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Abstract

Antibody—-drug conjugates (ADCs) have received renewed attention in oncology follow-
ing the clinical and commercial success of agents such as trastuzumab deruxtecan
(Enhertu®), which underscored the clinical importance of coordinated optimization of the
antibody, linker, payload, and conjugation strategy. Among these parameters, conjuga-
tion strategy strongly influences drug-to-antibody ratio (DAR) distribution, pharmacoki-
netics, manufacturability, and safety. Over the past two decades, ADC conjugation tech-
nologies have evolved from first-generation stochastic modification approaches to sec-
ond-generation site-specific engineering strategies and, more recently, to third-generation
site-selective platforms applicable to native antibodies. First-generation approaches re-
main the most clinically validated and have the strongest regulatory precedent despite
their intrinsic heterogeneity. Second-generation approaches improve positional control
and DAR homogeneity, but often increase demands on antibody engineering, expression,
and process complexity. Third-generation approaches aim to preserve controlled conju-
gation while reducing sequence-engineering requirements, yet remain limited by a re-
stricted number of accessible sites and less extensive clinical and regulatory experience.
In this review, we summarize the evolution of ADC conjugation technologies, highlight
representative clinical and translational examples, and discuss the major trade-offs of each
platform. We also propose a practical selection framework based on payload properties,
required DAR control, antibody stability, manufacturability, and regulatory considera-
tions, with relevance to next-generation ADCs including dual-payload and bispecific for-
mats. Overall, conjugation strategy should be selected according to the scientific, manu-
facturing, and regulatory requirements of each ADC program rather than on the basis of
a presumed technological hierarchy.

Keywords: antibody-drug conjugates (ADCs); conjugation strategy; site-specific
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1. Introduction

Antibody-drug conjugates (ADCs) represent an important class of targeted thera-
peutics that combine the high specificity of monoclonal antibodies (mAbs) with the potent
cytotoxicity of small-molecule drugs [1,2]. By covalently linking a cytotoxic payload to an
antibody through a chemical linker, ADCs can selectively deliver therapeutic agents to
tumor cells while sparing normal tissues, thereby expanding the therapeutic window.
Structurally, an ADC is composed of three essential elements—the antibody, linker, and
payload —each of which contributes to overall efficacy, safety, and translational perfor-
mance [1].

The clinical success of trastuzumab deruxtecan (T-DXd; Enhertu®), a human epider-
mal growth factor receptor 2 (HER2)-directed ADC carrying a topoisomerase I inhibitor
payload (deruxtecan, Dxd) through a cleavable tetrapeptide-based linker, has renewed
broad interest in the ADC field. Its activity in HER2-low tumors highlighted how target
biology, linker design, payload properties, and conjugation methodology can collectively
influence clinical performance [3]. This progress has stimulated continued innovation
across ADC design, from molecular engineering to manufacturing.

Among these design parameters, the conjugation strategy —defining how and where
the payload is attached to the antibody —is an important determinant of drug-to-antibody
ratio (DAR) distribution, pharmacokinetic behavior, therapeutic index, and product con-
sistency [4,5]. Over the past two decades, ADC conjugation technologies have expanded
from first-generation stochastic modification approaches to second-generation site-spe-
cific engineering strategies and, more recently, to third-generation site-selective platforms
that can be applied to native antibodies [6,7]. Each class of conjugation technology ad-
dresses a different balance among molecular precision, antibody compatibility, manufac-
turability, and development complexity.

Importantly, the conjugation strategy can also influence key biological properties of
ADCs. The conjugation site and chemical linkage may modulate antibody-receptor inter-
actions, internalization efficiency, and intracellular trafficking, ultimately affecting pay-
load release and pharmacological potency. Moreover, antigen biology —such as internal-
ization dynamics, receptor recycling, or shedding —must align with conjugation design to
achieve efficient delivery. Conjugation near the Fc region can additionally alter FcyR or
neonatal Fc receptor (FcRn) interactions, influencing immune effector function, serum
half-life, and immunogenicity [8]. Thus, rational ADC design requires integrated consid-
eration of both chemical precision and biological compatibility.

In parallel, regulatory authorities have increasingly emphasized quality attributes
such as DAR distribution, aggregation control, and reproducibility of conjugation pro-
cesses [9]. These expectations have strengthened interest in controlled conjugation ap-
proaches, particularly when tighter product definition is required for complex payloads
or emerging ADC formats. At the same time, clinically established stochastic platforms
remain highly relevant because of their regulatory familiarity, scalable manufacturing
workflows, and extensive translational precedent. Accordingly, the practical value of a
conjugation strategy depends not only on the degree of molecular control it offers, but
also on how well it fits the chemical, biological, manufacturing, and regulatory context of
a given ADC program.

In this review, we do not simply retrace the chemical evolution of ADC conjugation
technologies. Instead, we examine how stochastic, site-specific, and site-selective plat-
forms address different development problems and where each is most appropriately ap-
plied. We compare these strategies not only in terms of molecular precision, but also with
respect to payload potency and hydrophobicity, required DAR control, antibody struc-
tural stability, compatibility with native antibody assets, manufacturability, and regula-
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tory precedent [4,5,8,9]. On this basis, we propose a practical selection framework in-
tended to guide conjugation strategy choice in real development settings and to clarify
when the added complexity of second- or third-generation platforms is justified, particu-
larly for increasingly demanding formats such as dual-payload and bispecific ADCs.

For this narrative review, relevant literature was identified through targeted searches
of PubMed, Web of Science, and Scopus using combinations of terms related to antibody-
drug conjugates, conjugation chemistry, site-specific and site-selective conjugation, gly-
can remodeling, disulfide rebridging, linker design, drug-to-antibody ratio, manufactur-
ing, and chemistry, manufacturing, and controls (CMC). Peer-reviewed primary studies,
relevant reviews, regulatory documents, and registered clinical-trial records were in-
cluded when they provided information on conjugation mechanisms, product character-
istics, translational development, or CMC considerations. Clinical-trial status and regula-
tory information were verified using ClinicalTrials.gov, Food and Drug Administration
(FDA) prescribing information, Drugs@FDA records, and FDA approval announcements.
Duplicate publications, studies unrelated to therapeutic ADCs, and sources lacking suffi-
cient methodological or product-specific information were excluded, and reference lists
of relevant publications were screened for additional primary studies. The literature, reg-
ulatory, and clinical-trial information was updated through 2 July 2026.

2. Evolution and Design Considerations of ADC Conjugation
Technologies

Before discussing individual platforms, it should be noted that the boundaries be-
tween first-, second-, and third-generation conjugation technologies are not absolute and
may vary across the literature. In this review, we adopt a pragmatic, development-ori-
ented classification intended to support comparative evaluation. Here, the term native
antibodies refers to wild-type, non-engineered antibodies used without sequence modifi-
cation.

Within this framework, first-generation approaches refer to stochastic conjugation
methods that modify endogenous residues naturally present on antibodies, most notably
lysines and interchain cysteines. Second-generation approaches refer to site-specific strat-
egies that depend on antibody engineering or engineered recognition motifs. Rather than
representing a universally accepted mechanistic class, the term “third-generation” is used
here to describe emerging site-selective conjugation strategies that enable controlled pay-
load attachment on native or minimally engineered antibodies. Accordingly, selected di-
sulfide rebridging platforms are discussed within this category when implemented on
native antibodies, with classification based primarily on native antibody compatibility
and translational or CMC considerations rather than historical nomenclature alone. Over-
all, these categories are intended as a development-oriented framework for comparative
evaluation of ADC conjugation strategies.

2.1. First-Generation: Stochastic Conjugation

First-generation ADCs relied on stochastic (non-site-specific) conjugation methods
that target endogenous amino acid residues naturally present on antibodies, most notably
lysines and interchain cysteines [9]. These conjugation chemistries are straightforward
and compatible with unmodified antibodies, enabling rapid development and manufac-
turing.

2.1.1. Lysine Conjugation

Amine-reactive chemistry, typically using N-hydroxysuccinimide (NHS) esters or
sulfo-NHS esters, has been widely used to functionalize lysine e-amino groups [10]. A
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typical IgG1 molecule contains approximately 80-90 lysine residues, with around 30-40
being solvent-accessible and chemically reactive [1]. Because these lysine residues are sto-
chastically distributed across both heavy and light chains and differ in solvent exposure,
local microenvironment, and intrinsic reactivity, lysine conjugation generates a highly
heterogeneous mixture of ADC species with diverse conjugation sites and a broad distri-
bution of drug-to-antibody ratios (DARs). Although clinically developed lysine-conju-
gated ADCs are commonly controlled to achieve a defined average DAR, the actual DAR
distribution and average DAR can vary substantially depending on the antibody scaffold,
linker—payload properties, and conjugation conditions [11,12]. The lack of positional con-
trol leads to substantial heterogeneity in the final ADC product (Figure 1A).

Several early ADCs developed using lysine conjugation received FDA approval.
Gemtuzumab ozogamicin (Mylotarg®), a CD33-directed ADC carrying the DNA-cleaving
calicheamicin payload through an acid-labile hydrazone linker, was first approved in 2000
for acute myeloid leukemia (AML) and re-approved in 2017 [13]. Trastuzumab emtansine
(T-DM1; Kadcyla®) is a HER2-directed ADC composed of trastuzumab linked to the mi-
crotubule inhibitor DM1 through a non-cleavable Succinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC)-derived linker [14]. Inotuzumab ozogamicin (Be-
sponsa®) is a CD22-directed ADC that delivers a calicheamicin payload through an acid-
labile hydrazone linker [15]. However, lysine-based conjugation can interfere with anti-
gen binding and introduces batch-to-batch variability, complicating pharmacokinetic pre-
diction and quality control [16].

O O

<N-0Jl\.

(o] (o]
I .J{
NH
Aqueous buffer
(pH 7.0-9.0)

O
Qn—.
(o)
—
Aqueous buffer

(pH 6.5-7.5)
+ TCEP

Figure 1. Schematic illustration of lysine- and cysteine-based stochastic conjugation in first-genera-
tion ADCs. (A) Lysine conjugation via amine-reactive chemistry generates heterogeneous ADC
populations with variable DAR. (B) Cysteine conjugation following partial disulfide reduction ena-
bles thiol-specific coupling with improved but still variable DAR. The schematic is simplified and

may not capture the full extent of product heterogeneity or process-related impurities.

2.1.2. Cysteine Conjugation

In contrast, cysteine conjugation involves the partial reduction of the four interchain
disulfide bonds in IgG1 antibodies to generate reactive thiol groups for coupling. Malei-
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mide chemistry is most commonly used, forming thioether linkages with accessible cys-
teine residues (Figure 1B). This approach generally results in products with DARs of 2, 4,
6, or 8 and improved homogeneity compared to lysine conjugation [17].

Although cysteine-based conjugation reduces heterogeneity, concerns remain about
structural stability. Disrupting disulfide bonds can compromise antibody integrity, and
the maleimide-thiol linkage is subject to retro-Michael addition, potentially leading to
premature payload release and off-target toxicity [18].

2.1.3. Practical Considerations and Limitations of Stochastic Conjugation

Both lysine- and cysteine-based stochastic conjugation methods generate heteroge-
neous ADC populations. Even at the same average DAR, positional isomers may exhibit
distinct pharmacokinetic behavior, toxicity, and aggregation tendencies. Broad DAR dis-
tributions and limited positional control can complicate analytical characterization and
may narrow the therapeutic index, particularly when highly potent or hydrophobic pay-
loads are used [19]. At the same time, the practical relevance of stochastic conjugation
remains substantial. As of early 2025, more than 1800 ADC development programs had
been catalogued globally, with approximately 23% (424 candidates) having entered vari-
ous stages of clinical development. A significant proportion of these clinical-stage ADCs
still rely on lysine- or cysteine-based stochastic conjugation platforms, underscoring the
continued practicality, flexibility, and commercial viability of these first-generation strat-
egies [20]. In addition, all FDA-approved ADCs listed in Table 1 employ either lysine- or
cysteine-based stochastic conjugation approaches (Table 1), further highlighting their
strong clinical and regulatory precedent [21-24]. For cysteine-based conjugation in partic-
ular, partial reduction of interchain disulfide bonds may affect antibody structural stabil-
ity depending on the intrinsic resilience of the antibody scaffold, and the resulting conju-
gates can be further influenced by payload hydrophobicity and DAR. In addition, classical
maleimide-thiol linkages have been associated with limited stability due to retro-Michael
deconjugation [18]. Accordingly, the value of stochastic conjugation lies not in maximal
molecular precision, but in its balance of clinical maturity, manufacturability, and devel-
opmental practicality despite its inherent molecular heterogeneity [25].
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Table 1. FDA-approved antibody—drug conjugates (ADCs) as of 2 July 2026.
Product Name . L. Conjuga- .
Approval Year (Generic Name) Target Payload Class Indications Manufacturer tion Site DAR Linker Type Ref
2000 (FDA) with- Mylotarg . .
drawn 2010; re-  (Gemtuzumab ozo- CD33 DNA—cfleavmg a.gent AML Pfizer (New York, Lys 2-3 Hydrazone [26]
.. (Calicheamicin) NY, USA)
approved 2017 gamicin)
. . Ly Seagen (Bothell, WA,
Adcetris Microtubule inhibitor .
2011 (Brentuximab vedotin) CD30 (MMAE) HL; sALCL  USA)/Takeda (Tokyo, = Cys 4 MC-Val-Cit PABC  [27]
Japan)
Kadcyla Microtubule inhibitor HER2+breast  Roche (Basel, Swit
2013 (Trastuzumab em- HER2 ¢ Lys 3.5 SMCC [28]
) (DM1) cancer zerland)
tansine)
Besponsa . .
DNA-cleaving agent Pfizer (New York,
2017 (Inotuzur.néb o0zogam- CD22 (Calicheamicin) ALL NY, USA) Lys 6 Hydrazone [29]
icin)
Polivy Microtubule inhibitor Roche (Basel, Swit
2019 (Polatuzumab ve- CD79% DLBCL ' Cys 3.5 MC-Val-Cit PABC  [30]
. (MMAE) zerland)
dotin-piiq)
. o Astellas (Tokyo, Ja-
P le inh
2019 adeev.  Nectin-g  Microtubule inhibitor mUC pan)/Seagen (Bothell,  Cys 38  MC-Val-CitPABC [31]
(Enfortumab vedotin) (MMAE)
WA, USA)
Enhertu Topoisomerase I inhib- bAr ?gaezi?;j])(;?z;
2019 (Trastuzumab derux- HER2 itor HER2+BC; GC 8e Cys 8 Gly-Gly Phe-Gly  [32]
Sankyo (Tokyo, Ja-
tecan) (Dxd)
pan)
Trodelvy Topoisomerase I inhib- . .
1 F
2020 (Sacituzumab Trop-2 itor mTNBG; muc ~ Cliead (Foster City, 0 7.6 CL2A [33]
. CA, USA)
govitecan) (SN-38)
2020 (accelerated Blenrep
approval); with- (Belantamab poma  Microtubule inhibitor MM GSK (London, UK)  Cys 4 MC [34]
drawn 2023; re- . (MMAF)
mafodotin-blmf)
approved 2025
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Zynlonta DNA-crosslinking ADC Therapeutics
MC-PEGS Val-Al
2021 (Loncastuximab tesir-  CD19 agent DLBCL (Lausanne, Switzer-  Cys 23 C PiB Ca 4 135]
ine) (5G3199) land)
Tivdak Microtubule inhibitor Seagen (Bothell, WA
2021 (Tisotumab vedotin- Tissue factor CxCa & ’ ’ Cys 4 MC-Val-Cit-PABC  [36]
(MMAE) USA)
tftv)
ELAHERE
. ) Microtubule inhibitor ImmunoGen (Wal-
2022 (M1rvetux1r‘nab so- FRa (DM4) oC tham, MA, USA) Lys 35 Sulfo-SPDB [37]
ravtansine)
Datroway Topoisomerase I inhib- HR+/HER2- BC g;zafe;};;;)(;?;g
2025 (Datopotamab Derux-  Trop-2 itor EGFR-mutated Sanl% ,o (Tokyo, Ja Cys 4 Gly-Gly Phe-Gly  [38]
tecan) (Dxd) NSCLC y yor
pan)
EMRELIS
. Microtubule inhibitor AbbVie (North Chi- .
202 Telisot - - L 4 -Val-Cit-PAB
025 (Te 1sod1i)ztlilrglab ve c-Met (MMAE) NSCLC cago, 1L, USA) Cys MC-Val-Cit C [39]

Abbreviations: AML: acute myeloid leukemia; Ala: alanine; ALL: acute lymphoblastic leukemia; BC: breast cancer; Cit: citrulline; CxCa: cervical cancer; DLBCL:

diffuse large B-cell lymphoma; DM1: maytansinoid DM1; DM4: maytansinoid DM4; Dxd: deruxtecan; EGFR: epidermal growth factor receptor; FRa: folate recep-

tor alpha; GC: gastric cancer; Gly: glycine; HER2: human epidermal growth factor receptor 2; HL: Hodgkin lymphoma; HR: hormone receptor; MC: maleimido-

caproyl; MM: multiple myeloma; MMAE: monomethyl auristatin E; mUC: metastatic urothelial carcinoma; mTNBC: metastatic triple-negative breast cancer; OC:

ovarian cancer; PABC: p-aminobenzyloxycarbonyl; PEGS8: polyethylene glycol 8; Phe: phenylalanine; NSCLC: non-small cell lung cancer; sALCL: systemic ana-

plastic large cell lymphoma; SMCC: succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate; Sulfo-SPDB: sulfo-N-succinimidyl 4-(2-pyridyldithio)butyr-

ate; Val: valine.
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2.2. Second-Generation: Site-Specific Conjugation via Antibody Engineering

Second-generation conjugation technologies were developed to achieve precise, site-
specific attachment of cytotoxic payloads and tighter control over conjugation site and
DAR than first-generation stochastic approaches. By reducing positional heterogeneity,
these methods can improve product consistency and, in some settings, pharmacokinetic
behavior or therapeutic index [4,40]. Mechanistically, these technologies can be grouped
into engineered cysteine conjugation, unnatural amino acid (UAA) incorporation, and en-
zymatic or chemoenzymatic tagging. Selected representative programs are summarized
in Table 2, whereas the complete program-level listing is provided in Supplementary Ta-
ble S1.

Table 2. Selected representative ADC programs using second-generation conjugation platforms.

2nd Generation Conjugation Platform  Representative

Target/Payload Clinical Evidence/Status  Refs.

(Method) ADC
 THIOMAB DCDSO780A  CD79b/MMAE | ublished Phaseldata; ), )
(engineered cysteine conjugation) study completed
. THIOMAB . . HDP-101 BCMA/Amanitin Preliminary f1rst—1n—h1.11.nan [43]
(engineered cysteine conjugation) data; Phase I/II recruiting
ConjuALL Phase I/II recruiting; ma-
(CAAX/farnesyl transferase-mediated LCB84 Trop-2/MMAE ture outcome data remain  [44]
conjugation) limited
Published early-phase
E DE
. uCO‘ . . ARX788 HER2/AS269  data; Phase II/III develop- [45,46]
(unnatural amino acid incorporation)
ment
XpressCF+ Preclinical characteriza-
(cell-free unnatural amino acid incorpo- STRO-002 FRa/SC209 tion; Phase I study com- [47]
ration) pleted
SMAC . ‘ NBE-002 ROR1/PNU-15968 2Prechmcal ev1den.ce; Phase (48]
(Sortase A-mediated conjugation) I/II study terminated
SMARTag

Preliminary Phase I tolera-

(formylglycine-generating enzyme TRPH-222 CD22May- iy and activity signal;  [49]
(FGE)-mediated aldehyde-tag conjuga- tansinoid
tion) study completed
TG Preclinical and prelimi-
firstuinch .
(microbial transglutaminase-mediated DP303c HER2/MMAE nary first-In-human evi [45,50]
conjugation) dence; Phase I/1I develop-

ment

Abbreviations: BCMA: B-cell maturation antigen; FRa: folate receptor alpha; HER2: human epider-
mal growth factor receptor 2; MMAE: monomethyl auristatin E; ROR1: receptor tyrosine kinase-like
orphan receptor 1; Trop-2: tumor-associated calcium signal transducer 2. Note: Selected examples
are shown. Complete program-level information, including indications, sponsors, trial identifiers,
and registry status, is provided in Supplementary Table S1. Clinical phase and registry status were
verified using ClinicalTrials.gov as of 2 July 2026. Registry status refers to the listed study and does

not necessarily indicate continuation or discontinuation of the overall development program.

2.2.1. Engineered Cysteine Conjugation

Engineered cysteine conjugation introduces cysteine residues at predefined antibody
positions by site-directed mutagenesis, enabling selective thiol coupling while generally
preserving antigen binding and overall structure [51]. Compared with stochastic conjuga-
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tion, it provides tighter control over DAR and positional distribution, but site choice re-
mains critical because additional sulfthydryl groups may promote disulfide scrambling or
unintended intermolecular interactions [40,52].

THIOMAB. THIOMAB is the best-established example of engineered cysteine-based
thiol conjugation. Non-critical residues such as HC-A114C and LC-V110C, along with sev-
eral alternative heavy- and light-chain sites, have been used to create defined conjugation
handles with limited impact on Fc or antigen-binding functions (Figure 2) [4,6,51,53]. THI-
OMAB-based ADCs are generally designed to achieve a defined DAR of 2 with high prod-
uct homogeneity [6]. DCDS0780A and MEDI2228 have been evaluated in completed
Phase I studies [42,54], whereas HDP-101 remains in Phase I/II evaluation and the Phase
I study of BYON3521 has been completed [43,55]. Thus, engineered cysteine conjugation
remains a clinically relevant route to homogeneous ADCs, although local structural con-
text and conjugate stability still require careful optimization.

THIOMAB™ Antibody

O
QN-Q oL s
0 o
L =3
Aqueous buffer

(pH 6.5-7.5)
+TCEP

o
® =Cys
@ = Engineered Cys

Figure 2. Schematic illustration of engineered cysteine-based site-specific conjugation in second-
generation ADCs using the THIOMAB platform. Engineered cysteine residues enable site-specific
thiol coupling with defined DAR. The schematic is simplified and may not capture the full extent of

product heterogeneity or process-related impurities.

2.2.2. Unnatural Amino Acid (UAA) Incorporation

UAA conjugation uses genetic code expansion to incorporate noncanonical residues
bearing orthogonal reactive handles, such as ketones or azides, at predefined amber co-
dons [56]. These handles enable bioorthogonal ligation under mild conditions and can
generate highly homogeneous ADCs with defined DAR, but reduced expression yield,
truncated chain formation, and potential immunogenicity remain important practical con-
siderations [57,58].

EuCODE. EuCODE enables incorporation of p-acetylphenylalanine (pAcF) into anti-
bodies expressed in Chinese hamster ovary (CHO) cells, followed by conjugation of ami-
nooxy-modified payloads through oxime ligation, typically yielding ADCs with a DAR of
approximately 2, high homogeneity, and scalable manufacturing potential (Figure 3) [59-
62]. ARX788 is the most clinically advanced EuCODE example and is supported by pre-
clinical studies, published Phase I findings, and later-phase clinical evaluation in HER2-
positive breast cancer [45,63-67].

https://doi.org/10.3390/pharmaceutics18070852
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Al114pAcF Al114pAcF

H,NCN0
IEEE—

Aqueous buffer
(pH 4-5)
or
S e - Aqueous buffer
aaRS/tRNA (pH 7), Catalyst

EAC}K))\
i

N HN“TCOH )/

Figure 3. Schematic illustration of site-specific conjugation via unnatural amino acid (UAA) incor-
poration in second-generation ADCs. Incorporation of an unnatural amino acid (e.g., p-
acetylphenylalanine) at predefined sites enables bioorthogonal conjugation, yielding homogeneous
ADCs with a defined DAR. The schematic is simplified and may not capture the full extent of prod-

uct heterogeneity or process-related impurities.

XpressCF+. XpressCF+ enables unnatural amino acid incorporation using a cell-free
protein synthesis system, facilitating rapid construct design and controlled folding condi-
tions while supporting current good manufacturing practice (cGMP)-oriented scale-up
[7,46,58,68]. STRO-002, generated by site-specific UAA incorporation to achieve DAR 4,
demonstrated preclinical activity in ovarian cancer models and was evaluated in a com-
pleted Phase I study [47]. Overall, UAA-based platforms offer very high molecular preci-
sion, but they also impose specialized manufacturing requirements.

2.2.3. Enzymatic and Chemoenzymatic Tagging

Enzymatic and chemoenzymatic tagging strategies use engineered recognition mo-
tifs that are selectively processed by enzymes, enabling traceless or regioselective payload
installation under mild conditions [69,70]. Their key advantages are high site selectivity
and compatibility with diverse payload chemistries, whereas their main limitations are
the need for sequence engineering and possible constraints related to enzyme turnover or
tag accessibility.

SMAC. SMAC is a Sortase A—mediated transpeptidation platform that uses LPXTG
motifs introduced at antibody termini to enable site-specific ligation of GGG-modified
payloads, typically yielding conjugates with a DAR of approximately 4 while preserving
antibody structure and activity (Figure 4) [71,72]. NBE-002 demonstrated antitumor activ-
ity in preclinical ovarian cancer models; however, its Phase I/Il study was terminated, and

the available evidence remains limited to preclinical and early clinical development

o~

Sortase A GTEPL LPETG
Enzyme Rxn P 0 NH—GGG—)
— p— ’ HN™ ~O
Ruveous bufler GTEPL LPETG
(PH7) @-GGG—HN 0 NH—GGG—)

[48,73].

Figure 4. Schematic illustration of Sortase A-mediated site-specific conjugation in second-genera-

tion ADCs using the SMAC platform. Sortase A enables site-specific transpeptidation of LPXTG-

https://doi.org/10.3390/pharmaceutics18070852
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LCTPSR

RSPTCI

engineered antibodies with GGG-modified payloads, yielding homogeneous ADCs with a defined
DAR. The schematic is simplified and may not capture the full extent of product heterogeneity or

process-related impurities.

SMARTag. SMARTag is a formylglycine-generating enzyme (FGE)-mediated alde-
hyde-tag conjugation platform that converts an engineered CxPxR sequence into formyl-
glycine, enabling chemoselective ligation to aminooxy-functionalized payloads (Figure 5)
[74,75]. This strategy typically yields conjugates with a DAR of approximately 1.8 and
high plasma stability. In a completed Phase I study, TRPH-222 showed preliminary toler-
ability and antitumor activity in patients with relapsed/refractory B-cell non-Hodgkin
lymphoma [49,76].

FGE

- ) HZN’OV.
1{GTPSR RSPIGL GTPSR RSPTIGL
) — .
Se)
Enzyme Rxn 0”"H H” o Aqueous buffer .\/O‘N/J\H H/LN N
(pH 4-5)

or
Aqueous buffer
(pH 7), Catalyst

Figure 5. Schematic illustration of FGE-mediated aldehyde-tag—based site-specific conjugation in
second-generation ADCs using the SMARTag platform. FGE converts an engineered CxPxR motif
into formylglycine, enabling site-specific conjugation and yielding homogeneous ADCs with a de-
fined DAR. The schematic is simplified and may not capture the full extent of product heterogeneity

or process-related impurities.

Microbial Transglutaminase (imTG). mTG is a glutamine-directed enzymatic conju-
gation platform that catalyzes transamidation at engineered glutamine residues such as
295, enabling homogeneous ADC production under mild conditions (Figure 6) [77-80].
DP303c, a HER2-targeting ADC generated using this approach, demonstrated antitumor
activity in preclinical models and preliminary safety and efficacy signals in a first-in-hu-
man clinical study [45,50,81].

MTG

Enzyme Rxn

295 205 EE—
H.N @

Aqueous buffer
(pH 6.5-7.0)

Figure 6. Schematic illustration of glutamine-directed enzymatic conjugation in second-generation
ADCs using microbial transglutaminase (mTG). mTG catalyzes transamidation at engineered glu-
tamine residues, yielding homogeneous ADCs with a defined DAR. The schematic is simplified and

may not capture the full extent of product heterogeneity or process-related impurities.

ConjuALL. ConjuALL is a CAAX/farnesyl transferase-mediated conjugation plat-
form that uses a C-terminal CAAX motif to enable installation of a unique chemical handle
for subsequent payload attachment, thereby preserving antibody function while enabling
defined DAR and high homogeneity [45]. LCB84 is a representative Trop-2-directed pro-
gram undergoing early-phase clinical evaluation, although mature clinical outcome data
remain limited in the public domain [44].
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Collectively, second-generation platforms provide tighter control over DAR and po-
sitional distribution than stochastic conjugation and have been associated in selected stud-
ies with improved product consistency and translational predictability. These benefits,
however, must be weighed against the added burdens of antibody engineering, special-
ized expression systems, and process integration. Selected examples in Table 2 illustrate
different levels of clinical maturity, including active early-phase programs, completed
studies, and a terminated program. The complete program-level listing, including indica-
tions, sponsors, trial identifiers, and registry status, is provided in Supplementary Table
S1. Registry status refers to the individual study and does not necessarily establish con-
tinuation or discontinuation of the overall development program. Preliminary early-
phase findings are described as such, and inclusion in Table 2 or Supplementary Table S1
should not be interpreted as evidence of established clinical benefit.

2.3. Third-Generation: Site-Selective Conjugation on Native Antibodies

Third-generation conjugation strategies aim to achieve controlled payload attach-
ment on native, non-engineered antibodies. Rather than introducing new sequence ele-
ments, these platforms exploit intrinsic antibody features such as Fc glycans, Fc-proximal
lysines, or native disulfides (Table 3). This can be advantageous when established anti-
body assets are already available, because it may reduce the need for sequence redesign,
cell-line redevelopment, and extensive process re-optimization. Selected representative
programs are summarized in Table 3, whereas the complete program-level listing is pro-
vided in Supplementary Table S2.

Table 3. Selected representative ADC programs using third-generation conjugation strategies.

Conjugation Platform . Clinical Evidence/Sta-
(Method) Representative ADC Target/Payload tus Refs.
GlycoConnect . IBI343 CLDN18.2/Exatecan Published Phase .I .data; [82-84]
(Fc glycan remodeling) Phase III recruiting
GlveoConnect Preliminary Phase I/II
y . MRGO04A Tissue factor/MMAE findings; study com- [85,86]
(Fc glycan remodeling)
pleted
AbClick | recnitig; mabae
(proximity-induced Lys248 con- AT-211 (DA-3501) CLDN18.2/MMAE .. & [87]
. . clinical outcomes data
jugation) S
remain limited
. o Phase I/II recruiting;
. ThioBridge MBRC-101 EphA5/MMAE limited public clinical ~ [88]
(disulfide rebridging)
outcome data
IDeonnect Published early-phase
IMW2821 Nectin-4/MMAE evidence; Phase III re- [89]

(disulfide rebridging)

cruiting

Abbreviations: CLDN: claudin; EphA: ephrin type-A receptor; MMAE: monomethyl auristatin E.
Note: Selected examples are shown. Complete program-level information, including indications,
sponsors, trial identifiers, and registry status, is provided in Supplementary Table S2. Clinical phase
and registry status were verified using ClinicalTrials.gov as of 2 July 2026. Registry status refers to
the listed study and does not necessarily indicate continuation or discontinuation of the overall de-
velopment program.
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2.3.1. Fc Glycan Remodeling

Glycan remodeling technologies target the conserved N-linked glycosylation site at
Asn297 in the Fc region. Native glycan structures are enzymatically trimmed and rebuilt
to introduce chemical handles for site-selective conjugation.

GlycoConnect. GlycoConnect is the best-established example of Fc glycan remodel-
ing-based conjugation. It uses endoglycosidase-mediated trimming followed by glycosyl-
transferase-based remodeling to introduce defined reactive groups on the Fc glycan, ena-
bling controlled conjugation under mild conditions without sequence engineering (Figure
7)[90,91]. In combination with HydraSpace linker technology, the platform can tune DAR
and improve solubility or aggregation behavior [92-96]. In Phase I studies, IBI343 showed
a manageable safety profile and preliminary antitumor activity in CLDN18.2-positive gas-
tric or gastroesophageal junction and pancreatic cancer cohorts, supporting its subsequent
progression into later-stage clinical evaluation [82-84].

UDP—{}-N, SPAAC
Ny N3 N non
“One-pot rxn” Aqueous buffer
1. Endoglycosidase (pH7)
2. Glycosyl transferase oH H H Ho
N ] = Oz
./\u>5(NJLO/ \OJ'I\”:S:E/\.
HydraSpace™ HydraSpace™

Figure 7. Schematic illustration of Fc glycan remodeling—based site-selective conjugation in third-
generation ADCs using the GlycoConnect platform. Native Fc N-glycans at Asn297 are enzymati-
cally trimmed and remodeled to introduce defined reactive handles, which are subsequently used
for click chemistry-mediated linker-payload attachment. This approach enables site-selective con-
jugation on native antibodies without antibody sequence engineering, thereby improving conjuga-
tion-site control and DAR homogeneity while preserving the native antibody framework. The sche-
matic is simplified and may not capture the full extent of product heterogeneity or process-related

impurities.

2.3.2. Proximity-Induced Conjugation

Proximity-induced conjugation platforms use Fc-binding peptides or proteins to po-
sition reactive groups near specific lysine residues, enabling site-selective modification of
native antibodies while preserving the underlying sequence.

AJICAP. AJICAP is an Fc-affinity peptide—directed lysine conjugation platform that
selectively modifies defined Fc lysines, particularly Lys248 or Lys288, using cleavable
peptide-mediated chemistry, enabling one-pot production of ADCs with a DAR of ap-
proximately 2 without redox treatment [97]. The platform has shown good conjugation
efficiency at preparative scale, preserved FcRn binding, and favorable preclinical efficacy
and tolerability in trastuzumab-based models [97,98].

AbClick. AbClick is a proximity-driven Lys248 acyl-transfer conjugation platform
that uses an Fc-binding peptide to enable site-selective modification of native antibodies,
after which the peptide is removed in a traceless manner (Figure 8) [99]. The platform
supports ADC formats with DAR 2 and DAR 4, including dual-payload installation, and
preclinical studies have demonstrated antitumor activity for durvalumab-MMAE conju-
gates [100]. An emerging example is AT-211 (DA-3501), a CLDN18.2-targeting MMAE
ADC developed using the AbClick® platform for gastric, gastroesophageal junction, and
pancreatic cancers. DA-3501 has entered first-in-human Phase I/Ila evaluation in patients
with advanced gastric, gastroesophageal junction, and pancreatic ductal adenocarcinoma;
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however, mature clinical outcome data were not publicly available at the literature cut-off
date [87].

Proximity-based
© conjugation

Figure 8. Schematic illustration of proximity-driven Lys248 acyl-transfer conjugation in third-gen-
eration ADCs using the AbClick platform. AbClick enables site-selective modification of Lys248 on
native antibodies, yielding homogeneous ADCs with a defined DAR. The schematic is simplified

and may not capture the full extent of product heterogeneity or process-related impurities.

Z-M Protein Platform. The Z-M protein platform is an Fc-binding mediator—assisted
traceless lysine conjugation strategy that enables site-selective modification of native an-
tibodies. The Z-M scaffold is engineered via genetic code expansion to incorporate Ne-
azido-lysine (AzK), enabling proximity-driven acylation of Lys248 and installation of an
azide handle for subsequent strain-promoted azide-alkyne cycloaddition (SPAAC)-based
payload conjugation. Following conjugation, the mediator dissociates in a traceless man-
ner, yielding homogeneous ADCs with a DAR of approximately 2 while maintaining
HER2 and FcRn binding in trastuzumab-based constructs. (Figure 9) [101]. In preclinical
evaluation, trastuzumab-(VC-PABC-MMAE): generated using this strategy showed en-
hanced in vitro cytotoxicity relative to T-DM1 under comparable conditions while retain-
ing HER2 and FcRn binding [101].

O,N o . ”
< 5 Proximity-based conjugation
£ Mg
/1 N
o
O,N

N-OH
/)

Fc-binding protein

Figure 9. Schematic illustration of Fc-binding mediator—assisted traceless lysine conjugation in
third-generation ADCs using the Z-M protein platform. The Z-M protein enables proximity-driven
modification of Lys248 on native antibodies, yielding homogeneous ADCs with a DAR of approxi-
mately 2 following mediator dissociation. The schematic is simplified and may not capture the full

extent of product heterogeneity or process-related impurities.
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2.3.3. Disulfide Rebridging on Native Antibodies

Disulfide rebridging platforms are included here when they achieve controlled con-
jugation on native antibodies without sequence engineering. From a development per-
spective, their main attraction is the ability to improve homogeneity and linkage stability
while retaining native antibody compatibility.

WuXiDAR4. WuXiDAR4 is a hinge-selective native disulfide modification platform
that uses Zn?-mediated reduction followed by bifunctional linker insertion to enrich ho-
mogeneous ADCs with a DAR of approximately 4 while maintaining compatibility with
native IgG1 manufacturing workflows [102,103]. Preclinical and platform reports suggest
improved efficacy, acceptable tolerability, and cost of goods comparable to conventional
stochastic conjugation, and several ADC programs using this approach have entered clin-
ical development [6,102,103].

ThioBridge. ThioBridge is a bis-sulfone-based disulfide rebridging platform that re-
connects reduced interchain disulfides to form stable bis-thioether linkages, thereby re-
ducing retro-Michael liabilities associated with classical maleimide chemistry (Figure 10A)
and enabling homogeneous ADCs with a DAR of approximately 4 [104-106]. ThioBridge
conjugates have shown enhanced chemical stability under selected reducing conditions
with minimal aggregation in preclinical evaluations [104]. MBRC-101 is undergoing early-
phase clinical evaluation, with limited public clinical outcome data available at the litera-
ture cut-off date [88,107].

ThioBridge™

A.

Aqueous buffer
(pH 6.5-7.5)
+ TCEP

IDconnect™

Hrra

Aqueous buffer
(pH 6.5-7.5)
+ TCEP

Figure 10. Schematic illustration of disulfide rebridging—based site-selective conjugation in third-
generation ADCs. (A) ThioBridge employs a bis-sulfone scaffold to reconnect reduced interchain
disulfide bonds, enabling controlled cysteine conjugation and yielding homogeneous ADCs with a
defined DAR. (B) IDconnect utilizes a maleimide-based rebridging scaffold to achieve site-selective
cysteine conjugation, yielding homogeneous ADCs with a defined DAR. The schematic is simplified

and may not capture the full extent of product heterogeneity or process-related impurities.

IDconnect. IDconnect is a maleimide-based disulfide rebridging platform, part of
Mabwell’s IDDC platform, that uses a proprietary scaffold substituted with a 4-mercap-
tobenzoyl-morpholine leaving group at the 3- and 4-positions (Figure 10B). This approach
enables cross-linking of reduced cysteines in the Fab and hinge regions, generating highly
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homogeneous ADCs with a DAR of approximately 4 while suppressing deconjugation
[108-110]. The nectin-4-targeting ADC 9IMW2821 demonstrated strong preclinical activity
and has advanced into Phase III evaluation, while the published clinical evidence remains
primarily early-phase [89,110,111].

Taken together, third-generation platforms extend controlled conjugation to native
antibodies and are especially relevant when preservation of an existing antibody sequence
is a major development priority. Their remaining constraints include the limited number
of accessible sites on native IgGs, reagent or process complexity, and comparatively lim-
ited clinical precedent for several platforms. Clinical programs based on these platforms
differ substantially in maturity. IBI343 [82-84] and 9IMW2821 [89] have advanced into
Phase III evaluation, whereas AT-211 [87] and MBRC-101 [88] remain in early clinical de-
velopment and mature public outcome data remain limited. MRGO04A is supported by
completed early-phase evaluation [85,86]. Selected examples are summarized in Table 3,
and the complete program-level listing is provided in Supplementary Table S2. These ex-
amples illustrate the translational progress of the respective conjugation platforms and
should not be interpreted as evidence of established clinical efficacy.

2.4. Influence of Linker Selection on ADC Properties

Linker design—including spacer composition, cleavage mechanism, self-immolative
elements, and overall hydrophilicity —is a key determinant of ADC stability, safety, man-
ufacturability, and therapeutic performance. An appropriate linker should remain stable
during manufacturing and systemic circulation while enabling efficient intracellular pay-
load release after target-mediated internalization. Cleavable linkers rely on acid-labile, re-
duction-sensitive, or protease-cleavable motifs, whereas non-cleavable linkers generally
require lysosomal degradation of the antibody to generate payload-containing catabolites.
The preferred release mechanism therefore depends on target biology, intracellular traf-
ficking, and payload properties [112].

Linker stability in circulation strongly influences ADC tolerability and safety. Prem-
ature linker cleavage can increase systemic exposure to free payload and contribute to off-
target toxicity, whereas inefficient intracellular release may reduce pharmacological ac-
tivity. Cleavable linkers carrying membrane-permeable payloads may also produce a by-
stander effect, which can improve activity in heterogeneous tumors but may increase ex-
posure of neighboring antigen-negative cells. Accordingly, the balance between extracel-
lular stability and intracellular release efficiency directly influences payload delivery, an-
titumor activity, and the therapeutic index [112].

The physicochemical properties of the linker also affect manufacturing consistency
and scalability. Hydrophobic linker—payload combinations can increase aggregation, re-
duce solubility, and complicate purification, particularly at higher DARs, whereas hydro-
philic spacers can mitigate these effects and improve pharmacokinetic behavior or thera-
peutic index [19,92]. More complex linker structures may nevertheless require additional
synthetic steps, tighter raw-material controls, and more extensive process characterization.
Reaction robustness, impurity clearance, batch-to-batch consistency, and compatibility
with scalable processes should therefore be considered during CMC development [113].

Accordingly, linker selection should be integrated with antigen internalization and
trafficking, payload potency and membrane permeability, conjugation site, and target
DAR. Rather than being considered in isolation, linker design should be treated as a cross-
cutting variable that balances circulation stability, controlled intracellular release, safety,
manufacturability, and therapeutic performance within each ADC program.
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2.5. Comparative Perspective on ADC Conjugation Strategies: Toward a Practical Selection
Framework

From a development perspective, conjugation strategy selection is driven by payload
potency and hydrophobicity, the degree of DAR control required, the structural tolerance
of the antibody scaffold, the importance of preserving the native antibody sequence, and
the extent of CMC or regulatory burden that can be accommodated [4,5,8,19]. The com-
parative value of first-, second-, and third-generation platforms therefore depends on how
they balance these variables.

Based on these considerations, Figure 11 summarizes a stepwise decision framework
that links payload-related risk, required DAR precision, antibody structural constraints,
compatibility with next-generation ADC formats, and CMC feasibility to the selection of
an appropriate conjugation strategy.

Practical decision framework of selecting ADC conjugation strategies

4?/3‘

(4 ﬁ% o0

. . . Antibody Next-generation CMC / Regulatory
High payload risk -
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Site heterogeneity be tolerated?
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Figure 11. Practical decision framework for selecting ADC conjugation strategies. Stepwise selection
is guided by payload risk, required DAR precision, antibody structural stability, compatibility with
next-generation ADC formats, and CMC constraints. The framework first considers whether broad
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DAR distribution and site heterogeneity can be tolerated, followed by whether antibody engineer-
ing is acceptable and whether precise conjugation is required while preserving the native antibody

sequence. The framework supports context-dependent selection of an appropriate conjugation strat-

egy.

In this framework, high payload risk refers to the use of highly potent and/or hydro-
phobic payloads for which broad DAR distributions or positional heterogeneity may in-
crease aggregation risk, alter pharmacokinetics, or narrow the therapeutic index [5,8,19].
When applying this criterion, linker stability and the hydrophobicity of the overall linker—
payload construct should also be evaluated as interacting design factors, because they can
further influence circulation stability, aggregation, pharmacokinetic behavior, and the
therapeutic index [19,92,112]. Tight DAR control is required when individual DAR species
materially influence pharmacokinetics, safety, or manufacturability, or when defined pay-
load stoichiometry is needed, as in dual-payload ADCs. CMC burden tolerance reflects
the extent to which a development program can accommodate antibody engineering, spe-
cialized reagents, multistep processing, and expanded analytical characterization [113].
These qualitative criteria should be considered together with antibody structural stability,
format complexity, and regulatory precedent.

To illustrate the practical application of this framework, two representative use cases
can be considered. First, an established native antibody combined with a moderate-risk
payload and a rapid-development objective may favor a clinically established first-gener-
ation stochastic platform when broader DAR distribution and site heterogeneity are ac-
ceptable. Second, a hydrophobic or dual-payload ADC requiring defined payload stoichi-
ometry may favor a second-generation site-specific strategy when antibody engineering
is feasible. When preservation of the native antibody sequence is a priority, a third-gener-
ation site-selective approach may instead be considered. These examples are illustrative
rather than prescriptive and should be interpreted in the context of the overall develop-
ment program.

Within this framework, first-generation stochastic conjugation remains the most clin-
ically validated and operationally established approach. All FDA-approved ADCs listed
in Table 1 rely on lysine- or cysteine-based stochastic conjugation strategies, reflecting
strong regulatory familiarity, established manufacturing workflows, and clear transla-
tional precedent [21-24]. However, these approaches inherently produce heterogeneous
ADC populations. Although relatively narrower DAR distributions can be achieved
through interchain cysteine conjugation, this strategy still depends on disulfide reduction,
and both DAR and payload hydrophobicity can influence the resulting stability and de-
velopability of the conjugate. In addition, classical cysteine-maleimide conjugation has
been associated with limited linker stability due to retro-Michael deconjugation [18]. Thus,
the principal value of first-generation conjugation lies not in maximal molecular precision,
but in its balance of clinical maturity, manufacturability, and developmental practicality.

Second-generation site-specific conjugation strategies were developed to achieve
more homogeneous and structurally defined ADCs. By enabling precise payload attach-
ment through engineered cysteine residues, unnatural amino acid incorporation, or enzy-
matic tagging, these approaches provide tighter control over DAR and positional distri-
bution and, in selected studies and specific payload contexts, have been associated with
improved plasma stability, pharmacokinetic consistency, or therapeutic performance rel-
ative to conventional stochastic formats [6,9,40]. However, these advantages are accom-
panied by additional development burdens, including sequence engineering, specialized
incorporation systems, extra enzymatic processing steps, and, in some cases, reduced pro-
duction yield or increased risk of perturbing antibody stability. Third-generation site-se-
lective conjugation strategies seek to preserve the positional control advantages of more
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precise conjugation while reducing the engineering burden associated with second-gen-
eration platforms. By exploiting intrinsic structural features of native antibodies, these
approaches may be particularly attractive when established antibody assets are already
available. However, their available conjugation sites remain constrained by the limited
structural features accessible on native antibodies. Except for selected glycan-remodeling
and disulfide-rebridging platforms, most site-selective approaches remain at the preclin-
ical or early clinical stage.

Taken together, these observations suggest that conjugation strategy selection should
be approached in a stepwise manner. In practice, the initial decision is often shaped by
whether the payload and antibody scaffold can tolerate the heterogeneity and structural
consequences associated with less controlled conjugation formats. Subsequent considera-
tions include the degree of DAR control required, the need to minimize positional heter-
ogeneity, compatibility with more complex architectures such as dual-payload or
bispecific ADCs, and practical development constraints including CMC feasibility, man-
ufacturability, scalability, and regulatory familiarity. Under this framework, first-genera-
tion strategies remain highly competitive when rapid and practical development is prior-
itized, whereas second- and third-generation approaches become increasingly justified
when greater molecular precision or programmability is required. Accordingly, strategy
selection should align the required degree of molecular control with practical develop-
ment constraints. Beyond molecular homogeneity, conjugation strategy can also influence
developability-relevant attributes such as aggregation propensity, solubility, purification
behavior, and storage stability. Accordingly, controlled conjugation may function as an
upstream design variable that affects not only ADC structure but also downstream CMC
development. Importantly, these effects should not be interpreted as consequences of
DAR or conjugation site alone; linker architecture and payload physicochemical proper-
ties can further modify how conjugation heterogeneity translates into stability, pharma-
cokinetics, aggregation, and CMC risk [5,19,112,113]. The key practical considerations un-
derlying conjugation strategy selection are summarized in Table 4.

Table 4. Practical selection considerations for ADC conjugation strategies.

Repre-
Product Antibody Engi-
Conjugation sentative . . Y S8 Clinical Ma- Practical .
Typical DAR Homoge- neering Re- . Key Constraints
Strategy  Technolo- . . turity Strengths
. neity quired
gies
High heteroge-
Lysine-based Broad, varia- Multiple FDA- Simple, scala- & 108
. NHS ester - . neity; antigen-
stochastic con- . ble distribu-  Low No approved  ble, native com- 7' " 7
. . chemistry . . binding risk;
jugation tion ADCs patible s
batch variability
Interchain
o . . Disulfide disrup-
. disulfide . Clinically vali- . .
Cysteine- . Multiple FDA- . tion; maleimide
reduction dated with | .
based stochas- 2,4,6,8 Moderate No approved instability; retro-
, . . moderate DAR _ . .
tic conjugation . ADCs Michael deconju-
maleimide control )
. gation
coupling
Engineered Clinical-stage Defined sites Engineering bur-
cysteine con- THIOMAB 2 High Yes 8¢ with tighter  den; disulfide
. . ADCs o
jugation DAR control scrambling risk
Unnatural Precise Yield challenges;
. ... EuCODE, . Clinical-stage bioorthogonal immunogenicity
amino acid in- 2-4 Very high Yes . ..
. XpressCF+ ADCs payload place- risk; specialized
corporation

ment systems
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modification . .
form gation issues
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Disulfide Bridge, ID- ' Clinical-stage bility a'nd h(')- d.uctlor} re-
Sy connect, 4 High No mogeneity with quired; linker
rebridging . ADCs ) . . o
WuXi- native antibody chemistry limita-
DAR4 compatibility tions

Abbreviations: ADCs: antibody—drug conjugates; DARs: drug-to-antibody ratios; FDA: Food and
Drug Administration; NHS: N-hydroxysuccinimide.

3. Future Perspectives: Toward Multi-Payload and Multi-Specific ADCs

The rapid evolution of ADC conjugation technologies has not only enhanced product
homogeneity and pharmacokinetic predictability but also expanded the structural possi-
bilities of ADC design. As tumor heterogeneity, adaptive resistance, and antigen escape
increasingly limit the durability of single-mechanism therapeutics, next-generation ADC
development is moving toward advanced ADC architectures, including dual-payload
ADCs and multi-specific targeting strategies.

3.1. Dual-Payload ADCs

Dual-payload ADCs are designed to incorporate two distinct cytotoxic agents within
a single antibody molecule, typically combining mechanistically complementary pay-
loads such as a microtubule inhibitor and a DNA-damaging agent (Figure 12). This strat-
egy aims to address intratumoral heterogeneity and reduce the likelihood of resistance by
enabling simultaneous delivery of more than one cytotoxic mechanism within the same
targeted construct [114,115].

Payload A

—
—

Payload B J

Dual-payload ADC

Figure 12. Schematic illustration of a dual-payload ADC. The antibody is conjugated to two distinct
cytotoxic payloads, resulting in a dual-payload ADC with defined payload composition and DAR.
The schematic is a simplified conceptual representation and does not depict all possible product

variants, DAR species, positional isomers, or process-related impurities.
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Antigen A

In this setting, conjugation strategy becomes particularly important because dual-
payload architectures impose greater demands on control over DAR, payload distribution,
and compositional reproducibility. Broadly heterogeneous conjugation formats may com-
plicate the definition of not only total DAR but also payload stoichiometry and positional
distribution when two chemically distinct drugs are incorporated into the same antibody.
This consideration is supported by homogeneous dual-payload ADC studies reported in
the literature, in which controlled co-installation of distinct payloads on a single antibody
improved antitumor activity in models of HER2 heterogeneity and drug resistance rela-
tive to matched single-payload formats or combination-style controls [116].

These findings illustrate how increasing architectural complexity can strengthen the
practical justification for more controlled conjugation approaches. In this context, second-
and third-generation strategies may become particularly relevant when dual-payload
ADC development requires reproducible definition of both total DAR and payload com-
position, together with improved structural consistency across batches [116,117].

3.2. Multi-Specific and Bispecific ADCs

Beyond payload diversification, multi-specific ADCs including bispecific antibodies
conjugated to cytotoxic drugs represent another promising direction in ADC design (Fig-
ure 13). By engaging two tumor-associated antigens, bispecific ADCs may improve target
selectivity, enhance internalization in certain biological settings, and reduce the risk of
antigen escape [118,119].

Antigen B Antigen A Antigen B

Payload

Bispecific ADC

Figure 13. Schematic illustration of a bispecific ADC. The antibody is engineered to recognize two
distinct target antigens, resulting in a bispecific ADC with dual-target specificity. The schematic is
a simplified conceptual representation and does not depict all possible product variants, structural

heterogeneity, positional isomers, or process-related impurities.

However, the increased structural complexity of bispecific formats introduces addi-
tional demands on conjugation strategy. In asymmetric or heterodimeric antibody archi-
tectures, payload distribution may need to be controlled without compromising antigen
binding, chain pairing, or Fc-mediated properties. Under these conditions, conjugation
approaches that provide tighter control over site, stoichiometry, and payload placement
may offer practical advantages, particularly when modularity and reproducibility are re-
quired across more structurally complex ADC formats [120]. This translational relevance
is underscored by BL-B01D1, a first-in-class EGFR x HER3 bispecific ADC carrying a
topoisomerase I inhibitor payload, which showed preliminary antitumor activity with an
acceptable safety profile in first-in-human phase I evaluation in patients with locally ad-
vanced or metastatic solid tumors [121].
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Bispecific and multi-specific ADCs therefore represent an important use case in
which the need for tighter control over conjugation site, stoichiometry, and payload place-
ment may justify the use of second- or third-generation conjugation strategies.

4. Regulatory Considerations: CMC Relevance of Conjugation Strategy

As ADCs advance through clinical development and commercialization, conjugation
strategy influences both the clinical pharmacology package and the CMC strategy. Alt-
hough closely related, these areas address distinct development questions. Clinical phar-
macology focuses on the exposure, disposition, and pharmacological effects of ADC-re-
lated analytes in patients, whereas CMC focuses on product definition, heterogeneity, sta-
bility, process robustness, and manufacturing consistency [9,113].

4.1. Clinical Pharmacology and Bioanalytical Considerations

Conjugation strategy shapes the bioanalytical package required to support ADC de-
velopment. Clinical pharmacology assessment generally requires fit-for-purpose methods
for total antibody, conjugated antibody or ADC, unconjugated payload, and relevant me-
tabolites or catabolites, together with assessment of immunogenicity, including anti-drug
antibody responses. Broad DAR distributions or insufficient conjugate stability can in-
crease bioanalytical complexity because these analytes may exhibit distinct pharmacoki-
netic and safety profiles. Accordingly, dose- and exposure-response analyses should con-
sider the relevant ADC-related analytes rather than relying solely on total antibody expo-
sure or average DAR. Drug—drug interaction risk should also be evaluated when the re-
leased payload or its metabolites interact with drug-metabolizing enzymes or transporters
[9,113].

4.2. CMC and Analytical Control of Conjugated Products

From a CMC perspective, conjugation-related critical quality attributes include DAR
distribution, conjugation-site occupancy, aggregation, unconjugated payload, deconjuga-
tion, and process-related impurities. Average DAR alone may not fully capture the phys-
icochemical and biological variability of an ADC product. Broad DAR distributions can
affect batch consistency, dosing precision, safety, and comparability, whereas aggregation
may increase immunogenicity risk and reduce bioavailability. Premature or nonspecific
payload release may additionally increase off-target toxicity and narrow the therapeutic
index. The principal regulatory and analytical implications of these attributes are summa-
rized in Table 5.

Table 5. Key regulatory expectations and CMC relevance of ADC quality attributes.

Attribute Description Regulatory Impact CMC/Analytical Relevance

licates DAR profili it
., Variability in payload per anti-  Affects batch consistency, Complicates  profing, stte
DAR heterogeneity . . occupancy analysis, and compa-

body beyond average DARs  dosing precision, and safety -
rability assessment
' Self-association of ADCs after Elevates immunogenicity risk, Req.u'lres aggregate monitoring,
Aggregation ) . reduces stability control, and release test-
conjugation . T .
bioavailability ing

Premature or nonspecific re-

Linked to linker stability, decon-
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Abbreviations: ADCs: antibody—drug conjugates; CMC: chemistry, manufacturing, and controls;
DARs: drug-to-antibody ratios.

These attributes generally require an orthogonal analytical control strategy. Hydro-
phobic interaction chromatography-high-performance liquid chromatography (HIC-
HPLC), where informative for the product, can support DAR profiling and assessment of
hydrophobic species. Intact or subunit mass spectrometry and liquid chromatography-
mass spectrometry (LC-MS) peptide mapping can provide information on molecular
mass, conjugation sites, and site occupancy, whereas size-exclusion chromatography (SEC)
is commonly used to monitor aggregates and fragments. Assays for free payload and un-
conjugated linker—payload species are also important for controlling drug-related impu-
rities. Stability-indicating studies should evaluate changes in DAR distribution, payload
loss, aggregation, fragmentation, and biological activity, while residual reagent testing
may be required for reducing agents, enzymes, affinity reagents, and other process-re-
lated materials [113].

First-generation stochastic conjugation generally increases the analytical burden as-
sociated with broad DAR distributions and positional heterogeneity. Second-generation
site-specific approaches can reduce these sources of variability but may introduce addi-
tional controls related to antibody engineering, expression systems, or enzymatic pro-
cessing. Third-generation site-selective approaches may improve product definition while
preserving the native antibody sequence, although specialized reagents, platform ma-
turity, and workflow robustness remain important considerations. Accordingly, tighter
molecular control may facilitate product characterization and comparability but does not
automatically reduce the overall regulatory or CMC burden. Its practical value depends
on analytical capability, manufacturing robustness, scalability, and available regulatory
precedent [5,53,113].

5. Conclusions

The comparative evidence reviewed here indicates that conjugation strategy should
be selected according to the specific development problem it is intended to solve. Conju-
gation chemistry determines not only DAR distribution and product homogeneity, but
also how effectively an ADC balances potency, stability, manufacturability, and transla-
tional risk.

From this perspective, first-generation stochastic conjugation remains well justified
when speed, regulatory precedent, and manufacturing simplicity are prioritized, and
when the antibody scaffold and payload can tolerate broader DAR distributions. Second-
generation strategies become more compelling when precise DAR control, tighter posi-
tional definition, or greater programmability is needed, but these gains come with engi-
neering and process burdens. Third-generation platforms are particularly attractive when
developers wish to preserve a native antibody sequence while improving control over
conjugation, although their broader clinical and regulatory experience is still developing.

As ADCs move toward dual-payload, bispecific, and other structurally demanding
formats, conjugation strategy is likely to play an increasingly decisive role in determining
whether molecular complexity translates into therapeutic benefit. It should therefore be
treated as an upstream translational design variable that aligns payload properties, anti-
body architecture, manufacturability, and CMC objectives from the outset of development.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pharmaceutics18070852/s1, Table S1: Complete program-

level listing of ADCs using second-generation conjugation platforms; Table S2: Complete program-
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level listing of ADCs using third-generation conjugation strategies. References [6,41-50,54,55,82—
89,122-142] cited in Supplementary Materials.
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Abbreviations

The following abbreviations are used in this manuscript:

ADCs Antibody—-drug conjugates
AF-HPA Auristatin F hydroxypropylamide
Ala Alanine

ALL Acute lymphoblastic leukemia
AML Acute myeloid leukemia

AzK Ne-azido-lysine

AST Advanced solid tumor

BC Breast cancer

BCMs B-cell malignancies

BCMA B-cell maturation antigen

BCL B-cell lymphoma

B-NHL B-cell non-Hodgkin lymphoma
CLDN Claudin

cGMP Current good manufacturing practice
cGU Cancer of genitourinary

Cit Citrulline

CMC Chemistry, manufacturing, and controls
CHOcells  Chinese hamster ovary cells

CRPC Castration-resistant prostate cancer
CxCa Cervical cancer

cUADT Cancer of upper aerodi-gestive tract
DARs Drug-to-antibody ratios

DLBCL Diffuse large B-cell lymphoma

DM Maytansinoid DM

Dxd Deruxtecan

EC Endometrial cancer

EGFR Epidermal growth factor receptor
EOC Epithelial ovarian cancer

EphA Ephrin type-A receptor

ESC Esophageal cancer

FcRn Neonatal Fc receptor

FDA Food and Drug Administration
FGE Formylglycine-generating enzyme
FRa Folate receptor alpha

GAC Gastric adenocarcinoma
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GC Gastric cancer
GEJAC Gastroesophageal junction adenocarcinoma
Gly Glycine
HER2 Human epidermal growth factor receptor 2
HIC-HPLC Hydrophobic interaction chromatography-high-performance liquid chromatog-
raphy
HL Hodgkin lymphoma
HR Hormone receptor
LA/mAST  Locally advanced or metastatic solid tumors
LC Lung cancer
LC-MS Liquid chromatography-mass spectrometry
mAbs Monoclonal antibodies
mBC Metastatic breast cancer
MC Maleimidocaproyl
mCC Metastatic cervical cancer
mCRPC Metastatic castration-resistant prostate cancer
MDS Myelodysplastic syndrome
mGC Metastatic gastric cancer
MM Multiple myeloma
MMAE Monomethyl auristatin E
mTG Microbial transglutaminase
mTNBC Metastatic triple-negative breast cancer
mUC Metastatic urothelial carcinoma
NHS N-hydroxysuccinimide
NSCLC Non-small cell lung cancer
ocC Ovarian cancer
PABC p-aminobenzyloxycarbonyl
pAcF P-acetylphenylalanine
PC Pancreatic cancer
PCD Plasma cell disorders
PDAC Pancreatic ductal adenocarcinoma
PEG Polyethylene glycol
Phe Phenylalanine
PROC Platinum-resistant ovarian cancer
ROR1 Receptor tyrosine kinase-like orphan receptor 1
R/R Relapsed/refractory
sALCL Systemic anaplastic large cell lymphoma
SCLC Small cell lung cancer
SEC Size-exclusion chromatography
SMCC Succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate
SPAAC Strain-promoted azide—alkyne cycloaddition
Sulfo-SPDB  Sulfo-N-succinimidyl 4-(2-pyridyldithio)butyrate
T-DXd Trastuzumab deruxtecan
TNBC Triple-negative breast cancer
Trop-2 Tumor-associated calcium signal transducer 2
UAA Unnatural amino acid
UPC Unresectable pancreatic cancer.
Val Valine
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