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Generation of binder-format-payload
conjugate-matrices by antibody chain-
exchange
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Jack A. Bates1, Verena Maier1, Tatjana Sela1, Bianca Nussbaum1, Harald Duerr1,
Stefan Dengl1 & Ulrich Brinkmann 1

The generation of antibody-drug conjugates with optimal functionality
depends onmany parameters. These include binder epitope, antibody format,
linker composition, conjugation site(s), drug-to-antibody ratio, and conjuga-
tionmethod. Theproductionofmatrices that cover all possible parameters is a
major challenge in identifying optimal antibody-drug conjugates. To address
this bottleneck, we adapted our Format Chain Exchange technology (FORCE),
originally established for bispecific antibodies, toward the generation of
binder-format-payload matrices (pair-FORCE). Antibody derivatives with
exchange-enabled Fc-heterodimers are combined with payload-conjugated Fc
donors, and subsequent chain-exchange transfers payloads to antibody deri-
vatives in different formats. The resulting binder-format-conjugate matrices
can be generated with cytotoxic payloads, dyes, haptens, and largemolecules,
resulting in versatile tools for ADC screening campaigns. We show the rele-
vance of pair-FORCE for identifying optimal HER2-targeting antibody-drug
conjugates. Analysis of this matrix reveals that the notion of format-defines-
function applies not only to bispecific antibodies, but also to antibody-drug
conjugates.

Antibody derivatives containing attached cytotoxic payloads—known
as antibody-drug conjugates (ADCs)—arecurrently beingdevelopedas
targeted cancer therapeutics. Currently, 13 ADCs have been approved
by the FDA, and many more are in clinical trials1,2. For successful
development, ADCs must retain preferentially uncompromised anti-
gen binding and internalization, in addition to high cytotoxic payload
potency3,4. Additionally, ADCs should be of a defined composition,
because heterogeneous conjugation methods can lead to a mixture of
over-conjugated and under-conjugated antibodies, which can result in
reduced stability, poor pharmacokinetics (PK), decreased tumor
penetration, increased systemic toxicity, and decreased efficacy5–8.

Such challenges were faced during the development of first-and sec-
ond-generation ADCs, many of which contain payloads hetero-
geneously conjugated via interchain disulfide reduction and cysteine
labeling, or N-hydroxysuccinimide (NHS)-based conjugation onto
surface-exposed lysine residues1,8–11. These conjugation approaches
result in a stochastic distribution of attached payloads, thereby pro-
ducing ADCs with variable conjugation sites and drug-to-antibody
ratios (DAR)8,11,12. An additional concern with NHS conjugation
approaches is a potential decrease in binding affinity due to conjuga-
tion of lysines located in complementarity-determining regions (CDRs)
or in close proximity to CDRs13,14. While lysines are generally
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underrepresented in antibody CDRs, this is not the case for all anti-
bodies, particularly those with lambda light chains15. In order to
overcome issues caused by heterogeneous payload conjugation, third-
generation ADCs often employ site-specific conjugation
technologies8,16 (described in more detail below). In contrast to NHS
conjugation approaches, conjugation of selectively reduced cysteine
residues in the hinge region and the CH1/CL domains results in better
homogeneity and control of conjugation sites, but can still result in a
heterogeneous DAR1,16,17. This is a challenge for ADC discovery and
screening approaches, as it can be challenging to ensure identical, or
even similar DAR and conjugation sites between different antibodies
with varying formats.

Issues associated with nonspecific payload coupling can be
addressed by site-specific payload conjugation. Most of these
approaches are based on the introduction of mutated residues that
serve as targets for site-directed conjugation. Examples include
THIOMABs, which carry additional exposed cysteine residues for
maleimide conjugation18,19, and antibodies with unnatural amino acids
introduced through stop-codon suppression20–23. Alternatively, anti-
bodies can be engineered with recognition sequences that enable
spontaneous or enzyme-based conjugation bymeans of inteins, SNAP,
sortase, or transglutaminase9,24–28. These technologies address the
generation of defined entities, but production and scaling is still
complex and laborious in early project phases, since each conjugate
must be produced and analyzed individually.

Site-specific conjugation can address the homogeneity of ADCs,
but other challenges still remain. One major issue is that ADCs with
desired functionalities are not simply the result of site-specific con-
jugation of a preferred cytotoxic compound onto a well-performing
antibody. Instead, a wide variety of factors determine the successful
development of ADCs with good efficacy and a sufficiently large
therapeutic index. Binding modules need to be compatible with the
conjugated cytotoxic payload in terms of target binding affinity and
internalization kinetics. Binder affinity, valency, and format (the posi-
tion of binders relative to the Fc domain) can influence tumor-cell
selectivity, tumor penetration, and internalization kinetics, and are
thus parameters that need to be optimized in ADC screening
campaigns29–32. Linker composition and conjugation chemistry also
play a role in ADC stability and efficacy33. Additionally, the conjugation
positions must be compatible with binder functionality and can influ-
ence the stability, PK, and potency of the ADC34–36. The drug-to-
antibody ratio (DAR), i.e., how many payloads are coupled per anti-
body, also affects ADC functionality and canmodulate biophysical and
PKproperties6,7,9,37. Therefore, the generation, screening, and selection
of optimal ADCs requires the combination of different binders, for-
mats, and linker-payload modules, all while testing different conjuga-
tion positions with varying DAR. Selecting optimal ADCs thus requires
the assessment of complex matrices that combine these parameters.
Even when combining just a few variables for each parameter (binder,
format, linker, payload, conjugation position, and DAR), this can still
result in large matrices. The production of comprehensive ADC
matrices to cover such a design space is tedious and is a major hurdle
in early development.

The challenges listed here for ADCs are very similar to those
described for the generation of bispecific antibodies (bsAbs). BsAbs
are antibody derivatives that combine two different binders in one
molecule, in contrast to standard ADCs, where the antibody contains
onebinder specificity pairedwithone typeof cytotoxic payload1. In the
development of bsAbs, multiple binding modules need to be compa-
tible with each other, and numerous variables can influence the bio-
logical function, activity, andbiophysical properties of the bsAb. These
include binder format and position, linker lengths and flexibility, bin-
der valency, and binding kinetics of the individual binders29,38–40.
Therefore, the identification of desired bsAbs requires the generation
and screening of comprehensive binder-format-linker-valency

matrices, similar to the binder-payload-conjugation site-linker-DAR
matrices required in ADC screening campaigns.

We have recently addressed the bottleneck of generating large
binder-format bsAbmatrices with a chain-exchange-based technology
(FORCE)29. FORCE is an efficient, high-throughput-automation-
compatible platform, and produces combinations of bispecific anti-
bodies in different formats from monospecific input molecules in
vitro. Precursor molecules are applied as half antibodies com-
plemented with dummy chains, with both chains containing partially
destabilized CH3 interfaces. Combining complementary precursors in
a reducing environment triggers a chain-exchange reaction that gen-
erates bsAb matrices covering binder specificity, binder format, and
binder valency as design variables29.

Here we show that the FORCE technology can be modified and
expanded to cover large design spaces for ADCs. We expanded the
technology from covering binder specificity, binder format, and bin-
der valency as design variables to cover the payload, conjugation
position, DAR, binder specificity, binder format, and binder valency as
variables. We refer to this modified technology as payload-redirecting
chain-exchange (pair-FORCE). Our newly developed pair-FORCE tech-
nology combines different binding modules with various payload-
coupled, exchange-enabled Fc donor counterparts. We demonstrate
that a variety of payload types are compatible with the pair-FORCE
technology, enabling applications that are valuable for ADC screening
campaigns as well as other related uses, such as the generation of tool
reagents for epitope binning and imaging assays. This includes high-
throughput conjugation of different binders with (1) cytotoxic linker-
payload combinations to generate defined ADCs and identify mole-
cules with optimal properties. (2) pH-sensitive fluorescent dyes to
assess internalization efficacy, (3) fluorescent dyes/proteins and
enzymes for screening of binding efficacy and epitope binning, and (4)
site-specific biotinylation for generation of versatile assay reagents.

To demonstrate that pair-FORCE is a robust, rapid, and reliable
platform for generating defined and comprehensive ADCmatrices, we
generated and analyzed a matrix of HER2-targeted ADCs covering the
variables of binder specificity, binder format, binder valency, con-
jugation position, payload, and DAR. The analysis of this ADC matrix
demonstrates significant differences between different ADC con-
structs in terms of internalization and cytotoxic activity, and highlights
the importance of screening a comprehensive set of variables during
ADC development. Similar to the development of bispecific anti-
bodies, the notion of format-defines-function29,39 holds true for ADC
activity. Pair-FORCE provides a robust, rapid, and reliable method to
enable comprehensive screening of ADC parameters in a high-
throughput manner. Given the importance of screening a large
design space during ADC development, pair-FORCE has the potential
to significantly improve ADC design cycles.

Results
Payload-redirecting chain-exchange (pair-FORCE)
The principle of pair-FORCE is depicted in Fig. 1a. Different binder
modules (depicted in green, blue, and orange) are exchange-enabled
by carrying partially destabilized knob-into-hole CH3 interfaces with
repulsive charges, as previously described29. These antibody deriva-
tives with different Fab/Fv regions serve as acceptor entities for
complementary Fc donor molecules. The payload-donor molecules
are partially destabilized knob-into-hole Fc precursors that are con-
jugated with one or more payloads, either in a site-specific or non-
specific manner. The design, generation, and characterization of Fc-
payload-donor molecules and binder-acceptor molecules is described
in detail in Supplementary Fig. 1.

Mixing the acceptor and donor entities under mild reducing
conditions for limited reduction of hinge disulfides (see Methods
section and ref. 29) triggers an exchange reaction driven by repulsive
charges in the CH3 interface of the precursor molecules. This reaction
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results in the formation of productive antibody derivatives containing
the payload as well as dummy-dimers as by-products (Fig. 1a). Dummy-
dimers, donor precursors, and acceptor precursors (but not the pair-
FORCE products) harbor C-terminal C-tags and can be removed from

the reaction mixture by adsorption on a C-tag affinity column. The
flow-through contains the payload-coupled binders (pair-FORCE pro-
ducts). Because the exchange reaction transfers one defined conjugate
from the Fc donormolecule to sets ofmany different binder-acceptors

a

b c

Fig. 1 | Overview of the payload-redirecting chain-exchange concept (pair-
FORCE). aDifferent binders (in green, blue, and orange) have varying sequences in
their Fab regions. On the upper right (highlighted in the yellow circle), a single
conjugation reaction with an Fc donormolecule is depicted. The conjugated donor
molecule is then applied to the exchange reactionwith eachof thedifferent binders
(acceptors) in the presenceof the reducing agent TCEP, which reduces thedisulfide
bridges in the hinge region (shown as dashed lines). After the chain-exchange
reaction, the mixture is applied to a C-tag affinity column, which captures dummy-
dimers, aggregates, and non-reacted educt molecules. The products - labeled
antibodies with a defined composition —are present in the flow-through with high
purity. The hinge disulfides of the product antibodies reoxidize after C-tag pur-
ification. b Antibody-derived acceptor molecules can be produced in three

different formats (N, C, and N +C) and can be combined with different payload-
donor entities. c A variety of payload-donor modules can be produced through
nonspecific conjugation or site-specific conjugation approaches (depicted here as
either biotinylation of an Avi tag by the BirA enzyme44 or transglutaminase-
mediated Q-tag conjugation26). After pairing with binder-containing acceptor
modules through pair-FORCE, the labeled antibody derivatives can be utilized for a
variety of approaches, including monitoring of internalization, immunoblotting,
FACS, epitope binning, SPR assays, immunoprecipitation, and ADC cytotoxicity
assays. pHAb pH-sensitive dye13, HRP horseradish peroxidase, GFP green fluor-
escent protein, avi recognition sequence for site-specific biotinylation44, AF488
Alexa Fluor 488, MMAE monomethyl auristatin E.
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(Fig. 1b), conjugation-mediated variabilities between the resulting pair-
FORCEproducts are excluded. All products contain identical payloads,
conjugation positions, andDAR. Exchange-mediated, defined payload-
attachment can be performed with various payloads coupled to Fc
donor modules with different conjugation methods (Fig. 1c). This
includes nonspecific conjugation to donor molecules (which are
thereafter still converted into defined products), site-specific con-
jugation, or genetic fusion to donor modules, as described below.

Defined and comparable antibody-payload conjugates gener-
ated from NHS-conjugated donor modules
Conjugation of NHS-modified payloads onto surface-exposed lysine
residues is a robust first- and second-generation workhorse technol-
ogy for ADC generation41. This type of conjugation is considered ran-
dom because the reaction leads to stochastic coupling of payloads
onto numerous exposed lysine residues, resulting in heterogeneous
DAR42,43. A heterogeneous DAR can lead to poor PK, instability of the
conjugated payload, low tumor penetration, and decreased payload
delivery8,11,16. Additionally, since lysine residues can be located in
proximity to, or in the CDRs of select antibodies15, coupling payloads
to these residues can influence antigen binding in some cases13,14.
Nevertheless, it can sometimes be advantageous to use stochastic
conjugation methods like NHS-lysine labeling in initial ADC screening

campaigns, as thesemethods are simple and efficient. However, it can
be challenging to generate sets of ADCs in which all molecules retain
comparable DAR and conjugation positions. The pair-FORCE tech-
nology overcomes the issue of DAR variability between ADCs pro-
duced with nonspecific conjugation methods. Figure 2 shows how
heterogeneously conjugated payloads on Fc donor molecules are
converted into sets of labeled antibodies with identical DAR and
unmodified binding regions. In this two-step method, the payload is
first conjugated to the Fc donor molecule, rather than directly to the
antibody of interest. In the second step, the payload-conjugated Fc
donor then transfers a consistent quantity of payload onto the dif-
ferent antibody acceptor modules (Fig. 2a, b). This generates homo-
genous products with comparable DAR and purity.

As an example of this approach, we combined twodifferent HER2-
targeting acceptor molecules (derived from Trastuzumab and Pertu-
zumab) with an Fc donormolecule that was labeledwith a pH-sensitive
dye (pHAb, Promega13) by nonspecific NHS conjugation on reactive
aminegroups. The chain-exchange reactionwasperformed in PBSwith
a 20-fold molar excess of TCEP (reducing agent) to reduce the hinge
disulfides. After incubation for 3 h at 37 °C and orbital shaking at 300
rpm, the mixture was applied to a C-tag column. The flow-through
contained the labeled product at a high purity level (>98%by analytical
SEC), with the expected chain composition (Fig. 2a). In order to show

a b

c

Fig. 2 | Chain-exchange-mediated attachment of fluorescent dyes from NHS-
conjugated donor modules with pair-FORCE. a Upper panel: reactant molecules
are mixed in equimolar concentrations in PBS undermild reducing conditions (20-
fold molar excess TCEP). The mixture is incubated at 37 °C for 3 h while shaking.
The reaction is then loaded onto a C-tag affinity column and the product is col-
lected in the flow-through. Lower panel: The labeled product, a HER2 binder
(Trastuzumab-derived) in the N-format with conjugated pHAb fluorescent dye
molecules, has a purity of >98% as measured by analytical SEC. The capillary elec-
trophoresis (CE-SDS) reveals defined bands of expected sizes under both non-
reducing and reducing conditions. HC heavy chain, LC light chain, payload ½ Fc

payload-conjugated Fc chain, Ab antibody. b A binder-format matrix of two dif-
ferent HER2 binders (derived from Trastuzumab and Pertuzumab) in three differ-
ent formats (N, C, and N +C) was combined in a pair-FORCE reaction with an Fc
donor molecule that was conjugated with pHAb (a pH-sensitive fluorophore)
through NHS-amine labeling. c Analysis of the pair-FORCE products via mass
spectrometry reveals a similar DAR (drug-to-antibody ratio) for all products, irre-
spective of the format. As expected, the pHAb-conjugated Fc donor molecule
(Payload-donor module in 1c) has an approximately twofold greater DAR than the
product molecules. Shown are results from one independent experiment (n = 1),
see Methods section for details.
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that the exchange reaction is independent of the binder sequence and
the formatof the acceptor antibody,weproduced apair-FORCEmatrix
with the two different HER2 binders in three different formats, and
evaluated the DAR by mass spectrometry (Fig. 2b). Figure 2c shows
that all products contain a similar DAR after pair-FORCE. We also
observed that the Fc donor precursor carried twice as many fluor-
ophores than that observed in the products (Fig. 2c). This confirms the
mode of the chain-exchange reaction, in which half of the donor
molecule is transferred to the acceptor molecule, while the other half
ends up in the dummy-dimer by-product. Pair-FORCE-mediated con-
version of NHS-labeled conjugates into defined molecules with unaf-
fected binding regions is not limited to low-molecular-weight payloads
such as fluorescent dyes. The approach can also be utilized to attach
enzymes such as horseradish peroxidase (HRP) conjugated via NHS
chemistry to an Fc donor molecule (Supplementary Fig. 2).

Antibody-payload fusion proteins generated by chain-exchange
The pair-FORCE chain-exchange technology is not only restricted to
transferring chemically conjugated entities. Payloads can also be
attached in a site-specific manner to Fc donor molecules as fusion
proteins (Fig. 1c). The Fc-payload-fusion protein can then be trans-
ferred to binder-acceptor modules, resulting in different antibody-
fusion protein combinations. This application can attach defined
fusion proteins to many different antibodies in a high-throughput
manner. As an example to highlight this versatility, we produced Fc-
payload-donormolecules harboring C-terminal fusions with enhanced
GFP (EGFP). Suchdonormolecules canbe expressedwith similar yields
compared to standard IgGs, andhave favorable biophysical properties.
Therefore, they can be produced as universal stock reagents for chain-
exchange-mediated attachment to any exchange-enabled antibody
derivative. The EGFP fusion serves as a payload transfer donor in the
same manner as nonspecific- or site-specific Fc donor-payload con-
jugates. As an example, we used pair-FORCE to transfer EGFP to a
HER2-binding acceptor module (Trastuzumab-derived) (Fig. 3). Such
EGFP fusions canbe generated in a simple and robustmanner formany
different binder combinations. They can be used for efficient epitope
binning screens (Supplementary Fig. 3) and for monitoring the
expression of cognate targets on the surface of tumor cells (Fig. 3).

Thus, a C-terminal fusion protein on the Fc donor module does not
interfere with chain-exchange and results in effective transfer of a
fluorescent protein to binder-acceptor molecules.

Payload transfer from Fc donor modules with site-specific
conjugation
In addition to nonspecific payload conjugation and fusion protein
generation, payloads can also be coupled to donor modules in a site-
specific manner and can subsequently be transferred to sets of dif-
ferent binder-acceptor molecules in different formats. Examples of Fc
donors that carry site-specific modifications introduced by enzyme-
mediated coupling are shown in Fig. 1c. These include Fc donors that
contain an Avi-tag, which enables site-specific biotinylation of binder-
format combinations with pair-FORCE44. Such biotinylated antibodies
can be immobilized onto SPR chips for investigation of binding
kinetics, or used for immunoprecipitation through binding to
streptavidin-coatedbeads. As anexample, a biotinylated EGFR-binding
antibody derivative generated by pair-FORCE was utilized to immu-
noprecipitate EGFR from a total cell lysate (Supplementary Fig. 4).

The enzymatic linkage between glutamine and lysine side chains
by transglutaminase is a key approach we applied to conjugate Fc
donor modules with payloads in a site-specific manner. To do so, we
placed Q-tag sequences, which are specifically recognized by a unique
microbial transglutaminase from Kutzneria albida (MTG)26, at different
positions in the productive chain of the Fc donor molecules. The
selected positions are located N-terminal of the hinge at amino acid
221, in the CH2domain at amino acid 297, and the combinationof both
positions 297 + 221 (Fig. 1c). This MTG enzyme recognizes the Q-tag(s)
on the Fc donor molecule and facilitates the formation of an isopep-
tide bond between a glutamine residue in the Q-tag and a lysine resi-
due in the K-tag26. The simplest application of this MTG enzyme is the
coupling of a payload harboring a K-tag to an acceptor molecule
containing a Q-tag. For ADC generation and screening, we utilized a
robust and versatile two-step procedure for payload coupling, similar
to a previouslydescribedmethod28,45 (see Supplementary Figs. 1d, 5 for
more information). Here, the MTG enzyme26 is used to conjugate a K-
tag-containing linker-azide moiety onto a Q-tag in the Fc donor
molecule. This results in an Fcdonorprecursor that canbe coupled in a

Fig. 3 | Antibody-GFP fusionproteins canbegeneratedbypair-FORCE. EGFPcan
be transferred to antibody derivatives in different formats by pair-FORCE and can
be applied to assess binding and the presence of target antigens by flow cytometry
(see Methods section for flow cytometry details). A C-terminal EGFP molecule was
transferred via pair-FORCE from a donor Fc-EGFP fusion to a HER2 binder-acceptor
module in the N-format (derived from Trastuzumab). The pair-FORCE product (C-
tag column flow-through) andpair-FORCEeluate (C-tag columneluate, contains by-
products and unreacted Fc donor molecules) were incubated with HER2-positive

SK-BR-3 cells or HER2-low A431 cells, and binding was determined by flow cyto-
metry. EGFP fluorescence was monitored in the FITC channel. The successful
transfer of EGFP to the Trastuzumab acceptor module was confirmed by the
increased EGFP fluorescence on HER2-positive SK-BR-3 cells treated with the pair-
FORCE product. Target-specific binding was retained after pair-FORCE, as only
minimal fluorescence was detected on HER2-low A431 cells that were treated with
the pair-FORCE product (right panel). FITC fluorescein isothiocyanate.
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subsequent step to dibenzocyclooctyne (DBCO)-containing payloads
via copper-free click chemistry28,46 (Supplementary Fig. 5a). The first
reaction - the generation of azide-conjugated Fc donor modules using
MTG—is efficient and quantitative, as measured by HIC (Supplemen-
tary Fig. 5b). The second reaction, which produces the desired
payload-conjugated Fc donor molecule, is an azide-DBCO copper-free
click reaction. Such reactions are robust and well established, and
many DBCO-containing payloads for various applications are com-
mercially available47–49.

One example is the attachment of Alexa Fluor 488-DBCO (AF488-
DBCO) to an Fc donor that harbors an MTG-conjugated linker-azide
moiety at amino acid position 297. The two-step conjugation method
resulted in quantitative or near-quantitative conjugation of AF488 to
various Fc donor molecules, as assessed by mass spectrometry (MS)
(Table 1). Because the MTG-mediated site-directed payload conjuga-
tion targets only the productive chain of the Fc donor, DARs in the
educts and the products of the exchange reaction are identical using
this approach, as opposed to 50% transfer with a randomly conjugated
donor (compare to Fig. 2b, c).

The two-step Fc donor preparation followed by chain-exchange-
mediated payload transfer was also applied to generate a matrix of
HER2 and EGFR-targeting ADCs conjugated with the antimitotic com-
pound monomethyl auristatin E (MMAE). We tested different HER2
and EGFR binders in various formats, combined with different MMAE
conjugation positions. In this case, the azide-DBCO reaction with
commercial DBCO-MMAE reagents was only ~70% efficient, using the
same azide-conjugated Fc donor precursors that were used for 100%
effective AF488 conjugation. MS analyses revealed an MMAE DAR of
~0.7 for donors with one Q-tag (Q221 or Q297), and a DAR of ~1.4 for
donors that harbor two Q-tags at positions Q221 +Q297 (Table 1 and
Supplementary Fig. 6). The pair-FORCE reaction was very efficient in
transferring the MMAE payload from the Fc donor to the antibody
acceptors, with 100% transfer efficiency achieved for many formats
and binders (compare the DAR of the Fc donors to the DAR of the pair-
FORCE products in Table 1). Therefore, the DAR of most products was
identical to the DAR of the Fc donor molecules, irrespective of the
binder sequence or format. Thus, the compositions and DAR of pair-
FORCE-derived products in the ADC binder-format-matrix are directly

comparable with each other (with the sole exception of Trastuzumab
in the C-format, Q221 +Q297, see Table 1 for details).

To confirm the robustness of the input molecules and resulting
ADCs, we assessed the purity, thermal stability, and aggregation pro-
pensity of Fc donor molecules, HER2 binder-acceptor molecules, and
HER2-MMAE ADCs. The results of these analyses (SEC and CE-SDS for
molecule purity, nanoDSF and static light-scattering for thermal sta-
bility and aggregation propensity, respectively) indicate that all HER2-
MMAE ADCs are of high purity with favorable thermal stability (Sup-
plementary Figs. 7, 8). No aggregates were detected in the SEC analysis
of most pair-FORCE generated HER2-MMAE ADCs, with a minority
showing a maximum aggregation percentage of 0.5%. CE-SDS analysis
showed correct chain composition and high levels of purity for all
constructs (Supplementary Fig. 7). The majority of HER2-MMAE ADCs
have Tm values above 63 °C and Tagg values above 69 °C (Supple-
mentary Fig. 8). Importantly, HER2 ADC products generated by pair-
FORCE show similar thermal stability attributes to their corresponding
binder-acceptor modules, indicating that chain-exchange with an
MMAE-conjugated Fc monomer does not impact thermal stability.

Fc donor molecules overall had reduced thermal stability com-
pared to binder-acceptor molecules and pair-FORCE products, possi-
bly due to the introduced Q-tag(s) (Supplementary Fig. 8). In addition,
Fc donors conjugated with MMAE displayed slightly lower thermal
stability compared to their unconjugated counterparts. However,
since the conjugated Fc donor molecules are used as ADC-delivery
reagents, and the resulting ADCs showed overall favorable thermal
stability, we believe their thermal stability is sufficient for this
application.

Chain exchange with MMAE-conjugated Fc donors should not
affect the antibody binding regions. To confirm this, we investigated
the binding kinetics of HER2-MMAE ADCs and HER2 binder-acceptor
molecules using SPR (Supplementary Fig. 9). As expected, the binding
kinetics of pair-FORCE-generated HER2-MMAE ADCs were nearly
identical to those of the parental binder-acceptor antibodies (Sup-
plementary Fig. 9). This demonstrates a major advantage of pair-
FORCE, namely that the two-step site-specific conjugation and chain-
exchange protocol does not interfere with the antibody binding
regions.

Table 1 | DARs of Fc donors and ADC products after two-step Fc donor conjugation and pair-FORCE

Acceptor Format pHAb (NHS) MMAE (Q221) MMAE (Q297) MMAE (Q221 +Q297)

Fc donor DAR 2.2 0.6 0.8 1.3

Trastuzumab (HER2) N 1.2 0.7 0.8 1.6

Trastuzumab (HER2) C 1.2 0.6 0.6 0.5*

Trastuzumab (HER2) N +C 1.1 0.7 0.8 1.3

Pertuzumab (HER2) N 1.1 0.7 0.8 1.6

Pertuzumab (HER2) C 1.2 0.6 0.7 1.4

Pertuzumab (HER2) N +C 1.2 0.7 0.8 1.4

Acceptor Format pHAb (NHS) AF488 (Q297) MMAE (Q297)

Fc donor DAR 2.2 1.0 0.8

Cetuximab (EGFR) N 1.0 1.0 0.7

Cetuximab (EGFR) C 1.1 1.0 0.8

Cetuximab (EGFR) N +C 1.0 1.0 0.9

Imgatuzumab (EGFR) N 1.1 0.9 0.8

Imgatuzumab (EGFR) C 1.1 0.9 0.7

Imgatuzumab (EGFR) N +C 1.1 1.0 0.8

Listed above areDAR values determined bymass spectrometry (MS) of different Fc donors or pair-FORCE products after either randomconjugation of pHAb to the Fc donor (NHSchemistry), or after
the two-step MTG-mediated azide-DBCO conjugation (AF488, MMAE). See the Methods section for details of the MS analysis. The DAR of AF488-conjugated HER2 antibody derivatives was not
measured,but is expected tobesimilar to EGFR-binding antibodyderivatives, as the same Fcdonorwas used. TheDAR in Fcdonormodules canbe further increased by addingadditional structurally
compatible and accessible transglutaminase recognition sites. Exemplary intact MS spectra forMMAE-conjugated Fc donors andHER2-targetingMMAEADCs are provided in Supplementary Fig. 6.
*Strong adducts were observed for this molecule, which influenced the DAR determination (likely induced during MS measurement).
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Application example—HER2 binder-format-payloadmatrices for
ADC screening
Parameters that influence the therapeutic applicability and efficacy of
ADCs include (i) binding to tumor-cell surface antigens and accumu-
lation on target-cell surfaces, (ii) internalization into target cells, (iii)
metabolism of the ADC inside target cells, and (iv) cytotoxic activity
combined with specificity towards target cells50. The desired activity is
dependent on various molecule parameters, including the binder
sequence and paratope, the targeted epitope, the binder format
(which may affect functionality and internalization), the cytotoxic
payload, the conjugation positions, and the DAR of the cytotoxic
payload8,51. Combinations of these individual parameters result in
complex matrices. To demonstrate that pair-FORCE can cover these
aspects in an effective and comprehensive manner, we used this
technology to transfer payloads to two different HER2-binding

antibodies (Trastuzumab and Pertuzumab-derived binders) in the
three different formats described in Fig. 1b (N, C, and N+C).

Target-cell binding of binder-format combinations was assessed
with pair-FORCE-generated AF488-labeledmolecules, generated using
the two-step MTG conjugation and click chemistry approach (see
above and Table 1), and internalization was monitored with molecules
labeledwith the pH-sensitivefluorescent dye pHAb (Fig. 4 andTable 1).
Because the binder-format-AF488 and pHAb variants were generated
by pair-FORCE, they contain very similar or identical DARs. This
enables a direct comparison of binding as well as internalization effi-
cacy of the different binder-format variants in the screeningmatrix. To
determine the absolute internalization efficacy of Trastuzumab-
derived HER2 binders in different formats and valencies, we incu-
bated HER2-expressing SK-BR-3 cells with pair-FORCE-generated,
pHAb-labeled HER2 antibodies at different concentrations, and
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Fig. 4 | Internalization of pair-FORCE-generated HER2 antibodies in different
formats on HER2-expressing SK-BR-3 cells. Internalization of Trastuzumab-
derived HER2 binders in the N, C, and N +C format by HER2-expressing SK-BR-3
cells was assessed by flow cytometry using HER2 antibodies conjugated with the
pH-sensitive dye pHAb. The conjugated HER2 antibodies were generated with pair-
FORCE technology. The fluorescence of the pHAb dye is poor at neutral pH but
increases substantially upon trafficking into the acidic environment of the endo-/
lysosomal pathway13. For all panels, n = 1 independent replicates were performed.
a Fluorescence histogram from flow cytometry experiments of SK-BR-3 cells trea-
ted with pHAb-conjugated HER2 binders at a saturating concentration of 500 nM.
pHAb fluorescence was measured in the PE (phycoerythrin) channel. b The same
experiment as (a), but absolute internalization is depicted as a bar graph. Absolute

internalization is defined as the geometric mean of pHAb fluorescence in flow
cytometry experiments. c Absolute internalization of pHAb-conjugated HER2
antibodies as in (b), but at a concentration of 5 nM. d Absolute internalization of
pHAb-conjugated HER2 antibodies as in (b, c), but at a concentration of 0.5 nM.
e Relative internalization of Trastuzumab-derived HER2 antibodies at a con-
centration of 5 nM. Relative internalization is calculated as the ratio of absolute
internalization to absolute binding, which is derived from flow cytometry binding
experiments with AF488-labeled HER2 antibodies generated by pair-FORCE (see
Methods section for details). The absolute binding is defined as the geometric
mean of AF488 fluorescence of SK-BR-3 cells treated with 200nM of AF488-
conjugated HER2 antibodies. N, C, and N +C refer to the binder formats in Fig. 1b.
Source data for Fig. 4b–e are provided as a Source Data file.
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measuredpHAb fluorescenceby flowcytometry (Fig. 4a–d). Inparallel,
we incubated the SK-BR-3 cells with pair-FORCE-generated, AF488-
labeled HER2 antibodies and measured AF488 fluorescence by flow
cytometry to determine the absolute binding. Using these two values,
we calculated the relative internalization efficacy (the ratio of absolute
internalization to absolute binding). The results of these analyses show
that both absolute internalization (Fig. 4a–d) and relative internaliza-
tion of HER2binders (Fig. 4e) are clearly increased in the bivalent N +C
format compared to the monovalent formats, confirming previous
observations32. Monovalent HER2 binders require high concentrations
to cause internalization, with monovalent binders in the N-terminal
format showing better internalization than monovalent binders in the
C-terminal format (Fig. 4e).

Next, the specificity and potency of HER2-MMAE ADCs in various
binder-format-DAR combinationswas assessed in cellular proliferation
assays. Inhibition of cellular proliferation through bromodeoxyuridine
(BrdU) incorporation was used as a readout for cytotoxicity (see
Methods section). The results of these experiments show that the
cytotoxicity of HER2-MMAE ADCs on HER2-expressing SK-BR-3 cells
varies in potency depending on the HER2 binder, the format, and the
DAR (Fig. 5). For further details, dose-response curves of HER2- and
EGFR-MMAEADCs, and controls, see Supplementary Fig. 10. Analyzing
the effect of each parameter individually, we observed that the choice
of HER2 binder (derived from Pertuzumab or Trastuzumab) has lim-
ited overall influence on potency (Fig. 5a). Both binders show the
greatest (and very similar) activities when applied in bivalent formats,
or with dual MMAE-occupancy (Q-tags at positions 297 + 221). How-
ever, in monovalent formats combined with one MMAE-conjugation
site, Pertuzumab-derived binders performed slightly better than
Trastuzumab-derived counterparts, underscoring the value of pair-
FORCE in efficiently screening ADC parameters (Fig. 5a, d).

The format and valency of the binder entities had a much greater
influenceon ADCpotency. Figure 5b shows that bivalent ADCs showed
generally better potencies than monovalent formats, regardless of
whether the binder entities were derived from Pertuzumab or Tras-
tuzumab. Interestingly, in the monovalent setting, the N-format com-
bined with dual MMAE conjugates (Q-tags at positions 297 + 221)
retained similar (only slightly reduced) activity compared to bivalent
ADCs. This was irrespective of the binder being derived from Pertu-
zumab or Trastuzumab. All other ADCs in monovalent binder formats
showed inferior potencies to bivalent formats, with C-formats per-
forming worse than N-formats.

Assessment of the influence of MMAE conjugation position and
DAR (Fig. 5c) reveals that conjugation of MMAE on two sites (Q-tags at
positions 297 + 221) generates ADCs with greater potencies compared
to corresponding binder-format variants with only one MMAE con-
jugation site. This differencewasobservedwith all formats andbinders
tested, with the largest difference between two conjugation sites and
one conjugation site observed in the N-terminal format. Interestingly,
smaller differences were observed in the N +C bivalent format, with
Q-tag position 297 retaining similar (only slightly reduced) activity
compared to Q-tag positions 297 + 221. This result demonstrates that
increasing the binder valency can partially overcome the lower DAR
frommolecules with only one conjugation site. Monovalent ADCswith
one conjugation site appeared to be slightly more active with MMAE
conjugated to position 297 compared toMMAE conjugated to position
221, but the difference was minor. However, in the N +C bivalent for-
mat, position 297 was notably more active than position 221 (Fig. 5c).
Figure 5d shows the effects of all parameters summarized in one
matrix, revealing the combined effects of format, binder valency,
conjugation position, and DAR for both HER2 binders. The format-
dependent effect on internalization is a major factor for ADC efficacy,
as shown in Fig. 5e. ADC activity was dependent on expression of the
target antigen, as HER2- and EGFR-MMAE ADCs were inactive in all
formats and combinations on low-HER2 and low-EGFR expressing

MCF-7 cells (Supplementary Fig. 11). ADC activity also correlated with
target-antigen density, as shown by the potency differences on cell
lines with different levels of HER2 expression (Supplementary Fig. 12).

Discussion
The original FORCE technology29 generates matrices that cover binder
specificity, binder format, and binder valency in order to identify
optimal designs and compositions of bsAbs. We have demonstrated
that the format-defines-function concept, which defines optimal
bsAbs39, also applies to ADCs (Fig. 5d). Parameters that should be
evaluated in ADC design campaigns include binder specificity and
format, binder valency, type of cytotoxic payload, conjugation posi-
tion, linker composition, and DAR. Thus, the identification of ADCs
with optimal functionality requires the generation and screening of
matrices that cover large design spaces. Therefore, we expanded and
modified the chain-exchange-based, high-throughput-automation-
compatible FORCE technology to enable the coverage of large
design spaces for ADCs. We refer to this modified chain-exchange
technology as pair-FORCE.

The advantage of pair-FORCE for generating ADC matrices com-
pared to individual conjugations lies in the application of Fc donor
stock reagents harboring payloads such as cytotoxic payloads, fluor-
escent dyes, or fusion proteins. These payloads can be conjugated to
stock Fc donor molecules by different conjugation methods at dif-
ferent positions with varying DAR. These stock Fc donor reagents can
then be used to transfer the conjugated productive chain to binder-
acceptor educts in a defined manner (Fig. 1). The combination of one
set of binder-acceptor educts with different Fc donor-payload stock
reagents generates antibody-payload combinations to assess a variety
of parameters important for ADC development (Fig. 6). The same
chain-exchange technology used to generate ADCs with different
payloads, conjugation sites, and DAR can be applied using different Fc
donor stocks to cover the simple and robust generation of additional
reagents valuable for ADC development. This includes the transfer of
donors that harbor GFP or fluorophores to address binding efficacy,
binding specificity, and internalization. Furthermore, biotinylated or
enzyme-labeled donors generate versatile assay reagents (e.g., for
investigating binding kinetics via SPR). The generation of compre-
hensive ADC matrices by robust automation-compatible exchange
reactions usinguniversal, exchange-enabled Fc-payload stock reagents
enables the differentiation of ADC functionalities (Figs. 4, 5). In addi-
tion, the analysis of comprehensivematrices generated by pair-FORCE
may provide rules of design for the development of ADCs for given
targets and payloads.

The use of pre-conjugated Fc donor stock reagents is not only a
simple and robust approach to generate ADC matrices; it also elim-
inates potential variabilities that may otherwise be introduced by
individual conjugation reactions. For optimal evaluationof parameters
influencing ADC function, it is crucial that ADCs in the matrix are well
defined. Pair-FORCE allows for tunable control of all parameters, most
importantly the site-specific payload conjugation of the Fc donor
molecule, which allows for control of the DAR and conjugation posi-
tions. As next-generation ADCs are increasingly focusing on site-
specific conjugation approaches to overcome challenges caused by
heterogeneous conjugation methods (e.g., poor pharmacokinetic
properties, low payload delivery, and a suboptimal therapeutic
index)8,9,11,16, pair-FORCE presents a simple and modular site-specific
conjugation approach to enable screening of important ADC para-
meters. An additional advantage of the site-specific conjugation
method employed in pair-FORCE is that any effect on the integrity of
binding regions in the resulting ADCs can be excluded, such as
potential effects caused by nonspecific conjugation of lysine residues
in select antibodies.

The demonstrated example of a HER2 ADC matrix generated by
pair-FORCE highlights the value of this technique in screening for
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optimal ADCs and defining rules of design. We determined that for
tumor cells expressing a high level of HER2, the optimal ADCs in terms
of cytotoxic activity contained bivalent HER2 binders (Fig. 5d), which
correlated with increased internalization compared to monovalent
HER2 binders (Figs. 4e, 5e). The best-performing ADCs in cytotoxicity
assays contained bivalent HER2 binders and two MMAE conjugation

sites, corresponding to a DAR of ~1.4 (Fig. 5d and Table 1). Due to the
granularity of the pair-FORCE matrix, we also could determine that
monovalentHER2binders in theN-formatwith twoMMAE conjugation
sites had a similar potency to bivalent HER2 binders with one MMAE
conjugation site (Fig. 5d). This result demonstrates that internalization
and DAR can be tuned to achieve similar cytotoxic potencies. This is
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important because it shows that varying one parameter can overcome
the influence of another parameter on overall cytotoxic potency.
Therefore, screening and optimization of parameters simultaneously
using pair-FORCE is advantageous because it enables the selection of
parameters that result in optimal potency, while allowing for variation
in other parameters important for ADC development. Parameters
including DAR, linker composition, and conjugation site have been
shown to affect the hydrophobicity, stability, and aggregation pro-
pensity of ADCs, all of which can affect PK, tumor delivery, and the
therapeutic index9. They are thus crucial parameters influencing the
development of ADCs. For example, a greater DAR has been shown to
lead to increased hydrophobicity, lower thermal stability, and corre-
lates with less-favorable pharmacokinetic properties6,37,52. Pair-FORCE
allows for tuning of these parameters in complexmatrices of different
binders with varying formats, all while keeping the DAR, conjugation
sites, and linker composition nearly identical between the ADC
constructs.

Designed as a robust screening technology, molecules generated
by pair-FORCE do not always represent final ADC formats. However,
despite the format difference to standard IgGs, bivalent pair-FORCE
HER2-MMAE (N +C) constructs showed greater internalization and
cytotoxicity than monovalent constructs, confirming previous obser-
vations about increased HER2 internalization with bivalent HER2 bin-
ders compared to monovalent binders32 (Fig. 5e and Supplementary
Fig. 10). We tested two conjugation sites in this study, with a theore-
tical maximum DAR of 2. The DAR could be further increased by
including additional Q-tags in the Fc donor molecule, or by using
branched linkers with multiple-click reaction sites53,54. The pair-FORCE
technology is also currently incompatible with certain conjugation
approaches, for examplemaleimide alkylation of payloads on reduced
hinge-cysteines. However, Fc donor modules could potentially be
reduced and alkylated with payloads in the hinge region, while binder-
acceptor modules could be engineered with mutated hinge regions
lacking disulfide bonds. We have already demonstrated that chain-

Fig. 5 | Influence of individual and combined parameters on HER2-MMAE ADC
activity. In Fig. 5a–c, in order to define rules for each variable, the highest activity
(i.e., the lowest IC50 value in cell proliferation/cytotoxicity assays) for a set of
variables in each individual subgroup was set to 1.0, and the respective activities
(IC50 values) were normalized relative to this value. This allows for the determi-
nation of the relative influence of the HER2 binder, format, and conjugation posi-
tion/DAR on ADC activity. Relative values are comparable only within the same
subgroup in each bar graph. Parameters that are compared in each panel are listed
in the legend below the bar graphs. The values 297 and 221 refer to the MMAE
conjugation site (Q-tag at positions 297 and 221 in the Fc donor productive chain).
Individual data sets underlying this analysis are provided in Supplementary Fig. 10,
based on triplicate experiments (n = 3). Source data for (5a–c) are provided as a
SourceDatafile.aComparisonof theHER2binders Trastuzumabvs Pertuzumabon

HER2-MMAE ADC activity. b Influence of the binder format on HER2-MMAE ADC
activity. c Influence of MMAE conjugation position and DAR on HER2-MMAE ADC
activity. d Summary of the influence of binder, format, conjugation position, and
DAR variables on HER2-MMAE ADC activity (indicated as IC50 values in nM, see
dose-response curves in Supplementary Fig. 10). The relative activity of each con-
struct is color-coded as a gradient ranging from red (least active), to yellow
(medium activity), and finally to bright green (most active). e The binder format
influences internalization,whichcorrelateswith activity. In thefirst rowof the table,
IC50 values fromcell proliferation/cytotoxicity assays are indicated innM, as in (5d).
See Supplementary Fig. 10 for dose-response curves. In the second row, relative
(rel.) internalization efficacies are indicated as in Fig. 4e. The ADC activity and
relative internalization are color-coded as in (5d).

Fig. 6 | Combination of binder/format acceptor-educts with payload-
conjugated Fc donor stock reagents generates binder-format-payload matri-
ces for ADC screening and other related applications. Pair-FORCE is a versatile
technique that can be applied for numerous applications relating to ADC screening

and development, as described above. The versatility is enabled by the robust
chain-exchange reaction with payload-conjugated Fc donor stock reagents. SPR
surface plasmon resonance, pHAb pH-sensitive dye13, GFP green fluorescent pro-
tein, HRP horseradish peroxidase.
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exchange of antibody derivatives is functional without the use of
reducing agents, when hinge disulfides are removed55. Nevertheless,
despite some final format limitations, pair-FORCE is suitable to rapidly
screen for cytotoxic activity, binding, internalization, and biophysical
properties between various antibody formats. The findings can
thereafter be transferred to a final ADC format, where potential rules
for design can be tested. Pair-FORCE is, therefore, a versatile and
valuable technology with the potential to increase the throughput of
ADCdesign campaigns and enable the establishment of rules of design
for specific targets and cytotoxic payloads.

Methods
Antibody binder sequences and design of pair-FORCE educts
The following binder clones were used in this study to produce anti-
body derivatives for pair-FORCE. HER2: Trastuzumab, clone 4D5-856,
Pertuzumab, clone rhuMAb 2C457. EGFR: Cetuximab, clone C22558,
Imgatuzumab, clone GA-20159. Pair-FORCE educts were designed in a
similar manner as already described for bsAb FORCE educts29, con-
taining thedestabilizing chargemutations E357KandK370E in theCH3
domains of the corresponding dummy chains. Heterodimerization of
heavy chains was induced using knob-into-hole mutations in the CH3
domains60,61. The knobmutation used in this studywasT366W, and the
hole mutations were T366S, L368A, and Y407V. Similar to FORCE
dummy chains, pair-FORCE dummy chains do not contain the engi-
neered cysteine residues at positions 354/349 in the CH3 domains,
which normally forms an extra disulfide bridge between the CH3
domains29,61. The pair-FORCE products do, however, contain the
engineered disulfide bridge in the CH3 domain after chain exchange.
The dummy chains were designed with a C-terminal C-tag composing
the amino acids EPEA, which allows for selective binding of unreacted
educts, dummy-dimers, and aggregates to a CaptureSelect™ C-tagXL
affinity column (Thermo Fisher Scientific). For MTG-mediated con-
jugation, the Q-tag sequence YRYRQ was included in the Fc donor
molecule in the positions stated in the text. In the linker-azide mole-
cule, the K-tag sequence was RYESK26,45. For site-specific biotinylation
of Fc donor constructs, the BirA recognition sequence GLNDI-
FEAQKIEWHE was included N-terminal of the hinge. The Lys residue in
the recognition sequence is biotinylated by BirA44.

Expression and purification of antibody derivatives
Expression plasmids encoding the respective heavy and light chains of
antibody derivatives in this study contained a CMV promoter and an
IgG VH signal sequence, which leads to the secretion of the antibodies
into the cell culture supernatant29. Recombinant antibody derivatives
were expressed in transiently transfected HEK293 cells (Expi293F™,
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions, and as previously described29. Expression yields for pair-FORCE
Fcdonormolecules andbinder-acceptormoleculeswas comparable to
standard IgGs, as previously described29. The supernatants were har-
vested by centrifugation at 3500×g for 45min, followed by sterile fil-
tration (0.22 µm filter). Antibody derivatives were purified from the
supernatant using a HiTrap™ MabSelect SuRe protein A column
(Cytiva, 11003494) followed by size exclusion chromatography using a
HiLoad® 26/600 Superdex® 200 column (Cytiva, 28989335). Peak
fractions were analyzed by reducing and non-reducing SDS-PAGE.
Fractions containing the correct chain composition were pooled and
concentrated using an Amicon Ultra-15 centrifugal filter with the
appropriate molecular weight cut-off (Merck Millipore).

Analytical SEC and capillary SDS electrophoresis (CE-SDS)
To analyze the aggregation and monomeric purity of the purified
antibody derivatives, an analytical SEC was performed. For analytical
SEC, 40 µg of antibody derivatives were loaded onto a BioSuite 250,
5 µm HR SEC column (7.8mm× 300mm, Waters) connected to an
UltiMate 3000 UHPLC (Thermo Fisher Scientific), with a running

buffer of 200mM KH2P04, 250mM KCl at pH 6.2. The data were ana-
lyzed with Chromeleon CDS software (Thermo Fisher Scientific). In
order to quantify purity and chain composition, as in Fig. 2a, non-
reducing and reducing capillary SDS electrophoresis (CE-SDS) was
performed. For this purpose, antibody derivativeswere analyzed using
the LabChip®GXII Touch™HTProteinCharacterization System (Perkin
Elmer), according to the manufacturer’s instructions.

DAR determination of conjugated Fc donor molecules and pair-
FORCE products by mass spectrometry
In order to calculate the DAR and to check the integrity of the con-
jugated Fc donor molecules and pair-FORCE products, mass spectro-
metry (MS) was performed. Before measurement, the samples were
deglycosylated by adding N-glycosidase F (Roche Diagnostics, Penz-
berg, Germany). The deglycosylation was performed in 0.1M sodium
phosphate buffer at pH 7.1, at a ratio of 0.14 U/µg antibody. The reac-
tion was incubated for 16 h at 37 °C, and samples were subsequently
separated by reverse-phase chromatography. This was performed
using a PLRP-S column (Agilent, Waldbronn, Germany) with mobile
phase A containing 0.1% (v/v) formic acid in UPLC grade water, and
mobile phase B containing acetonitrile (Fisher Chemical, Schwerte,
Germany). The column temperaturewas 75 °C, and agradient of 25% to
40%mobile phaseBwasused for separation.MSspectrawere acquired
using aMaXis Q-TOF instrument (Bruker Daltonics, Bremen, Germany)
controlled by Compass 6.2 software. A total of 49 samples were ana-
lyzed, with one technical replicate each. One control sample (two
technical replicates), consisting of amixture of twodifferent bispecific
antibodies in different formats and one standard IgG, was run within
the sequence to check LC separation and MS data quality. For data
evaluation, in-house-developed software was used. The data annota-
tion was performed using m/z spectra, and a deviation of a maximum
of 75 ppm between theoretical and experimental mass was used to
confirm the identity of the species. For DAR estimation, the average
intensity ratio of each suitable charge state was used. Detailed MS
acquisition settings were as follows: ESI Apollo source parameters:
Capillary: 5000V, Nebulizer: 1.6 Bar, Dry Gas 9 l/min, and 230 °C dry
temp. Further details are provided in Table 2.

Payload conjugation to exchange-enabled Fc donor molecules
Fc donor molecules were conjugated with payloads to generate Fc
donor-payload entities for chain exchange reactions. Enhanced GFP
(EGFP) was genetically fused to the C-terminus of the Fc donor with a
Gly4Ser (G4S) linker. Biotin was conjugated in a site-directed manner
via AviTag/BirA technology using the BirA Bulk Kit (Avidity LLC), as per
the manufacturer’s instructions. Conjugation of reactive amines on Fc
donor molecules with the NHS-coupled pH-sensitive fluorescent dye
pHAbwas performed using the Promega pHAbAmine Reactive Dye Kit
(Promega, G9845), according to the manufacturer’s instructions
(including the DAR calculation). Labeling of reactive amines with
horseradish peroxidase (HRP) was performed using the EZ-Link®
Activated Peroxidase Antibody Labeling Kit (Thermo Fisher Scientific,
31497), as per the manufacturer’s instructions. Site-directed MTG-
mediated conjugation of K-tag containing azide-linker adapters to
Q-tags on Fc donor molecules is described below.

Two-step, site-specific Fc donor conjugation with MMAE and
fluorescent dyes
In order to conjugate MMAE and AF488 onto Fc donor molecules for
ADC matrices, a two-step conjugation method was performed in a
similar manner as previously described28,45. In the first step, a linker-
azidemoiety was conjugated onto a Q-tag or multiple Q-tags on the Fc
donor molecule using a specialized MTG enzyme26. A tenfold molar
excess of linker-azide was mixed with the antibody, along with the
MTG enzyme at a 1:50molar ratio of enzyme to antibody. The reaction
mixture was incubated for 3 h at 37 °C and was terminated by adding
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excess ammonium sulfate. The linker-azide-conjugated Fc donor
moleculewas thenpurifiedby SEC. In the second step, the linker-azide-
conjugated Fc donor was coupled with MMAE or AF488 using strain-
promoted azide-alkyne cycloaddition (SPAAC) (Cu-free click chemistry
reaction). For this purpose, the linker-azide-conjugated Fc donor was
mixed with a fivefold molar excess of DBCO-(PEG)3-VC-PAB-MMAE
(MedChem-Express, Cat. No. HY-111012) or DBCO-AF488 (Jena
Bioscience, Cat. No. CLK-1278-1). The reactionwas incubatedovernight
at 25°C, and the final conjugated Fc donor molecule was purified by
SEC. Conjugation efficiency was analyzed by HIC after each step.

Hydrophobic interaction chromatography (HIC)
In order to assess the conjugation efficiency of the two-step, site-
specific Fc donor conjugation, analytical HIC was performed. Con-
jugation of Fc donor educts with the azide-linker adapter and sub-
sequent conjugation of DBCO-containing payloads with Cu-free click
chemistry increases the hydrophobicity of the molecule, which can be
analyzed by HIC. Briefly, 40 µg of each sample was applied to a TSKgel
Butyl-NPR HPLC column (2.5μm, 4.6mm×35mm; Tosoh Bioscience,
0014947) using an UltiMate 3000 UHPLC (Thermo Fisher Scientific).
Binding was performed in HIC buffer A (20mM Na2HPO4, 1.5M
(NH4)2SO4, pH 7.0), with 5% of HIC buffer B (20mMNa2HPO4, 25 % (v/
v) isopropanol, pH 7). A gradient of 5–100% HIC buffer B was applied
during the run.

Transfer of payloads from Fc donor-payload educts to binder-
acceptor educts by chain exchange
The chain-exchange reaction was performed essentially as previously
described29, with someminor modifications. Briefly, Fc donor-payload
and binder-acceptor educts were combined in equimolar amounts at a
concentration of 1mg/ml in PBS, pH 7.4. In order to reduce the dis-
ulfide bridges in the hinge region, a 20-fold molar excess of TCEP
containing 0.05% Tween 20 was added, which initiates the chain-
exchange reaction. The mixture was incubated for 3 h at 37 °C while
shaking at 300 rpm. The chain-exchange products were purified by
application of the reaction mixture onto a CaptureSelect C-tagXL
column (Thermo Fisher Scientific, 494307205), which binds to C-tag-
containing aggregates, unreacted educts, and dummy-dimers. The
flow-through contains the pair-FORCE product. Pair-FORCE products
were incubated for 5 days at 4°C to allow for reoxidation of disulfide
bridges. The products were further analyzed by analytical SEC and CE-
SDS, as described above.

Cell culture
The cell lines SK-BR-3 (ATCC, HTB-30), MCF-7 (ATCC, HTB-22), A431
(ATCC, CRL-1555), SK-OV-3 (ATCC, HTB-77),MDA-MB-453 (ATCC,HTB-
131), NCI-H1650 (ATCC, CRL-5883), andMDA-MB-468 (ATCC, HTB-132)
were cultivated in RPMI-1640 media supplemented with 10% FCS and
2mM glutamine. For A431 cultivation, the media was supplemented
with 1mM sodium pyruvate. The cell lines were cultured at 37 °C with
5% CO2 and 80% humidity. For sub-culturing, the cells were detached
with Accutase (PAN Biotech) and were counted using a Vi-CELL XR cell
counter (Beckman Coulter).

Immunoprecipitation and Western blot
In Supplementary Fig. 4, immunoprecipitationof EGFR fromwhole cell
lysate was performed using a biotinylated EGFR-binding antibody
derivative generated by pair-FORCE. A total of 3 × 106 A431 cells were
resuspended on ice in 1ml RIPA lysis and extraction buffer (Thermo
Fisher Scientific, 89900). Cell debris was removed by centrifugation at
15,000×g for 15min, and the supernatant was collected. Immunopre-
cipitation with the biotinylated C225 anti-EGFR antibody derivative
was performed with Pierce™ Streptavidin Magnetic Beads (Thermo
Fisher Scientific, 88816), according to the manufacturer’s instructions.
Briefly, the biotinylated C225 antibody was incubated with the A431
lysate for 2 h at room temperature. The antibody-lysate mixture was
added to streptavidin magnetic beads pre-washed with PBS, and the
mixture was incubated for 1 h at room temperature with rotation. The
beads were washed three times with PBS, and elution was performed
with 50 µl of NuPAGE™ LDS Sample Buffer (Thermo Fisher Scientific,
NP0007), with heating at 95 °C for 5min. After the separation of the
magnetic beads, 20 µl of eluate was loaded onto a 4–12% Bis-Tris gel
(Invitrogen, NP0322). Blotting was performed using Trans-Blot Turbo
Mini 0.2 µm PVDF Transfer Packs (Bio-Rad, 1704156) with the Trans-
BlotTurboTransfer System (Bio-Rad), according to themanufacturer’s
instructions. The membrane was blocked for 30min at room tem-
perature in a blocking buffer (TBS with 5% skimmilk and 0.05% Tween
20). Themembrane was then incubated overnight in a blocking buffer
containing an anti-EGFR primary antibody (Abcam, ab264540, 1:1000
dilution). On the following day, themembranewas washed three times
with TBS-T (TBS with 0.05% Tween 20) and was incubated with the
secondary antibody (Polyclonal Goat anti-Mouse Immunoglobulins/
HRP; Agilent Dako, P044701-2, 1:1500 dilution) in blocking buffer for
1 h at RT. After three rounds of washing with TBS-T, chemilumines-
cence was detected using SuperSignal™ West Pico PLUS Chemilumi-
nescent Substrate (Thermo Fisher Scientific, 34579) and the Gel Doc
XR+GelDocumentationSystem (Bio-Rad). For testing the functionality
of the pair-FORCE-generated C225-HRP antibody derivative (Supple-
mentary Fig. 2), the western blot procedure was performed in a similar
manner. Briefly, A431 whole cell lysate was loaded onto the gel, and
blottingwasperformed as above. C225-HRPwas applied as theprimary
antibody at a concentration of 0.24 µg/ml in blocking buffer, and the
detection protocol was performed as above, but with SuperSignal™
West Femto Maximum Sensitivity Substrate (Thermo Fisher Scien-
tific, 34095).

Flow cytometry: binding and internalization assays
In Supplementary Fig. 3, the binding of an EGFP-conjugatedHER2 pair-
FORCE product to target cells was assessed by flow cytometry. For this
purpose, a total of 2 × 105 A431 cells were incubated with 200 nM of
antibody derivatives in FACS buffer (PBS with 2% FCS) for 1 h on ice.
Cells were then washed twice with cold PBS, and fluorescence was
measured in the FITC channel of a FACS Canto II instrument (BD
Biosciences). FlowJo software (BD Biosciences) was used for data
analysis and visualization. Gating for single viable cells was performed
for all flow cytometry analyses using standard forward-scatter and
side-scatter analysis. For epitope binning assays (Supplementary
Fig. 3), flow cytometry analyses were performed as above, with addi-
tional pre-incubation of A431 target cells with 200nMof different anti-
EGFR antibodies (P2X, mab806, and P1X), which bind to known epi-
topes on EGFR domains I, II, and III, respectively62,63. FITC intensity was
measured using a FACS Canto II instrument as above. To assess
internalization of HER2-targeting, pair-FORCE-generated molecules
(Figs. 4, 5e), 0.75 × 105 SK-BR-3 cells were seeded out in flat-bottom 96-
well plates and treated with various concentrations of HER2 binders
conjugated with pHAb by pair-FORCE (500nM, 50nM, 5 nM, 0.5 nM,
0.05 nM, and 0 nM final antibody concentration), in a total volume of
200 µl. The cells were incubated for 24 h at 37 °C in a humidified 5%
CO2 atmosphere. The cells were then detached with 100 µl Accutase

Table 2 | Additional mass spectrometry measurement para-
meters (see Methods section)

MMAE-conjugated Fc
donors

pair-FORCE
products

Transfer isCID 0 eV 110 eV

Collision Cell RF 2200 Vpp 4000 Vpp

Collision Transfer time/pre
pulse storage

120µs/12.0 µs 120 µs/15.0 µs

m/z range 600–2000 1000–4000
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(PanBiotech, P10-21100),washed twicewith PBS, and analyzed via flow
cytometry in the PE channel as described above. In order to calculate
the relative internalization efficacy of pair-FORCE-generated HER2
binders (defined as absolute internalization divided by absolute
binding), binding studies were performed with pair-FORCE-generated
HER2 binders labeled with AF488. Briefly, 2 × 105 SK-BR-3 cells were
incubated with 200 nM of AF488-labeled HER2 binders in FACS buffer
for 30min on ice. The cells were subsequently washed twice with cold
PBS, and fluorescence was measured by flow cytometry in the FITC
channel, as described above. Data were collected for 20,000 cells per
condition. Absolute internalization and absolute binding were defined
as the geometric mean of fluorescence histograms from flow cyto-
metry internalization (pHAb) and binding (AF488) experiments,
respectively, and were calculated using FlowJo software. For visuali-
zation of bar graphs, GraphPad Prism 9 software was used (GraphPad
Software, San Diego, CA, USA).

HER2 binding kinetics of pair-FORCE ADCs and HER2 binder-
acceptor modules
For the assessment of the HER2 binding kinetics of HER2-targeting
pair-FORCE ADCs and HER2 binder-acceptor modules, a Biacore 8 K+
(GEHealthcare) SPR systemwas used. First, an anti-human Fab capture
ligand was immobilized onto a Series S CM4 (Cytiva 29104989) sensor
chip via amine coupling, according to the manufacturer’s instructions
(Human Fab Capture Kit, Cytiva, 28958325). Pair-FORCE antibodies
were captured on the chip at a flow rate of 10 µl/min for 180 s, and
capture ranged between 360–600 RU. An Fc-fused HER2 extracellular
domain (ECD) was flowed as an analyte at a rate of 30 µl/min for 120 s,
followed by dissociation for 600 s at the same flow rate. The analyte
concentrations tested were 0, 5, 25, and 125 nM. Regeneration was
performed using regeneration buffer (10mM glycine, pH 2.0) for 60 s
at a flow rate of 30 µl/min at the end of each SPR cycle. The equilibrium
constant (KD) and kinetic rate constants were determined by fitting the
data to a 1:1 Langmuir interaction model using Biacore™ Insight soft-
ware (Cytiva).

Thermal stability measurements
Thermal stability measurements of MMAE-conjugated Fc donor
molecules, HER2-targeting binder-acceptor molecules, and pair-
FORCE-generated HER2-targeting MMAE ADCs were performed
using an Uncle instrument (Unchained Labs). Briefly, 9 µl of each
samplewas loaded induplicates into the capillaries of theUncleUni. As
a standard, an in-house referenceantibodywas used at a concentration
of 1mg/ml. The Unis were loaded into the Uncle instrument and a
thermal ramp from 30–90 °C was performed with a ramp rate of
0.1 °C/min. Uncle softwarewas used to calculate the Tmof each sample
using the first derivative of the barycentric mean (BCM) of intrinsic
fluorescence intensity. The Tagg of each sample was calculated
according to the standard Uncle algorithm using the intensity of
scattered light at 266 nm.

Cell proliferation assays for assessment of ADC cytotoxicity
The cytotoxicity of pair-FORCE-generated ADCs was assessed using
the bromodeoxyuridine (BrdU) colorimetric cell proliferation assay
(Roche, Cat. No. 11647229001). Cells were seeded into 96-well flat-
bottom tissue culture-treatedmicroplates at a density of 7500 cells per
well for MCF-7 and A431 cells, and 10,000 cells per well for SK-BR-3
cells (to account for the slower growth rate of SK-BR-3 cells). The cells
were incubated for 24 h at 37 °C, 5% CO2, and 80% humidity, and were
subsequently treated with serial dilutions of pair-FORCE-generated
ADCs (500, 50, 5, 0.5, and 0.05 nM) for 72 h. After 72 h, the cells were
incubated with BrdU for 3 h, fixed using FixDenat for 30min, and
incubated with Anti-BrdU POD for 90min. The cells were washed with
washing solution and the substrate solution was added and incubated
for 3min. Subsequently, cell proliferation was recorded by measuring

absorbance at 370 nm using a plate reader (Tecan Group AG). The
cytotoxic activity ofADCswas calculated from theBrdUassay, inwhich
the measured signal represents DNA synthesis in viable cells. The
percentage of viable cells depicted on the Y axis of cytotoxicity assays
was calculated as the percentage of BrdU signal reduction relative to
untreated cells. The IC50 value was determined by fitting the data with
the equation y = 100/(1 + x/IC50) in GraphPad Prism 9, where x corre-
sponds to the ADC concentration in nM, and y corresponds to the
percentage of cell viability. Triplicates were performed for each
data point.

Quantification of HER2 receptors on different cell lines
Quantification of HER2 receptors on different cell lines was performed
using the QIFIKIT® (Agilent, K0078), according to the manufacturer’s
instructions. Briefly, 100 µl of setup and calibration beadswerewashed
three times with 1ml of FACS buffer (PBS + 2% FCS). The beads were
then resuspended in98 µl of FACSbuffer. A total of 3 × 105 cells (SK-OV-
3, SK-BR-3, MDA-MB-453, NCI-H1650, MCF-7, MDA-MB-468) were
incubated with 3.75 µg of anti-human CD340 (Clone 24D2, BioLegend)
or isotype control (Mouse IgG1 clone MOPC-21, BioLegend) in FACS
buffer for 45min on ice. The cells were then washed three times with
FACS buffer and resuspended in a total volume of 97 µl. Subsequently,
3 µl of FITC-conjugated anti-mouse antibody (QIFIKIT®) were added to
both the cells and the beads, followedby another 45min incubation on
ice. After three additional washes, the cells and beads were resus-
pended in FACS buffer in a total volume of 125 µl (cells) and 200 µl
(beads). Measurement and data acquisition of the beads and cells were
performed according to the manufacturer’s instructions (QIFIKIT®),
using a FACS Canto II instrument (BD Biosciences). Ten thousand cells
were measured per condition. Generation of the calibration curve and
HER2 quantification were carried out according to the manufacturer’s
instructions (QIFIKIT®), using FlowJo software (BD Biosciences) and
GraphPad Prism 9.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The ADC cytotoxicity data generated in this study and source data for
all quantitative figures are provided in the Source Data file. All other
data were available from the corresponding author(s) upon
request. Source data are provided with this paper.
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