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Simple Summary

Antibody—-drug conjugates are an important and rapidly evolving class of targeted cancer
treatments that combine the precision of antibodies with the killing power of anticancer
drugs. This review highlights how recent advances in target selection, antibody engineer-
ing, linker design, payload choice, and conjugation methods are improving the effectiveness
and safety of these therapies. It also discusses current challenges such as toxicity, resis-
tance, and manufacturing complexity, as well as the growing role of computational and
artificial intelligence-based methods in guiding future development. By summarizing these
advances, this review aims to provide a clear framework for designing the next generation
of antibody—drug conjugates and to support future research across oncology and beyond.

Abstract

Background: Antibody-drug conjugates (ADCs) have evolved from early heterogeneous
constructs into a mature therapeutic platform with exponential clinical relevance. This
review highlights recent advances in ADC design and development, with emphasis on
antigen selection, antibody engineering, linker and payload innovation, site-specific con-
jugation, clinical translation, toxicity, resistance, and emerging data-driven approaches.
Methods: The review draws on the literature published from 2019 to the recent clinical
and regulatory developments relevant to approved and late-stage ADCs, emphasizing the
advances in target biology, antibody formats, linker chemistry, payload classes, conjuga-
tion technologies, developability assessment, and computational or artificial intelligence-
assisted design strategies. Results: ADC development has evolved with improved target
selection, enhanced internalization and tumor selectivity, and the use of engineered, bispe-
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Future progress will depend on improved standardization, biomarker-guided develop-
ment, and interdisciplinary approaches to enhance its therapeutic index and expand its
applications beyond oncology.

Keywords: antibody—drug conjugates (ADCs); linkers; payloads; conjugation technologies;
artificial intelligence; data-driven design; bispecific antibodies

1. Introduction

Antibody-drug conjugates (ADCs) have evolved from early proof of concept to con-
structs that have established themselves into a sophisticated and significant therapeutic
paradigm, especially in the field of oncology. Their advancement is indicative of a major
change in drug design, from broadly cytotoxic agents to rationally engineered biologics
that combines antigen selectivity, controlled intracellular drug release, and optimized and
improved pharmacokinetics [1].

First-generation ADC efficiency was hindered by heterogeneous conjugation, unstable
linkers, and a limited range of payloads, which hindered the effectiveness and increase
in off-target toxicity. In contrast, advancements in technologies and research have led to
an integrated design paradigm for modern ADCs where antigen biology, linker chemistry,
payload potency, antibody format, and conjugation sites are considered collectively rather
than individually. An integrated design strategy means that the antigen, antibody, linker,
payload, and conjugation method are selected to work together in a biologically and
chemically compatible way. ADC development now follows a systemic approach; each
design choice is made with the others in mind to maximize efficacy, improve stability, and
reduce toxicity. An example is the integrated design of trastuzumab deruxtecan, where
HER?2 targeting a stable but cleavable linker, a membrane-permeable topoisomerase I
payload, and a high yet controlled drug-to-antibody ratio are combined to produce strong
antitumor activity. This progress has been crucial in ADC growth from a narrow spectrum
of hematologic applications to an expanding spectrum of combination therapies and solid
tumor therapy [2].

The ADC field is currently evolving significantly in the nexus of chemistry, molec-
ular biology, pharmacology, and computational sciences, which serves as the scientific
justification for the present review. While existing reviews broadly capture separate as-
pects of computational modeling or clinical trials, a critical gap remains in synthesizing
how data-driven architectures translate directly to real-world toxicity mitigation. This
review specifically bridges that gap by synthesizing the literature from recent years into
a functional taxonomy and workflow mapping structural design parameters to clinical
outlays. Recent medicines have demonstrated that payload diversification and site-specific
conjugation may additionally enhance efficacy and tolerability. In fact, clinically success-
ful ADCs indicate that enhanced selection of targets and linker stability can translate
into significant therapeutic benefits [3]. New hurdles have developed by the complex
nature of these structures such as antigen heterogeneity, resistance mechanisms, interstitial
pulmonary disease, and eye injury, along with manufacturing problems related to the
product consistency.

These advancements are significant for scientific readers given that ADCs, as the
name suggests, are no longer best understood as a single drug class characterized solely
by cytotoxic delivery. Rather, they symbolize a platform technology wherein ongoing
advancement relies on improved predictive development pipelines and deeper mechanis-
tic knowledge [4]. Hand-in-hand with foundational principles established over the last
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decade—such as verifying high target expression levels, strong internalization rates, and
minimal expression on normal tissues to isolate tumor-associated signals—the field of
antibody engineering has rapidly progressed. The most significant point from previous
years is that identifying a specific antigen involves more than just finding tumor-associated
signals. It also entails choosing biologically appropriate target antigens having a high
expression level, strong internalization, and minimal expression on normal tissues. These
attributes assess whether an ADC has scope to minimize on-target/off-tumor adverse
effects while delivering the payload effectively to tumor cells [5]. Concurrently, the field of
antibody engineering has progressed. Bispecific (engineered to target two entirely distinct
surface antigens (e.g., co-targeting HER2 and TROP2) to overcome tumor heterogeneity and
antigen escape) and biparatopic (bpAbs) (engineered to simultaneously bind to two distinct,
non-overlapping epitopes on the same target antigen (e.g., targeting two separate domains
of the HER? receptor) drastically enhancing binding avidity and receptor internalization
velocities) antibody formats strengthen binding avidity, and help to address heterogeneous
antigen expression, while Fc-engineered and glyco-engineered antibodies can effect per-
formance and reduce non-specific interactions. In solid tumors, the major challenge is
tumor tissue penetration. However, emerging ADC formats such as antibody fragments
and nanobody-based formats may further improve tumor penetration and modify pharma-
cokinetic properties [6]. However, these alternative formats introduce distinct, non-trivial
clinical and structural tradeoffs. Fragment and nanobody-based constructs often suffer
from compromised pharmacokinetic profiles and abbreviated half-lives due to rapid renal
clearance, while bispecific architectures and dual-payload strategies drastically elevate
CMC (chemistry, manufacturing, and control) complexity, heighten immunogenicity risks,
and introduce severe regulatory hurdles during multi-component clinical validation.

Moreover, significant advancements have also been made in payload and linker
design chemistry. Cleavable linkers can support tumor or lysosome-specific release via
protease, pH, or redox-sensitive mechanisms, whereas non-cleavable linkers can improve
plasma stability and reduce premature payload release [7]. Beyond traditional microtubule
inhibitors, payload innovation has now expanded to include topoisomerase I inhibitors,
drugs that damage DNA, and early-stage non-cytotoxic payloads comprising immune
modulators and degraders. The potential to combat intratumoral heterogeneity as well
as resistance while maintaining controllable systemic toxicities renders dual-payload and
tunable-payload approaches more attractive. Overall, these developments demonstrate the
reasons why newly developed ADCs have produced a broader therapeutic impact than
their predecessors [8].

Conjugation chemistry is another important domain of development. Although con-
ventional lysine and cysteine conjugation techniques are frequently utilized, they often
result in heterogeneous combinations exhibiting variable drug-to-antibody ratios (DARs)
and concerns associated with hydrophobicity [9]. Conversely, site-specific conjugation
technologies like engineered cysteines, enzymatic conjugation, glycan modification, and
tag-based methods provide increased control over the conjugation site and DARs, which
potentially improves stability, pharmacokinetics, and therapeutic index. All these develop-
ments are significant for improving the durability and consistency of ADCs, qualities that
are becoming increasingly crucial [10].

Therefore, the purpose of this review article is to enhance the knowledge beyond
our previously published review [11], particularly focusing on ADC research published
primarily from 2019 to 2026. Its emphasis is on current applications of artificial intelli-
gence (Al), Al- and data-driven target discovery, antibody engineering, linker and payload
optimization, site-specific conjugation, clinical translation, toxicity management, and mech-
anisms of resistance. These approaches may encourage rational patient selection and dosing
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strategies, expedite the discovery process, and minimize late-stage attrition. In contrast
to a purely descriptive summary, the present article is intended to provide a design rule
framework for next-generation ADCs by integrating antigen biology, molecular architec-
ture, developability, computational prediction, and translational considerations. By linking
these elements, the review aims to offer a practical and conceptually organized basis for
rational ADC design and future clinical implementation.

2. Antigen Selection and Antibody Engineering in
Next-Generation ADCs

2.1. Refining Target Biology

Target selection has evolved from identifying highly expressed tumor antigens to
refining target biology to maximize therapeutic index. While early ADC development
largely prioritized target abundance, clinical experience has demonstrated that antigen
density alone is insufficient to predict efficacy. Instead, successful antigen targets exhibit a
combination of tumor-selective expression, efficient internalization, limited shedding, and
sustained surface availability, all of which influence intracellular payload delivery and anti-
tumor activity [12,13]. Beck et al. [12] emphasized that optimal ADC targets should display
high expression on malignant cells with minimal expression in normal tissues to reduce
on-target/ off-tumor toxicity, while also undergoing rapid receptor-mediated endocytosis to
facilitate lysosomal payload release. More recent analyses [13] have further highlighted the
importance of addressing biological barriers such as intratumoral heterogeneity, dynamic
antigen expression, and poor accessibility within solid tumors, which can limit uniform
drug delivery despite high target expression. Notably, the clinical success of trastuzumab
deruxtecan (I-DXd) in HER2-low breast cancer challenged the traditional assumption that
only highly overexpressed targets are suitable for ADC therapy. Its efficacy in tumors with
relatively low HER?2 expression demonstrated that factors such as efficient internalization,
a membrane-permeable payload, and a robust bystander effect can compensate for lower
antigen density, thereby expanding the pool of clinically actionable targets [13-15].

These target biology considerations also help explain differences in ADC performance
across disease settings. Hematologic malignancies have historically been more amenable to
ADC therapy because targets such as CD19, CD22, CD33, CD79b, and BCMA are readily ac-
cessible in circulation and often exhibit more homogeneous expression patterns, facilitating
efficient target engagement and payload delivery [12]. In contrast, solid tumors frequently
present dense stromal barriers, elevated interstitial pressure, and heterogeneous antigen
expression that limit ADC penetration and contribute to incomplete tumor coverage [13].
Furthermore, many solid tumor targets are tumor-associated rather than tumor-specific,
which increases the risk of on-target/off-tumor toxicity and reduces the therapeutic win-
dow of conventional cytotoxic ADCs. Consequently, refining target biology increasingly
involves evaluating not only antigen expression but also the biological context of the tumor
microenvironment. Accordingly, conventional ADCs may be preferred in tumors with
high antigen density, efficient internalization, and dependence on direct cytotoxic killing,
whereas immune-stimulating antibody conjugates (ISACs) may be advantageous in tumors
characterized by immune suppression, immune exclusion, or resistance to checkpoint
blockade. This concept is demonstrated by Y101S, an ISAC developed by Li et al. that
is derived from the TGF-f3 /PD-L1 bispecific antibody YM101 and engineered to activate
the STING pathway, thereby promoting innate and adaptive antitumor immunity while
reducing inflammatory off-target effects [16,17]. This approach highlights an important
design principle for next-generation conjugates: when genomic, transcriptomic, or spatial
profiling reveals enrichment of innate immune response pathways, immune exclusion, or
mechanisms associated with immunotherapy resistance, immune-activating conjugates
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may offer advantages over conventional ADCs that rely primarily on direct tumor cell
killing. Thus, target refinement is evolving beyond identifying surface antigens toward
selecting therapeutic modalities that align with the underlying biology of both the tumor
cells and their microenvironment, enabling more precise matching of ADC and ISAC plat-
forms to specific resistance mechanisms and disease states. Examples of antigen classes
and corresponding ADC mechanisms informed by these biological considerations are
summarized in Figure 1.
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Figure 1. The figure illustrates different types of tumor antigens and ADC mechanisms of action,
including comparative analysis of internalizing and non-internalizing pathways and relationship
between drug-to-antibody ratio (DAR), physicochemical properties, and ADC efficacy.
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2.2. Antibody Format Innovation

Antibodies are composed of different antibody binding fragments: Fabs and an Fc
fragment. The former is involved in antigen recognition, and the latter is instrumental in
recognition of a variety of Fc receptors which contribute to bioavailability regulation [12,18].
These receptors, therefore, are critical in immune modulation and carefully selecting or
engineering the Fc portion will result in improved ADCs. The first consideration in an-
tibody selection is the antibody subclass. There are four different subclasses related to
the type of immunoglobulin: IgGl1, IgG2, IgG3, and IgG4. The differentiating factor in
ADC design consideration is serum stability, with IgG1 obtaining the longest stability of
21 days [18]. IgG1 additionally displays higher affinity for activating FcYR than IgG2
and IgG4. As a result, IgG1 is used to activate receptors and IgG2 and IgG4 are used to
deactivate the immune system. IgG1 remains the most selected type of immunoglobulin
as an ADC backbone. This is supported by the clinical success of trastuzumab deruxte-
can (T-DXd), which has significantly improved survival outcomes in HER2-positive and
HER2-low breast cancer [14,15]. However, as discussed in Section 5.2, clinical toxicities
including interstitial lung disease highlight the need to balance potent antitumor activity
with safety considerations [19]. IgG2 and IgG4 backbones have limited clinical success.
IgG2-related designs are beneficial when the therapeutic mechanism relies primarily on
antigen-mediated internalization and payload delivery. Recently, the c-MET-directed ADC
SHR-1826 has entered phase 1 clinical trials [20]. However, the efficacy data remains to be
seen. Adoption of IgG2 ADCs for future development remains limited due to aggregation
of IgG2 molecules and greater conjugation heterogeneity, both of which create manufac-
turing and developability challenges [3]. Additionally, IgG4 designs reflect strategies
that prioritize targeted payload delivery over Antibody-Dependent Cellular Cytotoxicity
(ADCCQC)-driven antitumor effects. This is the case for inotuzumab ozogamicin [21]. As
previously mentioned, Fc engineering is another strategy to improve ADC properties.
Typically, this refers to antibody glycoengineering. One common method is to reduce the
amount of fucose in the Fc regions [12]. Increased affinity for FcY Rllla is observed due to
increased ADCC activity. Blenrep, a B-cell maturation antigen (BCMA)-directed antibody,
is a well-known example of Fc engineering. It has been recently reapproved in October
2025 in combination with bortezomib and dexamethasone for relapsed refractory multiple
myeloma [22].

Bispecific antibodies are an emerging strategy to increase efficacy of ADCs by binding
to two different antigens [23]. Bispecific antibodies are classified into two categories: IgG-
based and fragment-based. IgG-based antibodies contain an antigen recognition site and
an Fc fragment similar to native antibodies. In recent years, there have been significant
breakthroughs in IgG-based bispecific antibodies. New strategies have emerged in the
treatment of colorectal cancer which remains an increasing concern due to rising incidence
rates among young adults [24]. Specifically, one strategy is conjugating a ferroptosis inducer,
which is responsible for cell death through iron-dependent lipid peroxidation, to cell
adhesion molecule CDH17 and transmembrane receptor GUCY2C that are overexpressed
in colorectal cancer [25]. This study highlighted and implemented several important design
considerations for next-generation bispecific ADCs. Specifically, antibody valency and
binding-site architecture were shown to influence target engagement and internalization.
The authors demonstrated that an optimized 2 + 2 bispecific format enhances antibody
binding strength and payload delivery while minimizing steric hindrance. Overall, this
demonstrates that future bispecific ADC development will require careful antigen selection
as well as rational optimization of antibody geometry to maximize efficacy and minimize
off-target toxicity. IgG bispecific antibodies that are currently in phase III clinical trials can
be found in Table 1.
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Table 1. Summary of ADCs approved and in clinical trial.
Approved Antibody . Cytotoxic Payload and Lo
ADC Type ADC Year/Trial Phase Target Isotype Linker Type Mechanism DAR Key Indications NCT Number References
Re d Monomethyl auristatin F
Belantamab Mafodotin eapprove BCMA IgG1 Non-cleavable (MMAF); tubulin 4 R/RMM [26-29]
polymerization inhibitor
H 1
) ) Monomelhyl auristfitin E NCT06717347,
Zilovertamab Vedotin Phase 111 ROR1 1gG1 Cleavable (MMAE); tubulin 4 DLBCL, R/R DLBCL
oo e o NCT05139017
polymerization inhibitor
Monomethyl auristatin E .
Telisotuzumab Vedotin 2025 C-Met IgG1 Cleavable (MMAE); tubulin 3.1 la/ :YNSCLC with [30-32]
e 1 igh C-Met
polymerization inhibitor
ABBV- Adizutecan; NCT06614192,
400/ Telisotuzumab Phase ITT C-Met IgG1 Cleavable topoisomerase [ inlhibitor 6 mCRC, la/mNSCLC, NCT07155187, [33]
Adizutecan P NCT07005102
Datopotamab Deruxtecan (DXd); HR+ HER- mBC,
Deruxtecan 2025 TROP2 1gG1 Cleavable topoisomerase I inhibitor 4 EGFR-mutated NSCLC (3450
FDA018 Phase IIT TROP2 IgG1 Cleavable SN '381; ;;’Ei"gf;’;‘eme 7.6 la/r/mTNBC NCT06519370 13571
NCT06393374,
NCT06074588,
NCT07419295,
NCT06132958,
NCT07318558,
NCT06170788,
BC, TNBC, a/mNSCLC, NCT06952504,
MK- KL610023; Topoisomerase UG, EC, OC, ps/rFTC, NCT06841354,
2870/Sacituzumab Phase I1I TROP2 1gG1 Cleavable 1 . h'l‘;'t 74 ps/rPPC, ps/rOC, NCT06824467, [3,38,39]
Tirumotecan mhibttor HR+HER?2- la/mBC, NCT06312176,
r/mCC, a/mGEC, NCT06422143,
NCT06459180,
NCT07216703,
NCT06312137,
NCT06356311,
NCT06966700,
NCT06305754
Monomethyl auristatin F
ARX-788/ Anvatabart Phase 11/111 HER2 1gG1 Non-cleavable (MMAF); tubulin 19 HER2+BC NCT05426486 3]
Opadotin A
polymerization inhibitor
Monomethyl auristatin E
MRG002/ Trastuzumab X © NCT04924699,
Vedotin Phase 11T HER2 1gG1 Cleavable (MM:/\E)., tul.)uh.n. 3.8 la/mBC, a/mUC NCT05754853 [3]
polymerization inhibitor
Seco-duobamycin
SYD985/ Trastuzumab § . hydroxybenzamide-
Duocarmazine Phase 111 HER2 1gG1 Cleavable azaindole (seco-DUBA); 28 la/mBC NCT03262935 [3,40]
DNA alkylating agent
NCT07382687,
NCT05424835,
NCT06057610,
Solid Ta
olid Tumor HR+/HER2-BC, NCT06990503,
NCT06199973,
HER2+la/r/mBC, TNBC,
SHR- SHR9265; topoisomeras rEOV, OV, aCRC, NCT05814354,
A1811/Trastuzumab Phase ITI HER2 1gG1 Cleavable  topolsomerase 5.7 I NCT06123494, 131
1 inhibitor HER2+GC/GEJA,
Rezetecan NCT06828354,
la/mGC, la/mGEJA,
HER.NSCLC. NCT07111832,
’ NCT07196774,
NCT06430437,
NCT07118527,
NCT06126640,
P1003; topoisomerase NCT06265428,
BNT323/DB-1303 Phase 111 HER2 1gG1 Cleavable I’ . f\'b't 8 HER2+BC, mBC, EC NCT06018337, [3]
hibttor NCT06340568
. Monomethyl auristatin E
DP303¢/ Trastuzumab Phase IIT HER2 IgG1 Cleavable (MMAE); tubulin 2 HER2+aBC NCT06313086, )
Envedotin AR NCT05901935
polymerization inhibitor
Monomethyl auristatin F
F5-1502/Caxmotabart Phase IIT HER2 IgG1 Cleavable (MMAF); tubulin 2 la/mBC NCT05755048 [41,42]
Entudotin A
polymerization inhibitor
NCT06891833,
NCT06830889,
. . N HER2+BC, HER+ la/mBC, ’
BL-M07D1 Phase 11l HER2 IgG1 Cleavable Ed-04; topoisomerase 8 HER2-low r/mBC, NCT06316531, [43,44]
Tinhibitor NSCLC, GC/GEJA NCT07152405,
. ] NCT07178795,
NCT06957886
A166/Trastuzumab - avable Duo-5; tubulin 5
Botidotin Phase 11T HER2 1gG1 Cleavable polymerization inhibitor 2 HER+mBC NCT06968585 [41,42]
) . ) _— prOC, prFTC, prPPC, NCT07377643, -
1BI354 Phase 11T HER2 1gG1 Topoisomerase I inhibitor 8 HER+ mBC NCT06834672 [45]
Patritumab Deruxtecan (DXd); NCT05338970,
Deruxtecan Phase Ill HER3 15G1 Cleavable topoisomerase I inhibitor 8 la/mNSCLC, BC NCT07060807 8
ABT- Monomethyl auristatin F
414/Depatuxizumab Phase I EGFR 1gG1 Non-cleavable (MMAF); tubulin 3.8 GBM, GSM NCT02573324 [3]
Mafodotin polymerization inhibitor
Monomethyl auristatin E NCT05751512,
MRGOSZ ‘?ﬁf\"‘a“’g Phase IIT EGFR IgG1 Cleavable (MMAE); tubulin 38 SCCHN, r/mNPC NCT06976190 131
£ao polymerization inhibitor NCT07459296
NCT07442565,
JS-1; topoisomerase NSCLC, la/mNSCLC, NCT07376382,
SYS-6010 Phase ITT EGFR 1gG1 Cleavable /l irl::hii)itor s 8 ESCC, la/r/mESCC, NCT07251062, [44,46]
r/mBC NCT06927986,
NCT07417735
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Table 1. Cont.
Approved Antibody . Cytotoxic Payload and P
ADC Type ADC Year/Trial Phase Target Isotype Linker Type Mechanism DAR Key Indications NCT Number References
Raludotatug Deruxtecan (DXd);
Dertxtocar Phase I1/111 CDH6 1gG1 Cleavable topoisomerase T inhibitor 8 prOC, prFTC, prPPC NCT06161025 [3]
Deruxtecan (DXd); NCT06925737,
Ifinatamab Deruxtecan Phase III CD276 1gG1 Cleavable . erux ec“_“l it 4 a/mESCC, SCLC, mPC NCT06203210, [3,47]
opoisomerase I inhibitor NCT06644781
P1021; Topoisomerase I o
DB-1311/BNT324 Phase IIT CD276 IgG1 Cleavable o 6 mPC NCT07365995 [48,49]
MHB088C Phase 11 CD276 1gG1 Cleavable Topoisomerase I Inhibitor 4 SCLC NCT06954246 [44,49]
NCT06526624,
. NCT06498479,
HS- . i HS-9265; topoisomerase .
20093/ GSK5764227 Phase IIT CD276 IgG1 Cleavable A 4 SCLC, a/mNSCLC, OS Egggggigg, [49,50]
NCT07099898
AZDS  Pusitatug Phase I B7-H4 IgG1 Cleavable AZII70133; 8 EC NCT07044336 [49,51]
amrotecan topoisomerase I inhibitor
) NCT06855069,
HS- HS-9265; topoisomerase ¢ -
20089/GSK5733584 Phase 111 B7-H4 1gG1 Cleavable I inhibitor 6 pr/rEOC, rEC, prOC NCT07286331, [49,51,52]
Solid Tumor NCT07286266
Exatecan; topoisomerase NCT07166094,
Rinatabart Sesutecan Phase Il FRot IgG1 Cleavable ; i'n;\ﬁ;it;r ase 8 EC, rOC, prOC NCT07225270, 3]
NCT06619236
AZD5335 Phase III FRa IgG1 Cleavable AZMI70132; 8 prOC, prFTC, prPPC NCT07218809 53]
topoisomerase I inhibitor
LY4170156/Sofetabart Phase 11T FRo IgG1 Cleavable Exatecan; topoisomerase 8 prOC, psOC NCT07213804 [54]
Mipitecan Tinhibitor
21310/ Zodilurtatug Phase Il DLL3 IgG1 Cleavable Topoisomerase I inhibitor 8 scLC NCT07218146 55,561
Monomethyl auristatin E
SGN-PDLIV/PF- Phase IIT PD- IgG1 Cleavable (MMAE); tubulin B NSCLC NCTO07144280 57]
08046054 L1 S DU,
polymerization inhibitor
. Monomethyl auristatin E
SGN-B6/Sigvotatug . N . N NCT06758401, o
Vedotin Phase I ITGB6 1gG1 Cleavable (MMAE)., tul.)uh.nA 4 NSCLC NCT06012435 [3]
polymerization inhibitor
AZD0901/Sonesitatug Phase I ClDNIS? Gl Cleavable M"'(‘I‘\’A“;/TTEY)‘ quristatin £ . a/mGC, a/mGEJA, NCT06346392, 551
Vedotin ase - 8- cavable AL tubuin, a/mEAC NCT07431281
polymerization inhibitor
NCT06500026,
NCT06382129,
NCT06838273,
NCT06857175,
SCLC, NSCLC, NCT06382116,
Ed-04; topoisomerase EGFR-mutated NSCLC NCT06994195,
BL-B01D1 Phase 111 EGFRXHER3  IgGl Cleavable 7 topots 8 . oAt NCT06304974, [59-62]
L inhibitor UC, EOC, NPC,
HR+HER2- BC, TNBC NCTO06118333,
g NCT06382142,
NCT06343948,
Bispecific NCT07100080,
P NCT07106762,
NCT06926868
NCT06751485,
rEOC, HER2+ aBC .
- avable Deruxtecan (DXd); P! . g ’ NCT06846437, g
JSKNO003 Phase III HER2xHER2  1gGl Cleavable Topoisomerase 1 inhibitor 4 HER2+ aCI;(é, HER2-low NCTO7384377, [63-66]
NCT06079983
NCT07008976,
) - HER2+ aBC, HER2+ and NCT07003074, .
TQB 2102 Phase 111 HER2xHER2 1gG1 Cleavable Topoisomerase I Inhibitor 6 HER2-low r/mBC NCT07043725, [3,67,68]
NCT06561607

R/R: relapsed or refractory; la: locally advanced; r: recurrent; m: metastatic; pr: platinum resistant; ps: plat-
inum sensitive; a: advanced; HR: hormone receptor; BC: breast cancer; TNBC: triple-negative breast cancer;
MM: multiple myeloma; OC: ovarian cancer; EOC: epithelial ovarian cancer; EC: endometrial cancer;
FTC: fallopian tube cancer; PPC: primary peritoneal cancer; CC: cervical cancer; SCLC: small cell lung can-
cer; PC: prostate cancer; ESCC: esophageal squamous cell carcinoma; CRC: colorectal cancer; GC: gastric cancer;
GEC: gastroesophageal cancer; GEJA: gastroesophageal junction adenocarcinoma; EAC: esophageal adenocar-
cinoma; NSCLC: non-small cell lung cancer; GBM: glioblastoma; GSM: gliosarcoma; DLBCL: diffuse large
B-cell lymphoma; SCCHN: squamous cell carcinoma of the head and neck; NPC: nasopharyngeal carcinoma;
UC: urothelial cancer; OS: osteosarcoma.

2.3. Emerging Formats

Nanobodies can provide an alternative scaffold compared to monoclonal antibodies
and bispecific antibodies because of their small size, high stability, and ability to recognize
epitopes that may be less accessible to conventional IgG formats. Their low molecular
weight can improve tissue penetration and may support more homogenous tumor distri-
bution. Additionally, through genetic engineering, nanobodies have a higher expression
yield in bacterial systems, which can simplify the manufacturing process [69]. However,
these same properties can be a double-edged sword and present design liabilities for ADC
development. Unmodified nanobodies demonstrate rapid clearance, resulting in short
circulation times that may limit tumor exposure and intracellular payload delivery [69].
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To counteract this issue, nanobody-based therapeutics are investigating half-life extension
strategies. These include engineering methods targeting albumin binding domains [69-71],
fc fusions, PEGylation constructs [69,72] or multivalent constructs [69,73]. One issue with
these methods is that the risk of diminishing tissue penetration increases. These tradeoffs
are illustrated in clinical nanobody therapeutics. Caplacizumab, the first FDA-approved
nanobody therapeutic, demonstrated clinical efficacy in acquired thrombotic thrombocy-
topenic purpura but also highlighted the need to monitor anti-drug antibody formation,
with treatment-emergent antibodies detected in 3% of patients in the HERCULES trial [74].
Conversely, Ozoralizumab was specifically engineered with a human serum albumin bind-
ing domain to overcome rapid clearance, extending its plasma half-life to approximately
18 days and enabling once-monthly dosing in patients with rheumatoid arthritis [75].
Therefore, successful nanobody—drug conjugates will require careful optimization of tissue
penetration, circulation half-life, renal exposure, payload potency, target-mediated inter-
nalization, and other factors rather than relying solely on the intrinsic advantages of the
nanobody scaffold.

3. Linker and Payload Innovation to Optimize Therapeutic Index

The therapeutic index of an ADC is determined not by its cytotoxic payload alone, but
by the precision with which that payload is released within the tumor microenvironment
and withheld from healthy tissue. Conventional ADCs were constrained by binary linker
logic, making them stable in blood circulation and liable at the target. This strategy has en-
abled the development of several clinically successful ADCs. However, limitations remain
due to factors such as intratumoral heterogeneity, variable antigen expression, differences
in intracellular processing, and the pharmacokinetic complexity of systemic distribution.
In recent years, the ADC field has made significant progress through the incorporation
of combinatorial conjugation techniques, payload class diversification, and innovation
in linker chemistry (Figure 1) [76,77]. These advances are intended to address biological
barriers such as intratumoral heterogeneity and may improve the therapeutic window in
selected disease settings. Therefore, ADC development is increasingly moving beyond
optimization of individual components towards consideration of how target biology, linker
stability, payload mechanism, and bystander activity collectively influence therapeutic
performance. This integrated strategy has emerged as an important design consideration
for next-generation ADCs. However, the optimal combination of these features remains de-
pendent on the biological context of each disease indication. The functional and structural
core of ADC design continues to be the linker. Cleavable linkers are designed to exploit
physicochemical differences between the tumor microenvironment and systemic circula-
tion, such as, lysosomal acidification (pH 4.5-5.0), enzymatically liable linkages, heightened
cathepsin B and cathepsin L protease activity, and elevated intracellular glutathione levels
in solid tumors, [78,79]. Disulfide-based systems, hydrazone bonds, and valine—citrulline
dipeptide (Val-Cit) linkers are designed to leverage at least one of these gradients, resulting
in varying selectivity and release kinetics. One important consequence of many cleavable
linker designs is the potential for a controlled bystander effect. Free payload can diffuse
across cell membranes to eradicate nearby antigen-negative tumor cells. This attribute is
clearly advantageous in heterogeneous tumors but is potentially harmful in normal tissues
exhibiting low antigen expression [78,80] (Figure 2).
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Succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) is an exam-

ple of non-cleavable linkers used in the synthesis of ado-trastuzumab emtansine (T-DM1),
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which results in charged, membrane-impermeant catabolites that limit payload action
to antigen-positive cells. This leads to a decrease in off-target diffusion. However, it
negatively impacts bystander coverage [81]. The clinical differences between T-DM1 and
trastuzumab deruxtecan (T-DXd), which incorporates a topoisomerase I inhibitor payload
with a strong bystander effect and a tetrapeptide-based cleavable linker, demonstrate how
linker selection directly contributes to varying levels of therapeutic efficacy across different
expressions of the HER2 gene [14]. The clinical differences between T-DM1 and T-DXd
illustrate an important design tradeoff in linker selection. A strong bystander effect may be
advantageous in tumors with heterogeneous antigen expression because payload diffusion
can eliminate neighboring antigen-negative cells that would otherwise escape treatment.
However, increased payload permeability may also increase exposure of normal tissues
to cytotoxic metabolites, potentially narrowing the therapeutic window. For example,
the superior efficacy of T-DXd in HER2-low tumors has been partially attributed to its
membrane-permeable payload and bystander activity, although the relationship between
enhanced payload diffusion and toxicities such as interstitial lung disease remains an active
area of investigation [14,19]. Therefore, the optimal degree of bystander activity is likely to
vary according to tumor biology rather than being universally beneficial.

Diversification of payloads has significantly expanded the therapeutic potential of
ADCs. First-generation ADC payloads such as maytansinoids and auristatins, which func-
tion as microtubule inhibitors, established clinical proof of concept. However, these pay-
loads are associated with several limitations, including elevated susceptibility to multi-drug
resistance through P-glycoprotein-mediated efflux, limited activity in non-proliferating
cells, and relatively narrow therapeutic windows [82]. Consequently, recent ADC develop-
ment has increasingly incorporated camptothecin-derived DNA topoisomerase I inhibitors
such as the DXd payload incorporated into trastuzumab deruxtecan and Datopotamab
deruxtecan [83].

These payloads maintain their function against MDR-phenotype cells, exhibit mem-
brane permeability that contributes to bystander killing, and demonstrate strong cytotoxic-
ity at sub-nanomolar concentrations. These characteristics have contributed to improved
clinical efficacy in several heavily pretreated solid tumor populations [84]. However, in-
creased membrane permeability and bystander activity may also contribute to overall
toxicity. For example, trastuzumab deruxtecan and Datopotamab deruxtecan have been
associated with interstitial lung disease (ILD) and pneumonitis, highlighting the impor-
tance of balancing efficacy with safety during payload selection. DNA-damaging payloads,
including duocarmycin derivatives and pyrrolobenzodiazepine (PBD) dimers, represent
another highly potent payload class. Although these agents demonstrate picomolar cyto-
toxicity, their clinical development has been limited by narrow therapeutic windows and
significant systemic toxicities, including hematologic and pulmonary adverse events [76].
Several PBD-containing ADCs demonstrated promising preclinical activity but experienced
safety-related challenges during clinical development, suggesting that increased payload
potency alone is insufficient to ensure clinical success.

In addition to conventional cytotoxic payloads, a paradigm change in favor of non-
cytotoxic payloads is currently taking place. Proteolysis-targeting chimeras (PROTACS),
stimulator of interferon genes (STING) pathway activators, and toll-like receptor agonists
are currently being attached to antibodies with the goal of inducing targeted protein
degradation or reprogramming the tumor microenvironment, respectively, in lieu of the
systemic immunosuppression that results with traditional cytotoxic payloads [85].

The development of ADC architecture that may concurrently handle intratumoral
antigen heterogeneity and acquired resistance without proportionately increasing systemic
toxicity is perhaps the field’s most critical clinical concern. In preclinical models, dual-
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payload ADCs combine two different cytotoxic agents on a single antibody scaffold, which
shows synergistic antitumor activity and is less likely to develop resistance in comparison
to monotherapy [86].

Ren et al. have investigated a novel dual-payload ADC platform that combines
Exatecan (topoisomerase I inhibitor) and Triptolide (RNA polymerase II inhibitor) to
improve antitumor efficacy and overcome resistance in cancer patients [87]. Through site-
specific conjugation using sortase-mediated ligation (SML), the authors achieved precise
stoichiometric control for dual-payload loading. SML is a specific, enzymatic protein
engineering method that links antibodies with site-specific proteins, peptides, or synthetic
molecules through recognition of the LPETG motif by sortase A (often from S. aureus) [88].
This has drastically improved heterogenous DAR to uniform distribution. However, dual-
payload ADCs also introduce additional challenges in manufacturing and characterization.
Precise control of payload stoichiometry, conjugation site occupancy, and DAR distribution
must be maintained throughout production, while the presence of two distinct payloads
increases the complexity of analytical characterization and batch-to-batch consistency
assessments [87,89]. Additionally, tunable-payload strategies, in which the ratio of two
payloads is adjusted to address specific resistance mechanisms, may complicate process
standardization and quality control because different payload combinations could require
independent optimization and validation [89]. Therefore, although dual-payload and
tunable-payload ADCs have demonstrated promising preclinical activity against tumor
heterogeneity and resistance, their translation into large-scale clinical manufacturing and
regulatory development remains to be established [89].

Critical gaps continue to exist at multiple levels. The degree to which site-of-release
fidelity is compromised by cathepsin expression heterogeneity within a tumor mass has
not been systematically measured clinically, and the factors influencing differential linker
cleavage efficiency across tumor types and individual patients are not fully understood.
Despite its conceptual appeal, the immunomodulatory payload domain lacks confirmed
pharmacodynamic biomarkers which would make it possible for logical selection of patients.
Furthermore, the long-term effects of chronic low-level bystander cytotoxicity on tumor-
adjacent healthy tissues remain poorly understood, particularly in visceral organs and the
central nervous system. Addressing these questions will likely require integrated preclinical
and clinical platforms that combine longitudinal PK/PD modeling with spatially resolved
tumor profiling. Emerging data-driven approaches, including machine learning models
trained on multi-omics, imaging, and clinical datasets, may further improve prediction
of linker cleavage, payload distribution, treatment response, and toxicity across diverse
patient populations. Therefore, integrating computational modeling with experimental
and clinical data may help transform linker-payload optimization from a largely empirical
process into a more predictive and biologically informed design strategy.

4. Conjugation Technologies, DAR Control, and Developability
4.1. Conventional Lysine/Cysteine Conjugation

Traditionally, ADC conjugation has been accomplished through various lysine and
cysteine residues on the antibody (Figure 3). Lysine residues contain highly nucleophilic
NH,; groups at neutral pH solution allowing for easy attachment via SN2 reactions. Because
there are many solvent-exposed lysine residues, selectivity remains challenging. This lack
of selectivity has a wide range of adverse effects including reduced efficacy and toxicity
concerns. The mechanism of cysteine conjugation involves the reduction in interchain
disulfides bonds to expose free thiol groups [9]. Cysteine conjugation is more selective
than lysine conjugation, and as a result, heterogeneity is decreased, typically yielding a
DAR of approximately 2 to 8 payloads [90]. Among conjugation strategies for cysteine
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residues, maleimide conjugation remains the preferred choice due to high yields and
favorable conditions [9]. However, there are certain drawbacks of using this moiety,
namely retro-Michael instability which can reduce safety of the ADC [91]. Further chemical
modifications have been investigated to negate these drawbacks but are beyond the scope
of this review [92-95].
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Figure 3. Evolution of ADC conjugation strategies. From traditional to site-specific methods. Tradi-
tional methods typically focus on stochastic conjugation to lysine or cysteine residues, often resulting
in heterogeneous mixtures. Next-generation methods (site-specific) utilize technologies such as enzy-
matic conjugation, unnatural amino acid incorporation, or engineered cysteine residues to achieve
precise drug-to-antibody ratios (DARs) and improved homogeneity.

4.2. Site-Specific Conjugation Platforms

Recent trends and methods have been evolving to site-specific conjugation platforms
for lysine and cysteine residues (Figure 3). One specific method is template-directed and has
been used extensively to target lysine residues [96]. The templates use Fc-binding peptide
or affinity ligands which allow positioning and non-covalent binding of moieties to specific
lysine residues. The most targeted lysine residues are K248 and K288 [97-99], which provide
specific structural advantages by preserving antigen binding due to their location in the Fc
domain. Additionally, K248 conjugation demonstrated a wider therapeutic index compared
to FDA-approved Kadcyla, and overall, template-directed methods targeting these lysine
residues maintain homogenous DARs, resulting in better PK/PD properties [99]. Cysteine
residues have also been subjected to site-specific conjugation. This involves engineering
of an amino acid to a cysteine by means of site-directed mutagenesis or vector insertion
into the light or heavy chain sequence of an antibody [90]. The most common technology
is known as THIOMAB [100]. Site selection is based on numerous factors [92] and often
brings about issues regarding ADC preparation. For example, the free thiol is exposed from
engineered cysteines via partial reduction and reoxidation. This can lead to overoxidation,
and improper protein folding caused by reforming disulfide bonds. However, Liao et al.
report a one-pot synthesis strategy for negating these unintended consequences that is used
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to produce two cysteine mutant antibodies in the light or heavy antibody chain (LC214
and HC220). This technology is just one example of improving homogenous DARs and the
therapeutic index [101].

Although site-specific conjugation improves control of DAR and reduces product
heterogeneity, it remains unclear how much these improvements contribute to clinical
outcomes. Several approved ADCs, including trastuzumab emtansine, trastuzumab derux-
tecan, and sacituzumab govitecan, utilize conventional conjugation strategies and have
demonstrated significant clinical benefit [15,82,102-104]. These examples suggest that
homogenous DAR distributions alone are insufficient to determine ADC efficacy. Instead,
ADC performance is influenced by multiple factors including target selection, payload
potency, linker stability, pharmacokinetics, and tumor biology [105]. Therefore, the advan-
tages of site-specific conjugation must be weighed against the additional manufacturing and
analytical complexity required to produce these constructs. Site-specific approaches may
be most beneficial for ADCs containing highly potent payloads or those with narrow thera-
peutic windows where tighter control of drug loading could improve the therapeutic index.
While site-specific conjugation consistently improves product quality attributes [96,100,106],
additional clinical experience is needed to determine whether these improvements translate
into meaningful therapeutic advantages over optimized stochastic conjugation strategies.

4.3. Developability Considerations

ADC design challenges also extend beyond target selection and conjugation into de-
velopability and formulation. Unlike unconjugated antibodies, the developability of ADCs
is influenced by the combined properties of the antibody, linker, payload, conjugation site,
and DAR [107]. Homogeneity is needed for ADCs to show improved stability and better
formulation. Therefore, homogeneity should not only be considered in terms of antibody
purity, but also the distribution of DAR species, unconjugated antibody;, free payload, and
batch-to-batch reproducibility [107]. Heterogeneous DAR distributions can complicate
analytical characterization and generate ADC populations with different pharmacokinetic,
efficacy, and safety profiles.

Stability and solubility are closely related considerations because conjugation often
introduces hydrophobic linker-payload structures. Increased hydrophobicity has been
associated with protein aggregation, reduced solubility, and decreased conformational
stability. For example, Hobson et al., [108] demonstrate that optimizing linker-payload
chemistry directly impacts subcutaneous dosing by altering solution stability (including
viscosity, solubility, melting temperature, hydrophobicity). Likewise, the incorporation
of hydrophilic linker elements such as PEG or sulfonate groups can improve solubility
and pharmacokinetic properties [109]. However, these modifications may also influence
payload release, potency, and manufacturability.

Formulation presents additional challenges for ADC development. Many approved
ADCs are supplied as lyophilized products because liquid formulations may be susceptible
to aggregation, payload degradation, and long-term stability issues. Additionally, stability
following dilution must be evaluated because adsorption losses and particle formation
can affect product quality, particularly at low concentrations [110]. These challenges
become increasingly important for high-concentration and subcutaneous formulations
where viscosity and solubility may limit product development.

5. Clinical Translation, Toxicity Management, and Resistance
5.1. Evolving Clinical Landscape

Recent regulatory approval by the FDA and EMA have expanded the utilization of
ADCs in the oncology field including both hematologic malignancies and solid tumors,
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transitioning and upgrading them from niche salvage therapies to critical treatments [3].
However, this clinical expansion is marked by significant heterogeneity; therapeutic ben-
efit varies drastically based on target antigen density, tumor microenvironment factors,
and intrinsic resistance mechanisms across different tumor types and lines of therapy.
Furthermore, widespread clinical integration faces severe global access disparities driven
by high manufacturing complexity and prohibitive treatment costs, frequently confining
these therapeutics to resource-rich settings. Earlier ADCs targeting CD33, CD22, CD79b,
BCMA, and CD19 are efficacious, and they are continuing to show success in blood cancers.
Newer ADC constructs against HER2, TROP2, Nectin-4, FRx, and emerging antigens like
B7-H3 and CDH6 have demonstrated improved efficacy in breast, lung, urothelial, ovarian,
and other epithelial cancers, even amid antigen heterogeneity [111-113]. For instance,
Sacituzumab govitecan (IMMU-132) is reshaping treatment algorithms for metastatic triple-
negative breast cancer, while trastuzumab deruxtecan (T-DXd; DS-8201) has moved into
HER2-low breast cancer maintenance post-neoadjuvant therapy. This expansion aligns
with critical changes toward frontline and adjuvant settings [15,102]. T-DXd comprises
a tumor-selective cleavable tetrapeptide linker that binds trastuzumab to deruxtecan, a
strong topoisomerase-I inhibitor payload. This payload has a high DAR = 8, is membrane-
permeable, and has strong negative effects on nearby heterogeneous or HER2-low cancer
cells. The key DESTINY-Breast03 trial indicated that T-DXd is significantly superior to
T-DM1 for patients with prior therapy for HER2-positive metastatic breast cancer, with
a median survival rate of 28.8 months in comparison to 6.8 in T-DM1. This remarkable
development has once again lifted the benchmark for HER2-targeting second-line treat-
ment [103]. Despite raising this benchmark, T-DXd’s real-world deployment requires strict
vigilance due to severe class-related toxicities. In particular, the risk of drug-induced
interstitial lung disease (ILD)/pneumonitis—which can be fatal if unrecognized—and
high hematologic toxicity (e.g., neutropenia) substantially shape its clinical monitoring
protocols, necessitating routine CT surveillance and proactive dose modifications. Simi-
larly, sacituzumab govitecan incorporates a hydrolysable cleavable linker that connects a
humanized anti-TROP-2 monoclonal antibody to the topoisomerase-I inhibitor SN-38 (the
active metabolite of irinotecan).

A growing body of research demonstrates that evaluating these agents within com-
bination treatment regimens will further accelerate this evolution. Specifically, trials for
HER2-positive and other solid tumors are investigating combination therapies that pair
ADCs with PARP inhibitors, immune checkpoint inhibitors, or chemotherapeutic agents.
Notably, ADCs such as Enfortumab vedotin (anti-Nectin-4) have been combined with
anti-PD-L1 (Atezolizumab) and anti-PD-1 (Pembrolizumab) antibodies, while regimens
involving T-DM1 (trastuzumab emtansine) with anti-CTLA-4 (Ipilimumab) or with pa-
clitaxel are being explored to enhance therapeutic response and overcome resistance to
immunotherapy in solid tumors. A potential treatment option for patients with metastatic
or resistant TNBC is sacituzumab govitecan with cisplatin, which has been proven in clini-
cal trials to dramatically enhance ORR and PFS [104]. Mechanistically, these combinations
leverage biological synergy: pairing ADCs with checkpoint inhibitors utilizes payload-
induced immunogenic cell death (ICD) to recruit T-cells into the tumor microenvironment
(turning “cold” tumors “hot”), while combinations with PARP inhibitors yield catastrophic
DNA double-strand breaks when coupled with topoisomerase or alkylating payloads.
However, key translational questions remain as to which combinations are most promising.
Current biomarker strategies remain limited to baseline antigen expression rather than
dynamic microenvironmental indicators. Furthermore, these regimens face major design
and clinical hurdles, including overlapping hematologic or gastrointestinal toxicities, com-
plex sequencing dilemmas (concurrent vs. sequential deployment post-resistance), and
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compounded financial strain. As a result of these advancements, ADCs are now positioned
as platform therapeutics compared to line-specific interventions, and ongoing studies are
examining their potential in perioperative and minimal residual disease settings.

5.2. Toxicity Framework

ADC toxicities require structured treatment leveraging the on-target, off-tumor versus
off-target dichotomy, despite being better than first-generation designs of ADCs. Hepato-
toxicity driven by calicheamicin catabolites in gemtuzumab ozogamicin is an example of
an off-target event. Conversely, on-target, off-tumor effects result from physiologic antigen
expression, such as TROP2 in lung and intestinal epithelia, causing gastrointestinal distress
with sacituzumab govitecan [114]. Across all ADC classes, one of the common adverse
effects is an increase in hepatic enzyme, which is often considered for prompting baseline
liver-function assessment to monitor drug induced liver toxicity. Dose holds are generally
advised for Grade 2 or higher elevations in alanine aminotransferase (ALT) or aspartate
aminotransferase (AST), particularly when accompanied by elevated bilirubin [115]. Agents
such as mirvetuximab soravtansine (MIRV), and belantamab mafodotin are associated with
ocular adverse events, including keratopathy and dry eyes, which require routine slit-lamp
exams and artificial tears. High-resolution CT surveillance and prompt steroid therapy are
necessary for suspected cases of interstitial lung disease, a potentially lethal side effect of
topoisomerase I inhibitor ADCs such as trastuzumab deruxtecan [19].

Hematological suppression, neutropenia, and thrombocytopenia are common and
often dose-limiting adverse events associated with nearly all ADCs. The toxicity pro-
file often relates directly to the payload component (e.g., MMAE, SN-38, Dxd) causing
off-target effects or premature release. Effective management strategies, that are often
implemented by multidisciplinary teams, have transformed these manageable AEs into
controlled aspects of care, preventing treatment discontinuation and optimizing dose in-
tensity. Myelosuppression affects nearly all ADCs and is mitigated through granulocyte
colony-stimulating factor (G-CSF) prophylaxis, strict transfusion thresholds, and schedule
extensions from a 3-week (Q3W) to a 4-week (Q4W) cycle, which provides more time for
bone marrow recovery, reducing the severity of cumulative cytopenia. Evidence-based
protocols incorporating risk-adapted dosing, multidisciplinary monitoring, and patient
education have transformed manageable adverse events into controlled aspects of ADC
therapy. To successfully transition from empirical management (such as dose holds and
CT surveillance) to design-driven improvement, clinical toxicities must be systematically
mapped directly back to architectural design choices (linker stability, payload properties,
and DAR configurations) (Table 2).

Table 2. This mapping yields explicit engineering rules to guide next-generation development.

ADC Component/ Associated Clinical Underlying Mechanical Proposed Design Rule
Design Choice Adverse Event (AE) Driver/Design Gap for Mitigation
High DAR (>8) + High systemic exposure Optimize linker stability
Cleavable Linker + Interstitial Lung Disease caused by bystar}der km.e.t ics or utilize o
Lipophilic Payload (ILD), Pneumonitis payload leakage into hydrophilic payloads to limit
(e.., T-DXd) highly vascularized non-specific pulmonary
& alveolar spaces. tissue penetration.
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Table 2. Cont.
ADC Component/ Associated Clinical Underlying Mechanical Proposed Design Rule
Design Choice Adverse Event (AE) Driver/Design Gap for Mitigation
Premature systemic decon- si];::él—lspl(e)Zif}ilclgc}cl)lny'sta;ég;l
High DAR + Microtubule . jugation/detachment of P OTHE
o Peripheral Neuropathy, . . technologies (e.g.,
Inhibitors (e.g., MMAE/ . the payload disrupting A
. Neutropenia X . : THIOMARB) to minimize
Vedotin constructs) microtubules in peripheral off-tareet free
nerves and bone marrow. & .
payload circulation.
Non-specific uptake of the Er;%gf:é?gi:;ﬁzgl,}y
. Ocular Toxicities circulating ADC or free o
Maytansinoid Payloads 4 antibodies (Pro-ADCs) that
(e.g., DM4) (Keratopathy/ payload into corneal selectively unmask within
& Blurred Vision) epithelial cells via y

the protease-rich

Macropinocytosis. . .
tumor microenvironment.

5.3. Mechanisms of Resistance and Current Solutions

One of the major limitations of ADC-based therapy is the development of resis-
tance [116], which can emerge at multiple points across the delivery cascade. First, antigen
modification decreases its binding affinity, as observed in HER2-loss post-trastuzumab
deruxtecan therapy. Second, trafficking defects that export intact ADCs extracellularly or
trap them in non-lysosomal compartments and lysosomal hypoacidification hinder effi-
cient payload release [117]. Third, an increase in efflux of membrane-permeable payloads
via multi-drug resistance 1 (MDR1/ABC transporters) reduces cytotoxicity and leads to
acquired resistance. In addition, resistance issues are exacerbated by tumor heterogeneity,
where antigen-low clones predominate the tumor due to selection pressure (Figure 4A).
To overcomes these issues, a few possible solutions have been utilized which includes
development of bispecific ADCs that potentially targets dual epitopes (e.g., HER2/HER3)
or antigens (e.g., EpCAM/CDH17), protect against single-target escape, and restore avid-
ity and internalization, specially to antigen-low tumor areas [118]. A similar approach
involves dual-payload designs that combines microtubule and topoisomerase inhibitors,
which have demonstrated synergetic activity against heterogeneous xenografts and the
ability to overcomes payload-specific resistance in preclinical models. Further, modulating
the tumor microenvironment through combination therapies represents a highly promis-
ing avenue. In particular, PARP or EGFR inhibitors can limit DNA repair or circumvent
signaling in sensitized tumors, whereas PD-1 inhibition may encourage T-cell infiltration
after ADC-mediated payload release. Finally, sequential strategies such as ADC priming
prior to CAR-T therapy help in improving outcomes by lowering antigen-dense tumor
populations. Collectively, these strategies in combination increase ADC durability and
efficacy in comparison to monotherapy [119,120].

To circumvent resistance mechanisms like antigen escape or efflux pump upregulation,
several next-generation strategies are actively being pursued, though their developmental
maturity varies significantly. (i) Clinically validated strategies: sequential ADC utilization
(e.g., utilizing a Topo-I inhibitor ADC following a microtubule-inhibitor ADC) and targeting
altered trafficking pathways have demonstrated real-world efficacy in breast and urothelial
cohorts. (ii) Preclinical and early-phase concepts: bispecific ADCs (targeting two distinct
antigens simultaneously to prevent antigen loss) and dual-payload ADCs (co-delivering
synergistic payloads to prevent clonal resistance) remain largely speculative, currently
confined to preclinical validation or early phase I trials.
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Figure 4. (A) Multidimensional mechanisms of tumor resistance to antibody-drug conjugates.

(B) Integrating artificial intelligence (AI) into the ADC development cycle: from target identification
to clinical success. Als accelerate ADC development by predicting optimal targets and simulating
complex molecular interactions between the antibody, linker, and payload. These models streamline
design, improve therapeutic index, and identify resistance biomarkers to guide more precise clinical
applications.

The translation of these advanced formats is severely restricted by heightened manu-
facturing complexity, soaring development costs, and unpredictable, cumulative systemic
toxicities arising from multi-payload or multi-target off-tumor interactions.

6. Artificial Intelligence and Computational Technologies in
ADC Research

6.1. Target Discovery and Antibody Design

Artificial intelligence (Al) integrates multi-omics datasets including transcriptomics,
proteomics, metabolomics, and digital pathology to identify ADC targets. By evaluating
tumor-to-normal expression ratios, machine learning algorithms can rapidly screen for
highly tumor-enriched, internalizing antigens [121]. For instance, Fang et al. developed in
silico platforms to identify 75 surface proteins, by using an ADC target atlas that includes
an algorithm which screens transcriptomic, proteomic, and genomic data against safety and
internalization criteria across 19 solid tumor types [122]. Likewise, Al-driven platforms that
use tissue microarray confirmation of computational prioritization scores have validated
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NECTIN4 and HER? as high-priority targets in urothelial carcinoma [123]. Structure-based
antibody engineering employs protein language models (DeepAb, Ig-VAE) and docking
techniques to optimize paratope geometry, CDR-H3 loop diversity, and bispecific chain
pairing for dual-targeting ADCs [124]. Quantifiably, these computational target discovery
platforms have compressed the candidate antigen selection timeline from years to months,
while protein language models routinely yield a 2- to 3-fold improvement in experimental
screening hit rates compared to traditional empirical workflows, as validated by prospective
internal screening metrics.

Al-based research, including colocalization and high-content imaging data analysis,
enables the identification of promising internalizing antibodies that exhibit strong tumor
killing activity in functional assays and has potential to develop into full-length IgGs. This
information has shifted from empirical-based screening towards design-build-test-learn
(DBTL) cycles [124,125]. Advancements in artificial intelligence (AI) employing the DBTL
framework replace slow, empirical screening with predictive, iterative optimization, fun-
damentally transforming and accelerating ADC development. Moreover, it can opti-
mize antibody affinity, predict linker stability, and screens potential payloads, thereby
reducing development times and improving ADC therapeutic windows against various
cancers (Figure 4B). Crucially, whereas traditional DBTL workflows apply these steps
in a linear, stepwise fashion, Al provides a distinct framework by uniquely accelerat-
ing the “Learn-to-Design” transition. Rather than discarding failed candidate data, ac-
tive learning loops ingest negative experimental assay results to dynamically map multi-
parameter design rules, effectively preventing downstream developability bottlenecks in
subsequent iterations.

6.2. In Silico Optimization of ADC Components

Machine learning models’ algorithms have helped in guiding cleavable vs. non-
cleavable linker selection, predicted linker cleavage kinetics under serum condition, lysoso-
mal environment, and tumor microenvironmental condition [80,124]. In addition, quan-
tum chemical-informed neural networks (CNN)s and graph-based models can compute
payload—antibody compatibility, conjugation site effects on binding affinity, and DAR-
dependent hydrophobicity [121]. In HER2-targeted ADCs for breast cancer, deep learning
models trained on antibody—antigen complex structure have been used to identify optimal
site-specific cysteine conjugation sites. This computational approach ensures maximum
receptor binding affinity while minimizing intracellular degradation and improving overall
structural stability. Notably, these deep learning models are increasingly being used to
computationally guide optimal site-specific conjugation chemistry. By predicting precise
geometric coordinates, these models complement—rather than replace—established, tradi-
tional site-specific engineering platforms such as engineered cysteine ADCs or THIOMAB
technology (a long-standing, non-Al platform). This hybrid computational-biochemical ap-
proach guarantees that a cytotoxic payload conjugates at predetermined, partially solvent-
accessible locations, such as engineered cysteines (e.g., LC-V205C, HC-A114C) [9,126].
Further, Arsiwala et al. explained about Ginkgo’s PROPHET-Ab platform, which tests 246
antibodies (106 approved, 135 clinical-stage) across 10 developability assays (PI, aggrega-
tion, stability, expression, etc.). However, several critical constraints must be acknowledged
within this “data-driven” design narrative. First, there is an acute scarcity of labeled, pub-
lic, ADC-specific datasets, forcing models to rely heavily on general antibody sequences.
Second, a severe domain shift exists between simplified in vitro high-throughput screening
data and the highly complex physiological microenvironments of actual human patients.
Finally, training highly parameterized algorithms on small, restricted datasets introduces
a high risk of model overfitting, which can result in severe in vivo performance devia-
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tions during prospective preclinical validation. This platform was specifically designed
to generate datasets for AI/ML model training, which enables data generation at the
scale necessary to build more advanced and effective ML models to predict antibody
developability [127]. These methods speed up optimization while preventing late-stage de-
velopability problems by reducing the design space from thousands of variants to dozens of
high-confidence possibilities.

6.3. Model-Informed and Al-Assisted Clinical Development

Quantitative systems pharmacology (QSP) and physiologically based pharmacokinetic
(PBPK) models predict ADC exposure-response relationships by integrating target expres-
sion, internalization rates, payload bystander effects, and organ-specific toxicities [128].
Additionally, a mechanistic minimal PBPK (mPBPK) model that compares payloads and
bystander effects can accurately predict first-in-human dosing, as demonstrated for lon-
castuximab tesirine. However, while first-in-human scaling represents a well-validated
application of PBPK modeling, other complex endpoints remain exploratory. For instance,
using these models to predict risk-stratified ILD for DXd-based ADCs remains an aspira-
tional framework under active optimization. Prior to clinical testing, virtual patient cohorts
model combination synergies, dose—schedule tradeoffs, and adaptive trial designs [129]. In
addition to this, Al decision-support technologies utilize data from the real world for pre-
dicting toxicity such as interstitial lung disease, ocular, hematologic, assist in risk-adapted
regimens and biomarker-enriched enrollment [130]. While promising, these tools currently
serve as methods for clinical hypothesis generation rather than an established standard of
care. Reinforcement learning frameworks model tumor debulking and microenvironmental
changes after payload release to optimize sequencing (ADC — CAR-T, ADC — PD1).
These methods transformed empirical escalation into predictive clinical translation, sup-
porting trastuzumab deruxtecan dose decisions, and are currently directing next-generation
bispecific ADC combos [131].

7. Conclusions and Outlook

It is anticipated that fourth-generation ADCs would emerge using an integrative de-
sign methodology that optimizes conjugation technique, computational prediction, linker-
payload chemistry, antigen biology, and antibody format concurrently instead of separately.
Specifically, this fourth generation is defined by three distinct criteria that differentiate it
from current clinical paradigms: (i) mandatory, structure-guided Al integration to predict
multi-parameter developability, (ii) the routine integration of standardized PBPK/QSP
pipelines to simulate human translational behavior before phase I trials, and (iii) a shift-
ing dominance from traditional cytotoxic payloads to non-cytotoxic, targeted therapeutic
modalities. The most promising ADCs are expected to combine tumor-specific antigen
expression, efficient cellular internalization, and a payload release mechanism that main-
tains systemic stability despite facilitating intracellular activation. Additionally, Al-enabled
assessments are being applied more often to evaluate pharmacokinetic conduct, model
developability liabilities, and prioritize targets with the goal to reduce the time between con-
cept to candidate selection. These strategies are particularly crucial for ADCs because slight
modifications to the conjugation site, drug-to-antibody ratio, or payload hydrophobicity
may significantly impact tolerance and efficiency [132]. However, current expectations
must be carefully tempered: contemporary Al/ML models frequently struggle to accu-
rately predict these non-linear, context-dependent physiological effects. Subtle structural
shifts often generate profound, chaotic changes in systemic clearance and off-target toxici-
ties that machine learning architectures cannot yet reliably anticipate, underscoring that
computational tools must remain tightly tethered to rigorous empirical validation.
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A major challenge lies in expansion of ADC concepts beyond classical cytotoxic
payloads. Recent research shows that ISACs-ADCs and ADC-like conjugates delivering
immunostimulatory molecules can improve antitumor immunity and combat resistance
related to cytotoxic mechanisms [133]. Beyond oncology, ADCs are increasingly being
investigated in neurological, infectious, autoimmune, and metabolic diseases, due to their
high target specificity and cell-selective delivery, allowing targeted modulation of disease
pathways while minimizing systemic toxicity. New advancements such as bispecific
ADCs, dual-payload conjugates, and antibody-based delivery systems are utilized for
nontraditional cargos. These advancements have greater potential to improve selectivity
and overcome tumor heterogeneity than previous generations in the ADC format.

Despite these advances, the clinical translation of ADCs remains challenging, with
several knowledge gaps limiting their broader application in patient care. A standardized
PK/PD framework is critical to compare different ADCs, across various payload classes,
linker types, and target categories in a reproducible manner. Another important concern is
the inconsistencies reporting of adverse effects for class-specific toxicities (such as interstitial
lung disease, ocular toxicity, and myelosuppression), which makes cross-study comparison
difficult. Furthermore, there is insufficient data to support the biomarker strategies for
patient selection, response prediction, and early toxicity detection, limiting its potential use
as precision medicine. Overcoming these hurdles will require close collaboration among
chemists, structural biologists, computational scientists, pharmacologists, and clinicians to
align molecular design with manufacturability, translational feasibility, and clinical utility.
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