semi- 
stable placeholder chains.16 Clearly, this approach represents 
considerable technical progress to address the need for explor-
ing diversified MSAT formats for optimal biological 
activity.9,37 Along these lines, our process design takes account 
of the demand for format-agnostic platform technologies for 
HT-engineering purposes. We designed the platform in such 
a way that different therapeutic formats, i.e., multi-chain pro-
teins, can be flexibly realized by automated pairing of indivi-
dual protein chains on the DNA level (Figure 1d). We 
showcased the applicability of our system using two examples 
of distinct two-chain formats, the potency maturation of 
monovalent Fabs and the accommodation of optimized VRs 
in complex, bispecific CODV-Igs. Accordingly, in these exam-
ples, the system was configured to support two-chain formats 
(Supplementary Figure 1a and b). The settings, however, can be 
easily reconfigured to support any multi-chain protein of 
higher complexity, such as four-chain Tri-specific CODV- 
Igs38 (Supplementary Figure 1b). Hence, through its inbuilt 
chain-paring logic, the process is readily adaptable to accept 
any currently existing or future MSAT format and can support 
both format accommodation applications and exploration of 
novel format designs.

Compartmentalization is central for successful multi- 
parametric screening because it allows unbiased determination 
of functional activities and biophysical properties of individual 
variants. Different strategies for compartmentalization have 
been described, including agar plate-, microtiter plate-, water- 
in oil droplet- or whole cell-based technologies.30,39,40 Also, 
automated microtiter plate-based HT screens of non- 
deconvoluted variant libraries have proven to be successful in 
the maturation of antibodies to ultra-high, femtomolar- 
binding affinities.25 In our microtiter plate-based approach we 
explicitly use deconvoluted plasmid libraries instead, as it is 
a pre-requisite for the systematic pairing of plasmids that code 
for the individual chains of in-silico designed molecules. An 
additional advantage is that, in deconvoluted libraries, 

Figure 5. (Continued)
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oversampling during screening is not required since all variants 
that comprise the library are already known ab-initio. This 
approach thus saves considerable time and resources. Of 
utmost importance, however, is the fact that it enables 
informed screening, i.e., real-time genotype/phenotype land-
scaping: the genotype of a distinct variant can be instantly 

correlated with its respective phenotypes through the registered 
plate-well position. By this, live observations such as produc-
tion titers or kinetic measurements can be used immediately to 
feed computational methods for rational design41 (Figure 4d) 
or machine learning approaches,42 all of which can significantly 
accelerate subsequent protein engineering cycles.

Figure 6. Compartmentalized CODV-Ig library screening. a) Impact of CODV-Ig design on expression. Graphical representation of expression values across 10,538 CODV- 
Ig variants. Individual tiles represent the different CODV-Ig designs with 225 optimized VRs corresponding to the rows of the matrix and 24 linker configurations 
corresponding to the columns. The two CODV-Ig orientations are shown separately. Individual expression values contained in tiles of the grid are scaled by a color 
gradient from low (red; Min ≤ 0.1 mg/L), medium (yellow; Med = 29 mg/L) to high (green; Max = 233 mg/L). Note that linker variegations can lead to significantly 
improved expression titers for same VR combinations in different orientations indicating that expression titers can be optimized by structural adaptations. b) Expression 
activity correlation. Full dose response measurements of STAT protein phosphorylation inhibition in THP-1 cells after T2 stimulation by 1,621 CODV-Ig variants selected 
based on expression (>75 mg/L). Activity ratios of the corresponding 1,621 variants relative to the prototypic αT1-αT2-CODV-Ig (Orientation 2) were plotted against the 
expression rate (mg/L). Binding capacities against T1 were confirmed by BLI in an antigen capture format. Binding response ratios of the variants relative to the 
prototypic αT1-αT2-CODV-Ig (Orientation 2) are shown by a color gradient from low (red; Min = 0.04), medium (yellow; Med = 0.52) to high (green; Max ≥ 1). Note that 
the vast majority of CODV-Ig variants displayed binding capacities against T1 similar to the αT1-αT2-CODV-Ig starting variant. Variants, for which full dose response 
curves are depicted in c) are indicated by a black cross and respective VAR identifiers. Note that accommodation of optimized VRs in CODV-Ig format led to the 
identification of variants showing up to 1,000-fold improved activities. c) Dose response curves of STAT protein phosphorylation inhibition in THP-1 cells after T2 
stimulation by selected CODV-Ig variants. Assay description as detailed in Figure 4b.
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One major aim of this project was to advance protein 
engineering strategies by providing data sets of large volume 
with great predictive capability.43,44 Through rigorous automa-
tion of lab unit operations, we were able to generate and 
characterize over 25,000 variants in two formats in a period 
as short as 12 months. We performed exhaustive genotype/ 
phenotype landscaping over three engineering cycles to gener-
ate a large and diverse panel of viable MSAT variants to select 
from for downstream developability assessments. 
Concomitantly, HT-screening resulted in a very large set of 
multi-dimensional curated and contextualized data in 
machine-readable form. Attention should be paid to the fact 
that our compartmentalized process preserves data of weakly 
performing variants, which is important to efficiently train 
machine-learning models. In conclusion, having this process 
in place confers considerable advantages, as it allows us not 
only to screen large sets of MSATs in a very short period of 
time but at the same time set the foundation for data-driven 
rational design, more sophisticated virtual screening 
approaches and various strategies for deep data mining based 
on machine learning models, amongst others.30,42,44

Materials and methods

Molecular biology reagents and E. coli strains

T4 DNA ligase, Deoxynucleotide (dNTP) Solution Mix and 
10x NEBuffer 2.1 were purchased from NEB (Ipswich, MA, Cat 
No. M0202M/N0447S/B7202S). Restriction enzymes Eco31I 
(BsaI) and DpnI were purchased from Thermo Fisher 
Scientific (Waltham, MA, Cat. No. FD0294/ER1701). 
PfuUltra II Fusion HS DNA Polymerase was purchased from 
Agilent Technologies (Santa Clara, CA, Cat. No. 600,670). 
Ampligase DNA Ligase was purchased from Illumina 
(Epicenter, San Diego, CA, Cat. No. 111,025 (A32250)).

Gene modules were designed as human codon optimized 
DNA constructs lacking BsaI restriction sites and ordered with 
flanking BsaI recognition sites and specific fusion sites in 
plasmids backbones carrying kanamycin resistance at 
Thermo Fisher Scientific (Waltham, MA).

For cloning in E. coli and gene expression in HEK293F cells, 
a pTT5 vector45 obtained from the National Research Council 
Canada (Ottawa, Ontario, Canada) was used. Manual plasmid 
DNA preparation were processed using the QIAGEN Plasmid 
Plus Midi Kit (Qiagen, Hilden, Germany, Cat. No. 12,943) 
following the manufacturer´s protocol. Manual measurements 
of plasmid DNA concentrations were done using a Little 
Lunatic spectrophotometer (Unchained Labs, Pleasanton, 
CA). Synthetic oligonucleotides were purchased from Merck 
KGaA (Sigma Aldrich, St. Louis, MO). NEB® 10-beta 
Competent E. coli (High Efficiency) cells were purchased 
from NEB (Ipswich, MA, Cat. No. C3019) and used for stan-
dard cloning. One Shot™ TOP10 Electrocomp™ E. coli cells were 
purchased from Thermo Fisher Scientific (Waltham, MA, CAt. 
No. C404052) and used for library cloning. One Shot ccdB 
Survival 2T1 cells (Thermo Fisher Scientific, Waltham, MA, 
Cat. No. A10460) were used for cloning and replication of ccdB 
containing library template plasmids.

Standard modular cloning

All modular cloning reactions were performed as described21 

in one-pot restriction/ligation reactions containing 100 ng 
destination plasmid (~6 kb), 50 ng of each insert module 
(~2.6 kb), 10x T4 ligase buffer, 700 U T4 DNA ligase, 3.5 U 
of Eco31I (BsaI), in a total volume of 10 µl. The reaction was 
conducted in a thermo cycler according to the following 
cycling steps: 15 min/37°C, 7 min/37°C followed by 7 min/ 
16°C (40 repeats), 45 min/37°C, 10 min/65°C. 0.5 µl of the 
modular cloning reaction were used for chemical transforma-
tion of 50 µl of NEB 10-beta Competent E. coli cells. Unique 
clones were analyzed by restriction analysis, colony PCR, and 
Sanger sequencing.

Saturation mutagenesis

Saturation mutagenesis was done by ligation during amplifica-
tion (LDA) PCR using synthetic NNK-oligonucleotides (NNK- 
primers; N = A/G/T/C, K = G/T) each representing a sub- 
library for a single codon position. NNK primers were 
designed with 19–24 DNA template complementary nucleo-
tides 5ʹ and 3ʹ of the NNK codon and a 5ʹ-phosphorylation. For 
a 50 µl LDA reaction, 100 ng of the template DNA plasmid was 
mixed with 0.5 µl PfuUltra II Fusion HS DNA Polymerase, 10 
pmol NNK-Primer, and 2.5 U Ampligase DNA Ligase in 
PfuUltra II Fusion HS DNA Buffer, 200 µM dNTPs, and 
1 mM NAD+ (Nicotinamide adenine dinucleotide). The reac-
tion was conducted in a thermo cycler according to the follow-
ing cycling steps: 3 min/95°C followed by 18 repeats of 1 min/ 
95°C, 1 min/55°C, and 12 min/65°C. Subsequently, 25 U 
DpnI were added to the reaction mix and incubated at 37°C 
for 2 h. Then, DNA was purified by ethanol precipitation and 
the resulting DNA pellet was resuspended in 40 µl of water. For 
electroporation, 10 µl of the resuspended DNA and 45 µl of 
water were added to a 15 µl aliquot of TOP10 E. coli cells. After 
transformation, glycerol stocks were generated (stored at 
−80°C) and colony forming units (cfus) determined using 
titration on selective agar. A quality control for all sub- 
libraries was performed via Sanger sequencing using an over-
night culture started from glycerol stocks. For colony picking, 
calculated volumes of the glycerol stocks were spread on agar 
OmniTrays (Thermo Fisher Scientific, Waltham, MA) to 
receive ~200 cfus per plate.

Modular library cloning

All modular libraries were generated using modular cloning 
technologies as previously described.20 In brief, a reaction 
with a total volume of 20 µl contained 20 fmol pTT5 destina-
tion plasmid and 20 fmol of each required module or module 
pre-mix, T4 ligase buffer, 1,400 U T4 DNA ligase, and 7 U of 
Eco31I (BsaI). The reaction was conducted in a thermo cycler 
according to the following cycling steps: 5 min/37°C, fol-
lowed by 40 repeats of 7 min/37°C and 7 min/16°C, 
30 min/37°C, and 10 min/65°C. For the electroporation of 
TOP10 E. coli cells, 1 µl of the modular cloning reaction was 
mixed with 54 µl water for 30 sec and chilled on ice. 15 µl 
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TOP 10 E. coli cells were added and resuspended thoroughly 
before electroporation. 300 µl SOC medium was added to 
cells immediately after the electroporation, followed by care-
ful resuspension and incubation for 1 h at 37°C and 800 rpm 
in a thermomixer. After transformation, glycerol stocks were 
generated by adding 300 µl of medium containing 34% (v/v) 
glycerol to the cell solution, mixing thoroughly, and aliquot-
ing in new reaction tubes, before storage at −80°C. Cfus in 
glycerol stocks were determined using titration on selective 
agar plates. A quality control for all sub-libraries was per-
formed via Sanger sequencing using an overnight culture 
started from the glycerol stocks. For colony picking, calcu-
lated volumes of the glycerol stocks were spread on agar 
OmniTrays (Thermo Fisher Scientific, Waltham, MA) to 
receive ~200 cfus per plate.

Automated colony picking and plasmid DNA preparation 
on the E. coli station and DNA handling station

The colonies were automatically picked by the E. coli station (ES; 
Figure 2a) built by Lab Services (Breda, The Netherlands). Plate 
handling was done by PlateButler® PreciseFlex750 robotic arm 
(Precise Automation, Fremont, CA; integration by Lab Services, 
Breda, The Netherlands); the integrated barcode reader was used 
for inventory scan. Source and destination plates were stored in 
random access plate hotels. A vacuum-based lid holder was used 
for lid handling. Maximum of 96 colonies per agar OmniTray 
(Thermo Fisher Scientific, Waltham, MA) were transferred into 
96-deep well plates (DWPs; Thermo Fisher Scientific, Waltham, 
MA) that had been prefilled with 1.5 mL 2YT growth media 
(Becton Dickinson, Franklin Lakes, NJ) supplemented with 
ampicillin (Sigma-Aldrich, St. Louis, MO) using the integrated 
multi drop dispenser (Thermo Fisher Scientific, Waltham, MA). 
Norgren CP7200 (Wagner Life Science, Middleton, MA) repre-
sents the integrated picking unit. When the picking process was 
finalized, all inoculated plates were sealed with a semi-permeable 
membrane (Thermo Fisher Scientific, Waltham, MA) and incu-
bated at 37°C and 800 rpm in a Microtron Shaker (Infors HT, 
Basel, Switzerland) overnight. The E. coli cells were harvested by 
centrifugation at 4,600 rpm for 5 min. Cell pellets were used for 
plasmid DNA isolation.

A set of four plates could be processed in parallel on the 
DNA handling station (DHS; Figure 2a) built by Lab 
Services (Netherlands). Plate handling was done by 
a PlateButler® PreciseFlex750 robotic arm (Lab Services, 
Breda, The Netherlands). Source and destination plates 
were stored in a Cytomat10 hotel (Thermo Fisher 
Scientific Waltham, MA) that performed the inventory 
scan. All pipetting steps were carried out by an integrated 
Hamilton STAR liquid handling device (Hamilton, 
Bonaduz, Switzerland) using a 96-channel pipetting head. 
PhyNexus (San Jose, CA) technology was used for plasmid 
DNA isolation. In a first step, cells were resuspended in 
150 µL resuspension buffer, then lysed in 180 µL lysis buffer 
and precipitated by 210 µL of neutralization buffer. 
PhyNexus tips were equilibrated in PhyNexus Wash 
Buffer. The plasmid DNA was isolated directly from pre-
cipitated cell suspension by pipetting up and down slowly. 
PhyNexus tips were washed three times with 700 µL 

PhyNexus Wash Buffer and bound plasmid DNA was 
eluted with 150 µL elution buffer (10 mM Tris-Cl, pH 8.5; 
Qiagen, Hilden, Germany) into 96-well plates (Greiner Bio- 
One, Frickenhausen, Germany). Elution plates were sealed 
using a HJ SealPeel Station and Polyolefin foil (HJ- 
BIOANALYTIK GmbH, Erkelenz, Germany; Cat. 
No. 900,360) to avoid evaporation.

Measurement of plasmid DNA concentration on the DHS

A DropSense96 device (Trinean, Gentbrugge, Belgium) inte-
grated in the DHS (Figure 2a) was used to determine plasmid 
DNA concentrations. Plate handling was done by 
a PlateButler® PreciseFlex750 robotic arm. Plates were stored 
in a Cytomat10 hotel that also performed the inventory scan. 
Due to the risk of condensation and cross contamination plates 
containing DNA were spun shortly for 1 min at 1,000xg 
(BioNex HIG™; BioNex Solutions, San Jose) and subsequently 
cover foils were peeled at the HJ SealPeel Station. All pipetting 
steps were carried out by an integrated Hamilton STAR liquid 
handling device using a 96-channel pipetting head. First 5 µL of 
elution buffer (10 mM Tris-Cl, pH 8.5; Qiagen, Hilden, 
Germany) that was provided in a reagent reservoir on the 
LHD deck were transferred into the cavities of a 96 High 
Lunatic plate (Unchained Labs, Gent, Belgium) and UV/Vis 
absorption was measured at the DropSense96 giving blank 
values. DNA solution from each plate was transferred and 
measured subsequently. DNA plates were sealed again using 
Polyolefin foil (HJ-BIOANALYTIK GmbH, Erkelenz, 
Germany; Cat. No. 900,360).

Normalization of DNA concentration on the DHS

Plate handling was done by a PlateButler® PreciseFlex750 
robotic arm. Plates were stored in a Cytomat10 hotel that 
performs the inventory scan. Due to the risk of condensation 
and cross contamination plates containing DNA were spun 
shortly (BioNex HIG™ centrifuge, 1,000xg, 1 min) and subse-
quently cover foils were peeled at the HJ SealPeel Station. All 
pipetting steps were carried out by an integrated Hamilton 
STAR liquid handling device using a 96-channel pipetting 
head. DNA samples of known concentration were typically 
normalized to 36 ng/µL. A pipetting worklist was used to 
provide information of source positions, sample volume, and 
diluent volume. EB buffer (Qiagen, Hilden, Germany) was 
utilized to dilute the samples. EB buffer was transferred first 
from a reagent reservoir on the Hamilton deck, followed by 
sample transfer. Source and target plates were immediately 
sealed using Polyolefin foil (HJ-BIOANALYTIK GmbH, 
Erkelenz, Germany; Cat. No. 900,360) after processing.

Generation of DNA mixtures on the DHS

Plate handling was done by a PlateButler® PreciseFlex750 
robotic arm. Plates were stored in a Cytomat10 hotel that 
performs the inventory scan. Due to risk of condensation and 
cross-contamination, plates containing DNA were spun 
shortly (BioNex HIG™ centrifuge, 1,000 x g, 1 min), and 
then cover foils were peeled at the HJ SealPeel Station. All 
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pipetting steps were carried out by an integrated Hamilton 
STAR liquid handling device using a 96-channel pipetting 
head. Up to five destination plates were loaded on Hamilton 
STAR deck. Source plates were loaded one after the other. 
Combinations of plasmid DNAs coding for HC and LC were 
created according to a pipetting list. The pipetting list pro-
vided information on source positions, sample volumes, and 
destination positions. In total, 150 µL of transfection DNA 
mix was prepared, resulting in two possible transfection reac-
tions each containing 1.2 µg plasmid DNA in 50 µL. First, 
50 µL of oriP/EBNA vector46 (4 ng/µL) was transferred into 
384-well destination plates (Corning, NY; Cat. No. 3342) 
using a 96 pipetting head. Second, 50 µL of each DNA sample 
was pipetted into single cavities of the destination plate using 
the 8-channel head. Each source plate was immediately sealed 
using Polyolefin foil (HJ-BIOANALYTIK GmbH, Erkelenz, 
Germany; Cat. No. 900,360) at HJ PeelSeal station. All sample 
plates (hereinafter named the transfection ready DNA (TD) 
plates) were sealed at the end of the run. All plate transfer 
operations were tracked in GDB by uploading automatically 
generated DHS report files.

Sequence deconvolution workflow

The whole sequence data analysis procedure was automated 
using an inhouse implemented bioinformatic tool (Python- 
based), which allowed the analysis and identification of thou-
sands of clones in less than a day (Supplementary Figure 3). 
The sequence analysis workflow started with the assembly of 
all possible DNA reference sequences by combining the DNA 
fragments of building blocks in a combinatorial fashion for 
modular cloning approaches (as shown above). In the case of 
mutational libraries, all theoretical DNA sequences were gen-
erated on a DNA level by introducing all NNK codons in 
specified positions of the wild-type sequence string. The gen-
erated reference sequences were stored as multi-sequence 
FASTA file, which served as input for the following steps. 
For each well (every well should only contain one specific 
variant), all available Sanger reads (provided by the DNA 
sequencing CRO Qiagen, Hilden, Germany) were organized 
as separate FASTA files. All individual well positions of the 
96-well sequencing plates were analyzed consecutively, and 
the results of individual reads were combined in a last step to 
identify the clone variant. Before starting the analysis of the 
individual reads, reversed reads were transformed into the 
reversed complement sequence strings. In a first step, 
a predefined number (usually 25–50 depending on the read 
quality and position of the sequencing primers) of nucleotides 
from the beginning of the read were removed to get rid of 
positions with potentially high uncertainty. The resulting 
trimmed string was compared against the whole library of 
DNA reference sequences. If no 100% substring match could 
be identified, 10 nucleotides from the end of the read were 
removed and the resulting trimmed sequence string was again 
compared against the full library of DNA reference sequences. 
This procedure of removing the last 10 nucleotides and com-
paring the resulting trimmed string against the reference 
library was repeated until one or more 100% substring 
matches within the reference library were identified or until 

the length of the trimmed read fell below a predefined thresh-
old. This trimming and mapping procedure has been con-
ducted for all available reads for a specific variant (well), 
resulting in a hitlist of potential reference sequence matches 
for each read. The hitlists for the individual reads contain all 
100% identity substring matches that could be identified. In 
a last step, the intersection of all hitlists was calculated, i.e., if 
all available hitlists contained exactly one shared reference 
sequence match, this match represented the identity of the 
examined clone variant. Custom Python code used in this 
study is available from the corresponding author upon rea-
sonable request.

Cell culture and transfection on the protein science station

Suspension-adapted HEK293-F cells (Thermo Fisher Scientific 
Waltham, MA; Cat. No. R79007) were cultivated in Freestyle 
F17 Expression medium (Thermo Fisher Scientific, Waltham, 
MA; Cat. No. A1383502) containing 6 mM glutamine (Thermo 
Fischer Scientific, Waltham, MA; Cat. No. 25,030,024). The day 
prior to transfection 800 ml of cells were seeded at a density of 
1.3E6 cells/ml in 3 L Fernbach Erlenmeyer flasks with vent cap 
(Corning, NY; Cat. No. 431,252) and incubated overnight at 
37°C with agitation at 110 rpm (50 mm orbit), 8% CO2 and 
75% humidity in a Multitron Pro Shaker (Infors HT, Basel, 
Switzerland). In a next step, the transfection-ready DNA plates 
were thawed, and the protein science station (PSS) (Figure 2a) 
was used to transfer 50 µl DNA of each sector of a TD plate to 
four 96-deep well expression plates (EX) (Thermo Fisher 
Scientific, Waltham, MA; Cat. No. 10,447,181); Lid (Greiner 
Bio-One, Frickenhausen, Germany; Cat. No. 691,161). This 
process was automatically repeated for up to 24 cycles 
per day. The handling of 24 TD plates resulted in 
a maximum number of 96 EX plates. The DNA-containing 
EX plates were stored in the Cytomat 10 C incubator 
(Thermo Fisher Scientific, Waltham, MA) overnight at 8°C. 
The TD plates were sealed, manually removed from the PSS for 
long-term storage at −20°C. The DNA transfer of 24 TD plates 
to 96 EX plates took about 2 hours.

At the day of transfection, a 1 mg/ml polyethylenimine 
(PEI) 25 K stock solution pH 6.6 (Polysciences Europe 
GmbH, Hirschberg, Germany; Cat. No. 23,966–2) was diluted 
to 17 µg/ml with Freestyle F17 Expression medium (Thermo 
Fisher Scientific, Waltham, MA; Cat. No. A1383502) contain-
ing 6 mM glutamine (Thermo Fisher Scientific, Waltham, MA: 
Cat. No. 25,030,024) and installed on a Midi MR1 magnetic 
stirrer (IKA®-Werke GmbH & Co. KG, Staufen, Germany) of 
the PSS sterile dispensing unit in an opaque 2 L glass bottle 
(Schott AG, Mainz, Germany; Schott Duran 2l80663). The PEI 
was kept in solution at room temperature by rigorous stirring, 
while avoiding foaming. In a next step, the HEK293F cells were 
adjusted to 2.1E+06 cells/ml with F17 expression medium 
containing 6 mM glutamine. Three liters of the cells were 
transferred into a disposable 3 L Spinner Flask (Thermo 
Fisher Scientific, Waltham, MA; Cat. No. 10,337,203) and 
installed on the Midi MR1 magnetic stirrer 2 of the PSS sterile 
dispensing unit. The cells were kept in suspension by rigorous 
stirring, while avoiding foaming. To avoid cooling of the cells, 
the spinner flask was wrapped with a custom heating jacket 
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(Horst GmbH, Lorsch, Germany), where the temperature con-
trol was set to 37°C. In a next step, the 2 m long tubing cassettes 
(Thermo Fisher Scientific, Waltham, MA; Cat. No. 24,072,677) 
of the Multidrop devices of the sterile dispensing unit were 
installed and the ends of the tubing were inserted into the 
HEK293F cell and PEI solution. The PSS was then used to 
dispense 200 µl (2.8 µg) of PEI solution with Multidrop device 
1 to column 1–11 of EX plates. After 12 minutes incubation, 
950 µl µl cells were dispensed with Multidrop device 2 to the 
DNA-PEI mix in column 1–11 of the same plate.

This process was automatically repeated for up to 96 cycles 
per day, while the PlateButler® Software managed the schedul-
ing of the process. To handle 96 EX plates, the 3 L Spinner flask 
must be exchanged 3 times with a new one. This was done on 
the fly while the PSS system was running. The transfected cells 
in the EX plates were successively removed manually from the 
PlateButler® PlateDispenser (Lab Services, Breda, The 
Netherlands) and the plastic lids were exchanged by metallic 
low-evaporation DUETZ system lids (Enzyscreen BV, 
Heemstede, The Netherlands; Cat. No. CR1296a). The plates 
were mounted on an Enzyscreen Cover clamp system 
(Enzyscreen BV, Heemstede, The Netherlands; Cat. No. 
CR1700) installed on a Multitron Pro shaker and incubated 
for 7 days at 37°C, 8% CO2, 75% humidity and 1,000 rpm 
shaking with 3 mm orbit. Each shaker provided space for 16 
DWPs. The automated transfection of 96 EX plates took about 
6.5 hours. All plate handling operations were done by 
a PlateButler® PreciseFlex1160 robotic arm (Precise 
Automation, Fremont, CA; integration by Lab Services, 
Breda, The Netherlands) and plate transfer operations were 
tracked in GDB by uploading automatically generated PSS 
report files.

Harvesting and preparation of quantification assay plates 
on the PSS

After 7 days of expression, the EX plates were manually 
removed from the Multitron shakers and the DUETZ lids 
were exchanged by regular plastic lids. Cell suspension con-
taining EX plates, 96-deep well plates for the supernatant (SN) 
(Thermo Fisher Scientific, Waltham, MA; Cat. No. 10,462,214) 
and 384-well assay plates for the BLI quantification (BQ) 
(Thermo Fisher Scientific, Waltham, MA; Cat. 
No. 10,090,212) were loaded onto the PSS station. The PSS 
station was then used to spin the EX plates (5 minutes at 
1,000 g) and to transfer 1,000 µl supernatant of the sedimented 
cell suspension to the SN plates using the 96-channel head of 
the Hamilton LHD. In the same run, a 10 µl sample aliquot was 
transferred to one sector of the BQ plate. One BQ plate finally 
contained the supernatant of four SN plates. SN and BQ plates 
were sealed and the EX plates were discarded. The process 
described was automatically repeated for up to 24 cycles to 
manage 96 EX plates per day, whereas the PlateButler® Software 
managed the scheduling of the process. Finally, all plates were 
removed from the PSS and are stored at 4°C (BQ plates) or 
−20°C (SN plates). The automated harvesting and BQ plate 
preparation of 96 EX plates took about 6 hours. All plate 

handling operations were done by a PlateButler® 
PreciseFlex1160 robotic arm and plate transfer operations 
were tracked in GDB by uploading automatically generated 
PSS report files.

Quantification of supernatants on the PSS

The protein-containing supernatants were quantified by BLI 
using the Octet HTX system (Sartorius FortéBio, Göttingen, 
Germany). The quantification of Fab molecules by using 
HIS2 biosensors (Sartorius FortéBio, Göttingen, Germany; 
Cat. No. 18–5116) was performed as follows: 10 µl super-
natant on BQ plates was diluted 1:10 with 90 µl Dulbecco’s 
phosphate-buffered saline (D-PBS) (Thermo Fisher Scientific, 
Waltham, MA; Cat. No. 14,190–094) + 0.1% bovine serum 
albumin (BSA) (Miltenyi Biotec 130–091-376). 
Quantification time was set to 80 sec, regeneration/neutrali-
zation of biosensors was done with 10 mM glycine/HCl, pH 
1.7 and D-PBS for 5 sec, using three cycles before the first 
measurement and between all following measurements. The 
quantification assay was performed at 25°C while shaking at 
1,000 rpm. The sensor offset was set to 5 mm. The experi-
ment started after a delay of 600 sec to equilibrate the plate 
for 10 min (25°C and shaking). Two BQ plates were analyzed 
with one biosensor and 96 channels in high-throughput 
acquisition mode.

The quantification of CODV molecules by using ProA bio-
sensors (Sartorius FortéBio, Göttingen, Germany; Cat. No. 18– 
5013) was performed as follows: 10 µl supernatant on BQ plates 
were diluted 1:10 with 90 µl D-PBS (Thermo Fisher Scientific, 
Waltham, MA; Cat. No. 14,190–094) + 0.1% BSA (Miltenyi 
Biotec B.V. & Co. KG, Bergisch Gladbach, Germany; Cat. 
No. 130–091-376). Quantification time was set to 120 s, regen-
eration/neutralization of biosensors was done with 10 mM 
glycine/HCl, pH 1.7 and D-PBS for 5 s, using three cycles 
before the first measurement and between all following mea-
surements. The assay was performed at 30°C while shaking at 
1,000 rpm. The sensor offset was set to 5 mm. The experiment 
started after a delay of 600 s to equilibrate the plate for 10 min 
(30°C and shaking). Five BQ plates were analyzed with one 
biosensor and 96 channels in high-throughput acquisition 
mode.

The PSS station was used for sample dilution and Octet 
HTX instrument loading. The automated assay preparation 
and analysis of 24 BQ plates took about 8 hours.

A format-specific external standard curve was generated for 
each campaign. Binding rates were calculated via initial slope 
and standard curve fitting was done with 5PL unweighted fit. 
The low concentration threshold binding rate was set at 0.003. 
The binding rates of the samples were measured and interpo-
lated from the standard curve to determine the concentration. 
Data analysis was done using FortéBio Data Analysis HT 
11.0.0.50 software. Assay data were uploaded to GDB. All 
plate handling operations were done by a PlateButler® 
PreciseFlex1160 robotic arm and plate transfer operations 
were tracked in GDB by uploading automatically generated 
PSS report files.
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Hitpicking of supernatants on the PSS

The PSS station was used for cherry picking of selected hit 
supernatants from SN plates into 96-well supernatant hit selec-
tion plates (Thermo Fisher Scientific, Waltham, MA; Cat. 
No. 10,462,214). Volumes, and source and destination plate 
well locations were predefined in a worklist generated by GDB. 
SN and SH plates were sealed after supernatant transfer using 
the HJ SealPeel Station. The process described was automati-
cally repeated until the worklist had been completed, while the 
PlateButler® Software managed the scheduling of the process. 
All plate handling operations were done by a PlateButler® 
PreciseFlex1160 robotic arm and plate transfer operations 
were tracked in GDB by uploading automatically generated 
PSS report files.

Normalization of supernatants on the PSS

After quantification, the concentrations of the hit supernatants 
were normalized to 60 µg/ml in a final volume of 150 µl (stage 
2, CODV library). The 8-channel head of the PSS LHD was 
used for the pipetting of Mock diluent (provided in a separate 
reservoir on the LHD deck) and supernatant from the SH plate 
to an empty normalization supernatant plate (NS) (Thermo 
Fisher Scientific, Waltham, MA; Cat. No. 0030504119). The 
described process was automatically repeated until the worklist 
had been completed, while the PlateButler® Software managed 
the scheduling of the process. Finally, all plates were removed 
from the PSS and were stored at 4°C (NS) or −20°C (SH plates). 
All plate handling operations were done by a PlateButler® 
PreciseFlex1160 robotic arm and plate transfer operations 
were tracked in GDB by uploading automatically generated 
PSS report files.

Preparation of binding and cell-based assay plates on the 
PSS

All binding and cell-based assays were performed in 384-well 
format. The PSS was used to prepare the BLI binding (BB) and 
cell-based assay (CA) plates by transferring the supernatants 
from the 96-well sample plates to 384-well assay plates with the 
96-channel head of the Hamilton LHD. In stage 1 (Fab level), 
10 µl supernatant of 4 individual SN or 4 SH 96-well plates 
were transferred into 1 BB 384-well plate and 50 µl supernatant 
of 4 individual SN or 4 SH 96-well plates into 1 CA plate. In 
stage 2 (CODV-Ig level), 10 µl 1:2 in Mock diluted supernatant 
of individual 2 SN or 2 SH plates were reformatted into sector 1 
and 2 of 1 BB plate and 50 µl SN of 4 individual SN or 4 SH 
plates into 1 CA plate. All plates were sealed after transfer. The 
process described was automatically repeated up to 48 cycles, 
while the PlateButler® Software managed the scheduling of the 
process. All plate handling operations were done by 
a PlateButler® PreciseFlex1160 robotic arm and plate transfer 
operations were tracked in GDB by uploading automatically 
generated PSS report files.

BLI Binding Assay
The Octet® HTX system (Sartorius FortéBio, Göttingen, 

Germany) was used for T1 and T2 off-rate screenings. In 
stage 1 (Fab level), the supernatants were diluted 1:10 

(round 1) or 1:50 (round 2) in D-PBS (Thermo Fisher 
Scientific, Waltham, MA; Cat. No. 14,190–094) + 0.1% BSA 
(Miltenyi Biotec B.V. & Co. KG, Bergisch Gladbach, 
Germany; Cat. No. 130–091-376). 0.2 µg/ml recombinant 
human T2 was loaded on SA biosensors (Sartorius FortéBio, 
Göttingen, Germany; Cat. No. 18–5021) for 300 sec. The SA 
Biosensors were then regenerated and neutralized with 
10 mM glycine/HCl, pH 1.7 and D-PBS for 5 s and 3 times 
each, prior to the first measurement and between all following 
measurements. After a 60 sec baseline step in D-PBS + 0.1% 
BSA, the biosensors were dipped into the diluted Fab super-
natants on the BB plates for 300 s to record the association 
kinetics. The dissociation kinetics were then reported by dip-
ping the biosensors in D-PBS + 0.1% BSA for 600 sec 
(round 1) or 1,200 s (round 2) followed by a regeneration 
step to wash off the remaining Fabs. Then, the next sector was 
analyzed accordingly (Figure 5, baseline – association – dis-
sociation – regeneration). All samples were measured in 
a single-referenced manner by using D-PBS + 10% mock SN 
+ 0.1% BSA as analyte. One biosensor was used to analyze 1 
BB plate. Binding curves were analyzed with a local full fit 
using a 1:1 model.

In stage 2 (CODV-Ig level), 10 µl of the 30 µg/ml normal-
ized and diluted supernatants on BB plates were further 
diluted 1:10 with 90 µl D-PBS (Thermo Fisher Scientific, 
Waltham, MA; Cat. No. 14,190,094) + 0.1% BSA (Miltenyi 
Biotec B.V. & Co. KG, Bergisch Gladbach, Germany; Cat. 
No. 130–091-376) to a final concentration of 3 µg/ml. The 
expressed CODVs in the diluted samples were loaded on an 
AHC biosensor (Sartorius FortéBio, Göttingen, Germany; 
Cat. No. 18–5064) for 300 sec (Loading step). After a 60 sec 
baseline step in D-PBS + 0.1% BSA, the biosensors were 
dipped into 15 nM recombinant T2 or 5 nM recombinant 
human T1 for 300 s to record the association kinetics. The 
dissociation kinetics were then reported by dipping the bio-
sensors in D-PBS + 0.1% BSA for 1,800 sec. The AHC 
Biosensors were regenerated and neutralized with 10 mM 
glycine/HCl, pH 1.7 and D-PBS for 5 s and 3 times each, 
before the first measurement and between all following mea-
surements to wash away both analyte and ligand. The second 
plate sector was then analyzed accordingly (baseline – load-
ing – baseline – association – dissociation – regeneration). All 
samples of round 2 were measured in a single-referenced 
manner by using D-PBS + 10% mock SN + 0.1% BSA as 
ligand. Binding curves were analyzed with a local full fit 
using a 1:1 model. One biosensor was used to analyze 2 BB 
plates. All data were uploaded to GDB.

Inhibition of T2-mediated STAT protein phosphorylation 
in vitro from THP-1 Cells

THP-1 is a human monocytic cell line derived from an 
acute monocytic leukemia patient and naturally expresses the 
T2-receptor (T2R). Incubation of THP-1 cells with human T2 
results in the increase of phosphorylation of a STAT signaling 
protein, which can be measured using commercially available 
HTRF phospho STAT kits (CisBio, Codolet, France). THP-1 
cells are routinely cultured in assay medium (RPMI 1640 
containing 10% fetal bovine serum). On the day the assay 
was performed, cells were harvested after centrifugation for 
6 min at 1,000 rpm, and then resuspended in serum-free 
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RPMI 1640 (without phenol red) at 6E+06 cells per ml. 5 µl of 
30,000 cells was added to a well of a small volume 384-well plate 
(Greiner bio-one, Frickenhausen, Germany; Cat. No. 781,080) 
and followed by the addition of 5 µl of test sample. After pre-
incubation of the plate at 37°C (with 5% CO2, 95% humidity) for 
30 minutes, 5 µl per well of T2 at a final concentration of 3.3 ng/ml 
was added and the plate was incubated for another 30 minutes at 
37°C (with 5% CO2, 95% humidity). Measurement of STAT 
protein phosphorylation by HTRF was performed according to 
manufacturer instructions with a standalone PheraStar FXS device 
or a PSS-integrated Clariostar reader (both BMG LABTECH, 
Ortenberg, Germany) at 620 nm/665 nm. Results were expressed 
as the concentration where 50% of the T2-induced STAT protein 
phosphorylation was inhibited (IC50s) and the dose response 
curves were fitted using 4 parameters sigmoidal fit of the data 
using XLfit® (idbs, Guildford, Surrey, UK) software. All data were 
uploaded to GDB.
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revisions.
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