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Technical, preclinical, and clinical developments
of Fc-glycan-specific antibody–drug conjugates

Qiang Yang *a and Yunpeng Liu *b

Antibody–drug conjugates (ADCs) have emerged as a powerful avenue in the therapeutic treatment of

cancer. Site-specific antibody–drug conjugations represent the latest trend in the development of ADCs,

addressing the limitations of traditional random conjugation technologies. This article summarizes the

innovative development of Fc-glycan-specific ADCs (gsADCs), which utilize the conserved Fc N-glycan as

the anchor point for site-specific conjugation. This approach offers significant strengths, including

improved ADC homogeneity and overall hydrophilicity, enhanced pharmacokinetics and therapeutic index,

and potentially reduced Fc receptor-mediated side effects. Currently dozens of gsADCs are in different

preclinical and clinical development stages. Notably, JSKN003 and IBI343 have demonstrated promising

results in phase 1 trials and are advancing into phase 3 studies. This review discusses the advantages of Fc-

glycan-conjugation, various glycan-specific conjugation techniques, and the preclinical and clinical

development of gsADCs. While challenges such as increased manufacturing cost for large-scale production

need continuous innovation to overcome and there are different opinions regarding the pros and cons of

reduced/diminished affinities to Fc gamma receptors, ongoing research and clinical progress underscore

the potential of gsADCs to renovate ADC cancer therapy.

Introduction

The conjugation of various functional molecules to
antibodies is frequently used and actively explored across life
science sectors. These conjugates serve diverse purposes,
including fluorescently labeled antibodies for detection and
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imaging,1 antibody–drug conjugates (ADCs) for cancer
therapy,2–10 antibody–antibiotic conjugates for the treatment
of infectious diseases,11,12 antibody–immunostimulant
conjugates for the treatment of cancer and other diseases,13

degrader–antibody conjugates (DACs)14,15 and LYTAC16 for
targeted protein degradation. Researchers continue to explore
stable, robust, and controlled conjugation technologies in
basic research, diagnostics, and therapeutic development,
including ADC development.7,17,18

The most notable and exemplified application of antibody
conjugation is in the development of ADC therapeutics. By
attaching a potent cytotoxin to antibodies that specifically
binds to cancer-associated antigens, cancer cells are
preferentially targeted and killed, while normal cells and
tissues remain largely spared. Currently, 15 ADCs have been
marketed, with over 200 others undergoing human clinical
trials for various types of cancer.8,9,19 Many of the ADCs on
the market or in trials have payloads conjugated
stochastically to either cysteine or lysine residues, resulting
in heterogeneous ADC regioisomers with varied antigen
affinity, aggregation potential, serum half-life, and other
limitations.7,20–22 To address these challenges, site-specific
ADCs have been developed with more consistent quality
attributes (especially drug antibody ratio (DAR)), improved
pharmacokinetics, and an enhanced therapeutic index.7,18

The majority of explorations and developments to achieve
site-specific ADCs have been based on protein engineering,
such as engineered cysteines (ThioMab™), peptide tagging
followed by enzymatic addition, and unnatural amino acid
incorporation.7,18 Another option is remodeling of Fc-glycan
on the conserved Asn-297 (N297) glycosylation site to
generate Fc-glycan-specific ADCs (gsADCs).

Glycosylation is the most ubiquitous and diverse
posttranslational modification of proteins. It profoundly
affects a protein's properties, such as folding, in vivo stability,
immunogenicity, and pharmacokinetics.23 In addition,
modification of glycoprotein with natural or synthetic glycan
or sugar moieties has provided potential avenues for the
development of diagnostic and therapeutic applications.24–26

The antibody (more specifically IgG, referred to hereafter if

not specified) is the most abundant serum glycoprotein,
with a conversed N-glycan in the N297 position (Fig. 1A).
These N-glycans are buried inside a cavity formed by two
CH2 domains (Fig. 1B) and are predominantly biantennary
complex type glycans (Fig. 1A). The monoclonal antibodies
produced from CHO cells sometimes contain more than
10% high-mannose glycans while endogenous human IgG1
has less than 1%.27 Fc-glycan is crucial for the affinity of
the antibody to Fcγ receptors (FcγRs) on the immune cells
and the C1q factor of the complementary system, and is
therefore critical for the effector functions of the antibodies.
If the Fc-glycan of the antibody is removed by mutation of
the N297 position, expression in E. coli, or enzyme
treatment by PNGase F or endoglycosidase, effector
functions such as antibody-dependent cytotoxicity (ADCC),
antibody-dependent phagocytosis (ADCP), or complement-
dependent cytotoxicity (CDC) will be removed or severely
impaired.28 The contribution of Fc-glycan to the stability of
an antibody is less prominent than that of other
glycoproteins, such as erythropoietin (EPO), in which the
removal of N-glycans leads to aggregation and loss of
activity.29 A PK study of a panel of aglycosylated antibodies
(N297A mutation or production in E. coli) in cynomolgus
monkeys by Leabman et al. demonstrated no apparent
differences in serum half-life, clearance, or other key PK
parameters to their glycosylated comparators.30 Although a
few studies reported that deglycosylation of antibodies
slightly changed the PK, other reports reached a similar
conclusion to that of Leabman et al.28,30 In summary, the
data reported so far implies that the role of Fc-glycan in the
stability of an antibody in in vivo circulation is very limited,
for the many antibodies tested. As ADC relies mainly on
conjugated drugs as its mode of action (MOA), Fc-glycan
becomes a viable choice for the site-specific attachment of
payloads. As deglycosylation by PNGase F will facilitate
microbial transglutaminase (mTG)-mediated site-specific
conjugation to the native Gln-295 (Q295) site, which is very
close to the N297 site, several site-specific ADCs generated
by mTG technology are also aglycosylated and their effector
functions are diminished.31

Fig. 1 A) Antibody with glycan structure. B) Crystal structure of Fc with G0F glycan (PDB 1H3X).
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Fc-glycosylation site N297, an optimal
position for site-specific antibody
conjugation

Depending on the technological route chosen, linker–
payloads will be conjugated to different locations of
antibodies, most of them requiring genetic engineering of
antibodies. For approaches like SMAC™ or ConjuAll™,
where N-terminal or C-terminal tagging is preferred,32,33 the
location of conjugation is relatively fixed. For engineered
cysteine and mTG-mediated conjugation, multiple positions
of the antibody can be chosen. Several positional screening
studies were carried out with either engineered cysteine or
the mTG method. One interesting and imperative finding is
that the N297 position and its vicinity appear to be an
optimal position for site-specific drug conjugation of an
antibody, as demonstrated in multiple preclinical studies
and more recently in clinical development. For example, a
Pfizer study indicated that among various locations of
antibodies (N-terminal of light chain, C-terminal of heavy
chain, etc.), mTG-catalyzed conjugation on N297Q (H site) or
296Q (I site, Fig. 2), produced cleavable ADC with the highest
stability in incubation in mouse plasma, the best
pharmacokinetic profile in mice, and the most potent anti-
tumor efficacy in a xenograft model.34 This resounding
observation was corroborated by multiple similar preclinical
studies, from Synaffix with GlycoConnect™ technology,35

from a Merck research group,36 and from researchers at
Binghamton University.37 The strength and advantages of the
Fc-glycan conjugation strategy observed in these studies can
be explained by multiple aspects. First, conjugation to the Fc
glycosylation is somewhat distant to Fab, thereby not
interfering with antigen binding. Second, the natural
glycosidic linkage is stable in blood circulation, in contrast to
the reversible Michael addition of a cysteine–maleimide
connection.38,39 Lastly, attachment to a spatially hidden
position partially shields the hydrophobicity of the payload
and reduces the exposure of cleavable linkers, potentially

increasing the overall hydrophilicity of the ADC and reducing
the premature release of the payload during circulation.
Clinically, two gsADCs have entered phase 3 clinical trials
(Fig. 3) while several others are in phase 1 or 2. JSKN003, a
bispecific anti-HER2 ADC with a topoisomerase 1 inhibitor
(TOP1i) warhead (DAR 4) from Alphamab, utilizes full-length
N-glycan to connect the payloads (Fig. 3A). The phase 1
clinical trial results for this full-length glycan gsADC are very
encouraging, with a favorable tolerability/safety profile and
an overall response rate of 56.3%.40 With this encouraging
result, JNKN003 entered phase 3 trials in December 2023
(NCT06079983). IBI343, an anti-claudin 18.2 ADC from
Innovent, is equipped with another TOPi exatecan (DAR 4)
with a truncated GlcNAc–GalNAc linkage to the antibody41

(Fig. 3B). In a phase 1 trial against gastric/GEJ
adenocarcinoma, IBI343 exhibited manageable safety and
satisfactory efficacy, with an overall response rate of 32.6%.42

Based on these promising results, a phase 3 trial against
gastric cancer was initiated in late 2023 (NCT06238843).
Multiple other gsADCs, like IBI3001 (B7-H3/EGFR
bispecific)43 from Innovent, MGC026 (B7-H3 targeting)44 and
MGC028 (ADAM9 targeting)45 from Macrogenics, DS-9606
(claudin 6 targeting)46 from Daiichi Sankyo, etc., either with
truncated or full-length N-glycan linkages, are in early-stage
clinical trials, or in preclinical development, and will be
thoroughly described in the following section. Collectively,
gsADCs represent a promising direction for site-specific ADCs
for therapeutic development.

Various glycan-specific conjugation
techniques

Over the past two decades, multiple approaches have been
explored for Fc-glycan site-specific conjugation. Early
attempts included the functionalization of Fc-glycans through
oxidation of adjacent diols of terminal monosaccharides.47–50

This was the first conjugation attempt for the development of
gemtuzumab ozogamicin, but oxidation of the antibody lost
binding to CD33.48 In another successful and representative
study by Zhou et al., the antibody was sequentially modified
by galactosyltransferase (GalT) and sialyltransferase (SalT) to
form a relatively homogeneous sialylated antibody, then
mildly oxidized by sodium periodate to form aldehyde
groups, and finally conjugated with the payload through
oxime ligation50 (Fig. 4A). In a separate direction, azide- or
keto-tagged sugar nucleotides were probed to introduce an
attachable group to Fc-glycan by glycosyltransferase, which is
more controllable than oxidation reactions. Li et al.
pioneered the introduction of azide-functionalized sialic acid
onto Fc-glycan with SalT after galactosylation, followed by the
conjugation of a dibenzylcyclooctynol (DBCO)-functionalized
linker–payload through strain-promoted azide–alkyne
cycloaddition (SPAAC)51 (Fig. 4B). In another study, Zhu et al.
utilized an engineered GalT (GalT-Y289L) with enhanced
transfer activity to introduce 2-keto-galactose to the terminal
of Fc N-glycan, which had been degalactosylated by

Fig. 2 Positional scanning study of site-specific conjugation.
Reproduced from ref. 34 with permission from ACS Publications,
copyright 2015.

RSC Medicinal ChemistryReview

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

4.
07

.2
02

5 
08

:1
6:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00637b


RSC Med. Chem., 2025, 16, 50–62 | 53This journal is © The Royal Society of Chemistry 2025

galactosidase. Subsequently, a linker–payload was introduced
through an oximation reaction52 (Fig. 4C). In a similar
manner, azido-galactose was introduced by GalT to a
bispecific antibody against HER2, which was further
conjugated with DBCO–linker–payload through a SPAAC click
reaction, resulting in JSKN003 from Alphamab.53 All these
methods utilize a combination of exoglycosidase/
glycosyltransferase to introduce an attachable group to the
Fc-glycan and to achieve homogeneity of the ADC. The
resulting ADCs retain full-length N-glycan and thus fully or

partially retain the antibody effector function. Another choice
for preparing full-length gsADC takes advantage of the en bloc
transfer activity of glycosynthase, which is a mutant of
endo-N-acetyl-β-D-glucosaminidases (ENGase, a group of
endoglycosidases).54 As shown in Fig. 4D, ENGase EndoS
from Streptococcus pyogenes55 or EndoS2 from S. pyogenes
serotype M49 (ref. 56) cleaves Fc N-glycan between two
GlcNAc of the chitobiose core. Afterwards, the azide,
cyclopropene-, or norbornene-tagged sialylated full-length
glycan in the activated oxazoline format can be transferred en

Fig. 3 A) gsADC with full-length glycan linkage. B) gsADC with truncated glycan linkage.

Fig. 4 Various methods to prepare gsADCs with a full-length glycan linkage: A) mild oxidation of terminal monosaccharide to introduce a reactive
group for linker–payload attachment; B) SalT-catalyzed introduction of Sia-N3 followed by SPAAC conjugation; C) GalT-Y289T-catalyzed
introduction of Gal-N3; D) ENGase-catalyzed en bloc transfer of azido full-length glycan; E) metabolic incorporation of 6-thiofucose. Yellow circles
indicate active groups for conjugation, while green circles highlight oxazoline groups.
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bloc to the GlcNAc-antibody by EndoS-D233Q57,58 or EndoS2-
D184M59 via a bioorthogonal reaction (Fig. 4D). As EndoS,
EndoS2, or their mutants are highly selective to Fc-glycan,
their catalyzation of enzymatic glycan remodeling is
restricted to Fc-glycosylation, leaving Fab glycan intact.60 In
addition to using an enzymatic method to introduce
conjugational groups, a metabolic engineering method has
also been explored. Okeley et al. introduced 6-thiofucose to
antibody glycan through the metabolic incorporation of a
fucose analog, which serves as an anchor point to ligate
linker–payloads using maleimide chemistry61 (Fig. 4E).

In addition to full-length gsADC, gsADC can also be
generated with a truncated glycan linkage. An early endeavor
was the GlycoConnect™ technology created by Synaffix,
which comprises trimming Fc-glycan with EndoS and the
subsequent transfer of a GalNAz or an azido-Gal moiety and
the final click of the linker–payload (Fig. 5A). Coupled with a
variety of linker–payload options, this technology has been
used by multiple partnering companies to generate the
homogeneous gsADC of DAR 2.35 Further improvement in
this technology has included the creation of an EndoS–
EndoH fusion enzyme to add hydrolase activity to high-
mannose glycan (from EndoH) and the introduction of a
branched linker to achieve DAR 4.62 In a similar technical
route, after EndoS trimming and sequential transfer, azido
sialic acid was introduced to the terminal of truncated
glycan, followed by the click of linker–payload (Fig. 5B).63 In
another path, taking advantage of the simultaneous

deglycosylation/transglycosylation activity of EndoS2, the
Wang Lab and Huang Lab established a one-pot glycan
remodeling approach, in which the deglycosylation and the
transfer of the azido disaccharide to the deglycosylated
antibody occur simultaneously in the same reaction system,
with just one enzyme64,65 (Fig. 5C). As the disaccharide is an
unnatural substrate for EndoS2, the transglycosylation
product of the azide-functionalized antibody is highly
resistant to hydrolysis by the enzyme due to the truncated
glycan modification.64,65 The azido-antibody can
subsequently be conjugated with a DBCO–linker–payload
through SPAAC to produce site-specific gsADCs64,65 (Fig. 5C).
This neat approach shows a clear leading edge towards
GlycoConnect™ Synaffix technology, as it reduces the two-
enzyme two-step reactions to a single-enzyme one-pot
remodeling. In a further exploration, the Huang and Wang
Labs have demonstrated that EndoS2 can also accommodate
drug-preloaded disaccharide oxazoline derivatives as a
substrate for transfer, enabling single-enzyme, one-pot ADC
production65,66 (Fig. 5D). Nevertheless, the completion and
efficiency of such one-pot ADC production is limited to DAR2
ADC and is not optimal or robust, especially for the testing of
varied linker–payload combinations or for industrial
manufacture. For the Wang Lab and GlycoT (a licensee of
Wang Lab technology), in their later report of a scale-up
study with different linker–payload combinations, a two-step
approach was employed.19 A similar issue was also reported
in an mTG-mediated site-specific conjugation study, in which

Fig. 5 Various methods to prepare gsADCs with a truncated glycan linkage: A) GlycoConnect™ from Synaffix; B) a terminal sialic acid-based
gsADC route similar to GlycoConnect™; C) EndoS2-based one-pot glycan-remodeling followed by SPAAC conjugation; D) EndoS2-based one-
step gsADC production with preassembled disaccharide–linker–payloads.
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a two-step reaction (enzymatic transfer plus click chemistry)
produced an ADC with more homogeneous DAR compared to
one-step transfer with preassembled linker–payloads.67 A
two-step approach was employed for the scalable production
of an ADC for a PK/PD study due to its better
manufacturability.67

gsADCs with full-length or truncated linkages are created
by different technological routes, and also bear quite
different characteristics. Compared to gsADCs with a full-
length linkage (FL-gsADCs), the shorter glycan spacer of
gsADCs with a truncated linkage (T-gsADCs) may further hide
the linker–payloads inside the Fc cavity of antibodies, leading
to additionally increased overall hydrophilicity and reduced
exposure of linker–payloads to serum protease
(Fig. 6A and B). Indeed, in a comparative study of FL-gsADCs
versus truncated T-gsADCs, the increased exposure of the
payload in FT-gsADC was confirmed by a payload-detecting
ELISA.68 The truncation of N-glycan also significantly reduces
the ADC affinity to FcγRs, which potentially minimizes the
multiple ADC side effects that may be associated with ADC
interaction with FcγRs on the immune cells, such as
thrombocytopenia69 and interstitial lung disease.70 The
truncation will also diminish the binding of ADC to mannose
and asialoglycoprotein receptors, thereby reducing receptor-
mediated clearance.28 It has been reported that removal of Fc
N-glycan led to decreased thermal stability and increased
potential of pH-induced aggregation for antibodies,71 but the
addition of linker–payloads into an ADC can compensate for
the partial thermal destabilization caused by
deglycosylation.72 Although truncation of Fc-glycan abolishes
ADCC, ADCP and CDC activities (not the main MOA for most
ADCs), preclinical and clinical observation from Fc-silenced
ADCs prepared with different mechanisms, Fc-glycan
truncation,43–45 Fc-silencing mutation,73–76 and cell-free
expression,77 implied that such negative potentials were
largely very limited or negligible for some or even most ADCs,
and such concerns were alleviated at least for multiple
clinical stage companies. On the other hand, FL-gsADCs
retain affinity with FcγRs and thus with Fc effector-functions.
This method may be suitable for antibodies in which ADCC
and other effector functions may play a significant role in
anti-tumor activity. In addition, it may be well suited to the
development of immunostimulatory antibody conjugates.13

Preclinical and clinical development
of gsADCs

In the technological development of glycan-specific
conjugation approaches, model antibodies like trastuzumab
and, less often, brentuximab, have been used to generate
gsADCs. These ADCs were benchmarked against FDA-
approved stochastic ADC Kadcyla® (T-DM1, with trastuzumab
as the mAb component) or Adcetris® (brentuximab as the
mAb component) for efficacy and PK/PD profiles. In most
cases, gsADCs demonstrated comparable or superior efficacy
and PK/PD profiles to their counterparts in rodent models.
As a result of this progress, glycan-specific conjugation has
been gradually adopted by multiple companies to develop
ADC targeting of various tumors. Table 1 summarizes gsADCs
in different stages of development.

In the progression of glycan-specific antibody conjugation
for therapeutic development, Synaffix plays a significant role
as a major technology provider and critical driving force in
the field. In addition to GlycoConnect™ technology, the
company also developed sulfamide-based HydraSpace™ to
enhance the overall hydrophilicity of an ADC78 and various
linker–payload options to provide a one-stop service to ADC
companies.62 Among the gsADCs developed with Synaffix's
technology, IBI343 from Innovent is the front runner in
clinical development. It targets claudin 18.2, a tumor
associated antigen (TAA) that is overexpressed in gastric,
pancreatic, breast and colon tumors and has limited
expression in gastric mucosa.41,79 IBI343 is armed with
exatecan (DAR 4), a TOP1i with a strong by-stander effect. In
preclinical evaluation, IBI343 demonstrated excellent stability
of the linker–payloads and of the whole molecule in in vitro
characterization and in vivo PK study, impressive in vivo
efficacy against several cell-line-derived xenograft (CDX)
models, and a good safety profile in rhesus monkeys with a
highest non severely toxic dose (HNSTD) of 30 mg kg−1 in a
GLP toxicity study.41 In the phase 1a/b clinical study of 159
patients (pts) against advanced gastric/gastroesophageal
junction (GEJ) adenocarcinoma, IBI343 exhibited
encouraging safety and efficacy profiles. The treatment is well
tolerated, with >3 grade treatment related adverse events
(TRAE) at 49.7%. Regarding efficacy, for patients with
CLDN18.2 expression level at >40%, the objective response
rate (ORR) was 32.6%, and the disease control rate (DCR) was
80.9%.42 Currently IBI343 has moved to a phase 3 clinical
trial towards gastric cancer with a dose of 6 mg kg−1 every
three weeks (NCT06238843). In another phase 1 clinical trial
of 35 pts against pancreatic ductal adenocarcinoma and
biliary tract cancer, IBI343 also demonstrated promising
results. The safety profile is manageable, with >3 grade TRAE
at 37%. In 25 pts eligible for efficacy evaluation, the ORR is
28% and the DCR is 80%. The ORR for pancreatic cancer
patients is 40% (4/10) with claudin 18.2 expression level
>60%.80 Accordingly, IBI343 received fast-track designation
by FDA for the treatment of pancreatic cancer in June 2024.
In addition to IBI343, another three gsADCs, IBI3001 (B7-H3/

Fig. 6 Models of gsADC Fc A) with a full-length N-glycan linkage and
B) with a truncated glycan linkage. Reproduced from ref. 65 with
permission from ACS Publications, copyright 2023.
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EGFR bispecific) also from Innovent,43 MGC026 (B7-H3
targeting)44 and MGC028 (ADAM9 targeting)45 from
Macrogenics, were generated with the same Synaffix
conjugation and linker–payload technologies and thus bear
the same overall structure as IBI343. IBI3001 is built upon a
B7-H3/EGFR bispecific antibody (IBI334). It is reported that
B7-H3 and EGFR are co-expressed in multiple cancers and
dual inhibition of both TAA may provide enhanced treatment
outcomes.43,81,82 IBI3001 demonstrated better in vitro
cytotoxicity than B7-H3 ADC or HER3/EGFR bsADC, but the
in vivo data have not been disclosed. The HNSTD from rhesus
monkeys is a remarkable 90 mg kg−1, which is just slightly
reduced from the 120 mg kg−1 of the parent antibody
IBI334.43 It entered phase 1 clinical trials in early 2024 for
multiple solid tumors (NCT06349408). MGC026 from
Macrogenics is targeted against B7-H3, a TAA overexpressed
in many cancer types.83 It demonstrated potent anti-tumor
activities in multiple CDX and multiple patient-derived
xenograft (PDX) models, with a favorable HNSTD of 50 mg
kg−1 from a GLP cynomolgus monkey study.83 The phase 1
study of MGC026 was initiated in early 2024 (NCT06242470).
It is worth noting that MGC026 shares the same antibody
component of vobramitamab duocarmazine (MGC018), a
duocarmycin-based ADC also developed by Macrogenics.
Duocarmycin, a potent DNA alkylator, is at least 10 times
more toxic than exatecan.84,85 MGC018 is still in phase 2
trials with some setbacks reported recently, including five
grade 5 adverse events.86 MGC028 is an ADAM9-targeting
ADC. It demonstrated potent anti-tumor activities in multiple
CDX models, with a favorable HNSTD of 55 mg kg−1 from a
non-GLP cynomolgus monkey study. MGC028 is in preclinical
development.45

In addition to the TOP1i payload, GlycoConnect™
technology from Synaffix has also been adopted by another
ADC company to develop gsADCs with other linker–payloads.
MRG004A, developed by Shanghai Miracogen, is targeted
towards TAA tissue factor,87 with an MMAE payload (tubulin

inhibitor, DAR 4) connected by a cleavable linker.88 In a
phase 1 clinical trial of 63 pts with multiple solid tumors,
MRG004A demonstrated manageable toxicity and
encouraging efficacy towards a group of previously heavily
treated patients. Most TRAE are grades 1 and 2, but 7.9% (5/
63) pts had serious AE (>grade 3). Among 12 evaluable pts,
ORR was 33.3% (4/12) and DCR was 83.3% (10/12).88 ADCT-
601 from ADC Therapeutics, is targeted towards AXL, a
tyrosine kinase receptor overexpressed in many solid and
hematologic malignancies, and armed with one of most
potent payloads, PDB dimer, a DNA alkylator, with a
cytotoxicity IC50 in the picomolar range.84,89 It demonstrated
very potent anti-tumor activity towards multiple CDX models
and in combination with olaparib, a PARP inhibitor, resulted
in synergistic antitumor activity in a BRCA-1 mutated PDX
model. The maximum tolerated dose (MTD) of ADCT-601 in
rats is 6 mg kg−1.89 It is notable that rodents are much more
tolerant to ADC than non-human primates or humans.90 A
small clinical trial of ADCT601 against solid tumors was
conducted (NCT03700294). Among 8 pts evaluated, one dose-
limiting toxicity of grade 3 hematuria was reported, while
other toxicities were mild grade 1 or 2. In four pts assessed
for efficacy, the ORR was 50%. Afterwards, a large-scale phase
1b study against multiple solid tumors in was launched in
2022 (NCT05389462). In addition to ADCT-601, ADC
Therapeutics developed another gsADC ADCT-701 using the
same conjugation and linker–payloads that targeted DLK-1
TAA. The ADC showed potent killing in a neuroblastoma CDX
model and a hepatocellular carcinoma PDX model and an
MTD of 5 mg kg−1 in rats.91 The phase 1 trial of this ADC
against neuroendocrine neoplasms was initiated in 2023
(NCT06041516). XMT-1660, is a gsADC targeting TAA ALX,
which is being developed by Mersana Therapeutics with
GlycoConnect™ and Mersana's Dolaflexin™ Technology.92

The ADC is armed with AF-HPA, a tubulin inhibitor, DAR 6.93

In preclinical assessment, this ADC induced tumor
eradication in multiple CDX models and anti-tumor activity

Table 1 gsADCs in different stages of preclinical development

Name Company Glyco-conjugation Target Linker Payload (DAR) Development stage

IBI343 Innovent GlycoConnect Claudin18.2 Val-Ala EXT (4) Phase 3
IBI3001 Innovent GlycoConnect B7-H3/EGFR Val-Ala EXT (4) Phase 1
MGC026 Macrogenics GlycoConnect B7-H3 Val-Ala EXT (4) Phase 1
MGC028 Macrogenics GlycoConnect ADAM9 Val-Ala EXT (4) Preclinical
XMT-1660 Mersana Therapeutics GlycoConnect B7-H4 Cleavable ester AF-HPA (DAR 6) Phase 1
ADCT-601 ADC Therapeutics GlycoConnect AXL Val-Ala PBD dimer (2) Phase 1
ADCT-701 ADC Therapeutics GlycoConnect DLK-1 Val-Ala PBD dimer (2) Phase 1
MRG004A Miracogen GlycoConnect Tissue factor Val-Cit MMAE (4) Phase 1/2
JSKN003 Alphamab GalT-mediated HER2 (bispecific) Gly-Gly-Phe-Gly TOP1i (4) Phase 3
JSKN016 Alphamab GalT-mediated TROP2/HER3 Gly-Gly-Phe-Gly TOP1i (4) Phase 1
DS9606 Daiichi Sankyo En bloc transfer Claudin 6 Val-Ala PD (2) Phase 1
Unnamed Daiichi Sankyo En bloc transfer HER2 Val-Ala CDN (4) Preclinical

Abbreviations: B7-H3, B7 homolog 3 or cluster of differentiation 276 (CD276); ADAM9, a disintegrin and metalloproteinase domain-containing
protein 9; B7-H4, B7 homolog 4 or V-set domain-containing T-cell activation inhibitor 1 (VTCN1); AXL, AXL receptor kinase receptor; DLK-1,
delta-like 1 homolog protein; TROP2, trophoblast surface antigen 2; HER3, human epidermal growth factor receptor; EXT, exatecan; AF-HPA,
auristatin F-hydroxypropylamide; PBD, pyrrolobenzodiazepine; MMAE, monomethyl auristatin E; PD, pyrrolodiazepine derivative; CDN, cyclic
dinucleotides.
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in a panel of 28 breast cancer PDX.92 The phase 1 clinical
trial against various solid tumors was launched in 2023
(NCT05377996).

Besides truncated glycan gsADCs, several gsADCs with
full-glycan linkage have also moved into clinical
development. JSKN003, a bispecific anti-HER2 ADC
developed by Alphamab, is armed with TOP1i payloads (DAR
4) that are connected to terminal galactose. The phase 1
clinical trial of 32 pts against various solid tumors with
different HER2 expression levels yielded very promising
results. The > grade 3 TRAE appeared in 12.5% of pts (4/27),
indicating a favorable tolerability and safety profile. As to
efficacy, the overall ORR is 56.3% and the disease control
rate (DCR) is 90.6%.40 With this encouraging result, JNKN003
entered phase 3 trials in December 2023 (NCT06079983). In
addition, another bispecific anti-TROP2/HER3 ADC JSKN016
from Alphamab, with a similar ADC structure to that of
JSKN003, entered phase 1 clinical trials in early 2024 in
China (NCT06592417). Daiichi Sankyo, the leading ADC
company, also developed a full-length gsADC DS9606 that
targeted claudin 6 TAA. Using a technological route licensed
from GlycoT, DS9606 was developed by en bloc remodeling of
an anti-claudin 6 antibody with a potent pyrrolodiazepine
derivative (similar to the PDB dimer, DAR 2) attached to
terminal sialic acid.46 Daiichi used the EndoS-D233Q/Q303L
double mutant, which is reported to retain transglycosylation
activity while removing hydrolase activity,94 to catalyze the
glycan remodeling. Early results of a phase 1 trial of DS9606
with various solid tumors (NCT05394675) were disclosed in
September 2024 in an ESMO meeting. 40 pts have been
treated while a dose escalation study is ongoing. The safety
profile so far is acceptable and four pts achieved a partial
response.95 In addition to DS9606, Daiichi Sankyo also used
the same technology to develop an anti-HER2 immune-
stimulating antibody conjugate (ISAC) that is equipped with
cyclic dinucleotides (CDN, DAR 4), a STING agonist.96

Limitations and potential solutions

Compared to traditional stochastic conjugation methods,
gsADC requires the use of enzyme-catalyzed glycan
remodeling to introduce reactive groups for linker–payload
conjugation. The addition of the production of enzyme, sugar
nucleotide, disaccharide oxazoline, or full-length glycan
oxazoline increases the manufacturing cost. The full-length
glycan oxazoline is prepared from egg yolk, an animal-
derived material, which may complicate the CMC process
and add regulatory burden.97 Most glycan remodelings need
one step of protein A affinity chromatography purification,
which further increases the cost of the whole production
process.98,99 Like other site-specific conjugation technologies,
the payloads are concentrated at the anchor point, which
may lead to an imbalance in overall hydrophobicity,
especially for high-DAR ADCs. Nevertheless, all the above
limitations can be addressed by continuous technical
innovation and/or be potentially justified by the improved PK

and therapeutic index of gsADCs. As has been discussed, the
original two-enzyme two-step glycan remodeling of Synaffix
can be substituted with a one-enzyme one-pot reaction by the
ENGase-based approach, creating an ADC with a similar
overall structure. The constant improvement in enzyme
manufacture, activated sugar nucleotide, glycan oxazoline
synthesis, will greatly reduce the cost of their manufacture.
The creation of fusion enzymes for immobilization may
eliminate protein A chromatography and streamline the
large-scale manufacturing process. The concentration of
linker–payload hydrophobicity to the glycosylation site is
partially counter-balanced by the hydrophilic glycan linkage
and hidden effects from the glycosylation site, and can be
further relieved with the introduction of extra hydrophilic
groups.100,101 The impact of the abolished affinity to FcγRs
and thereby diminished effector function of the truncated-
linkage gsADC is a topic that still needs further observation
and evaluation. Data from preclinical and clinical
development so far has shown that the abolished effector
function demonstrated no apparent negative effect for the
efficacy and in vivo stability of gsADCs or other Fc-silenced
ADCs, but the putative benefits of reduced side effects and
improved PK and therapeutic index need further validation
in clinical development.

Conclusions and outlook

Fc-glycan-specific ADCs are a significant advance in site-
specific ADCs for cancer therapy, with the potential for the
conjugation of other molecules with different modalities. The
launch of phase 3 studies for IBI343 and JSKN003 reflects the
accumulation of technical progress and clinical studies of
gsADC development over the past decade. Continuous
research, technical improvement, and clinical investigations
will improve the efficiency of this technical route, overcome
current limitations, address the hanging concern for reduced
or abolished effector-function, and potentially validate the
benefits of Fc-silencing through glycan truncation.

Data availability

No primary research results, software or code have been
included and no new data were generated or analyzed as part
of this review.

Author contributions

Q. Y. and Y. L. write this review and contributed equally.

Conflicts of interest

Dr. Qiang Yang was the Principal of Brilliant BioConsultation
at the time of manuscript submission. Dr. Yunpeng Liu is the
Founder of ChemBind LLC.

RSC Medicinal Chemistry Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

4.
07

.2
02

5 
08

:1
6:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00637b


58 | RSC Med. Chem., 2025, 16, 50–62 This journal is © The Royal Society of Chemistry 2025

Acknowledgements

This work was supported by the internal funds from Brilliant
BioConsultation and ChemBind LLC. We highly appreciate
Prof. Xiaoguang Liu from Ohio State University and Dr. Jia
Zhao from Bristol Myers Squibb for insightful discussions
and inputs.

References

1 S. Vira, E. Mekhedov, G. Humphrey and P. S. Blank,
Fluorescent-labeled antibodies: Balancing functionality
and degree of labeling, Anal. Biochem., 2010, 402(2),
146–150.

2 A. Beck, L. Goetsch, C. Dumontet and N. Corvaia,
Strategies and challenges for the next generation of
antibody-drug conjugates, Nat. Rev. Drug Discovery,
2017, 16(5), 315–337.

3 M. J. Birrer, K. N. Moore, I. Betella and R. C. Bates,
Antibody-Drug Conjugate-Based Therapeutics: State of the
Science, J. Natl. Cancer Inst., 2019, 11, 538–549.

4 A. Wolska-Washer and T. Robak, Safety and Tolerability of
Antibody-Drug Conjugates in Cancer, Drug Saf., 2019, 42(2),
295–314.

5 A. Thomas, B. A. Teicher and R. Hassan, Antibody-drug
conjugates for cancer therapy, Lancet Oncol., 2016, 17(6),
e254–e262.

6 K. Tsuchikama and Z. An, Antibody-drug conjugates: recent
advances in conjugation and linker chemistries, Protein
Cell, 2018, 9(1), 33–46.

7 P. Agarwal and C. R. Bertozzi, Site-specific antibody-drug
conjugates: the nexus of bioorthogonal chemistry, protein
engineering, and drug development, Bioconjugate Chem.,
2015, 26(2), 176–192.

8 V. Metrangolo and L. H. Engelholm, Antibody-Drug
Conjugates: The Dynamic Evolution from Conventional to
Next-Generation Constructs, Cancers, 2024, 16(2), 447.

9 P. Flynn, S. Suryaprakash, D. Grossman, V. Panier and J.
Wu, The antibody-drug conjugate landscape, Nat. Rev. Drug
Discovery, 2024, 23, 577–578.

10 C. Dumontet, J. M. Reichert, P. D. Senter, J. M. Lambert
and A. Beck, Antibody-drug conjugates come of age in
oncology, Nat. Rev. Drug Discovery, 2023, 22(8), 641–661.

11 S. M. Lehar, T. Pillow, M. Xu, L. Staben, K. K. Kajihara and
R. Vandlen, et al., Novel antibody-antibiotic conjugate
eliminates intracellular S. aureus, Nature, 2015, 527(7578),
323–328.

12 M. Peck, M. E. Rothenberg, R. Deng, N. Lewin-Koh, G. She
and A. V. Kamath, et al., A Phase 1, Randomized, Single-
Ascending-Dose Study To Investigate the Safety,
Tolerability, and Pharmacokinetics of DSTA4637S, an Anti-
Staphylococcus aureus Thiomab Antibody-Antibiotic
Conjugate, in Healthy Volunteers, Antimicrob. Agents
Chemother., 2019, 63(6), e02588-18.

13 Q. Zhou, Site-Specific Antibody Conjugation with Payloads
beyond Cytotoxins, Molecules, 2023, 28(3), 917.

14 K. B. Hong and H. An, Degrader-Antibody Conjugates:
Emerging New Modality, J. Med. Chem., 2023, 66(1),
140–148.

15 P. S. Dragovich, Degrader-antibody conjugates, Chem. Soc.
Rev., 2022, 51(10), 3886–3897.

16 G. Ahn, S. M. Banik and C. R. Bertozzi, Degradation from
the outside in: Targeting extracellular and membrane
proteins for degradation through the endolysosomal
pathway, Cell Chem. Biol., 2021, 28(7), 1072–1080.

17 Q. Zhou, Site-Specific Antibody Conjugation for ADC and
Beyond, Biomedicines, 2017, 5(4), 64.

18 S. J. Walsh, J. D. Bargh, F. M. Dannheim, A. R. Hanby, H.
Seki and A. J. Counsell, et al., Site-selective modification
strategies in antibody-drug conjugates, Chem. Soc. Rev.,
2021, 50(2), 1305–1353.

19 M. Sanda, Q. Yang, G. Zong, H. Chen, Z. Zheng and H.
Dhani, et al., LC-MS/MS-PRM Quantification of IgG
Glycoforms Using Stable Isotope Labeled IgG1 Fc
Glycopeptide Standard, J. Proteome Res., 2023, 22(4),
1138–1147.

20 V. Chudasama, A. Maruani and S. Caddick, Recent
advances in the construction of antibody-drug conjugates,
Nat. Chem., 2016, 8(2), 114–119.

21 P. Strop, K. Delaria, D. Foletti, J. M. Witt, A. Hasa-Moreno
and K. Poulsen, et al., Site-specific conjugation improves
therapeutic index of antibody drug conjugates with high
drug loading, Nat. Biotechnol., 2015, 33(7), 694–696.

22 J. R. Junutula, H. Raab, S. Clark, S. Bhakta, D. D. Leipold
and S. Weir, et al., Site-specific conjugation of a cytotoxic
drug to an antibody improves the therapeutic index, Nat.
Biotechnol., 2008, 26(8), 925–932.

23 A. Helenius and M. Aebi, Intracellular functions of N-linked
glycans, Science, 2001, 291(5512), 2364–2369.

24 J. E. Hudak and C. R. Bertozzi, Glycotherapy: new advances
inspire a reemergence of glycans in medicine, Chem. Biol.,
2014, 21(1), 16–37.

25 L. Van Landuyt, C. Lonigro, L. Meuris and N. Callewaert,
Customized protein glycosylation to improve
biopharmaceutical function and targeting, Curr. Opin.
Biotechnol., 2019, 60, 17–28.

26 L. X. Wang, X. Tong, C. Li, J. P. Giddens and T. Li,
Glycoengineering of Antibodies for Modulating Functions,
Annu. Rev. Biochem., 2019, 88, 433–459.

27 R. Mastrangeli, M. C. Audino, W. Palinsky, H. Broly and H.
Bierau, The Formidable Challenge of Controlling High
Mannose-Type N-Glycans in Therapeutic mAbs, Trends
Biotechnol., 2020, 38(10), 1154–1168.

28 An excellent review summarying the role of Fc-glycan to the
stability and function of antibodies: D. Reusch and M. L.
Tejada, Fc glycans of therapeutic antibodies as critical
quality attributes, Glycobiology, 2015, 25(12), 1325–1334.

29 M. S. Dordal, F. F. Wang and E. Goldwasser, The role of
carbohydrate in erythropoietin action, Endocrinology,
1985, 116(6), 2293–2299.

30 For a comprehensive comparison study of a panel of
aglycosylated antibodies to the glycosylated counterparts,

RSC Medicinal ChemistryReview

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

4.
07

.2
02

5 
08

:1
6:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00637b


RSC Med. Chem., 2025, 16, 50–62 | 59This journal is © The Royal Society of Chemistry 2025

see: M. K. Leabman, Y. G. Meng, R. F. Kelley, L. E. DeForge,
K. J. Cowan and S. Iyer, Effects of altered FcgammaR
binding on antibody pharmacokinetics in cynomolgus
monkeys, mAbs, 2013, 5(6), 896–903.

31 For a great review of mTG-catalyzed antibody conjugation,
which can introduces linker-payloads to Q295, in the
vicinity of N297, see: H. Schneider, L. Deweid, O. Avrutina
and H. Kolmar, Recent progress in transglutaminase-
mediated assembly of antibody-drug conjugates, Anal.
Biochem., 2020, 595, 113615.

32 R. R. Beerli, T. Hell, A. S. Merkel and U. Grawunder, Sortase
Enzyme-Mediated Generation of Site-Specifically
Conjugated Antibody Drug Conjugates with High In Vitro
and In Vivo Potency, PLoS One, 2015, 10(7), e0131177.

33 J. J. Lee, H. J. Choi, M. Yun, Y. Kang, J. E. Jung and Y. Ryu,
et al., Enzymatic prenylation and oxime ligation for the
synthesis of stable and homogeneous protein-drug
conjugates for targeted therapy, Angew. Chem., Int. Ed.,
2015, 54(41), 12020–12024.

34 For a positional scanning study of site-specific conjugation
to different location of antibody, illustrating Fc
glycosylation position is an optimal site for drug
conjugation, see: M. Dorywalska, P. Strop, J. A. Melton-Witt,
A. Hasa-Moreno, S. E. Farias and M. Galindo Casas, et al.,
Effect of attachment site on stability of cleavable antibody
drug conjugates, Bioconjugate Chem., 2015, 26(4), 650–659.

35 Establishment of GlycoConnect™ technology by Synaffix:
R. van Geel, M. A. Wijdeven, R. Heesbeen, J. M. Verkade,
A. A. Wasiel and S. S. van Berkel, et al., Chemoenzymatic
Conjugation of Toxic Payloads to the Globally Conserved
N-Glycan of Native mAbs Provides Homogeneous and
Highly Efficacious Antibody-Drug Conjugates, Bioconjugate
Chem., 2015, 26(11), 2233–2342.

36 A. Kaempffe, S. Dickgiesser, N. Rasche, A. Paoletti, E.
Bertotti and I. De Salve, et al., Effect of Conjugation Site
and Technique on the Stability and Pharmacokinetics of
Antibody-Drug Conjugates, J. Pharm. Sci., 2021, 110(12),
3776–3785.

37 S. R. Benjamin, C. P. Jackson, S. Fang, D. P. Carlson, Z. Guo
and L. N. Tumey, Thiolation of Q295: Site-Specific
Conjugation of Hydrophobic Payloads without the Need for
Genetic Engineering, Mol. Pharmaceutics, 2019, 16(6),
2795–2807.

38 B. Q. Shen, K. Xu, L. Liu, H. Raab, S. Bhakta and M.
Kenrick, et al., Conjugation site modulates the in vivo
stability and therapeutic activity of antibody-drug
conjugates, Nat. Biotechnol., 2012, 30(2), 184–189.

39 M. A. Kasper, A. Stengl, P. Ochtrop, M. Gerlach, T. Stoschek
and D. Schumacher, et al., Ethynylphosphonamidates for
the Rapid and Cysteine-Selective Generation of Efficacious
Antibody-Drug Conjugates, Angew. Chem., Int. Ed.,
2019, 58(34), 11631–11636.

40 Phase 1 clinical trial results of JSKN003. AACR 2024 Annual
Meeting. Chicago, US. C. Beecroft, B. Gao, J. Park, K.
Wilkinson, K. Zhang and X. Yan, Safety and efficacy of
JSKN003 in patients with advanced/metastatic solid tumors: A

first-in-human, dose-escalation, multicenter, open-label, phase
I study, Cancer Res., 2024, 84, CT2179.

41 AACR 2024 Annual Meeting. Chicago, US. S. Zhou, X. Yao, J.
Guan, K. Fei, J. Lu and W. Wu, Discovery and preclinical
characterization of IBI343, a site-specific glycan-conjugated
anti-Claudin18.2 ADC for treating solid tumors, Cancer Res.,
2024, 84, LB2057.

42 ESMO Gastrointestinal Cancers Congress 2024. J. J. Liu, X.
Yu, J. Zhang, J. Yang, J. Yue and Y. Sun, Anti-claudin 18.2
(CLDN18.2) antibody-drug conjugate (ADC) IBI343 in
patients (pts) with solid tumors and gastric/gastro-
esophageal junction adenocarcinoma (G/GEJ AC): A phase I
study, Ann. Oncol., 2024, 35(Suppl 1), S160.

43 AACR 2024 Annual Meeting. Chicago, US. J. Guan, X.
Zhang, W. Wu, L. Cao, Z. Liao and T. Zhu, IBI3001: a
potentially first-in-class site-specific glycan-conjugated B7-
H3/EGFR bispecific ADC for multiple solid tumors, Cancer
Res., 2024, 84, LB2055.

44 AACR 2024 Annual Meeting. Chicago, US. J. A. Scribner,
J. G. Brown, T. Son, L. Jin, C. McKenzie and V. Nam,
Preclinical Development of MGC026, a Glycan-linked,
Exatecan-based Antibody-drug Conjugate (ADC) Targeting
B7-H3 for Solid Cancer, Cancer Res., 2024, 84, 1904.

45 AACR 2024 Annual Meeting. Chicago, US. J. A. Scribner,
J. G. Brown, T. Son, L. Jin, C. McKenzie and V. Nam,
Preclinical Development of MGC028, an ADAM9-targeted,
Glycan-linked, Exatecan-based Antibody-drug Conjugate for
the Treatment of Solid Cancers, Cancer Res., 2024, 87, 1897.

46 N. Toda, Y. Ota, F. Doi, M. Meguro, I. Hayakawa and S.
Ashida, et al., Antibody-drug conjugates comprising
substituted benzo[e]pyrrolo[1,2-α][1,4]diazepines. Pantent,
2023, US11628223.

47 L. M. Hinman, P. R. Hamann, R. Wallace, A. T. Menendez,
F. E. Durr and J. Upeslacis, Preparation and
characterization of monoclonal antibody conjugates of the
calicheamicins: a novel and potent family of antitumor
antibiotics, Cancer Res., 1993, 53(14), 3336–3342.

48 P. R. Hamann, L. M. Hinman, I. Hollander, C. F. Beyer, D.
Lindh and R. Holcomb, et al., Gemtuzumab ozogamicin, a
potent and selective anti-CD33 antibody-calicheamicin
conjugate for treatment of acute myeloid leukemia,
Bioconjugate Chem., 2002, 13(1), 47–58.

49 K. Zuberbuhler, G. Casi, G. J. Bernardes and D. Neri,
Fucose-specific conjugation of hydrazide derivatives to a
vascular-targeting monoclonal antibody in IgG format,
Chem. Commun., 2012, 48(56), 7100–7102.

50 Q. Zhou, J. E. Stefano, C. Manning, J. Kyazike, B. Chen and
D. A. Gianolio, et al., Site-specific antibody-drug
conjugation through glycoengineering, Bioconjugate Chem.,
2014, 25(3), 510–520.

51 First example of combination of enzyme-mediated glycan-
functioning and SPAAC bioorthogonal reaction to prepare
gsADC: X. Li, T. Fang and G. J. Boons, Preparation of well-
defined antibody-drug conjugates through glycan remodeling
and strain-promoted azide-alkyne cycloadditions, Angew.
Chem., Int. Ed., 2014, 53(28), 7179–7182.

RSC Medicinal Chemistry Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

4.
07

.2
02

5 
08

:1
6:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00637b


60 | RSC Med. Chem., 2025, 16, 50–62 This journal is © The Royal Society of Chemistry 2025

52 Z. Zhu, B. Ramakrishnan, J. Li, Y. Wang, Y. Feng and P.
Prabakaran, et al., Site-specific antibody-drug conjugation
through an engineered glycotransferase and a chemically
reactive sugar, mAbs, 2014, 6(5), 1190–1200.

53 T. Xu, P. Wang, K. Guo, Y. Zhao and J. Peng Antibody-drug
conjugate and application thereof. Patent Application,
2023, WO2023280092.

54 A nice review of ENGase-based en bloc glycan remodeling:
A. J. Fairbanks, Chemoenzymatic synthesis of glycoproteins,
Curr. Opin. Chem. Biol., 2019, 53, 9–15.

55 M. Collin and A. Olsen, EndoS, a novel secreted protein
from Streptococcus pyogenes with endoglycosidase activity
on human IgG, EMBO J., 2001, 20(12), 3046–3055.

56 J. Sjogren, W. B. Struwe, E. F. Cosgrave, P. M. Rudd, M.
Stervander and M. Allhorn, et al., EndoS2 is a unique and
conserved enzyme of serotype M49 group A Streptococcus
that hydrolyses N-linked glycans on IgG and alpha1-acid
glycoprotein, Biochem. J., 2013, 455(1), 107–118.

57 S. Manabe, Y. Yamaguchi, K. Matsumoto, H. Fuchigami, T.
Kawase and K. Hirose, et al., Characterization of Antibody
Products Obtained through Enzymatic and Nonenzymatic
Glycosylation Reactions with a Glycan Oxazoline and
Preparation of a Homogeneous Antibody-Drug Conjugate
via Fc N-Glycan, Bioconjugate Chem., 2019, 30(5), 1343–1355.

58 ENGase-based en bloc glycan remodeling to prepare gsADC:
F. Tang, Y. Yang, Y. Tang, S. Tang, L. Yang and B. Sun,
et al., One-pot N-glycosylation remodeling of IgG with non-
natural sialylglycopeptides enables glycosite-specific and
dual-payload antibody-drug conjugates, Org. Biomol. Chem.,
2016, 14(40), 9501–9518.

59 C. Ou, C. Li, R. Zhang, Q. Yang, G. Zong and Y. Dai, et al.,
One-Pot Conversion of Free Sialoglycans to Functionalized
Glycan Oxazolines and Efficient Synthesis of Homogeneous
Antibody-Drug Conjugates through Site-Specific
Chemoenzymatic Glycan Remodeling, Bioconjugate Chem.,
2021, 32(8), 1888–1897.

60 J. P. Giddens, J. V. Lomino, D. J. DiLillo, J. V. Ravetch and
L. X. Wang, Site-selective chemoenzymatic glycoengineering
of Fab and Fc glycans of a therapeutic antibody, Proc. Natl.
Acad. Sci. U. S. A., 2018, 115(47), 12023–12027.

61 N. M. Okeley, B. E. Toki, X. Zhang, S. C. Jeffrey, P. J. Burke
and S. C. Alley, et al., Metabolic engineering of monoclonal
antibody carbohydrates for antibody-drug conjugation,
Bioconjugate Chem., 2013, 24(10), 1650–1655.

62 Further improvement of of GlycoConnect™ technology:
M. A. Wijdeven, R. van Geel, J. H. Hoogenboom, J. M. M.
Verkade, B. M. G. Janssen and I. Hurkmans, et al.,
Enzymatic glycan remodeling-metal free click
(GlycoConnect) provides homogenous antibody-drug
conjugates with improved stability and therapeutic index
without sequence engineering, mAbs, 2022, 14(1), 2078466.

63 G. Boons, X. Li and P. H. C. V. Berke, Glycoconjugates.
Patent Application, 2022, WO2022081895A1.

64 Establishment of EndoS2-catalyzed one-pot glycan
remodeling by Wang lab to prepare gsADC: X. Zhang, H.
Liu, S. K. Prabhu, C. Li, Q. Yang and L. X. Wang, A General

and Robust Chemoenzymatic Method for Glycan-Mediated
Site-Specific Labeling and Conjugation of Antibodies. Facile
Synthesis of Homogeneous Antibody-Drug Conjugates, ACS
Chem. Biol., 2021, 16, 2502–2514.

65 Establishment of EndoS2-catalyzed one-pot glycan
remodeling by Huang lab to prepare gsADC: W. Shi, W. Li,
J. Zhang, T. Li, Y. Song and Y. Zeng, et al., One-step
synthesis of site-specific antibody-drug conjugates by
reprograming IgG glycoengineering with LacNAc-based
substrates, Acta Pharm. Sin. B, 2022, 12(5), 2417–2428.

66 X. Zhang, C. Ou, H. Liu and L. X. Wang, Synthesis and
Evaluation of Three Azide-Modified Disaccharide
Oxazolines as Enzyme Substrates for Single-Step Fc Glycan-
Mediated Antibody-Drug Conjugation, Bioconjugate Chem.,
2022, 33(6), 1179–1191.

67 F. Lhospice, D. Bregeon, C. Belmant, P. Dennler, A.
Chiotellis and E. Fischer, et al., Site-Specific Conjugation of
Monomethyl Auristatin E to Anti-CD30 Antibodies Improves
Their Pharmacokinetics and Therapeutic Index in Rodent
Models, Mol. Pharmaceutics, 2015, 12(6), 1863–1871.

68 Comprehensive analysis of effects of hiding payload inside
the IgG Fc cavity of gsADC with truncated linkage: W. Shi,
J. Zhang, L. Liu, W. Li, Z. Liu and A. Ren, et al., Hiding
Payload Inside the IgG Fc Cavity Significantly Enhances the
Therapeutic Index of Antibody-Drug Conjugates, J. Med.
Chem., 2023, 66(1), 1011–1026.

69 Mechanistic study of thrombocytopenia side effect
associated with ADC T-DM1. Mechanistic study of
interstitial lung disease side effect associated with TOP1i
ADC: H. Uppal, E. Doudement, K. Mahapatra, W. C.
Darbonne, D. Bumbaca and B. Q. Shen, et al., Potential
mechanisms for thrombocytopenia development with
trastuzumab emtansine (T-DM1), Clin. Cancer Res.,
2015, 21(1), 123–133.

70 K. Kumagai, T. Aida, Y. Tsuchiya, Y. Kishino, K. Kai and K.
Mori, Interstitial pneumonitis related to trastuzumab
deruxtecan, a human epidermal growth factor receptor
2-targeting Ab-drug conjugate, in monkeys, Cancer Sci.,
2020, 111(12), 4636–4645.

71 D. Hristodorov, R. Fischer, H. Joerissen, B. Muller-
Tiemann, H. Apeler and L. Linden, Generation and
comparative characterization of glycosylated and
aglycosylated human IgG1 antibodies, Mol. Biotechnol.,
2013, 53(3), 326–335.

72 S. Yamazoe, S. Kotapati, J. M. Hogan, S. M. West, X. A.
Deng and S. J. Diong, et al., Impact of Drug Conjugation on
Thermal and Metabolic Stabilities of Aglycosylated and
N-Glycosylated Antibodies, Bioconjugate Chem., 2022, 33(4),
576–585.

73 AACR Annual Meeting, San Diego, US. P. Abrisqueta, R.
Marks, I. Avivi, M. Wermke, F. Lim, T. M. Kim, A. C.
Touzon, K. Karihtala, S. Makita, L. Werner, C. Tanaka, A.
Dang, A. Chaudhury, S. Rice, R. Chowdhury, D. Knee, B.
Gomezcarrillo, E. Furutani, K. Izutsu and S. Leppä, A phase
1 study of JBH492, an anti C-C chemokine receptor 7
antibody-drug conjugate (anti-CCR7 ADC), assessing safety

RSC Medicinal ChemistryReview

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

4.
07

.2
02

5 
08

:1
6:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00637b


RSC Med. Chem., 2025, 16, 50–62 | 61This journal is © The Royal Society of Chemistry 2025

and efficacy in lymphoid malignancies, Cancer Res.,
2024, 84, CT174.

74 AACR 2024 Annual Meeting, San Diego, US. N. Tsang, N.
Veillard, E. Horsley, K. Havenith, N. Janghra, K. Zaitseva, C.
Oblette, I. Kirby, P. W. Hogg, F. Zammarchi, L. d. Haan and
P. H. v. Berkel, Preclinical development of a novel
camptothecin-based antibody-drug conjugate targeting solid
tumors expressing Claudin-6, Cancer Res., 2024, 84, 3122.

75 AACR 2024 Annual Meeting, San Diego, US. S. Schmitt, I. Mai,
P. Machui, S. Herterich, D. Hauswald, P. Ochtrop, P. Cyprys, I.
Kozlowska, A. Kitowski, M. Gerlach, O. Marcq, P. A. Trail, D.
Schumacher, M.-A. Kasper, G. Fingerle-Rowson, B. Hock, J.
Helma-Smets and A. M. Vogl, TUB-040, a novel Napi2b-
targeting ADC built with ethynylphosphonamidate conjugation
chemistry, demonstrates high and long-lasting anti-tumor
efficacy via Topoisomerase-I inhibition and excellent
tolerability predictive of a wide therapeutic window in
humans, Cancer Res., 2024, 84, 2622.

76 AACR 2024 Annual Meeting, San Diego, US. S. Schmitt, I.
Mai, P. Machui, S. Herterich, D. Hauswald, P. Ochtrop, P.
Cyprys, I. Kozlowska, A. Kitowski, M. Gerlach, O. Marcq,
P. A. Trail, D. Schumacher, M.-A. Kasper, G. Fingerle-
Rowson, B. Hock, J. Helma-Smets and A. M. Vogl, Enabling
5T4 for targeted cancer therapy: TUB-030, a novel ADC built
with ethynylphosphonamidate conjugation chemistry,
shows long-lasting anti-tumor activity via Topoisomerase-I
inhibition with an optimized therapeutic index, Cancer Res.,
2024, 84, 2623.

77 X. Li, S. Zhou, C. L. Abrahams, S. Krimm, J. Smith and K.
Bajjuri, et al., Discovery of STRO-002, a Novel
Homogeneous ADC Targeting Folate Receptor Alpha, for
the Treatment of Ovarian and Endometrial Cancers, Mol.
Cancer Ther., 2023, 22(2), 155–167.

78 J. M. M. Verkade, M. A. Wijdeven, R. Van Geel, B. M. G.
Janssen, S. S. Van Berkel and F. L. Van Delft, A Polar
Sulfamide Spacer Significantly Enhances the
Manufacturability, Stability, and Therapeutic Index of
Antibody-Drug Conjugates, Antibodies, 2018, 7, 12.

79 J. Y. Hong, J. Y. An, J. Lee, S. H. Park, J. O. Park and Y. S.
Park, et al., Claudin 18.2 expression in various tumor types
and its role as a potential target in advanced gastric cancer,
Transl. Cancer Res., 2020, 9(5), 3367–3374.

80 2024 ASCO Annual Meeting. X. Yu, J. Zhang, A. Tazbirkova,
J. Yang, J. Yue, Y. Sun, Y. Pan, M. Sun, Y. Qin, L. Shen, R.
Song, J. Ruan, A. Zhou, Y. Mou, Z. Liu, Z. Liu, Y. Zhang, M.
Morris, M. Aghmesheh and H. Zhou, Safety and efficacy of
IBI343 (anti-claudin18.2 antibody-drug conjugate) in
patients with advanced pancreatic ductal adenocarcinoma
or biliary tract cancer: Preliminary results from a phase 1
study, J. Clin. Oncol., 2024, 42, 3037.

81 J. Song, W. Shi, Y. Zhang, M. Sun, X. Liang and S. Zheng,
Epidermal growth factor receptor and B7-H3 expression in
esophageal squamous tissues correlate to patient prognosis,
Onco Targets Ther, 2016, 9, 6257–6263.

82 L. C. Chen, P. C. Yang, C. Y. Chen, S. F. Chiang, T. W. Chen
and W. T. Chen, et al., Dual Inhibition of B7-H3 and EGFR

Overcomes Acquired Chemoresistance in Colon
Adenocarcinoma, J. Cancer, 2024, 15(6), 1750–1761.

83 F. Kontos, T. Michelakos, T. Kurokawa, A. Sadagopan, J. H.
Schwab and C. R. Ferrone, et al., B7-H3: An Attractive
Target for Antibody-based Immunotherapy, Clin. Cancer
Res., 2021, 27(5), 1227–1235.

84 T. Nakada, K. Sugihara, T. Jikoh, Y. Abe and T. Agatsuma,
The Latest Research and Development into the Antibody-
Drug Conjugate, [fam-] Trastuzumab Deruxtecan (DS-
8201a), for HER2 Cancer Therapy, Chem. Pharm. Bull.,
2019, 67(3), 173–185.

85 H. P. Yao, H. Zhao, R. Hudson, X. M. Tong and M. H.
Wang, Duocarmycin-based antibody-drug conjugates as an
emerging biotherapeutic entity for targeted cancer therapy:
Pharmaceutical strategy and clinical progress, Drug
Discovery Today, 2021, 26(8), 1857–1874.

86 T. Manalac, Five Deaths in Prostate Cancer Trial Send
MacroGenics' Stock Plummeting, https://www.biospacecom/
ar t ic le / f i ve -deaths - in -prostate - cancer - t r ia l - send-
macrogenics-stock-plummeting, 2024.

87 Y. W. van den Berg, S. Osanto, P. H. Reitsma and H. H.
Versteeg, The relationship between tissue factor and cancer
progression: insights from bench and bedside, Blood,
2012, 119(4), 924–932.

88 2024 ASCO Annual Meeting, Chicago, US. W. Park, J.
Zhang, F. Dayyani, J. Shan, R. Liu, R. Guo, E. M. O'Reilly, Z.
Liu, S. Gao, X. Wu, A. Starodub, A. I. Spira, N. Gabrail, S.
Shah, Y. Chen, D. Liu, C. Cheng and X. Yu, Phase I/II first-
in-human study to evaluate the safety and efficacy of tissue
factor-ADC MRG004A in patients with solid tumors, J. Clin.
Oncol., 2024, 42, 3002.

89 F. Zammarchi, K. E. Havenith, S. Chivers, P. Hogg, F.
Bertelli and P. Tyrer, et al., Preclinical Development of
ADCT-601, a Novel Pyrrolobenzodiazepine Dimer-based
Antibody-drug Conjugate Targeting AXL-expressing Cancers,
Mol. Cancer Ther., 2022, 21(4), 582–593.

90 E. J. Freireich, E. A. Gehan, D. P. Rall, L. H. Schmidt
and H. E. Skipper, Quantitative comparison of toxicity
of anticancer agents in mouse, rat, hamster, dog,
monkey, and man, Cancer Chemother. Rep., 1966, 50(4),
219–244.

91 AACR Annual Meeting. F. Zammarchi, K. Havenith, S.
Chivers, P. W. Hogg, C. Britten, S. Dissanayake, P. Tyrer, F.
Bertelli, I. Hutchinson, L. Masterson, P. Howard, J. A.
Hartley and P. H. v. Berkel, ADCT-701, a novel
pyrrolobenzodiazepine (PBD) dimer-based antibody-drug
conjugate (ADC) targeting DLK1-expressing tumors, Cancer
Res., 2018, 78, 744.

92 D. Toader, S. P. Fessler, S. D. Collins, P. R. Conlon, R. Bollu
and K. C. Catcott, et al., Discovery and Preclinical
Characterization of XMT-1660, an Optimized B7-H4-
Targeted Antibody-Drug Conjugate for the Treatment of
Cancer, Mol. Cancer Ther., 2023, 22(9), 999–1012.

93 A. V. Yurkovetskiy, N. D. Bodyak, M. Yin, J. D. Thomas,
S. M. Clardy and P. R. Conlon, et al., Dolaflexin: A Novel
Antibody-Drug Conjugate Platform Featuring High Drug

RSC Medicinal Chemistry Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

4.
07

.2
02

5 
08

:1
6:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://www.biospacecom/article/five-deaths-in-prostate-cancer-trial-send-macrogenics-stock-plummeting
https://www.biospacecom/article/five-deaths-in-prostate-cancer-trial-send-macrogenics-stock-plummeting
https://www.biospacecom/article/five-deaths-in-prostate-cancer-trial-send-macrogenics-stock-plummeting
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00637b


62 | RSC Med. Chem., 2025, 16, 50–62 This journal is © The Royal Society of Chemistry 2025

Loading and a Controlled Bystander Effect, Mol. Cancer
Ther., 2021, 20(5), 885–895.

94 M. Iwamoto, Y. Sekiguchi, K. Nakamura, Y. Kawaguchi, T.
Honda and J. Hasegawa, Generation of efficient mutants
of endoglycosidase from Streptococcus pyogenes and their
application in a novel one-pot transglycosylation reaction
for antibody modification, PLoS One, 2018, 13(2),
e0193534.

95 M. R. Patel, E. P. Hamilton, S. A. Piha-Paul, J. Henry, U.
Banerji and M. N. Al-Hallak, et al., Preliminary results from
a phase I, first-in-human study of DS-9606a, a claudin 6
(CLDN6)-directed antibody-drug conjugate (ADC), in
patients (pts) with tumor types known to express CLDN6.
EMSO Congress, 2024, 610O.

96 T. Tsuda, T. Tabuchi, H. Watanabe, H. Kobayashi, M.
Ishizaki and K. Hara, et al., Novel cyclic dinucleotide
derivative and antibody-drug conjugate thereof. Patent
Application, 2022, US20220008549.

97 J. E. Milne, N. S. Cauchon, J. Beierle, A. C. Rhee, T. Bonacci,
A. Surman, A. C. Lennard, J. K. Mark, W. Garden and S. E.

Burke, Regulatory Landscape for Raw Materials: CMC
Considerations, Pharmaceutical Engineering, 2002, https://
ispe.org/pharmaceutical-engineering/september-october-
2022/regulatory-landscape-raw-materials-cmc.

98 A. M. Ramos-de-la-Pena, J. Gonzalez-Valdez and O. Aguilar,
Protein A chromatography: Challenges and progress in the
purification of monoclonal antibodies, J. Sep. Sci.,
2019, 42(9), 1816–1827.

99 D. G. Bracewell, M. Pathak, G. Ma and A. S. Rathore, Re-use
of Protein A Resin: Fouling and Economics, BioPharm Int.,
2015, 28(3), 28–33.

100 P. J. Burke, J. Z. Hamilton, S. C. Jeffrey, J. H. Hunter, S. O.
Doronina and N. M. Okeley, et al., Optimization of a PEGylated
Glucuronide-Monomethylauristatin E Linker for Antibody-
Drug Conjugates, Mol. Cancer Ther., 2017, 16(1), 116–123.

101 L. Conilh, G. Fournet, E. Fourmaux, A. Murcia, E. L.
Matera, B. Joseph, C. Dumontet and W. Viricel, Exatecan
Antibody Drug Conjugates Based on a Hydrophilic
Polysarcosine Drug-Linker Platform, Pharmaceuticals,
2021, 14, 247.

RSC Medicinal ChemistryReview

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

4.
07

.2
02

5 
08

:1
6:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://ispe.org/pharmaceutical-engineering/september-october-2022/regulatory-landscape-raw-materials-cmc
https://ispe.org/pharmaceutical-engineering/september-october-2022/regulatory-landscape-raw-materials-cmc
https://ispe.org/pharmaceutical-engineering/september-october-2022/regulatory-landscape-raw-materials-cmc
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4md00637b

	crossmark: 


