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ABSTRACT: The availability of tools to generate homogeneous
and stable antibody conjugates without recombinant DNA
technology is a valuable asset in fields spanning from in vitro
diagnostics to in vivo imaging and therapeutics. We present here a
general approach for the conjugation to human IgG1 antibodies,
by employing a straightforward two-stage protocol based on
antibody deglycosylation followed by tyrosinase-mediated ortho-
quinone strain-promoted click chemistry. The technology is
validated by the efficient and clean generation of highly potent DAR2 and DAR4 antibody−drug conjugates (ADCs) with
cytotoxic payloads MMAE or PBD dimer, and their in vitro evaluation.

■ INTRODUCTION

The attachment of functional modalities to monoclonal
antibodies (mAbs) is key in the fields of diagnostics,1

imaging,2−4 and therapeutics.4,5 To achieve precisely con-
trolled conjugation, usually a recombinant antibody is
subjected to a chemoselective reaction with a functional
payload, e.g., an affinity tag,6 a fluorophore,7 or a radionuclide.4

Alternatively, it is attached to a macromolecular structure, e.g.,
a vesicle, a nanoparticle, a microchip, or a solid surface.8 For
example, key recognition events in ELISA are based on the
highly specific capture of a specific antigen, a principle that is
also applied in diagnostic sensors, such as pregnancy or
COVID-19 test kits.9 Functional antibodies are also heavily
employed in clinical settings, such as molecular imaging
(labeling with radionuclides),4 intraoperative guidance tools
(labeling with fluorophores),10 and therapy (labeling with α-
emitters or cytotoxic payloads).4 The latter application, i.e.,
targeted chemotherapy with antibody−drug conjugates
(ADCs), can be traced back to the early pioneering work of
Mathe ́ in 1958, who demonstrated the prolonged survival of
mice grafted with a leukemia cell upon administration of an
antibody−drug cocktail in which the conjugates were obtained
by treatment of the antibody with diazotized methotrexate.11

Nevertheless, the development of therapeutic ADCs has been a
long and complex road that is characterized by dozens of
clinical failures. This resulted in the temporary withdrawal of
the single approved ADC (Mylotarg) due to lack of clinical
benefit in 201012 (it was reintroduced in 2017). The approval
of Adcetris in 2011 for the treatment of non-Hodgkin
lymphoma can be regarded as the key turning point in the
appreciation of ADCs for targeted cancer therapy,13 resulting
in a current total of 10 ADCs that reached the market. That

this is made possible by recent advances in chemistry is clear
from the fact that five of the current nine were approved in the
past 18 months alone. At the moment, more than 80 additional
ADCs are in various stages of clinical evaluation.14

Inspection of the conjugation technologies employed in the
approved ADCs reveals that seven of these are prepared by a
reduction-conjugation sequence that functionalizes interchain
sulfides (Adcetris, Polivy, Padcev, Enhertu, Trodelvy, Blenrep,
and Zynlonta) and three by stochastic lysine conjugation
(Kadcyla, Besponsa, and Mylotarg).14,15 Based on the aspecific
nature of conjugation, the vast majority of these ADCs are in
fact highly heterogeneous mixtures, which are not only difficult
to characterize but, more importantly, almost impossible to
purify. As a result, a mixture is used in which each conjugate
will display a distinct and potentially unfavorable pharmaco-
kinetic profile.16 Therefore, significant focus has been directed
to the generation of homogeneous ADCs by means of site-
specific modification of the parent antibody. In this, the
seminal work by Genentech reported in 2008 on “THIOmab”
ADCs obtained by engineering of an additional cysteine into
the mAb protein sequence stands out as an early example
(Figure 1).17 Similarly, groundbreaking work from the Schultz
group at Scripps (and others) has applied genetic encoding of
uniquely reactive non-natural amino acids (NNAA) for highly
site-selective attachment of cytotoxic payloads (Figure 1).18,19
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Today, almost 20% of all ADCs in clinical trials are prepared
by one of these mentioned second-generation ADCs
technologies,20 i.e., cysteine engineering (at least 10) and
genetic encoding of NNAA (at least 5). Furthermore, a
multitude of other methods based on engineering of a specific
amino acid or peptide tag has been developed for selective
conjugation on a predetermined site, e.g., by enzymatic
modification21 and/or by a bio-orthogonal chemical reac-
tion.22,23

Efforts from our own group have revealed that a highly
efficient and reliable process for site-specific and stable
conjugation of chemical moieties to antibodies involves the
engineering of a uniquely exposed tyrosine residue and its
subsequent chemoenzymatic reaction with a label/drug
(Figure 1).24,25 These efforts were based on the knowledge
that native tyrosine residues, in general, are less exposed due to
their hydrophobicity and tendency of π−π stacking, resulting
in them being poorly accessible for enzymatic modification.
Thus, upon subjecting an antibody with an engineered exposed
tyrosine-tag to mushroom tyrosinase (mTyr), the exposed
tyrosine is converted into a highly reactive ortho-quinone that
readily undergoes in situ cycloaddition with a strained alkyne,
such as BCN, thereby forming a stable [2.2.2]-bicycloocta-
diene conjugate (Figure 1, box), a process referred to as
SPOCQ (Strain-Promoted Oxidation-Controlled 1,2-Quinone
cycloaddition).26−28 Notwithstanding the efficiency of the
process and the stability of the resulting conjugates, we realized
that the requirement of an engineered antibody could limit
widespread application. Besides, conjugation of highly hydro-
phobic cytotoxic payloads at an exposed antibody site such as
the C- or N-terminus can negatively impact the pharmacoki-
netic profile of the resulting ADC,29−31 and conjugation at a
less-exposed site might be preferred.

In this paper, we report the efficient generation of antibody
conjugates with SPOCQ technology upon enzymatic removal
of the native N297 glycan (Figure 1, bottom). NMR-studies on
antibodies with trimmed glycans already indicated substantial
mobility of the Y300 residue,32 suggesting it might become
sufficiently exposed to favor chemoenzymatic conversion.
Indeed, we found that deglycosylation of human IgG1
antibodies sufficiently exposes a nearby Tyr residue and
enables it to readily undergo tyrosinase-mediated oxidation to
its ortho-quinone. In the presence of either a cyclooctyne
(BCN) or trans-cyclooctene (TCO) it undergoes a SPOCQ
cycloaddition, resulting in a conjugate in which the foreign
moiety is added to the Fc domain. As such, it can be applied in
the controlled conjugation of a range of functional payloads to
nonengineered IgG1 antibodies. The Fc-fragment of a
monoclonal antibody may be considered a privileged site for
ADC generation, as it is remote from the antigen-binding site
and is highly conserved across multiple antibodies. It is
therefore not surprising that conjugation to the Fc-domain is
applied in a multitude of clinical ADCs, including, for example,
all ADCs based on S239C mutation or 239C insertion.14

Furthermore, the region around the N297 glycan has been
reported as a particularly favorable site for the attachment of
common cytotoxic payloads due to the natural hydrophobic
cavity around the glycan.33 Various methods for modification
of the antibody glycan have been reported, for example, early
studies on periodate oxidation−oxime ligation of sialic acids34

or more recent enzymatic glycan remodeling, followed by
strained alkyne−azide click chemistry conjugation of pay-
loads.35 The latter approach is currently employed in three
clinical ADC programs (ADCT-601, XMT-1592, and
MRG004a).

Figure 1. Generation of ADCs via SPOCQ chemistry on engineered antibodies (previous work) versus native antibodies (this work).
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■ RESULTS AND DISCUSSION

Inspired by the work of Schibli et al.who reported that
PNGase F digestion of the N297 glycan liberates glutamine
Q295 in the Fc-domain, allowing for transglutaminase-
mediated ligation36we reasoned that a neighboring tyrosine
moiety could also be made available, as suggested by NMR
studies.32 Therefore, antibody modification upon tyrosinase-
mediated oxidation followed by strain-promoted cycloaddition
was proposed (Figure 2A). Although the constant CH2-domain
of human IgG1 contains two conserved tyrosine residues
(Y296 and Y300) that could potentially become sufficiently
exposed upon PNGase F-mediated digestion, NMR studies
indicate that mobility of Y300 exceeds that of Y296.32 Thus, to
explore the feasibility of enzymatic glycan removal followed by
tyrosinase-mediated cycloaddition, trastuzumab was treated
with PNGase F and deglycosylated trastuzumab was exposed
to BCN-lissamine (1) in the presence of mTyr.24 SDS-PAGE
analysis of the process revealed a minor shift for the heavy
chain to lower molecular weights after the deglycosylation step,
corresponding to the formation of the N297D trastuzumab
variant (I → II, Figure 2C). Much to our delight, a higher
molecular weight band appeared (II → III) upon treatment
with mTyr and 1. Formation of these antibody derivatives was
corroborated as the desired products for each heavy chain by
means of fluorescence imaging, HPLC analysis (Figure 2D),
and IdeS digestion facilitated LC-MS analysis of the Fc-
Fragments (Figure 2E).37 No fluorescent band was observed
when PNGase F treatment was omitted, thus confirming the
importance of tyrosine exposure and the absence of labeling of
the untreated antibody. Moreover, we found that labeling of
trastuzumab with fluorescent TCO-Alexa Fluor 568 conjugate
2 (TCO-AF568) proceeded in a similar fashion (SI Figure S4).
Identical conjugation results were also obtained with
cetuximab (SI Figure S6), while experiments with human
IgG2 (SI Figure S7, PDB code: 4HAG) and mouse IgG1 (SI

Figure S7, PDB code: 3HKF), both lacking a tyrosine residue
neighboring N297, confirmed chemoselectivity for Tyr
residues of the process.
We were intrigued by the fact that only single conjugation of

1 per heavy chain occurred, for both trastuzumab and
cetuximab, despite the presence of two Tyr residues in
proximity to the N-glycosylation site. Thus, we undertook the
exercise to elucidate whether both Y296 and Y300 were
tyrosinase-sensitive by exposing deglycosylated trastuzumab to
mTyr in the presence of ascorbic acid as a reducing agent.
Under these conditions, a tyrosine → 1,2-quinone conversion
would be immediately followed by 1,2-quinone → 1,2-catechol
conversion, thereby forming a 3,4-dihydrophenylalanine
(DOPA) moiety in the antibody sequence.38 Indeed, IdeS
digestion followed up by LC-MS analysis of the Fc-fragments
revealed the oxidation and reduction of up to two tyrosine
residues per chain, resulting in +16 and +32 Da mass weight
increase as determined by LC-MS (SI Figure S8, Table S2). As
both Y296 and Y300 appear to be susceptible to tyrosinase
oxidation, we assume that after one of the two Tyr residues
underwent SPOCQ conjugation to the BCN derivative, access
to the other oxidized Tyr residue was mostly blocked and a
second modification was prevented. Indeed, we never observed
addition of two BCN-lissamine 1 derivatives to deglycosylated
IgG1, even upon treatment with >5 equiv of 1 per Tyr (SI
Figure S5). Finally, we applied conjugation conditions
optimized in earlier work (pH 5.5, 4 °C),24,25 resulting in
95% conversion with only 2.5 equiv of BCN-lissamine per
reactive Tyr residue (5 equiv per antibody), and completion of
the reaction overnight.
After these promising results, we were keen to explore the

suitability of the PNGase F-enabled tyrosinase-mediated click
reaction for direct conjugation of cytotoxic linker-drugs to an
antibody Fc-domain as a novel approach to conveniently
generate functionalized ADCs. To this end, a range of linker−

Figure 2. (A) Two-step modification of the monoclonal antibody trastuzumab, (B) structure of BCN-lissamine 1, (C) SDS-PAGE analysis of the
two subsequent steps shown in panels A and B, (D) HPLC analysis of the final denatured product with the native light chain at tR = 6.4 min and the
lissamine-labeled heavy chain at tR = 8.7 min, and (E) deconvoluted spectra of the LC-MS analysis of the products obtained by the two steps of the
modification of trastuzumab with BCN-lissamine 1.
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payload constructs was synthesized (Scheme 1) by covalent
attachment of cytotoxic payloads PBD dimer (5) or MMAE (6
and 7) to BCN derivatives 4a via a Val-Cit-PABC cleavable
linker (shown in red) or to 4b via Val-Ala-PABC. Notably, in
each case we also inserted a carbamoyl-sulfamide unit (shown
in green), a highly polar linker from medicinal chemistry
programs and marketed as HydraSpace technology,39 in order
to impart better solubility to the BCN-linker-drugs and to
improve the putative therapeutic window. In addition, for
MMAE we prepared both a linear linker-drug bearing one
payload (6) as well as a linker-drug with a branching unit and
two payloads (7), in order to generate the respective ADCs
with drug-to-antibody ratio (DAR) of 2 or 4, respectively.
Next, each linker-drug 5−7 was individually conjugated to
deglycosylated trastuzumab in the presence of mushroom
tyrosinase, thereby providing the desired ADCs in each case
with >90% efficiency, resulting in the clean formation of DAR2
or DAR4 ADCs as illustrated by MS, HIC, and HPLC analysis
(SI Figures S9−S14). Gratifyingly, the resulting ADCs each
showed highly potent, subnanomolar in vitro killing of the
HER2-expressing cell line Sk-Br-3 (Figure 3A). Target-specific
killing was confirmed by the lack of efficacy of a nonbinding
isotype control DAR4MMAE ADC based on B12 (anti-
gp120). Finally, we corroborated that the resulting ADCs
completely lack binding capacity to Fc-γRIII, the immune cell
receptor responsible for antibody effector functions such as

antibody-dependent cellular cytotoxicity (ADCC) and anti-
body-dependent cellular phagocytosis (ADCP) (Figure 3B).

■ CONCLUSION
In conclusion, we have demonstrated that the two-stage
sequence of antibody deglycosylation followed by tyrosinase-
mediated strain-promoted cycloaddition is a convenient way to
generate homogeneous and stable antibody−drug conjugates
from human IgG1 antibodies without the need for genetic
modification. The method can be employed for the direct
labeling of antibodies with a range of small molecule probes,
including cytotoxic payloads, thereby selectively generating
DAR2 or DAR4 ADCs. The resulting ADCs showed potent
and target-specific in vitro killing, which warrants further
exploration in the field of targeted chemotherapy. We note that
the technology described herein for ADCs stands out with
regard to the analogous TGase-mediated installation of
cytotoxic payload after antibody deglycosylation,36 in terms
of both the larger number of steps of the latter as well as the
fact that a glutamine residing in the antibody binding domain
(HC-Q3) may be concomitantly modified by TGase.40

Furthermore, the complete nihilation of binding to Fc-γRIIIa
is an indication of an anticipated lack of effector function of the
ADCs presented herein, which is often desirable to mitigate
Fc-γ receptor-mediated toxicities.31 Thus, based on the
straightforward application to human IgG1 antibodies with
many commercially available BCN and TCO-based reagents

Scheme 1. Synthetic Routes to BCN-PBD 5, Linear BCN-MMAE 6 (for DAR2 ADC), and Branched BCN-MMAE 7 (for DAR4
ADC)a

aConditions: (a) chlorosulfonyl isocyanate, Et3N, and either then 2-(2-aminoethoxy)ethanol (4a) or 2-(2-(2-aminoethoxy)ethoxy)acetic acid (4b),
MeCN, 57% (4a) or 39% (4b); (b) 4b, H-vaPABC-PBD-amine, EDC·HCl, CHCl3, 67%; (c) 4a, p-nitrophenyl chloroformate, Et3N, DCM; then
H-vaPABC-MMAE, Et3N, DMF, 53% over 2 steps; (d) 4a, p-nitrophenyl chloroformate, Et3N, DCM; then diethanolamine, Et3N, DMF; then 4-
nitrophenyl chloroformate, Et3N, DCM; then H-vaPABC-MMAE, Et3N, DMF, 3% over 4 steps.
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and materials, we anticipate that the technology presented here
will find useful application in the fields of antibody-based
diagnostics and most promisingly targeted anticancer ther-
apeutics with ADCs. Further applications along these lines are
currently being explored in our laboratories.
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