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ABSTRACT: Antibodies, particularly of the immunoglobulin G
(IgG) isotype, are a group of biomolecules that are extensively
used as affinity reagents for many applications in research, disease
diagnostics, and therapy. Most of these applications require
antibodies to be modified with specific functional moieties,
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including fluorophores, drugs, and proteins. Thus, a variety of Modification
methodologies have been developed for the covalent labeling of o Sycan
antibodies. The most common methods stably attach functional SN

molecules to lysine or cysteine residues, which unavoidably results §—‘.—?, Proximity Based

in heterogeneous products that cannot be further purified. In an
effort to prepare homogeneous antibody conjugates, bioorthogonal
handles have been site-specifically introduced via enzymatic
treatment, genetic code expansion, or genetically encoded tagging,
followed by functionalization using bioorthogonal conjugation reactions. The resulting homogeneous products have proven superior
to their heterogeneous counterparts for both in vitro and in vivo usage. Nevertheless, additional chemical treatment or protein
engineering of antibodies is required for incorporation of the bioorthogonal handles, processes that often affect antibody folding,
stability, and/or production yield and cost. Accordingly, concurrent with advances in the fields of bioorthogonal chemistry and
protein engineering, there is growing interest in site-specifically labeling native (nonengineered) antibodies without chemical or
enzymatic treatments. In this review, we highlight recent strategies for producing site-specific native antibody conjugates and provide
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a comprehensive summary of the merits and disadvantages of these strategies.

Bl INTRODUCTION

Antibodies are a class of circulating Y-shaped proteins that are
produced mainly by plasma cells and exploited by the immune
system for targeting and neutralizing/eliminating foreign
substances. Because of their superb ability to bind to specific
molecules or parts of molecules, antibodies are recognized as a
unique class of biological tools that are invaluable for both
basic biochemical research and biomedical therapy. Antibodies
are widely used in basic science laboratories for a variety of
detection technologies, including Western blotting, immuno-
cytochemistry, flow cytometry, microscopy, and others. Aside
from their use in detection, monoclonal antibodies have been
used for therapeutic applications since 1985, when muromo-
nab-CD3 was first approved by the Food and Drug
Administration (FDA) for the treatment of acute rejection of
organ transplants. To further expand the utility of these tools,
a variety of functional molecules, including fluorophores,
enzymes, proteins, and other moieties, have been conjugated
to antibodies. The science of antibody modification has
advanced in parallel with the development of antibody—drug
conjugates (ADCs) for targeted therapy of cancer.”
First-Generation Antibody Conjugation. The concept
of combining the specificity of antibodies with the toxicity of
drugs to create a targeted pharmaceutical with increased
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therapeutic index can be traced to 1913, when Paul Ehrlich
proposed to develop a “magic bullet” for selective targeting of
tumors.’ Despite the simplicity and elegance of this concept,
the first ADC was not available for clinical use until 2000, with
FDA approval of Gemtuzumab ozogamicin (Mylotarg, Pfizer/
Wyeth) for the treatment of acute myeloid leukemia.* In 2011,
Brentuximab vedotin (Adcetris, Seattle Genetics) was
approved for the treatment of anaplastic large cell lympho-
ma/Hodgkin’s lymphoma.” Two years later, Trastuzumab
emtansine (Kadcyla, Genentech/Roche) was approved for the
treatment of advanced human epidermal growth factor
receptor 2 (HER2)-positive breast cancer.’ To date, more
than 10 ADCs have been approved for various cancer
treatments, including Inotuzumab ozogamicin; Polatuzumab
vedotin; Enfortumab vedotin; Trastuzumab deruxtecan;
Sacituzumab govitecan; Belantamab mafodotin; Moxetumo-
mab pasudotox; and Loncastuximab tesirine.”® In these cases,
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covalent conjugation of a functional drug to the antibody was
accomplished via the use of first-generation antibody
conjugation technology, which makes use of either reduced
cysteine residues (4 pairs of interchain disulfides of IgG,) or
surface-exposed lysine residues (roughly 80 potential coupling
sites) present in the antibody. These first-generation antibody
conjugation methods utilize N-hydroxysuccinimide (NHS) or
maleimide-mediated cross-linking for stable attachment of a
functional molecule to the primary amine of lysine or the thiol
group of cysteine, respectively. Because of the large number of
potential attachment sites, these methodologies invariably yield
heterogeneous products with variable drug-to-antibody ratios
(DAR). These heterogeneous reagents have subsequently been
shown to have suboptimal therapeutic indices compared to
homogeneous site-specific ADCs.”""

Second-Generation Antibody Conjugation. The first
systematic study demonstrating the benefits of site-specific
ACDs was initiated by Junutula and co-workers at
Genentech.'” These site-specific ACDs, called THIOMAB
antibody—drug conjugates (TDCs), were produced by the
introduction of a “hot” cysteine residue, followed by a global
reduction of “hot” cysteine and interchain disulfides and
subsequent oxidation in the presence of CuSO, to regenerate
interchain disulfides. Finally, drugs were conjugated to the
reduced “hot” cysteine using maleimide chemistry. Compared
to the average 3:1 DAR of the ADCs prepared using the first-
generation antibody conjugation technology, the site-specific
THIOMAB-derived anti-MUC16-monomethyl auristatin E
(MMAE) was characterized by a reduced DAR of 2:1, yet
exhibited improved in vivo efficacy in a mouse xenograft model
of ovarian cancer. Importantly, the improved therapeutic index
of the TDCs was accompanied by higher dose tolerance and
increased serum stability in rats and cynomolgus monkeys.

Due to the growing ADC market and the observed
advantages of site-specific ADCs, increased efforts have been
directed toward the creation of site-specific ADCs generated
using the second-generation antibody conjugation technolo-
gies. In general, the second-generation antibody conjugation
methods require an initial site-specific introduction of a unique
reactive moiety into the antibody, followed by the use of the
bioorthogonal reaction counterpart for selective coupling of a
functional molecule to this unique moiety. Genetic code
expansion, protein tagging, and enzymatic treatments have all
been used for site-specific introduction of a unique reactive
moiety into proteins.'’ Advances in strategies for site-specific
incorporation of noncanonical amino acids (ncAAs) into
proteins in both prokaryotic and eukaryotic cells provide an
elegant approach toward the preparation of site-specific
antibody conjugates.'””>' An ncAA with a bioorthogonal
keto moiety, p-acetylphenylalanine (pAcF), was first chosen to
explore this methodology. Using an aminoacyl-tRNA synthesis
(aaRS)/tRNA pair that is ortho§onal to the endogenous
translation machinery of the host,””** pAcF was incorporated
into trastuzumab at a site represented by an amber codon.”*
The resulting bis-pAcF-containing trastuzumab, each on one
heavy chain, was then coupled to the alkoxy-amine-derivatized
drug monomethyl auristatin F, achieving a DAR of 2. Although
this site-specific ADC exhibited antitumor efficacy comparable
to that of a heterogeneous ADC prepared using the first-
generation antibody conjugation technology, the ADC
prepared by genetic code expansion exhibited an improved
safety profile. Using a similar strategy, trastuzumab with an
azido moiety was also recently prepared and conjugated to

alkyne-modified drug using azide—alkyne cycloaddition, or
click chemistry.”* This technology provides the additional
advantage of enabling the preparation of first-in-class well-
defined multiaction antibodies site-specifically conjugated with
both a drug and a fluorophore.*® This combination provides a
direct and general method for probing the biodistribution of
therapeutically active ADCs.

In spite of the power of this genetic code expansion
technology, the relatively low expression level of ncAA-
containing antibody compared to wild-type antibody limits
the utility of this methodology for studies in which large
quantities of product are needed.'” To avoid the potential
decrease in the yield of engineered antibodies, the desired
bioorthogonal moiety contained in an antibody could be
generated in situ via enzymatic treatment.”” The enzymatic
strategy SMARTag is based on aldehyde tag technology in
which a short peptide tag, CXPXR, is introduced at the desired
protein position. The cysteine residue within the peptide
sequence, but not other cysteines, can be oxidized to a
formylglycine residue in the presence of the formylglycine
generating enzyme (FGE).”® Bertozzi, Rabuka, and co-workers
at Redwood Bioscience (now part of Catalent Pharma
Solutions) found that antibodies containing a formylglycine
residue can be used for site-specific conjugation of drugs via
the use of bioorthogonal reactions.”” Oxime ligation and
alkoxyamine- and hydrazine-Pictet-Spengler (HIPS) liga-
tion’>’! are two examples of this type of coupling reaction.
Using this technology, the Redwood Bioscience team
performed a structure—activity relationship study on ADCs,
revealing that the in vivo stability and efficacy of ADCs are
conjugation-site-dependent.”” This strategy was recently used
to prepare glycocalyx editing antibodies to reactivate immune
response toward cancer cells both in vitro and in vivo.**

By taking advantage of enzyme-mediated covalent bond
formation between proteins and small molecules, other
investigators have used enzymes such as transglutaminase
and sortase to prepare site-specific ADCs. Transglutaminase
catalyzes amide bond formation between a glutamine residue
and the primary amine of the molecule.”® Schibli’s group first
used bacterial transglutaminase to carry out the site-specific
antibody modification.*® Surprisingly, despite the abundance of
glutamine residues in the antibody molecule, transglutaminase
modified only GIn295 following peptide-N-glycosidase F
(PNGase F)-mediated deglycosylation of nearby residue
N297 or following the creation of an N297S mutation. Rather
than utilizing this deglycosylation approach, Strop and others
showed that the glutamine tag LLQGA could be site-
specifically introduced into antibodies.”” The tagged antibodies
could be subsequently coupled to amine-functionalized
molecules with a DAR of 1.8—1.9. In a similar fashion, sortase
can also be employed to site-specifically modify a residue
within a desired protein sequence.’® Sortase is a bacterial
transpeptidase that catalyzes the covalent attachment of
polyglycines to the LPXTG protein tag. Based on this
mechanism, the sortase recognition motif LPETG was site-
specifically introduced into different antibodies and antibody
fragments, followed by sortase-mediated linkage to polyglycine
probes.””~*" Under optimal conditions, 90% conjugation was
achieved using this strategy.

Avoiding the use of enzymes, the Pentelute group recently
discovered that the four-residue z-clamp peptide FCPF
provides a unique chemical environment for the selective
reaction of the motif’s cysteine residue with perfluoroaromatic
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Figure 1. Scheme highlighting methods to site-specifically label native antibodies.
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Figure 2. Site-specific antibody conjugation based on disulfide rebridging. Reducing agents are used to activate the solvent accessible interchain
cystines, followed by rebridging with (i) mono/bis-sulfone-type reagents, (ii) 3,4-disubstituted maleimides, (iii) dibromopyridazinediones, and (iv)

divinylpyrimidines.

reagents.*” A site-specific ADC was prepared by first installing
an FCPF tag into the C-terminus of the antibody heavy chain,
followed by a reaction of the modified antibody with a
perfluoroaryl-labeled drug under reducing conditions. The in
vivo efficacy of the resulting site-specific antibody conjugates
remains to be explored.

Next-Generation Antibody Conjugation. In general,
the second-generation antibody conjugation technologies
achieve their site-specific modifications by introducing a
bioorthogonal moiety into the antibody. While homogeneous
antibody conjugates can be prepared using these methods, the
introduction of the bioorthogonal moieties requires additional
chemical treatment or antibody engineering procedures that
are often technically challenging and, in some cases, could
possibly affect antibody folding and stability. Furthermore,
these methods cannot be applied to native (nonengineered)
antibodies, which account for more than 99% of commercial
antibodies. Thus, there is growing interest in performing well-
defined, site-specific antibody modifications that maintain
antibody integrity, while achieving optimal therapeutic efficacy
and production efficiency. Central to precision labeling of

native antibodies is the ability to site-selectively modify a
single, desired canonical amino acid residue without labeling
identical canonical amino acids that appear in several other
positions within the antibody. Recently, this site-selectivity has
been achieved via the use of unique targeting moieties or by
directing targeting reactivities through the use of proximity
effects. Here, we review recently reported strategies that enable
site-specific modification of native antibodies. These methods
have been summarized into four categories, including
interchain disulfide modification, glycan modification, chemo-
selective modification, and proximity-based modification
(Figure 1).

B INTERCHAIN DISULFIDE MODIFICATION

Cysteine-based conjugation of a payload to an antibody relies
on the reaction between a reduced sulthydryl group in the
antibody and a thiol-specific electrophile in the payload. For
making ADCs, these methods have advantages over other
methods based on nucleophilic lysine residues because the low
abundance of cysteine residues confers a high level of site-
specificity for the conjugation. The four interchain disulfide
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bonds of an IgG molecule can be reduced to yield eight free
thiol groups, leading to the generation of a homogeneous ADC
with a maximum DAR of 8. However, it is reported that higher
drug loading (DAR = 6 or 8) can result in decreased
therapeutic efficacy owing to higher plasma clearance rate’ and
aggregation.” Introduced in 1990 by the Smith and Lawton
research group,"™* disulfide rebridging offers a promising
strategy for functionalizing antibody cystines in a site-specific
fashion with less structural disturbance of the native state. The
key steps for disulfide rebridging can be summarized as
follows: (1) Reduction of disulfides to yield two activated
cysteines without disulfide scrambling that results in the
reconfiguration of interchain disulfide bonds in antibodies; (2)
An initial reaction between one of the cysteines and the
rebridging reagent; and (3) a second reaction between the
remaining cysteine and the rebridging reagent—cysteine
complex, thus retaining the native linkages of the antibody.
In the following section, we will discuss current methods of
disulfide rebridging, including reagents, potential problems,
and limitations.

Disulfide Reactivation. Reduction of the disulfide bond to
generate a pair of free cysteines is generally the first step for
disulfide rebridging. There are a total of 16 disulfide bonds in
IgG, of which the 4 interchain ones are more solvent accessible
than the 12 intrachain ones. The most commonly used cystine
reducing agents including tris(2-carboxyethyl)phosphine
(TCEP) hydrochloride, dithiothreitol (DTT), and 2-mercap-
toethanol. The thiol-based reductants DTT and 2-mercaptoe-
thanol require a neutral to basic working pH (>7) due to the
intrinsic pK, value of the sulthydryl group. After reduction, the
unreacted DTT and 2-mercaptoethanol must be removed prior
to the rebridging process; otherwise, the reductant will
compete with the rebridging agent. As an alternative, the
phosphine-based reagent TCEP has a wider effective reducing
pH range (1.5 < pH < 8.5), and TCEP can be used in some
cases along with the rebridging agent without competition due
to its weaker nucleophilic nature toward common rebridging
electrophiles (Michael acceptors, addition—elimination sub-
stitutions) compared to thiol-based reductants. Generally,
under nondenaturing conditions, only the four solvent-
accessible interchain disulfides will be reduced, leaving the
intrachain disulfides intact.*>*’

Mono/Bis-Sulfone-Type Reagents. In 1990, the Smith
and Lawton research group reported the use of bis-sulfone for
specific modification of antibodies (al, Figure 2i)."* Bis-
sulfone requires activation, by eliminating a sulfinate to yield
the active monosulfone species that reacts with one of the free
thiols generated by disulfide reduction. A second Michael
acceptor is generated by elimination of the other sulfinate, and
the remaining thiol then undergoes the second Michael
addition to yield the bisthioether with a three-carbon linkage.
In 2014, the first full-size ADC produced by disulfide
rebridging was reported by Badescu et al.*” Utilizing this bis-
sulfone strategy, Badescu successfully linked the cytotoxic
payload MMAE to the disulfides of the native humanized
antibody Trastuzumab, achieving a 78% yield of a species with
the desired DAR of 4 (Figure 2i). The disulfide-rebridged
ADC exhibited minimal degradation over 96 h in the presence
of serum condition, while the traditional maleimide construct
suffered significant decomposition. Remarkably, the rebridged
ADC product can survive in 10 mM DTT for 30 min.”’
However, another work shows that the glutathione (GSH)
present inside cells at millimolar concentration was found to

cleave bisthioether conjugates of the peptide hormone
somatostatin."® Wang et al. later reported that the revised
reagent allyl sulfone, a monosulfone intermediate generated
during bis-sulfone dialkylation, has similar functions but better
conjugation efficiency than bis-sulfone (due to greater water
solubility), and in addition avoids in situ activation (a2, Figure
2i)."” However, allyl sulfone-based disulfide rebridging
methods have only been carried out in model proteins, and
not yet in full-size IgGs.

3,4-Disubstituted Maleimides. The group of Baker and
Caddick have utilized next-generation maleimides (NGMs),
including 3,4-dihalomaleimides and dithiomaleimides, to
rebridge and functionalize disulfides via a double addition—
elimination mechanism (b, Figure 2ii).”>*' Compared to the
mono/bis-sulfone-type reagents, which require weak basic
conditions for activation, NGMs have a wider working pH
range from 6.2 to 8.%° In addition, these NGMs exhibit fast
reaction kinetics, an advantage for decreasing the chance of
disulfide scrambling and antibody aggregation during the
rebridging reaction. In 2014, Schumacher et al. demonstrated
the use of dithiophenolmaleimide-modified doxorubicin to
rebridge Trastuzumab disulfides after the reduction with
TCEP or benzeneselenol (Figure 2ii).”> A DAR = 3.4 and
89% overall yield (76% full-size correctly folded antibody, 24%
scrambled product) was achieved. In addition, control of the
DAR over a range from 0 to 4 was achieved by fine-tuning the
stoichiometry of reagents and the reaction time. In terms of
stability, the rebridged antibody was prone to lose its cargo by
transferring the dithiomaleimides to serum proteins via the
process of cysteine addition—elimination. This stability issue
was solved by hydrolysis of the maleimides under basic
conditions (pH 8.4, 72 h),”>** to yield maleamic acids, which
are inert to thiols.”*

Dibromopyridazinediones. Following the success of
NGMs, Maruani et al. utilized a similar rebridging mechanism
in 2015 to design dibromopyridazinedione-type heterocycles
(Figure Ziii).s" These reagents were used to carry out one-pot
reactions that, compared to NGMs, resulted in near-complete
retention of antibody structure with minimum disulfide
scrambling.>® The two nitrogens on the pyridazinedione
provide two modification opportunities (Figure 2iii). However,
the incompatibility between dibromopyridazine-dione and the
TCEP reducing agent needed to be compensated for by using
a large excess of reagents. To address this problem, Lee et al.
replaced the bromide leaving group with a TCEP-linked
thiophenol to achieve one-step, single reagent disulfide
rebridging.*® This successfully retained the advantage of one-
pot in situ methods without the need for use of excess
rebridging agents.® To restrict the DAR to lower values for
pharmacokinetic reasons, Lee et al.”’ connected two
dibromopyridazinedione with an appropriate-length linker to
conjugate two disulfide pairs with a single bioorthogonal
functionality, resulting in antibody products with a DAR of 2.
Incubation of the resulting conjugates at either low or high pH
does not cause decomposition of the dithiopyridazinedione
products.”® The rebridged dithiopyridazinedione product is
hydrolytically inert but sensitive to thiols at high concen-
trations.” The rebridged product (0.4 M) can survive in
serum-mimicking conditions with 0.2 uM glutathione for 7
days,> but can be quantitatively converted back to the reduced
disulfide state using a 100 equiv excess of 2-mercaptoethanol.”®

Divinylpyrimidines. In 2019, Walsh et al.> reported a
new type of bis-Michael acceptor, divinylpyrimidine, for
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Figure 3. Preparation strategies for oligosaccharide-based antibody conjugation. (A) Schematic structure of an immunoglobulin G antibody with
N-glycosylation at Asn297. (B) Chemical structure of N-glycosyl group. (C) Glycosylation remodeling through Gal T and Sial T followed by
periodate oxidation and oxime-based chemical conjugation. (D) 1,4-Galactosidase-mediated removal of terminal galactose, followed by Gal-T
mutant-mediated GalNAz attachment and catalyst-free azide/alkyne cycloaddition click chemistry. (E) Gal T-mediated terminal galactose
attachment, then ST6Gall-mediated 9-azido-sialic acid attachment and generation of ADCs via click chemistry. (F) Endo S2-mediated removal of
terminal glycans, followed by Gal-T mutant-mediated GalNAz attachment and generation of ADCs via copper-free click chemistry. (G) Metabolic
incorporation of the 6-thiofucose peracetate, followed by generation of ADCs via maleimide chemistry.

coupling functionalities to antibodies via reaction with reduced
disulfides. This methodology resulted in good yields of
rebridging product, as verified by LC-MS (Figure 2iv). It is
worth noting that serious disulfide scrambling was observed.
Compared to other types of rebridging agents, divinylpyr-
imidine possesses a relatively long disulfide bridge (7 carbons
versus 2 or 3 carbons between 2 thiols), which potentiates
disulfide scrambling. In spite of this, good reaction kinetics and
high yield make the divinylpyrimidine reagent a good
substitute for dibromopyridazinediones or NGMs when
disulfides are rebridged in less complex systems such as
fragment antigen-binding (Fab) or monocystine proteins.

Summary. Despite extensive studies on mono/bis-sulfone,
NGMs, and divinylpyrimidines that have facilitated the site-
specific functionalization of interchain disulfides in native
antibodies, certain pitfalls and limitations still exist. First,
disulfide scrambling is unavoidable, affecting product efficacy,
yield, and scalability. Several approaches have been proposed
or applied to minimize disulfide scrambling, including precise
control of reaction conditions, increasing rebridging kinetics,”’
reduction and rebridging in situ,>>>> and use of an all-in-one
TCEP-linked thiophenol derivative.>® However, these strat-
egies need to be optimized case by case. Second, these
rebridging reagents cannot distinguish between reduced
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disulfides and free thiols under reducing condition, limiting the
use of disulfide rebridging to a subset of antibodies lacking free
cysteines. Wilson et al.®’ reported a trivalent arsenous
(As(IIT)) acid derivative as a potential solution to generating
orthogonality for disulfide thiols, since the monothiol arsenous
acid complex is entropically unfavored. However, this usage
was not demonstrated in antibody applications, and questions
regarding in vivo toxicity at therapeutically relevant antibody
concentrations still need to be addressed. Third, rebridging
reagents exhibit poor water solubility and usually require
varying ratios of cosolvent to carry out the reaction. This
increases the chance of denaturing the antibody. In the case of
bis-sulfone reagents, this problem can be alleviated by using
the water-soluble monosulfone intermediate. Extra PEG linkers
can be introduced for other constructs.

B GLYCAN MODIFICATION

Immunoglobulin G antibodies (IgGs) are modified by two
structurally heterogeneous N-glycosyl groups at the conserved
Asn297 residue, located in the constant CH2 domain of the
fragment crystallizable (Fc) region (Figure 3A and B). Because
this oligosaccharide modification lies far away from the variable
region of IgG, it serves as an attractive site for chemical or
biological modifications of antibodies that do not affect
antigen-binding properties. In general, oligosaccharide-based
antibody conjugation is achieved by introducing a chemically
reactive moiety into the N-glycosyl moiety, followed by
conjugation to a substrate bearing another chemically reactive
group.

Oxidation-Based Glycan Remodeling. Oxidative cleav-
age of the cis-diol group at the distal terminus of an
oligosaccharide generates an aldehyde group that is ready to
react with an aminooxy-, hydrazine-, or hydrazide-function-
alized payload to form a site-specific antibody conjugate.
O’Shannessy and colleagues first used the periodate oxidation
method to prepare antibodies with aldehyde groups that were
then reacted with hydrazide-labeled biotin.®" Similar ap-
proaches were used to conjugate a variety of molecules,
including radiolabeled organometallic complexes,62 toxins,*
and proteins/antibodies. Although these methods do achieve
site-specific conjugation of native antibodies, the heterogeneity
of antibody glycosylation greatly limits the applicability of this
approach. Furthermore, high concentrations of periodate (10—
30 mM) are known to result in undesirable oxidation of
sensitive methionine residues, potentially compromising the
serum half-lives, integrity, and efficacy of antibodies.**

To avoid this problem, Zhou et al. introduced a periodate-
sensitive sialic acid moiety into the antibody N-glycan (Figure
3C).°° To achieve the well-defined modification, galactose and
sialic acid residues were enzymatically incorporated into the
native antibody oligosaccharide using f1,4-galactosyltransfer-
ase (Gal T) and a2,6-sialyltransferase (Sial T), respectively.
MALDI-TOF analysis indicated that over 94% of the N-
glycosyl residues were converted to the monosialylated
biantennary form by treatment with Gal T and Sial T. These
sialic acid residues were oxidized using 1 mM periodate to
yield reactive aldehyde groups, which were reacted with
aminooxy-functionalized cytotoxins to generate site-selective
antibody conjugates with an average DAR of 1.6. Although
these ADCs have significant antitumor efficacy in vitro and in
vivo, low concentrations of periodate still compromise the
neonatal Fc receptor (FcRn) binding of trastuzumab by about
25%.

Nonoxidation-Based Glycan Remodeling. To avoid
periodate treatment altogether, several groups have enzymati-
cally modified oligosaccharides by introducing sugar residues
with bioorthogonal groups. Boeggeman et al. demonstrated
that galactose containing a ketone handle at the C2 position
can be incorporated into the antibody oligosaccharide using
the f31,4-galactosyltransferase mutant GalT (Y289L).°° Selec-
tive conjugation can then occur between the ketone handle
and an aminooxy-containing derivative (biotin or fluorescent
dye). However, the conversion yield and efficiency of this
process require further evaluation. Zeglis et al. have also
applied enzyme-mediated glycoengineering and strain-pro-
moted azide—alkyne cycloaddition reaction to site-specifically
radiolabel the modified oligosaccharide of a prostate-specific
membrane antigen (PSMA) targeting antibody, J591 (Figure
3D).” Specifically, they used 1,4-galactosidase to remove the
terminal galactose and then used GalT (Y289L) to introduce
azide-modified galactose as the terminal residue of the glycosyl
group. A desferrioxamine (DFO)-containing chelator was then
attached to the antibody using a strain-promoted azide—alkyne
cycloaddition reaction. Finally, ®Zr-labeled ADCs can be
generated by mixing chelator-modified antibodies with *Zr.
The *Zr-labeled antibody generated via this method was
selectively taken up by tumors and exhibited excellent tumor-
to-background contrast in mouse models bearing PSMA-
expressing prostate tumors.

As an alternative strategy, Li and co-workers used the Gal T
to remodel antibody glycosyl groups, converting existing
glycoforms to G2 glycoforms (Figure 3E).*® A sialic acid
derivative bearing an azide at the C9 position was then
incorporated into the N-glycan using the sialyltransferase
ST6Gall. Subsequently, dibenzylcyclooctanol (DIBO)-modi-
fied biotin, fluorophores, or cytotoxic drugs were reacted with
azide-containing antibodies to form antibody conjugates with
DARs of 3.5—4.5. This glycosylation remodeling strategy
provides an attractive alternative to the preparation of
homologous ADCs with unaltered FcyRIlla binding. To
reach lower DAR for pharmacokinetic reasons, van Delft and
co-workers reported a new chemoenzymatic conjugation
strate§y for generating ADCs with a DAR of 2 (Figure
3F).%” After deglycosylation and introducing GalNAz by
endoglycosidase Endo S2 and galactosyl-transferase GalT
(Y289L), respectively, the modified antibody can be ligated
to the payload via copper-free click chemistry, resulting in
highly stable and homogeneous ADCs with DARs around 2.

Metabolic Engineering of Antibody Oligosacchar-
ides. In addition to engineering antibody oligosaccharide
modification using enzymatic and chemical strategies in vitro,
ADCs can also be obtained by using metabolic engineering of
oligosaccharide residues to introduce sugar analogues contain-
ing bioorthogonal reactive groups.”””" Okeley and co-workers
first reported efficient metabolic incorporation of the fucose
analogue 6-thiofucose at the N-glycan terminus using
fucosyltransferase VIII (Figure 3G).”” Specifically, 6-thiofucose
peracetate, identified among approximately 200 synthetic
fucose analogues,”” could replace fucose in the antibody
oligosaccharide with 60—70% efficiency. Subsequently, the 6-
thiofucose moiety was conjugated to MMAE via maleimide
chemistry to produce an ADC with an average DAR of 1.3.
The ADC obtained using this strategy maintains improved
plasma stability and in vitro antitumor activity compared to
ADCs prepared by interchain disulfide/maleimide conjugation
chemistry.
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Figure 4. Chemoselective modification of native antibodies. (A) Chemical transamination at N-terminal amines using Rapoport’s salt or PLP. (B)
pH-based regioselective lysine 1,4-addition reaction. (C) Lysine-guided linchpin-directed modification.

Summary. Although significant advances have been made
in obtaining IgGs with glycoforms bearing bioorthogonal
groups, most enzyme-mediated glycosylation engineering
techniques are still in the lab-scale exploration period.
Additionally, some unnatural components always need to be
introduced into antibody glycans to produce ADCs. It has
been reported that some %lzcans with subtle modifications are
immunogenic in humans.”*”> Therefore, the in vivo stability
and immunogenicity of glycan-engineered antibody conjugates
remain to be fully evaluated.

B CHEMOSELECTIVE MODIFICATION

In concept, performing chemical reactions that directly modify
a specific amino acid residue based on chemoselectivity is the
most straightforward means of modifying native antibodies.
However, small differences in reactivity of different nucleo-
philic amino acids make it challenging to achieve the desired
specificity of chemical modifications. In addition, due to the
residue heterogeneity that exists between structurally similar
antibodies, chemo- and regioselective modification methods
usually work only in specific cases, limiting the generality of
this approach. A widely used concept involves targeting the
lysine with the lowest pK, via precise control of reaction pH.
For example, N-terminal amines exhibit weaker basicity than
other lysines and can be targeted using an average pH of 7.7 +
0.5.”° In this section, we summarize the recent development of
site-specific antibody modifications based on chemoselectivity.

N-Terminal Transamination. In 2007, Scheck et al.”’
reported the use of pyridoxal-S’-phosphate (PLP, vitamin Bg)
to convert N-terminal amines of immunoglobulin light chains
to ketone moieties via a transamination reaction. The ketone
can then be easily functionalized via oxime ligation. The less
basic N-terminal amine (imine formation) and the more acidic
N-terminal a-proton (tautomerization) underlie the chemo-

selectivity of the N-terminal amines compared to other side
chains of lysine residues. A moderate conversion (47%) is
achieved at an elevated temperature (50 °C). Based on the
same transamination mechanism, Witus et al. utilized
Rapoport’s salt (RS) to selectively convert the N-terminal
amine of the immunoglobulin heavy chain to a ketone moiety
under much milder conditions (37 °C), with an improved yield
(67%, Figure 4A).”° Interestingly, these transamination
reagents exhibit some residue preferences. PLP prefers light
chain aspartate over heavy chain glutamine in murine IgGs,
and RS prefers heavy chain glutamate over light chain aspartate
in human IgGs. Further experiments have revealed that the
optimal reaction partners for PLP and RS are the tripeptides,
H-Ala-Lys-Thr and H-Glu-Glu-Ser, respectively. Since these N-
terminal sequences are not present in native antibodies, genetic
engineering is required for optimal reactivity.
Lysine-Specific Reagents. Several attempts based on
control of reaction kinetics,”” protein site-specificity,”*"** or
targeting hyper-reactive lysines®”** have been used for
selective modification of certain antibody lysine residues.
However, since mechanisms underlying lysine selectivity are
not well understood, these methods failed to achieve high
yields. Thus, it is difficult to apply them for modification of
antibodies or other proteins. To address this issue, Matos et
al.*> have reported the use of sulfonyl acrylate-based reagents,
combined with pH control, to achieve selective and high-yield
(>95%) modification of a single lysine with the lowest pK,
(Figure 4B). The sulfonyl oxygen stabilizes the positive charge
generated upon amine addition to the double bond via a
chairlike transition state. The less polar cysteine S—H group
diminishes hydrogen bond interaction, thus explaining the
chemoselectivity for lysine over cysteine. The regioselectivity is
based on pK, control, as the lysine with the lowest pK, is the
most likely to be reactive under neutral to slightly basic

G https://doi.org/10.1021/acs.bioconjchem.1c00342
Bioconjugate Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00342?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00342?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00342?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.1c00342?fig=fig4&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.1c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Bioconjugate Chemistry

REVE

pubs.acs.org/bc

A. Proximity-Directed Photo-Cross-Linking

Qe o2 o
+ Q Q g

" affinity peptide
B. Proximity-Directed Reactions

HoN NH,

pClick

HoN NH,

S o2

i

HN '. NH,

C. Proximity-Directed Catalysis

CCAP

[o] o]

KON S,

o8

affinity peptide

MO

affinity peptide

hv, 365 nm Qjoi!‘ 0

PBS, pH 5.5

HoN ﬁnuz
4
? ofde P > 4
+  RrRhlrn >
oo TBHA, 10 °C H HO oy
HN NH,  MeTO $ NN — N HNo~N~”

o"o \“l"/e o " BN 0

Ph

Figure 5. Antibody conjugates prepared by targeting canonical amino acids using (A) proximity-directed photo-cross-linking, (B) proximity-

directed reactions, and (C) proximity-directed catalysis.

conditions. Lysine residues modified with acrylates can further
conjugate to amine-containing compounds by aza-Michael
addition. The generality of this modification strategy has been
successfully demonstrated with five model proteins, including a
humanized full-length trastuzumab antibody. The binding
affinity and specificity of trastuzumab for human HER2 were
unaffected after site-specific modification with the anticancer
drug Crizotinib, as verified by flow cytometry. It is important
to note that the success of modifying a specific lysine is
determined by the intrinsic properties of the antibody. These
differ on a case-by-case basis, and derivatization could fail if, for
example, the modified lysine is crucial to antibody function.
Linchpin-Directed Modification. Another reactivity-
based method, known as linchpin-directed modification
(LDM), was developed by Adusumalli et al.** LDM utilizes
a fast and reversible amine-reactive group to guide a slow and
irreversible reaction between an epoxide group and a protein
histidine residue (Figure 4C). While p-hydroxybenzaldehyde
establishes a fast on-and-off equilibrium with lysine residues,
the linked epoxide moiety will only react with a histidine that
lies within a certain distance of the lysine residue. After
irreversible linkage between histidine and epoxide, the free
aldehyde can undergo oxime ligation for coupling other
molecules of interest. Two ADCs, trastuzumab-doxorubicin
and trastuzumab-emtansine, have been made using this
technology. The binding properties and antitumor cell activity
of both ADCs have been established using in vitro experiments.
To expand the substrate range of LDM, Adusumalli et al.*’
reported another version of an LDM reagent for modifying

lysine instead of histidine. Switching the moderate leaving
group from epoxide to 2,6-dibromo-4-(morpholine-4-
carbonyl)phenol ester provided more options for optimization
of substrates. Despite the variability encountered from case to
case, LDM yields a modification efficiency of 40% for most
antibodies.

Summary. In general, direct antibody labeling based on
chemoselectivity is the most convenient strategy for antibody
modification. Only a single reagent is needed to introduce the
bioorthogonal handle in an initial step, which is followed by
the second step of attaching a cargo to the antibody. The
specific site of modification is determined by the intrinsic
properties and 3D structure of the antibody. This variability
from immunoglobulin to immunoglobulin could potentially
lead to lower yields or impaired antibody function in some
cases.

B PROXIMITY-BASED MODIFICATION

An alternative, emerging strategy for achieving site-specific
labeling of native antibody molecules takes advantage of
proximity effects that direct a cross-linking reactant or catalyst
to the desired amino acid residue. Several groups have
employed ligands able to bind to a specific location on
antibodies to deliver a photo-cross-linker, metallocatalyst, or
other reactive groups capable of forming a site-selective
covalent bond through proximity-induced reactivity.
Proximity-Directed Photo-Cross-Linking. Because of
the versatility of photo-cross-linking in the context of different
chemical environments, photo-cross-linking was used to site-
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specifically label native antibodies. Benzoylphenylalanine
(Bpa), a UV-inducible cross-linking amino acid, has been
widely used for mapping protein interactions. Upon UV
irradiation (<365 nm), Bpa within the protein of interest
generates radicals that insert nonspecifically into nearby C—H
bonds to form a covalent bond between the protein and its
binding partner.*® Due to its chemical stability and potent UV-
inducible cross-linking ability, Bpa is useful not only for
revealing valuable information regarding molecular interactions
but also for designing covalent protein-based agonists,
antagonists, and inhibitors. In what was perhaps the first
attempt to site-specifically label native antibodies using this
approach, Jung and co-workers used cysteine engineering and
maleimide chemistry to construct an antibody-binding peptide
with a benzophenone derivative (Figure SA).* Specifically,
amino acid residues in the Fc-binding domain of the peptide
were first mutated to cysteines, followed by the reaction with
maleimide-functionalized benzophenone. The resulting affinity
peptide was able to direct the benzophenone-containing cross-
linker to the antibody Fc domain. After UV irradiation, the
benzophenone cross-linker formed a covalent bond with the
antibody Fc domain to yield the site-specific conjugate. Under
optimal conditions (UV irradiation at 365 nm for 1 h), roughly
50% of the antibody population was covalently labeled with
one or two affinity peptides. The utility of this technology was
demonstrated by covalent immobilization of antibodies directly
onto various surfaces, including glass, gold chips, and magnetic
particles. Several subsequent studies used different types of
antibody-binding peptides to prepare site-specifically labeled
native antibodies. These affinity peptides included derivatives
of protein A (binding to the antibody Fc domain),”*™"
derivatives of protein G (binding to the antibody Fab
domain),” and antibody-binding peptide FcIII’* evolved via
phage display.” Park et al. first demonstrated a biomedical
application for this technology utilizing FcIII by conjugating an
engineered Pseudomonas exotoxin A (PE24) to the Fc domain
of trastuzumab, the human epidermal growth factor receptor 2
(HER2)-specific antibody.” The resulting conjugate exhibited
significantly higher cytotoxicity than unmodified trastuzumab
toward HER2-overexpressing cells. In another example, Bpa-
containing FcIII peptide with a free thiol residue was first
coupled to trastuzumab to introduce a unique thiol group. This
was followed by conjugation to maleimide-functionalized
MMAE, with a DAR of 1.9.°° While photo-cross-linking
efficiency has been significantly improved since the initial use
of this strategy, the low degree of chemical selectivity of the
photo-cross-linking reaction tends to generate heterogeneous
products. In addition, 30—60 min of exposure to UV
irradiation is known to cause protein damage that may impair
antibody efficacy.”’

Proximity-Directed Reactions. While most peptide-
based antibody conjugation strategies rely on selective delivery
of a UV-sensitive photo-cross-linker to a specific site in an
antibody, the need for UV light can be avoided via delivery of a
proximity-based reactive electrophile capable of forming a
covalent bond with nucleophilic residues, for example, a
specific lysine. This strategy provides the basis for proximity-
induced antibody conjugation technology (pClick), which was
first developed in our lab in 2018 as a general method for site-
specific modification of native antibodies (Figure 5B).”®
Specifically, a lysine-proximity probe, 4-fluorophenyl carba-
mate lysine (FPheK), capable of covalent linkage to a proximal
antibody lysine residue, was introduced at the Glu2S position

of an affinity peptide (FB peptide) that has a well-characterized
binding site within the antibody Fc region. Upon binding to
the antibody, the FPheK-modified FB peptide covalently
attaches to the antibody via a spontaneous cross-linking of
FPheK to a specific lysine residue. The utility of this approach
is demonstrated by site-specific conjugation of fluorescein to
Trastuzumab, followed by in vitro characterization of the
antibody conjugate activity. Most importantly, a 91-99%
conjugation efficiency was achieved with several IgG species
and subclasses, without the generation of any detectable
nonspecific conjugation products. In another study, the FB
peptide could be further shortened to 33 residues without
compromising its binding affinity and conjugation efficiency.”
This chemically synthesized FB peptide was applied to the
synthesis of ADCs and bispecific small molecule—antibody
conjugates with both excellent in vitro cytotoxic activity and
antitumor activity in mouse xenograft models.”” Furthermore,
this strategy was recently employed to prepare the first bone-
targeting antibody, which is able to enhance the biodistribution
to the bone and dramatically increase the therapeutic effect to
HER2+ breast cancer bone metastasis in murine models.'” In
2019, Ito’s group reported a similar lysine modification
approach (CCAP) using N-hydroxysuccinimide ester as a
proximity-based reactive probe (Figure SB).'”' By precise
control of the pH and reactant concentrations, Fc-III peptide
modified with an NHS-ester linker could conjugate to
antibodies with a high efficiency. Interestingly, the resulting
site-specific conjugates exhibit reduced binding affinity to
FcRn, but enhanced affinity to FcyRIIIa. Ito and collaborators
at Ajinomoto Co., Inc. further advanced this technology by
preparing site-specific ADCs in which free thiols were
introduced into native antibodies, which they termed AJI-
CAP.'” These thiol-containing native antibodies were initially
produced by using CCAP for conjugation of Fc-III peptide to a
disulfide linker. Reduction of introduced disulfide bonds was
subsequently carried out using TCEP. However, the antibody
interchain disulfides were also reduced. An extra oxidation step
with dehydroascorbic acid (DHAA) to regenerate the
interchain disulfide bonds is required, with the increasing
risk of disulfide scrambling. The resulting thiol-modified native
antibodies were then conjugated to maleimide-functionalized
drugs. Importantly, this strategy for preparing ADCs is
“traceless”. In other words, no affinity peptide remains attached
to the final products, since the disulfide-linked Fc-III peptide is
removed in the TCEP reduction step. Besides utilizing the
affinity moieties binding to antibody constant regions, the
ligands interact with the variable region of antibodies have
been used for site-specific labeling at the antibody variable
region.' "% Using the proximity-induced reactivity, covalent
immune recruiters that can enhance immune recognition of
different types of cancers were prepared recently.'*

Central to the success of proximity-directed modification is
the development of proximity-based probes that exhibit superb
conjugation efficiency in the absence of nonspecific reactivities.
Advances in proximity-based chemistry offer great opportu-
nities for labeling native antibodies with payloads possessing a
variety of chemical, physical, or biological characteristics under
mild conditions. This technology does not require antibody
engineering or additional UV/chemical/enzymatic treatments,
and therefore is applicable to most commercial antibodies.

Proximity-Directed Catalysis. As an alternative to site-
specific modification of native antibodies using proximity-
directed reactants, Ball and co-workers used the affinity-
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peptide approach to deliver a metallocatalyst capable of
carrying out the reaction between carboxamide and diazo
groups (Figure 5C)."7 An Fc-binding dirhodium metal-
lopeptide was prepared by introducing three Glu residues
into the Z domain of protein A, followed by metalation with a
heteroleptic dirhodium complex. Upon binding to the
antibody, this metallocatalyst was able to catalyze the
derivatization of a nearby Asn312 residue with an alkyne-
bearing diazo reagent. The resulting alkyne-functionalized
native antibodies were then conjugated either to an azide-
modified fluorophore or to drugs by means of a copper-
catalyzed azide—alkyne cycloaddition (CuAAC) reaction. In
another study, an enzyme-based catalysis was developed, which
utilized sortase A mutant—protein G Bl domain fusion to
guide the transpeptidation on specific lysines on IgGs.'” In
the case of Cetuximab, as demonstrated in this study, the
modification only happened on heavy chain KS, K123, K135,
K292, and K441, and light chain K207, as verified by LC-MS
analysis. Compared to the use of proximity-directed reactants,
the advantage of proximity-directed catalysis is that the catalyst
is not covalently attached to the final products and is therefore
“traceless”. Furthermore, the proximity-directed -catalytic
approach allows lower molar ratios of ligand, potentially
limiting off-target binding. These studies highlight both the
feasibility and the benefits of proximity-directed catalysis in
site-specific native antibody labeling, providing a promising
new expansion of this field of study.

Summary. Proximity-based modification methods allowing
for the selective reaction between a proximity-based probe and
a specific natural residue (e.g, lysine, cysteine, serine) of
proteins are emerging as an important class of antibody
conjugation methods. These strategies enable the preparation
of site-specific antibody conjugates without the need for
additional antibody engineering or additional treatments.
Current efforts of the proximity-based modification focus on
the evolution of new proximity-induced chemistry as well as
smaller antibody binders with minimal disruption of antibody
structure and function.

B SUMMARY AND DISCUSSION

Due to the high therapeutic indices and outstanding
biochemical properties of site-specific antibody conjugates,
many current efforts have focused on strategies for site-specific
labeling of antibodies. As a result, a variety of methods have
been developed for specific covalent attachment of functional
molecules to antibodies. Most of these methods require
antibody engineering for site-specific installation of a unique
reactive moiety, followed by selective modification of this
moiety using bioorthogonal chemistry. While these technolo-
gies offer superb control of the conjugation site, drawbacks of
the approaches include the technical challenge and lack of
generality of strategies for antibody engineering. Thus, it is
extremely attractive to consider methods for site-specific
modification of native antibodies that do not include antibody
engineering. Central to precision labeling of native antibodies
is the ability to site-selectively modify a single desired amino
acid residue with high efficiency and without off-target effects.
Thanks to advances in bioorthogonal chemistry, enzyme
engineering, and proximity chemistry, a variety of solutions
have emerged for targeting unique interchain disulfides, sugars,
and N-terminal residues, as well as for directing the reactivity
of functional probes through the use of proximity effects.
Despite the many choices for specific modification of the

native antibodies, these strategies still pose some limitations in
certain applications: Disulfide rebridging might suffer from
disulfide scrambling and batch to batch variability; different
glycol forms of IgGs and high price of saccharide analogues can
significantly limit both the efficiency and the scale of glycan-
based antibody labeling methods; fine modulation of chemical
reactivity is required for both chemoselective and proximity-
based antibody modifications. As the field progresses, the
continued development and refinement of protein engineering
and protein chemistry in conjugation with new design concepts
will enable the production of well-defined native antibody
conjugates that possess superior biochemical and therapeutic
properties without the need for complex chemical or enzymatic
treatments.
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