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ABSTRACT	 Antibody-drug conjugates (ADCs) have emerged as a transformative class of cancer therapeutics by combining the target precision 
of antibodies with the potent cytotoxic effects of chemotherapeutic agents. This unique approach aims to enhance the effectiveness 
of cancer treatment while minimizing systemic toxicity. This review provides a comprehensive overview of ADC development, 
starting with explorations of the structural and mechanistic foundations, and advancing to in-depth analyses of ADCs that have 
achieved clinical success. Despite remarkable progress, the development of drug resistance remains a significant barrier to broader 
clinical application. We discuss the mechanisms underlying resistance, including alterations in target antigens, disruptions in ADC 
internalization, and dysfunctions of intracellular trafficking. To address these challenges, we propose several strategies, such as 
designing next-generation ADCs equipped with improved linkers and novel payloads, implementation of combination therapies, 
and simultaneous targeting of multiple pathways to circumvent resistance. In conclusion, this review highlights the critical need for 
innovative approaches in the evolving ADC landscape, aiming to overcome resistance mechanisms and fully harness the therapeutic 
promise of ADCs in cancer treatment.
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Introduction
Over the past few decades, cancer therapy has undergone a 
remarkable transformation, shifting away from the tradi-
tional paradigm of cytotoxic chemotherapies towards more 
targeted and personalized approaches1-3. The advent of tar-
geted therapies, such as small-molecule inhibitors and mon-
oclonal antibodies, has revolutionized cancer treatment by 
selectively targeting specific molecular pathways or antigens 
overexpressed on tumor cells4-6. Furthermore, the emergence 
of immunotherapies, which harness the power of the patient’s 
immune system to combat cancer, has opened up new fron-
tiers in cancer care7,8. Despite these advances, treating cancers 
remains challenging and there is a constant need for novel 

therapeutic modalities. Antibody-drug conjugates (ADCs) 
represent a promising class of targeted therapies that com-
bine the specificity of monoclonal antibodies with the high 
potency of cytotoxic payloads, offering a unique opportunity 
to enhance the therapeutic index and reduce off-target toxicity 
observed in conventional therapies9,10. Conceptually proposed 
more than a century ago by Paul Ehrlich as “magic bullets,” 
early ADC development was limited by insufficient linker 
stability, suboptimal target selection, and unacceptable toxic-
ity11. The modern era of ADCs began in the late 1990s and 
early 2000s, and was driven by advances in antibody engineer-
ing, linker chemistry, and payload design, which collectively 
improved plasma stability, tumor selectivity, and therapeutic 
indices12. The first marketed ADC, gemtuzumab ozogamicin, 
was granted accelerated approval in 2000 for acute myeloid 
leukemia (AML), marking a pivotal milestone despite initial 
safety challenges13. Subsequent technological refinements led 
to the successful approval of second- and third-generation 
ADCs, including brentuximab vedotin for CD30-positive lym-
phomas and trastuzumab emtansine for HER2-positive breast 
cancer, which demonstrated clear survival benefits and man-
ageable toxicity profiles14. Twenty ADC drugs have gained reg-
ulatory approval by the Food and Drug Administration (FDA), 
European Medicines Agency (EMA), and National Medical 
Products Administration (NMPA) as of December 2025 with 
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numerous additional candidates progressing through various 
clinical development stages (Table 1).

The advent of these ADCs underpins a significant shift in 
oncology, from non-selective cytotoxic agents to targeted ther-
apies. These innovative designs and sophisticated therapeutics 
represent a new era of precision medicine, offering the ability 
to deliver potent cytotoxic drugs directly into cancer cells15,16. 
ADCs specifically target cancer cells, unlike traditional chemo-
therapy that indiscriminately targets all rapidly dividing cells. 
This targeted delivery system vastly improves the therapeutic 
index by enhancing efficacy and minimizing toxicity, a fea-
ture that holds enormous value in the fight against cancer17,18. 
ADCs also represent a significant stride toward personalized 
medicine in oncology19,20. With the growing understanding 
of tumor biology and identification of unique tumor mark-
ers, ADCs can be custom-designed to target specific patient 
subpopulations, potentially leading to more effective, individ-
ualized treatment strategies21. The tumor-specific nature of 
ADCs translates into improved patient outcomes and quality 
of life22,23. Patients experience fewer side effects compared to 
traditional chemotherapy. There is also the potential for ADC 
therapy to be better tolerated, allowing for prolonged treat-
ment and improved disease management24,25.

While ADCs have achieved significant milestones, the 
emergence of drug resistance represents a formidable obsta-
cle to widespread clinical application. Resistance can arise at 
multiple stages of the ADC mechanism of action, from target 
antigen recognition to payload delivery and execution of cyto-
toxic effects. Tumor heterogeneity and adaptive mechanisms 
often enable cancer cells to evade ADC-mediated destruction, 
which diminishes the therapeutic efficacy over time. Given the 
growing importance of ADCs in oncology and the challenges 
posed by resistance, this review aims to provide a comprehen-
sive exploration of the mechanisms underlying ADC resistance 
and the strategies being developed to address ADC resistance. 
By synthesizing current knowledge and emerging research, 
this article seeks to identify key insights that can guide the 
design of next-generation ADCs and inform clinical practices 
to maximize their therapeutic potential. An in-depth analysis 
of the mechanisms contributing to ADC resistance was per-
formed in this review, including antigen-related, internaliza-
tion deficiency, trafficking dysfunction, impaired lysosomal 
function, payload-related, tumor microenvironment (TME)-
mediated, and cancer stem cell-related mechanisms. The 
challenges associated with overcoming resistance were also 
discussed and innovative strategies to circumvent resistance 
were explored. This review aims to contribute to the ongoing 
efforts to enhance the efficacy and durability of ADC thera-
pies by focusing on resistance mechanisms and solutions, ulti-
mately improving outcomes for patients with cancer. It should 
be noted that although ADC-associated toxicities can influ-
ence treatment continuity and clinical outcomes, a compre-
hensive evaluation of safety profiles and toxicity mechanisms 

is beyond the scope of the present review, which focuses on 
biological resistance pathways affecting ADC efficacy.

This review was based on a comprehensive and focused 
literature survey aimed at summarizing current knowledge 
on mechanisms underlying ADC resistance and strategies to 
overcome these challenges. Peer-reviewed preclinical and clin-
ical studies published between January 2000 and September 
2025 were considered eligible for inclusion. The literature 
search primarily focused on studies investigating mecha-
nisms underlying ADC resistance, biological determinants of 
responses, and therapeutic strategies to circumvent resistance 
with particular emphasis on data derived from FDA-approved 
ADCs to ensure clinical relevance. Eligible studies included 
original research articles, translational studies, and clinical 
trial reports that provided mechanistic insights or therapeutic 
implications related to ADC resistance. Studies not published 
in English, not peer-reviewed, lacking relevance to ADC resist-
ance mechanisms, or lacking resistance-overcoming strategies 
were excluded.

ADC mechanism of action and 
structure
The mechanisms of action for ADC involve a series of intricate 
processes that culminate in the selective delivery of cytotoxic 
payloads to cancer cells, leading to cell death while sparing 
normal tissues. The canonical process typically involves four 
steps: binding of the antibody to the target antigen; internali-
zation; linker cleavage; and release of payloads9,24. The chron-
ologic events illustrating the mechanisms of action of ADC 
are detailed in Figure 1. The monoclonal antibody component 
of the ADC selectively binds specific antigens expressed on 
the surface of cancer cells upon administration and is inter-
nalized via endocytosis. The process of ADC internalization 
into cancer cells often involves clathrin-mediated endocyto-
sis, in which the ADC-antigen complex is engulfed by the cell 
membrane into clathrin-coated pits26. This pit then buds off 
into the cytoplasm, forming a clathrin-coated vesicle that sub-
sequently sheds the clathrin coat and fuses with early endo-
somes27. Payloads connected through acid-labile linkers tend 
to be released in early endosomes, while payloads linked via 
enzymes or through proteolytic degradation are typically lib-
erated in late endosomes or lysosomes.

ADCs consist of three critical components: the monoclonal 
antibody; the linker; and the cytotoxic payload (Figure 2 and 
Table 1)28. Target selection is critical because it determines 
the specificity and efficacy of the resulting ADC29. To achieve 
a sufficient therapeutic window, tumor-associated antigens 
(TAAs) selectively expressed or overexpressed in tumors 
compared to normal tissues are usually considered as suita-
ble targets for ADC. These antigens may include cell surface 
receptors, membrane proteins, or other molecules involved in 
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oncogenic signaling pathways26,30. To date, the target anti-
gens of FDA-approved ADCs for solid tumors include human 
epidermal growth factor receptor 2 (EGFR2/HER2)31, troph-
oblast cell surface antigen 2 (TROP2)32, nectin cell adhesion 
molecule 4 (Nectin-4)33, folate receptor alpha (FRα)34, and tis-
sue factor (TF)35, which are representative examples of tumor-
associated membrane proteins or receptors often implicated in 
cancer-promoting pathways. Cell lineage markers, like CD19, 
CD20, CD22, CD33, B cell maturation antigen (BCMA), and 
CD79b, are consistently expressed on malignant hematologic 
cells at high levels, making them prime candidates for ADC 
targets36,37. Notably, all antigens targeted by approved ADCs 
have the capacity to internalize upon binding, a crucial char-
acteristic that enhances ADC effectiveness.

A suitable antibody moiety of the ADC is also crucial 
because it significantly impacts efficacy, pharmacokinetic/
pharmacodynamic properties, and the therapeutic index38. 
The antibody acts as the precise guidance component of the 
ADC for the specific delivery of the payload into tumor cells 
through tumor antigen-mediated internalization17. The ideal 
antibody for ADCs should have strong target binding affin-
ity, high stability, low immunogenicity, efficient internaliza-
tion, and a long plasma half-life. Antibodies used for ADC 

development are mainly IgG isotypes with IgG1 subclasses 
being the most common choice due to the long half-life, con-
venient conjugation, structural stability, Fc-mediated immune 
functions, and scalability in large scale manufacturing39,40. 
Furthermore, antibody internalization is primarily deter-
mined by the target, while its efficiency is closely related to 
antigen density, antibody affinity, and the epitope involved in 
antibody-antigen interaction41. Different antibodies targeting 
the same antigen can exhibit varying internalization efficien-
cies42. Therefore, the selection of antibodies with high affinity 
and high internalization efficiency is crucial for ensuring the 
targeting specificity and safety of ADCs.

The linker, which connects the antibody to the payload 
through covalent binding, is an essential component of an 
ADC. A key requirement for the linker is to ensure the chem-
ical stability of the ADC in the circulation, while allowing 
rapid payload release at the target site after internalization43. 
There are two main types of linkers used in ADCs: cleavable; 
and non-cleavable linkers44. These linkers have a major role 
in determining the pharmacokinetic (PK) properties, selectiv-
ity, and therapeutic index of ADCs. Cleavable linkers are rela-
tively stable in the circulation but are vulnerable in the acidic 
or protease-rich TME45. Cleavable linkers include acid-labile 

Figure 1  Mechanism of action of antibody-drug conjugates (ADCs). The process involves five main steps: Binding, in which the monoclonal 
antibody (mAb) component of the ADC specifically binds to a tumor antigen on the cancer cell surface; Internalization, in which the ADC-
antigen complex undergoes clathrin-mediated endocytosis, allowing entry into the cancer cell; Degradation, in which the ADC is transported 
to the lysosome and the acidic environment facilitates degradation; Release, in which the payload is released from the cleavable or non-cleav-
able linkers of the ADC within the lysosome; and Action, in which the released payload interferes with critical cellular targets, such as DNA or 
microtubules, ultimately leading to cell death. Created with BioRender.com.
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hydrazone linkers, which are used in gemtuzumab ozogamicin 
and inotuzumab ozogamicin46, reduction-sensitive or glu-
tathione-labile disulfide linkers47, and various enzyme-cleava-
ble peptide-based linkers48. Among the marketed ADCs, eight 
utilize enzyme-cleavable linkers, such as brentuximab vedo-
tin, polatuzumab vedotin, enfortumab vedotin, trastuzumab 

deruxtecan, and tisotumab vedotin49. In contrast, non-cleava-
ble linkers contain stable chemical bonds that are not suscep-
tible to proteolytic cleavage, which provides greater stability 
compared to cleavable linkers. ADCs with these linkers rely 
on lysosomal proteolytic degradation of the internalized anti-
body to release the payload, resulting in concomitant linker 

Figure 2  Components and targets of antibody-drug conjugates (ADCs). This figure highlights the key elements of ADCs, including the 
target antigens found in hematologic cancers (e.g., CD30, CD33, CD19, CD22, and CD79) and solid tumors (e.g., FRα, nectin-4, tissue factor, 
HER2, and Trop-2). The antibody section describes different IgG subtypes (IgG1, IgG2, IgG3, and IgG4) and notes that IgG1 is the most fre-
quently used subtype for ADCs due to high stability and strong effector functions, like ADCC, ADCP, and CDC. The linker section differenti-
ates between non-cleavable [e.g., maleimidocaproyl (MC) and maleimidomethyl cyclohexane (MCC) linkers] and cleavable linkers (e.g., acid 
cleavable hydrazone, reducible cleavable disulfide, and protease cleavable dipeptide). The payload section outlines the types of agents used, 
including DNA-damaging agents (e.g., calicheamicins, topoisomerase I inhibitors, and pyrrolobenzodiazepines) and tubulin inhibitors (e.g., 
auristatins and maytansinoids). ADC, antibody-drug conjugate; ADCC, antibody-dependent cellular cytotoxicity; ADCP, antibody-dependent 
cellular phagocytosis; CDC, complement-dependent cytotoxicity; CD19, cluster of differentiation 19; CD22, cluster of differentiation 22; CD30, 
cluster of differentiation 30; CD33, cluster of differentiation 33; CD79b, cluster of differentiation 79b; EGFR, epidermal growth factor receptor; 
Fab, fragment antigen-binding of an antibody; Fc, the fragment crystallizable region of an antibody; FRα, folate receptor-alpha; HER2, human 
epidermal growth factor receptor 2; TF, tissue factor; Trop-2, trophoblast cell surface antigen-2. Created with BioRender.com.
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cleavage50. Two approved ADCs (trastuzumab emtansine 
and belantamab mafodotin) utilize non-cleavable linkers51. 
Of note, the “bystander effect” exhibited by ADCs, in which 
neighboring cancer cells are destroyed, generally requires a 
cleavable linker because the charged amino acid drug prod-
ucts released by non-cleavable linkers typically lack cell 
permeability52.

Payload is also an important component of ADCs and the 
activity and physicochemical properties of the payload can 
greatly impact the efficacy of ADCs. Early-stage payloads of 
ADCs used traditional chemotherapeutic agents (e.g., meth-
otrexate, vincristine, and doxorubicin) but the suboptimal 
cytotoxicity and low uptake rate by tumor cells led to unsat-
isfactory efficacy and clinical failures10. Therefore, the pay-
load should possess relatively high potency with IC50 values 
generally in the sub-nanomolar range. Payloads currently 
used in ADCs mainly fall into three classes: microtubule 
inhibitors; DNA damaging agents and the topoisomerase 1 
(TOPO1) inhibitor53. Microtubule inhibitors destroy micro-
tubules, thereby inhibiting chromosome separation during 
mitosis to eventually cause cell death54. Payloads acting via 
these mechanisms include maytansinoids and auristatins55. 
With IC50 values in the picomolar range, the exceptional 
potencyof maytansine and auristatin derivatives meets the 
requirements for ADC payloads, making them among the 
most important and clinically successful payload classes56. 
Specifically, maytansine derivative 1 (DM1) and monome-
thyl auristatin E (MMAE) are the most frequently used 
microtubule inhibitor-derived ADC payloads, accounting 
for nearly one-half of the payloads among marketed ADCs. 
DNA damaging agents kill tumor cells by causing dou-
ble-strand breaks, alkylation, intercalation, and crosslinking 
of DNA57. Representative DNA-damaging payloads include 
calicheamicins and pyrrolobenzodiazepines (PBDs). TOPO1 
inhibitors have recently emerged as promising payloads for 
ADCs. Prominent examples of TOPO1 inhibitors include 
trastuzumab deruxtecan (Enhertu, which was approved in 
2019)58 and sacituzumab govitecan (Trodelvy, which was 
approved in 2020)59. In addition, novel ADC payloads, such 
as RNA inhibitors, Bcl-xL inhibitors, proteasome inhibitors, 
immunoagonists [toll-like receptor (TLR) agonists], and even 
proteolysis targeting chimeras (PROTACs), are also under 
development60.

Mechanisms underlying drug 
resistance to ADC therapy
Despite transformative potential, the clinical efficacy of ADCs 
is often hindered by the development of drug resistance. 
Resistance to ADCs can emerge through diverse mechanisms 
and these mechanisms can theoretically impact each stage of 
ADC action, including antigen recognition, internalization, 

intracellular trafficking, payload release, and cytotoxic activity 
of payloads (Figure 3).

Antigen-related resistance

Resistance to ADC therapy can arise at various stages of the 
ADC mechanism of action, each involving distinct molecular 
and cellular processes. The first step in the action of an ADC 
drug is to bind to the target antigen with the antibody compo-
nent. Alterations in the target antigen can hinder the ability of 
the ADC to bind effectively, which may result in drug resist-
ance61. Hence, one of the principal factors that contribute to 
ADC resistance is alteration of the target antigen. These mod-
ifications are multifaceted and can occur in several ways, each 
influencing drug resistance differently.

A common form of this mechanism is antigen downreg-
ulation, which involves a reduction in the presence of the 
target antigen on the surface of the cell62. Antigen downreg-
ulation would effectively diminish the binding ability and 
subsequent efficacy of the antibody component of ADCs. 
In a study conducted by Chen et al., two brentuximab vedo-
tin-resistant hodgkin lymphoma (HL) (L428) and anaplas-
tic large cell lymphoma (ALCL) (Karpas-299) cell lines were 
established through exposure to brentuximab vedotin63. Chen 
et al.63 observed that the resistant ALCL cell line demonstrated 
downregulated CD30 expression compared to the parental 
cell line. The results from the INO-VATE trial suggested that 
patients with the lowest sCD22 receptor density appeared to 
benefit the least from inotuzumab ozogamicin64. Similarly, 
resistance to enfortumab vedotin was assessed by Aggen et al. 
Low Nectin-4 expression in metastatic biopsies was potentially 
associated with resistance to enfortumab vedotin65. Moreover, 
studies on the efficacy of T-DM1 in treating HER2-positive 
breast cancer showed that patients with lower levels of HER2 
expression exhibited a poorer response to T-DM1 treatment, 
highlighting the important impact of HER2 expression levels 
on the therapeutic action of T-DM166. A study involving ear-
ly-stage HER2-positive breast cancer patients receiving neo-
adjuvant treatment with T-DM1 and pertuzumab showed that 
pre-treatment HER2 heterogeneity was negatively correlated 
with treatment response. Among patients with heterogene-
ous pre-treatment biopsy results, none achieved a pathologic 
complete response (pCR), whereas 55% of non-heterogene-
ous patients attained a pCR following combined T-DM1 and 
pertuzumab therapy67. Tumors with higher and more homog-
enous HER2 expression were more likely to respond to ther-
apy68. Similarly, HER2 expression and the association with 
T-DXd was evaluated by Mosele et al. in the DAISY trial69. The 
study enrolled a total of 177 patients with metastatic breast 
cancer and divided the patients into 3 cohorts based on the 
level of HER2 expression, as follows: high HER2 expression 
(68 patients); low HER2 expression (72 patients); and HER2-
negative (37 patients). The results showed that the objective 
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response rate (ORR) was 70.6% (48/68), 37.5% (27/72), and 
29.7% (11/37), respectively, in the 3 groups. The median pro-
gression-free survival (PFS) was 11.1, 6.7, and 4.2 months, 
respectively. In addition, the biomarker analysis results indi-
cated that the anti-tumor activity of T-DXd was correlated 
with the level of HER2 expression and the drug distribution 
in the treated samples also had a moderate correlation with 
HER2 expression.

Antigen mutation at the antibody binding interface is 
another mechanism of ADC drug resistance that reduces or 
prevents binding of the antibody to the target, thereby caus-
ing the loss of cytotoxic activity in tumor cells70. Mutations 
in the coding sequence of the target antigen gene can result 
in structural alterations of the protein, potentially affecting 
the binding affinity and specificity of the antibody drug71,72. 
For example, Coates et al. identified a novel tumor-associ-
ated calcium signal transducer 2 (TACSTD2)/TROP2T256R 
missense mutation through RNA and whole-exome sequenc-
ing of pretreatment and post-progression specimens that 
confers resistance to sacituzumab govitecan via defective 
plasma membrane localization and reduced cell-surface 
binding by hRS773. These mutations include point mutations, 

insertions, deletions, or larger structural rearrangements, 
all of which can influence the three-dimensional structure 
and conformation of the target antigen. As a result, the anti-
body or ADC may no longer be able to recognize and bind 
effectively to the mutated antigen, rendering ADC ineffec-
tive. This phenomenon is particularly relevant in the con-
text of cancer, in which tumor cells exhibit a high degree 
of genetic instability and accumulate mutations over time, 
facilitating the emergence of resistant clones74,75. Another 
possible mutation of the antigen involves the accumulation 
of shortened versions of the antigen ectodomain16,76. This 
accumulation of shortened versions of the antigen ecto-
domain was observed with trastuzumab, in which tumors 
with the complete HER2 receptor had a stronger response to 
the treatment in contrast to the truncated P95HER2 forms, 
which conferred resistance77. Therefore, trastuzumab-based 
ADCs, like T-DM1 and T-DXd, may cause drug resistance 
for this reason.

In addition, tumor heterogeneity in antigen expression 
might affect the efficacy of ADCs19,78. Tumor heterogeneity 
is a well-recognized phenomenon in cancer, in which sub-
populations of cells within a tumor exhibit distinct genetic, 

Figure 3  Emerging mechanisms of resistance to antibody-drug conjugates (ADCs). Various potential factors contributing to ADC resistance, 
including (1) target antigen issues, such as mutations and low expression, (2) deficiency in internalization due to proteins, like caveolin-1, 
(3) dysfunction in trafficking involving endosomal transport issues with Rab GTPases, (4) impaired lysosomal function resulting in lysosomal 
alkalization, (5) payload-related resistance through drug efflux pumps and alterations of drug targets affecting cell cycle arrest and apoptotic 
pathways. ADC, antibody-drug conjugate; BAK, Bcl-2 (B cell lymphoma 2) antagonist/killer; BAX, Bcl-2 associated X protein; GTPase, hydrolase 
enzymes that bind to nucleotide guanosine triphosphate (GTP); Rab, Ras-related protein. Created with BioRender.com.



Cancer Biol Med Vol 23, No 6 June 2026� 843

epigenetic, and phenotypic characteristics79. ADCs rely on 
the specific binding of the antibody component to the target 
antigen expressed on cancer cells. However, within a hetero-
geneous tumor, there may exist subpopulations of cells that 
express low or undetectable levels of the target antigen. These 
antigen-negative or -low cells may not be effectively targeted 
by the ADC, allowing the cells to survive and potentially 
repopulate the tumor, leading to treatment resistance and 
disease relapse80. Moreover, the emergence of antigen-nega-
tive or -low subpopulations can arise through various mech-
anisms, including genetic alterations (e.g., mutations, gene 
deletions, or epigenetic silencing of the target antigen gene), 
phenotypic plasticity (e.g., epithelial-to-mesenchymal transi-
tion), or the selection of pre-existing resistant clones under 
the selective pressure of ADC therapy81,82. This heterogene-
ity in antigen expression can be further exacerbated by the 
dynamic and constantly evolving nature of tumors, driven by 
genetic instability and adaptive responses to therapeutic inter-
ventions83,84. For example, in the KRISTINE trial, a phase II 
study focusing on early breast cancer patients, the combina-
tion of T-DM1 plus pertuzumab was examined in a pre-sur-
gical context85. However, T-DM1 plus pertuzumab was shown 
to be less effective against tumors displaying a mixed pattern 
of HER2 expression. Notably, patients with tumors exhibiting  
HER2 intratumoral heterogeneity did not respond to T-DM1 
treatment and a decrease in PFS and overall survival (OS) was 
more frequently recorded compared to patients with uniform 
HER2 expression, according to the exploratory biomarker 
analysis86. A similar phase II trial indicated that HER2 vari-
ability within a tumor might contribute to resistance against 
T-DM1, identifying the proportion of cells with unamplified 
HER2 as a crucial determinant87.

It is noteworthy that these mechanisms of target anti-
gen modulation often occur in concert, compounding the 
challenges associated with ADC resistance70. For example, a 
tumor cell may initially downregulate the expression of the 
target antigen to evade the effects of ADCs. Selective pressure 
imposed by the drug may subsequently lead to the emergence 
of clones harboring mutations in the antigen gene, further 
diminishing the binding affinity of the antibody. In addition, 
these resistant clones may use antigen masking mechanisms, 
such as overexpressing protective glycoproteins, to further 
enhance evasion of the therapeutic antibody88. A dense extra-
cellular matrix (ECM), enriched in collagen, hyaluronan, and 
proteoglycans, can physically hinder ADC penetration and 
restrict antibody-antigen interactions89. Cancer-associated 
fibroblasts (CAFs), a major stromal component of many solid 
tumors, actively remodel the ECM and promote stromal fibro-
sis, thereby creating a diffusion barrier that limits uniform 
ADC distribution within tumors90. Preclinical studies have 
demonstrated that increased stromal density reduces intratu-
moral accumulation of HER2-targeted ADCs, even in tumors 
with high HER2 expression, leading to heterogeneous drug 

delivery and residual viable tumor regions91. This phenom-
enon may explain why some patients with antigen-positive 
tumors exhibit limited or no clinical response despite adequate 
target expression by immunohistochemistry. Finally, sensitiv-
ity to ADCs can be modulated by the presence of tumor het-
erogeneity in antigen expression92. Cancer cells with low or no 
antigen expression might not be efficiently lysed by the ADCs 
and this enables the cancer cells to endure and possibly replen-
ish the tumor, which could result in treatment resistance and 
cancer relapse.

Internalization deficiency

Efficient internalization of the ADC-antigen complex is a 
crucial step for ADCs efficacy, as it enables the delivery of 
the cytotoxic payload to the intracellular compartments 
where the payload can exert cytotoxic effects24. One of the 
primary mechanisms by which deficiency in internalization 
can contribute to ADC resistance is through the reduced 
expression or activity of endocytic receptors and associated 
proteins involved in the internalization process26. ADCs 
typically leverage the natural endocytic pathways of cells to 
enter. However, if the expression or activity of key receptors 
involved in these pathways is diminished, the internaliza-
tion process can be significantly impaired93,94. For example, 
some cancer cells may exhibit downregulation or mutations 
in receptors, such as the slow-density lipoprotein receptor 
(LDLR) or the transferrin receptor (TfR), which are com-
monly exploited by ADCs for internalization95,96. In addition, 
alterations in the expression or function of associated pro-
teins involved in the endocytic machinery, such as clathrin, 
adaptor proteins, or dynamin, can also contribute to deficient 
internalization of the ADC-antigen complex26,27. One way 
ADCs achieve specificity is through clathrin-mediated endo-
cytosis in cells that express the target antigen97. However, in a 
T-DM1-resistant N89-TM cell line, alternative uptake involv-
ing caveolin-1 (CAV1)-coated vesicles occurred, which might 
be less efficient98. In support of this finding, recent research in 
gastric cancer revealed a negative correlation between tumor 
CAV1 levels and T-DM1 uptake. In various xenograft mod-
els, genetic or pharmacologic suppression of CAV1 enhanced 
T-DM1 uptake and synergized with T-DM1 treatment99. In 
addition, glycosaminoglycan modification can hinder inter-
nalization of the tumor antigen, CAIX, and anti-CAIX ADCs, 
by facilitating the association of CAIX with CAV1 in lipid 
rafts100,101.

Another mechanism by which deficiency in internali-
zation can contribute to ADC resistance is through mod-
ulation of endocytic pathways and intracellular trafficking 
routes. Cells possess multiple endocytic pathways, including 
clathrin-mediated endocytosis, caveolin-mediated endo-
cytosis, and various clathrin- and caveolin-independent 
pathways102. The endocytic pathway choice can influence 
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subsequent intracellular trafficking and the fate of the inter-
nalized cargo, including ADCs. Cancer cells may exhibit 
alterations in the regulatory mechanisms governing these 
endocytic pathways, favoring routes that do not lead to effi-
cient delivery of the ADC-antigen complex to the appro-
priate intracellular compartments, such as lysosomes or 
endosomes103. These alterations can result in the mislocal-
ization or sequestration of the ADC, preventing the release 
of the cytotoxic payload and rendering therapy ineffec-
tiveness. In addition to limiting ADC access, the TME can 
directly impair ADC internalization and intracellular pro-
cessing. Hypoxia, an acidic extracellular pH, and nutrient 
deprivation have been shown to alter endocytic trafficking 
and lysosomal function104. These conditions may reduce 
clathrin-mediated endocytosis and compromise lysoso-
mal acidification, thereby attenuating payload release from 
internalized ADCs. Experimental studies have reported 
that hypoxic tumor regions exhibit reduced internalization 
of ADCs and diminished cytotoxic payload activation105. 
Moreover, tumor-associated macrophages (TAMs) express-
ing Fcγ receptors can sequester ADCs via Fc-mediated 
uptake, diverting TAMs away from tumor cells and fur-
ther reducing effective internalization. This macrophage-
mediated “ADC sink” effect has been observed in preclinical 
models and may contribute to reduced drug availability in 
antigen-expressing tumor cells106.

Dysfunction in trafficking pathways

Efficient intracellular trafficking is crucial for the successful 
delivery of the cytotoxic payload to the intended subcellular 
target. Any disruptions in this process can significantly impact 
the efficacy of ADCs. Cancer cells can acquire resistance by 
interfering with the proper sorting and delivery of the ADC-
antigen complex to the correct intracellular locations. Upon 
internalization, the ADC-antigen complex must navigate a 
complex network of endocytic vesicles, endosomes, and lyso-
somes to reach the appropriate location for payload release42. 
This process is tightly regulated by various trafficking proteins, 
such as guanosine triphosphatase (GTPase), sorting nexins, 
and retromer complexes107,108. Dysregulation or mutations in 
these trafficking proteins can lead to missorting or misdirec-
tion of the ADC-antigen complex, preventing it from reach-
ing the lysosomal compartment or other intended subcellular 
destinations109,110. For example, alterations in Rab GTPases, 
which act as molecular switches controlling vesicle trafficking, 
can disrupt the proper sorting and trafficking of the ADC-
antigen complex, leading to accumulation in non-productive 
compartments or premature degradation111.

Endophilin A2 (Endo II), a crucial scaffolding protein 
implicated in non-clathrin endocytosis, has a significant 
role in internalization of HER2. Diminished expression of 
Endo II correlates with a drop in HER2 absorption and a 

reduced reaction to T-DM1 in HER2-positive breast cancer 
models112. Similarly, anomalies in caveolae-dependent endo-
cytosis have been observed in T-DM1-resistant cell lines. 
For example, a gastric cancer cell line (N87) that developed 
resistance to T-DM1 exhibited increased caveolae-mediated 
endocytosis, which was likely due to caveolae inefficiency in 
drug delivery to lysosomes98. In agreement with these find-
ings, the JIMT1-TM cell line, which is resistant to T-DM1, 
has heightened levels of proteins, such as Ras-related protein 
Rab-5B (Rab5B), autophagy-related protein 9A (ATG9a), and 
Huntingtin (HTT), that are responsible for lysosomal pro-
cessing and vesicle transport. The proteomic analysis specif-
ically pointed out elevated quantities of Rab6, associated with 
microtubule-dependent transport, and p21-activated kinase 4 
(PAK4), linked to cytoskeletal functions113-115.

An alteration of endosomal maturation and acidification 
processes also contributes to ADC resistance, except for the 
abovementioned trafficking pathways. Acidification of endo-
somes and lysosomes is crucial for the efficient release of the 
cytotoxic payload from the antibody-drug linker because 
many linkers are designed to be cleaved in the low pH envi-
ronment116,117. However, cancer cells may exhibit alterations 
in the mechanisms that regulate endosomal acidification, such 
as deficiencies in vacuolar ATPases (V-ATPases) or alterations 
in the expression or activity of ion channels and transport-
ers involved in pH regulation118. These disruptions can lead 
to impaired acidification of endosomes and lysosomes, hin-
dering the efficient release of the payload and reducing the 
cytotoxic effects. In addition, even when ADCs are correctly 
internalized, a portion of these endosomes may be quickly 
recycled back to the cell membrane before the payload is 
released, resulting in the clearance of ADC from the cell119,120. 
Thus, this excessive recycling in cancer cells could also have a 
role in the development of resistance.

Impaired lysosomal function

The lysosomal compartment has a crucial role in intracellular 
trafficking and release of the cytotoxic payload from ADCs. 
Any disruptions in this process can significantly impact ther-
apeutic efficacy121. One of the primary mechanisms by which 
impaired lysosomal function contribute to ADC resistance 
is impaired release of the cytotoxic payload from the anti-
body-drug linker122. ADCs are designed to undergo lysosomal 
degradation upon internalization, in which the low pH and 
proteolytic enzymes within the lysosome cleave the linker, 
releasing the potent cytotoxic payload into the cytosol123. 
Lysosomal acidification is critical for efficient linker cleavage 
and payload activation in many ADCs. Lysosomal pH is typi-
cally maintained within a narrow acidic range (pH 4.5–5.0) in 
ADC-sensitive tumor cells, which supports optimal protease 
activity. However, multiple studies have reported that ADC-
resistant cells exhibit partial lysosomal alkalinization with 
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pH values increasing to approximately 5.5–6.091. Although 
modest, this shift in pH is sufficient to impair lysosomal pro-
tease function and reduce payload release, thereby attenuating 
ADC efficacy without affecting antibody binding or internal-
ization124. Ríos-Luci and colleagues identified mechanisms of 
resistance to T-DM1 by studying three distinct HER2-positive 
resistant cell lines. These cell lines, despite being resistant, had 
comparable levels of HER2 expression and normal processes 
for internalization and trafficking compared to non-resistant 
counterparts. However, these resistant cells exhibited an ele-
vated lysosomal pH, which led to reduced proteolytic activ-
ity and accumulation of T-DM1125. This decline in lysosomal 
functionality hinders T-DM1 processing, thereby curtailing 
the ability to combat tumors. Notably, Trudeau and associates 
reported on the utilization of UV photoactivation to engineer 
acidifying nanoparticles, which purposefully alter intralysoso-
mal pH levels, potentially restoring or enhancing the anti-can-
cer efficacy of ADCs126.

Several factors can contribute to impaired lysosomal func-
tion in cancer cells, including alterations in lysosomal pH, 
deficiencies in lysosomal enzymes, or dysregulation of lyso-
somal membrane proteins127. Some cancer cells may exhibit 
increased lysosomal pH due to overexpression of proton 
pumps or defective vacuolar V-ATPases, which can disrupt 
the optimal acidic environment required for efficient lysoso-
mal degradation and payload release128. For example, compro-
mised V-ATPase activity was noted in the T-DM1-resistant 
N87 gastric cancer cell line129. Applying bafilomycin A1, which 
inhibits V-ATPase, resulted in reduced production of T-DM1 
active metabolites, lowering toxicity in N87 gastric cancer 
cells, although this effect was absent in T-DM1-resistant N87 
cells129. A similar scenario occurred in a T-DM1-resistant 
breast cancer cell line, in which an increase in lysosomal pH 
and a reduction in lysosomal proteolytic enzyme activity were 
noted in BT474 cells125. In addition, cancer cells may exhibit 
deficiencies or reduced activity of specific lysosomal pro-
teases, such as cathepsins, which are responsible for cleaving 
the linker and releasing the payload. These deficiencies can 
arise from genetic mutations, epigenetic silencing, or post-
translational modifications of these enzymes, ultimately leading 
to impaired payload release and reduced cytotoxicity130,131.

Another way that defective lysosomal functioning con-
tributes to ADC resistance involves the early breakdown or 
neutralization of the cytotoxic component. After the pay-
load is released from its bond with the antibody, it needs to 
remain intact and functional within the cytoplasm to enact 
toxic effects. However, when the lysosomes are dysfunctional, 
the cytotoxic payload is not adequately released and the can-
cer cells do not receive a lethal dose of the drug, resulting in 
survival and proliferation of cancer cells, even in the presence 
of ADC therapy125. This premature degradation occur due 
to various factors, such as altered lysosomal pH, deficient or 
malfunctioning lysosomal enzymes, impaired lysosomal traf-
ficking132. Moreover, the role of specific transporters in the 

efficacy of ADCs with non-cleavable linkers is particularly 
notable, as these linkers may necessitate a specialized trans-
porter for cytoplasmic delivery. Hamblett and colleagues 
performed phenotypic RNA screening and identified solute 
carrier family 46 member 3 (SLC46A3) as a transporter that 
directly moves maytansine-derived catabolites into the cyto-
plasm. Inhibiting this transporter leads to the buildup of these 
catabolites within the lysosomes, culminating in the inef-
fectiveness of the drug133. The effectiveness of brentuximab 
vedotin in treating lymphoma was shown to be affected by 
a mechanism like other therapies. Transport of monomethyl 
auristatin E (MMAE) through the lysosomal membrane is reg-
ulated by lysosomal multidrug-resistance protein 1 (MDR1). 
Studies have suggested that blocking lysosomal MDR1 can 
increase the lethal effect of brentuximab vedotin in the HL cell 
line134.

Impaired lysosomal function can also contribute to ADC 
resistance by modulating intracellular trafficking and local-
ization of the ADC-antigen complex135. Successful delivery 
of the cytotoxic payload to the intended subcellular target 
is crucial for efficacy and this process relies on the proper 
sorting and trafficking of the internalized ADC-antigen 
complex through the endolysosomal pathway. Several ADCs 
rely on the lysosomal compartment to release the cytotoxic 
payloads. These payloads often require enzymatic cleavage 
or processing within the lysosome to become activated or 
to reach the full cytotoxic potential. The primary classes of 
payloads among the FDA-approved ADCs that depend on 
lysosomal processing include microtubule-disrupting agents 
(e.g., maytansinoids, auristatins), and DNA-damaging agents 
(e.g., calicheamicins)94. When the payload is released from 
the ADC in the lysosome, the cytotoxic compound must exit 
the lysosomal compartment to exert toxic effects. In some 
cases, the activated drug or metabolites may be expelled 
from the lysosome into the cytoplasm through a process 
involving vesicular trafficking136. After being processed in 
the lysosome, the payload may be packaged into vesicles 
that fuse with the plasma membrane, releasing the drug into 
the extracellular space or into specific target sites within the 
cell. Disruptions in this trafficking process can lead to mis-
localization or sequestration of the ADC-antigen complex, 
preventing the ADC-antigen complex from reaching the 
lysosomal compartment and ultimately hindering payload 
release9. Such disruptions can result from in the endocytic 
machinery, dysregulation of Rab GTPases or other traffick-
ing regulators, or changes in the composition and organiza-
tion of endosomal and lysosomal membranes137,138.

Payload-related resistance

Activation of drug efflux pumps
A key mechanism by which these components may prompt 
resistance is through activation of drug efflux pumps. Some 
cancer cells, particularly cancer cells in multidrug-resistant 
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tumors, can express elevated levels of P-glycoprotein (P-gp) or 
other members of the ATP-binding cassette (ABC) transporter 
family139,140. These efflux pumps act as molecular “gatekeep-
ers”, actively pumping out a wide range of cytotoxic payloads, 
like maytansinoids or auristatins, before efflux pumps exert 
cytotoxic effects in the cytoplasm and thereby causing drug 
resistance in cancer cells. This mechanism is particularly rel-
evant for payloads that are substrates for these efflux pumps, 
such as payloads derived from natural product sources or 
some synthetic compounds53.

Preclinical models have demonstrated that higher MDR1 
expression was associated with drug resistance to gemtu-
zumab ozogamicin in AML cells141. Moreover, clinical find-
ings indicate a significant correlation between MDR1 activity 
and patient outcomes. The AML cells obtained from patients 
who were sensitive to gemtuzumab ozogamicin were shown 
to have markedly lower MDR1 activity compared to patients 
who were not sensitive to gemtuzumab ozogamicin142. Similar 
outcomes were observed with inotuzumab ozogamicin, which 
also uses calicheamicin as payload143. Chronic treatment with 
ADCs that utilize auristatin derivatives, such as brentuximab 
vedotin, favors the selection of cell populations expressing 
MDR1. This is reported in HL cell lines and patient samples 
who have relapsed or shown resistance to brentuximab vedo-
tin63. Resistance to anti-Nectin-4 ADC, like enfortumab vedo-
tin, is also linked to increased MDR1 expression in resistant 
tumors144. Furthermore, Yu et  al. developed cell lines from 
xenograft tumors of non-Hodgkin lymphoma (NHL) that 
were resistant to anti-CD22-valine-citrulline-MMAE and 
anti-CD79b-valine-citrulline-MMAE, identifying MDR1 as 
the primary resistance mechanism to these MMAE-based 
ADCs145.

Maytansinoids, which are used in ADCs, like T-DM1, are 
the substrates of drug transporters, such as MDR1. Previous 
studies imply that resistance to such ADCs could be associated 
with MDR1 activity146. For example, HER2-positive gastric 
cancer cells resistant to T-DM1 demonstrated an increase in 
the expression of the ABC transporters (ABCC2 and ABCG2), 
while suppression of these transporters was shown to reinstate 
sensitivity to T-DM1147. Moreover, overexpression of multid-
rug resistance-associated proteins, such as multidrug resistance 
protein 1 (MRP1), multidrug resistance protein 2 (MRP2), and 
MDR1, has been identified in various T-DM1-resistant cell 
lines with sensitivity being potentially recoverable through the 
use of inhibitors targeting these proteins113,148,149. This resist-
ance mechanism is similarly noted in cases involving sacitu-
zumab govitecan, in which overexpression of the breast cancer 
resistance protein (BCRP) has been confirmed in breast cancer 
cell lines that are insensitive to sacituzumab govitecan150.

Effects on the cell cycle
Anti-mitotic agents are frequently used as potent payloads in 
the composition of ADCs. Anti-mitotic agents interrupt the 
cell cycle of cancer cells by disrupting the dynamics of the 

microtubule during mitosis, leading to inhibition of cell divi-
sion and death151,152. The cyclin B/Cyclin-dependent kinase 1 
(CDK1) complex is pivotal for cell division and failure, which 
is termed mitotic catastrophe. Some recent studies have sug-
gested that the mechanism of resistance to ADCs involves the 
impact of the ADC on cyclin B, a protein that is critical for the 
G2-M phase progression153,154. It has been reported that HER2-
positive breast cancer cell lines with reduced cyclin B levels are 
resistant to T-DM1, whereas the increase in expression partly 
re-sensitized resistant cells155. Interestingly, the therapeutic 
effect of T-DM1 was aligned with the accumulation of cyclin B 
in a group of 18 HER2-positive breast cancer fresh specimens. 
Therefore, this finding suggested that upregulation of cyclin B 
could serve as a biomarker for T-DM1 sensitivity. In addition, 
the B-cell lymphoma 2 (BCL-2)/B-cell lymphoma-extra large 
(BCL-XL) proteins, which regulate cell apoptosis, have been 
linked with resistance to gemtuzumab ozogamicin in AML 
and anti-CD79b-vc-MMAE in NHL cell lines156,157. Similarly, 
T-DM1 resistance can be counteracted by inhibiting Polo-like 
kinase 1 (PLK1) through CDK1-dependent phosphorylation 
of Bcl-2158 and the suppression of Bcl-2/Bcl-xl significantly 
amplifies T-DM1 anti-tumor effectiveness in patient-derived 
xenograft (PDX) models, independent of the initial sensitiv-
ity to T-DM1159. Moreover, cell-cycle dynamics can influence 
gemtuzumab ozogamicin drug activity. Specifically, non-di-
viding leukemic cells show less uptake and reduced sensitivity 
to the cytotoxicity of calicheamicin compared to cells that are 
actively dividing160.

Payload target alterations
Another potential cause of ADC resistance is mutations 
in the targets of cytotoxic payloads. Several studies have 
reported changes in the payload target (TOPO1) after treat-
ment with sacituzumab govitecan. Interestingly, a particular 
point mutation in TOPO1 (TOPO1E418K) was pinpointed in 
triple-negative breast cancer (TNBC) patients who are resist-
ant to sacituzumab govitecan. It has been hypothesized that 
this mutation may alter TOPO1 binding to DNA, thereby 
obstructing payload interaction at the enzyme-DNA junc-
tion73. This mechanism has previously been reported in 
resistance to chemotherapy targeting TOPO1161. Drawing 
parallels with chemotherapies using TOPO1 inhibitors, 
resistance to ADCs targeting TOPO1, like T-DXd and saci-
tuzumab govitecan, might arise due to mutations that impact 
the structure or expression of TOPO1. TOPO1 is comprised 
of four domains. The linker domain that joins the core to 
the COOH-terminal is highly malleable and not crucial for 
the catalytic function of the enzyme162,163. Moreover, enzyme 
dysfunction is linked to reduced sensitivity to TOPO1 
inhibitors162,164. Thus, it has been suggested that increased 
flexibility in the linker domain could alter enzyme shape 
upon drug binding, creating a version of the enzyme that 
resists TOPO1 inhibitors. In the context of ADCs deploy-
ing anti-mitotic payloads, such as T-DM1, changes in the 
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microtubule/tubulin complex were detected in T-DM1-
resistant MDA-MB-361 HER2-positive breast cancer cells. 
These cells were characterized by a lower amount of polym-
erized tubulin and reduced βIII tubulin levels165.

Signaling pathway activation
Like various cancer chemotherapies, sustained exposure to 
ADCs can exert selective pressure that results in the emer-
gence of resistance-causing mutations, particularly through 
activation of some cellular signaling pathways. For exam-
ple, resistance to gemtuzumab ozogamicin is associated 
with activation of the phosphoinositide 3-kinase (PI3K)/
Protein kinase B (PKB or AKT) signaling pathway in primary 
AML cells studied in vitro. Application of an AKT inhibitor, 
MK-2206, demonstrated the potential to restore sensitivity to 
gemtuzumab ozogamicin or the isolated cytotoxic agent, cal-
icheamicin, in these resistant cells166. Loss of the tumor sup-
pressor, phosphatase and tensin homolog (PTEN), is known 
to trigger PI3K/AKT pathway activation in breast cancer. This 
pathway is implicated in the development of resistance to 
T-DM1, as evidenced by lower PTEN levels in resistant cells 
and indicating active PI3K/AKT signaling as a contributor 
to resistance. Incorporating the PI3K inhibitor, CDC-0941, 
had a synergistic anticancer effect, indicating that combining 
this type of inhibitor could potentially overcome resistance to 
ADCs149. Furthermore, overexpression of the leukemia inhib-
itory factor receptor (LIFR) in T-DM1-resistant cells triggered 
the signal transducer and activator of transcription 3 (STAT3)  
pathway, resulting in increased levels of anti-apoptotic pro-
teins, like Bcl-xL, Bcl-2, survivin, and Mcl-1, thereby contrib-
uting to the resistance against T-DM1167. It is important to 
note that Wnt/β-catenin pathway activation may also have a 
role in ADC resistance. Wu and colleagues detailed the role 
of Wnt3 in trastuzumab resistance, in which overexpression 
caused increased β-catenin levels, enhanced growth rates and 
invasiveness, and resistance to trastuzumab in the affected 
cells168. Although these mechanisms suggest potential path-
ways of resistance to trastuzumab-based ADCs, the mecha-
nisms have not been definitively linked to T-DM1 or T-DXd 
resistance.

Apoptotic pathway modulation
Apoptotic pathway modulation is another mechanism by 
which cancer cells may develop resistance to the lethal effects 
of ADCs. Typically, the cytotoxic components of ADCs are 
intended to induce programmed cell death in cancer cells. 
However, cancer cells might become resistant by altering or 
disabling parts of the apoptotic system, either as an intrinsic 
pathway associated with mitochondria or an extrinsic pathway 
linked to death receptors169,170. Resistance can develop due to 
mutations in crucial regulators of apoptosis, such as the Bcl-2 
family or caspases, or by boosting the levels of anti-apoptotic 
proteins, like inhibitors of apoptosis proteins (IAPs)171,172. 
This phenomenon is particularly relevant in the context of 

cancer, in which tumor cells exhibit a high degree of heteroge-
neity and plasticity, enabling tumor cells to rapidly adapt and 
develop resistance mechanisms.

The importance of pro-apoptotic proteins [Bcl-2-associated 
X protein (BAX) and Bcl-2 homologous antagonist/killer 
(BAK)] in determining sensitivity to gemtuzumab ozogamicin 
in AML has been recognized173. Resistance to this ADC 
has also been associated with the heightened expression of 
anti-apoptotic proteins (BCL-2 and BCL-XL)157. A therapeu-
tic strategy involving BCL-2 antisense (oblimersen sodium) 
combined with gemtuzumab ozogamicin has been explored 
in AML patients during the first relapse174. Similarly, reduced 
sensitivity to anti-CD79b-valine-citrulline-MMAE in NHL 
has been correlated with the BCL-XL level and utilization of a 
BCL-2 family inhibitor (ABT-263) has been shown to amplify 
ADC activity. This finding could have implications for resist-
ance to ADCs, like brentuximab vedotin, due to the structural 
similarities. In cells resistant to T-DM1, an increase in PLK1, 
a kinase crucial for mitosis, has been noted158. Inhibition of 
PLK1 using volasertib was shown to overturn resistance by 
inducing mitotic arrest through the spindle assembly check-
point, followed by phosphorylation and subsequent deactiva-
tion of the anti-apoptotic protein, Bcl-2158.

Drug resistance can also stem from activation of DNA repair 
pathways175. Cancer cells may counter ADC payloads that 
inflict DNA damage by upregulating DNA repair processes, 
such as nucleotide excision repair (NER), allowing cancer cells 
to fix the damage caused by these agents, thus negating the 
toxic effects176. Moreover, cancer cells may mutate enzymes or 
proteins involved in these repair mechanisms, further enhanc-
ing resistance177. In addition to TOPO1 mutations that disrupt 
the target of SN-38, the efficacy of the homologous recombi-
national repair (HRR) pathway has also been linked to resist-
ance against sacituzumab govitecan by compensating for the 
DNA damage inflicted by SN-38178.

Innovations and strategies to 
overcome ADC resistance
A multifaceted approach is essential to effectively address the 
challenge of drug resistance to ADCs in the new ADC era. 
This section will delve into two critical aspects that are shaping 
the future of ADCs in overcoming resistance. First, molecular 
design innovations are at the forefront, including strategies, 
like targeting multiple antigens to enhance selectivity, improv-
ing linker and conjugation chemistry for better stability and 
release profiles, and introducing novel payloads to bypass tra-
ditional resistance mechanisms. Second, the strategic use of 
combination therapies with various agents is gaining traction, 
offering a synergistic approach to overcoming resistance by 
simultaneously targeting multiple pathways. These advances 
collectively represent a comprehensive effort to enhance the 
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efficacy and durability of ADCs in the evolving landscape of 
cancer treatment.

Molecular design innovations

Targeting multiple antigens
In the era of new ADC treatment, actively exploring new ADC 
drugs is a courageous but unknown path179. A forward-looking 
approach to addressing the clinical challenge of ADC resist-
ance is to conjugate bispecific antibodies (BsAbs) with link-
er-payload complexes, resulting in bispecific antibody-drug 
conjugates (BsADCs)180. The design of BsADCs aims to tar-
get two different tumor antigens simultaneously to enhance 
activity in overcoming drug resistance due to antigen escape 
and/or tumor heterogeneity181. The innovative bi-paratopic 
or dual-targeting approach of BsADCs not only enhances 
selectivity by allowing binding to co-expressed antigens in 
solid tumors but also significantly improves internalization 
compared to conventional ADCs182. These distinctive benefits 
position BsADCs as a significant component in the next wave 
of ADC development with more than 10 BsADCs currently 
in clinical trials183. Importantly, recent discussions at the 2025 
San Antonio Breast Cancer Symposium (SABCS) further 
underscored antigen heterogeneity as a dominant driver of 
acquired resistance to ADCs in solid tumors, particularly in 
breast cancer. Clinical sequencing data have shown that loss 
or spatial heterogeneity of HER2 expression following HER2-
directed ADC exposure frequently limits the efficacy of sub-
sequent HER2-ADC therapies, thereby providing a strong 
biological rationale for multi-antigen or bispecific targeting 
strategies184. The design of BsADCs is not intended for linear 
additive improvement alone. In fact, changes in binding modes 
affect overall efficacy, requiring comprehensive coordination 
and optimization of the BsAbs, linkers, and payloads185,186.

Zanidatamab zovodotin (ZW49) is an innovative ADC 
based on zanidatamab that utilizes an interchain disulfide 
cysteine and protease-cleavable linker to conjugate the N-acyl 
sulfonamide auristatin187. The bispecific antibody structure 
of ZW49 enhances internalization and the Fc region contrib-
utes to antibody-dependent cellular cytotoxicity (ADCC), 
antibody-dependent cellular phagocytosis (ADCP), and com-
plement-dependent cytotoxicity (CDC) effects. This design 
tackles numerous unaddressed clinical needs in patients with 
HER2 expression. Preclinical studies have demonstrated that 
ZW49 has strong internalization and potent tumor-killing 
effects, and favorable tolerability in animals despite high 
HER2 affinity187. ZW49 is currently being evaluated in a phase 
I clinical trial (NCT03821233). As of 10 March 2022, among 
76 patients receiving ZW49, the confirmed ORR and disease 
control rate (DCR) was 28% and 72%, respectively, across mul-
tiple cancer types in this clinical trial, although the ocular tox-
icity profile (42% keratitis) warrants attention188.

MEDI4276 is a tetravalent HER2-targeted ADC that 
combines the single-chain variable fragment (scFv) of tras-
tuzumab with the N-terminus (39S) of another anti-HER2 
IgG1 antibody189. While MEDI4276 had significant efficacy 
in treating resistant HER2-positive cancer xenograft models, 
it failed to achieve a favorable balance between efficacy and 
safety in clinical trials190. Among 43 breast cancer or gastric 
cancer patients, the overall ORR was reported to be 9.4% in 
32 evaluable patients with a maximum tolerated dose (MTD) 
at 0.75 mg/kg190,191, which is lower than many other HER2-
ADCs. MEDI4276 had poor tolerability and unfavorable 
pharmacokinetics (PK) at the MTD due to high toxicity of the 
payload, suggesting the necessity for further optimization192.

CD63 is part of the tetraspanin superfamily. CD63 is 
broadly expressed, primarily on the cell surface, as well as 
in late endosomes and lysosomes193. The unique subcellular 
localizations of CD63 make it a promising target for BsADCs, 
which facilitate antigen internalization upon drug binding on 
the cell membrane and subsequent lysosomal trafficking for 
more efficient drug delivery and payload release. BsAb com-
bining low-affinity CD63 arm with high-affinity anti-HER2 
Fab (designated as HER2 × CD63) was developed194. This 
design leverages antibody-dependent receptor cross-linking 
to boost the effective internalization of HER2 and facilitate 
lysosomal co-localization (from 30–40% to 60–80%). The 
HER2 × CD63 BsAb is linked to the anti-mitotic payload, 
duostatin-3, via a valine-citrulline (vc) linker194. However, 
the suboptimal efficacy in tumors with low HER2 expres-
sion suggests the need for further optimization, possibly 
by increasing the drug-to-antibody ratio (DAR) to improve 
cytotoxic activity and/or using a different payload with 
stronger bystander effect.

The prolactin receptor (PRLR), which is frequently overex-
pressed in malignant breast epithelium, effectively facilitates 
clathrin-dependent initial internalization and lysosomal trans-
port via self-ubiquitination and stimulation of adaptor protein 
complex 2 (AP2) complex recruitment195. A BsAb featuring 
HER2 and PRLR arms was developed using the “Knobs-into-
Holes” (KIH) approach196. The BsADC uses a non-cleavable 
linker to attach Mertansine (DM1) to surface lysine residues, 
achieving an average DAR of 3.3186. Despite relatively low 
cell surface expression, surface antigens with high turnover 
rates, like PRLR, can sufficiently induce fast ADC internali-
zation and lysosomal degradation processes, thereby enabling 
adequate cytotoxic activity of ADCs. Moreover, the phase I 
global clinical data of EGFR × HER3 dual-targeted ADC Iza-
Bren (BL-B01D1) showed a confirmed objective response rate 
(cORR) of 33.3% with an acceptable safety profile in patients 
with metastatic or unresectable NSCLC and other solid tum-
ors, including breast cancer and esophageal adenocarcinoma, 
which is the first clinical validation of the therapeutic value of 
dual-targeted ADCs in EGFR-TKI resistant NSCLC197.
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Linker and conjugation chemistry improvement
The linker and conjugation chemistry are also pivotal aspects 
of ADC design that significantly impact the pharmacokinet-
ics, stability, specificity, and efficacy38,198. ADCs can achieve 
better-targeted delivery, improved stability, and enhanced effi-
cacy against resistant tumors through the rational design of 
optimized linkers. For example, the traditional non-specific 
conjugation methods using lysine residues or cysteine thiols 
lead to significant heterogeneity in the DAR and hydropho-
bicity199. The ADC drug load ranges from unloaded (DAR =  
0) to highly loaded (DAR ≥ 6). Highly-loaded ADCs are 
unstable in plasma and exhibit increased non-specific hepatic 
uptake, resulting in off-target toxicities200. ADCs with homog-
enous DAR distributions have been developed with techno-
logical advances. This uniformity can enhance the therapeutic 
window of ADCs and reduce resistance by ensuring consist-
ent delivery of the cytotoxic payload to the tumor cells. The 
thiomab site-specific conjugation, which was developed by 
Panowski et al.201, introduces a cysteine residue at the ALA114 
position in the antibody CH1 domain, providing an exposed 
free thiol (–SH) group for site-specific conjugation.

In addition to site-specific conjugation, modified and 
engineered linkers, such as polyethylene glycol (PEG)ylated 
linkers, can also improve the PK, tolerability, and efficacy of 
ADCs by tuning the hydrophilicity202,203. The development 
of self-immolative linkers has also enhanced the stability 
and tolerability of ADCs204. In the early 1980s, a paraamin-
obenzyloxycarbonyl (PABC)-based self-immolative linker 
was developed for prodrug design205. Since the early 1980s, 
PABC linkers have been widely applied in ADCs, especially in 
MMAE-conjugated ADCs206. After ADC internalization into 
the target cells, the linker is cleaved by lysosomal enzymes and 
the PABC spacer in the vc-PAB-MMAE linker/payload under-
goes a cascade of cleavage reactions to facilitate the intracellu-
lar release of MMAE. The vc-PABC linker exhibits superior 
plasma stability and better toxicity profiles compared to earlier 
cleavable linkers48,207. This linker technology has been success-
fully utilized in the four FDA-approved MMAE-based ADCs.

Recently, Pillow et  al. developed more sophisticated self- 
immolative linkers that allow direct conjugation of the cytotoxic 
payloads to engineered cysteine residues208. This engineered 
cysteine conjugation approach enables a more uniform distri-
bution of the cytotoxic payload across the entire ADC. IgGs 
generally contain 8 cysteine residues, allowing for the gener-
ation of ADCs with a DAR of 2–4 through this site-specific 
engineering209. These engineered ADCs have demonstrated 
significant potential and tolerability in preclinical studies com-
pared to traditional ADCs24,210. Moreover, this approach has 
improved the tolerability of pyrrolobenzodiazepine (PBD)-
based ADCs. The novel self-immolative disulfide linker 
ADC containing the same PBD payload exhibited similar in 
vivo potency in xenograft tumors compared to conjugation 
through a peptide linker, while largely improved tolerability in 

rats, suggesting the unique advantage of this disulfide linker in 
balancing efficacy and toxicity in preclinical studies208.

Payload innovations
Innovative ADC payloads with different mechanisms of 
action are also crucial to overcome drug resistance to current-
generation ADCs. Observed resistance mechanisms involve 
the payload itself affecting efflux proteins because many fre-
quently used ADC payloads, like MMAE, MMAF, and SN38, 
are substrates of ABC transporters, which inevitably leads to 
ADC resistance51. Therefore, using novel payloads with differ-
ent mechanisms of action can effectively address payload-re-
lated resistance. For example, ADC resistance driven by 
changes in topoisomerase expression or downstream signaling 
mechanisms can be overcome by using topoisomerase inhibitor 
payloads211. Similarly, it has been noted in NHL tumor models 
that substituting an auristatin-based payload with an anthra-
cycline-based payload in the ADC enhances patient responses 
to the treatment145. Similarly, the cells remained sensitive 
to T-DXd in HER2-positive gastric cancer cells resistant to 
T-DM1147. This finding was further expanded in vivo and xen-
ograft tumors derived from T-DM1-resistant cells showed vol-
ume reduction when treated with T-DXd147. The application 
of this principle includes developing other HER2- or TROP-
2-targeted ADCs, which may provide alternative payloads to 
overcome payload-related resistance. However, emerging clin-
ical observations presented at the American Society of Clinical 
Oncology (ASCO) 2025 annual conference raised concerns 
regarding cross-resistance among ADCs sharing similar pay-
load classes, particularly TOPO-I inhibitors. Sequential use of 
multiple TOPO-I-based ADCs was associated with attenuated 
responses in heavily pretreated populations, suggesting that 
payload class, rather than antibody target alone, may critically 
shape resistance trajectories212. These findings highlight the 
necessity of incorporating payload diversification or rotation 
strategies into ADC development and sequencing paradigms 
to mitigate cumulative payload-driven resistance.

In addition, to improve the immunomodulatory capa-
bilities of ADCs, immunostimulatory antibody conjugates 
(ISACs) were developed. In contrast to ADCs, which depend 
exclusively on payload internalization and direct cytotoxic 
effects for anti-tumor activity, ISACs leverage payloads 
to mediate reprogramming of the TME. Mechanistically, 
ISACs promote targeted recruitment and activation of innate 
immune cells, including macrophages and dendritic cells, 
leading to enhanced antigen presentation and subsequent 
priming of adaptive immunity. Preclinical studies have shown 
that ISAC treatment can result in a 2–5-fold increase in intra-
tumoral CD8+ T-cell infiltration, accompanied by significant 
upregulation of antigen presentation markers, such as MHC 
class I and II on tumor-associated antigen-presenting cells213. 
This immune activation cascade has been associated with the 
induction of systemic anti-tumor immune responses, and 
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in some models, the establishment of long-lasting immu-
nologic memory, as evidenced by protection against tumor 
rechallenge214. ISACs achieve these effects by replacing 
conventional cytotoxic payloads with immunostimulatory 
molecules, most frequently pattern recognition receptor 
(PRR) agonists, including Toll like receptor 7/8 (TLR7/8) or 
stimulator of interferon genes (STING) agonists215. While 
PRR agonists have demonstrated potent anti-tumor activ-
ity, systemic administration as free agents is often limited by 
widespread immune activation and dose-limiting toxicities. 
Indeed, free PRR agonists typically induce systemic cytokine 
release at doses one-to-two orders of magnitude lower than 
required to achieve robust anti-tumor efficacy216. ADC ena-
bles selective tumor delivery of PRR agonists, resulting in 
markedly enhanced intratumoral immune activation with 
substantially reduced systemic cytokine exposure81,217. ISACs 
have been shown to induce robust macrophage reprogram-
ming toward a pro-inflammatory phenotype in preclinical 
models, increase antibody-dependent cellular phagocytosis 
by approximately 2- to 3-fold, and promote dendritic cell 
maturation and cross-presentation. ISACs targeting a range 
of antigens, including cancer embryonic antigens, HER2, 
tumor-associated antigens, and PD-L1, are currently under 
clinical evaluation.218,219. Notably, combination strategies 
further amplify ISAC efficacy. When combined with PD-1 
blockade, ISACs or PRR agonist-based conjugates have 
demonstrated significantly greater tumor growth inhibition 
and survival benefit compared to monotherapy, even in tumor 
models resistant to PD-1 antibodies alone220,221. This syner-
gistic effect has been attributed, at least in part, to enhanced 
macrophage polarization toward anti-tumor phenotypes and 
increased T-cell infiltration, highlighting the potential of 
ISACs to overcome immunologically “cold” tumor states.

In addition to using immunostimulatory agents, a variety 
of innovative cytotoxic ADC payloads can also be used. For 
example, there are new ADCs that use the same antibody to 
conjugate two different payloads, which allow for the accumu-
lation of multiple cytotoxic mechanisms to enhance anti-tumor 
activity and reduce tumor cell resistance222-224. Current chemo-
therapy regimens often use combination drug approaches. 
Considering the benefits of combination therapy, using ADCs 
with two or more payloads may help avoid the development 
of ADC resistance. Dual-payload ADCs aim to address tumor 
resistance and heterogeneity by integrating the mechanisms of 
multiple cytotoxic drugs. Levengood et  al. reported the first 
dual-payload ADC in 2017, which conjugated MMAE and 
MMAF to a short peptide linker containing orthogonally pro-
tected cysteine residues, with a DAR of 16 (8 + 8)225. MMAE 
and MMAF have complementary physiochemical properties. 
MMAE has good cell permeability and a bystander effect but 
reduced potency against MDR-high cells, while MMAF has 
activity against MDR+ cells but lower cell permeability. Further 
activity analysis showed that the generated dual-payload ADC 

exhibited potent anti-tumor activity and overcame tumor cell 
resistance by incorporating complementary payloads. Kumar 
et al. reported a second dual-payload ADC in 2018 that was 
composed of MMAE and a PBD dimer226. The first payload 
(MMAE) was attached via a hydrazone linker, while the sec-
ond payload (PBD-SG3557) was installed via CuAAC. The 
evaluation of activity in vitro showed that the dual-payload 
ADC had equal potent anti-tumor activity compared to the 
PBD single-payload ADC. A new dual-payload ADC was 
developed in 2021 using click chemistry, enabling flexible 
DAR combinations of 2 + 2, 4 + 2, and 2 + 4222. The design 
incorporated an azido-dibenzocyclooctyne (DBCO) click pair 
and a methyl-tetrazine-trans-cyclooctene (TCO) click pair, in 
which the me-tetrazine-TCO cycloaddition did not interfere 
with the azide-DBCO coupling. The click pairs were conju-
gated to PEG spacers, a cleavable Glu-Val-Cit linker, PABC, 
and the payloads (MMAE/MMAF). Cytotoxicity studies 
showed the dual-payload ADC maintained potent anti-tumor 
activity in the HER2-low, hydrophobic chemotherapy- 
resistant JIMT-1 breast cancer cell line. Furthermore, in a 
breast tumor xenograft model with HER2 heterogeneity/
resistance, the dual-payload ADC exhibited better anti-tumor 
activity compared to single-payload ADCs or the co-adminis-
tration of single-drug variants222.

Combination therapies

In addition to the innovative improvement of ADC structure, 
drug combination is one of the frequently used strategies to 
solve drug resistance caused by signal pathway changes, espe-
cially in the treatment of cancer, in which it is often difficult 
to achieve the expected efficacy with a single drug. Therefore, 
the combination of ADCs with other anti-tumor agents is 
being actively explored in preclinical models and clinical 
trials. Notably, major oncology meetings in 2025, including 
the ASCO and the European Society For Medical Oncology 
(ESMO), reflected a paradigm shift in which ADCs are increas-
ingly positioned as components of rational combination reg-
imens rather than stand-alone cytotoxic agents227-229. Drug 
combinations not only overcome single-drug resistance but 
enhance the overall efficacy. The combination regimens can be 
roughly divided into four categories: combined with chemo-
therapy drugs; combined with targeted drugs; combined with 
anti-angiogenesis drugs; and combined with immunotherapy 
drugs (Figure 4). Table S1 summarizes the representative 
ongoing clinical trials which evaluate ADC combination ther-
apies for different cancer indications.

Combination with chemotherapy
Optimizing ADC combination therapy requires understanding 
how ADCs and chemotherapeutic agents interact to regulate 
the cell cycle and modulate target antigen expression. Growing 
preclinical and clinical evidence demonstrates varying levels 
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of effectiveness and lays the groundwork for advancing drug 
development. For example, DNA-damaging agents, such as 
platinum agents and topoisomerase inhibitors, which induce 
G2/M cell cycle arrest, can be combined with microtubule-dis-
rupting agents, such as paclitaxel and docetaxel, to maximize 
the destruction of cells arrested in G2/M230,231. This strategy of 
combining drugs has yielded encouraging outcomes in ovarian 
cancer models using carboplatin with mirvetuximab soravtan-
sine [FRα-DM4], anetumab ravtansine (mesothelin-DM4), or 
luveltamab tazevibulin (FRα-SC239)232-235.

When combining ADCs with chemotherapy, the timing 
of administration is critical. Microtubule polymerization is 
essential for the endocytosis and internalization of ADCs. 

Additionally, G2/M arrest induced by DNA damage requires 
sufficient time to sensitize cells to microtubule‑disrupting 
agents. Researches involving colorectal, lung, and breast can-
cer models have shown that administering SGN-15 (Lewis Y 
antigen-adriamycin) and paclitaxel sequentially leads to more 
DNA damage than concurrent administration, suggesting that 
delayed administration of the anti-microtubule agent after 
DNA-damaging therapy may enhance the therapeutic effect236. 
However, this approach has not been tested in clinical trials 
and requires further exploration based on the tumor-specific 
ADC internalization rate and cell cycle dynamics.

Chemotherapies may also modulate the expression of the 
targeted surface antigen on tumor cells237. For example, studies 

Figure 4  Combination strategies of antibody-drug conjugates (ADCs) in cancer therapy and mechanisms of action. (A) Chemotherapy: the 
cytotoxic agents for chemotherapy could target cancer cells, causing DNA damage and microtubule disintegration, leading to cancer cell 
death. (B) Targeted therapy: the monoclonal antibody can target specific antigens on cancer cells, inducing apoptosis while bispecific antibod-
ies can engage effector cells to release granzymes and perforins, causing cancer cell death. (C) Immune checkpoint inhibitors: combination 
with immune checkpoint inhibitors, such as anti-CTLA-4 and anti-PD-1 antibodies, can enhance the immune attack on tumor cells, leading to 
tumor cell death. (D) Anti-angiogenesis: anti-angiogenesis agents can inhibit angiogenesis by blocking VEGF from binding to the VEGF recep-
tor (VEGFR), thereby preventing the formation of new blood vessels that supply the tumor. ADC, antibody-drug conjugate; CTLA-4, cytotoxic 
T-lymphocyte-associated protein 4; MHC, major histocompatibility complex; PD-L1, programmed cell death-ligand 1; PD-1, programmed cell 
death protein-1; TCR, T-cell receptor; VEGF, vascular endothelial growth factor; VEFGR, vascular endothelial growth factor receptor. Created 
with BioRender.com.
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have indicated that gemcitabine increases HER2 expression in 
pancreatic cancer cells, which can improve the effectiveness 
of T-DM1 when used in combination with gemcitabine238,239. 
Consequently, some chemotherapies might be better suited for 
use with ADCs based on the capacity to boost the target anti-
gen, a discovery that calls for additional research into other 
ADC-chemotherapy pairings.

Combination with targeted therapy
ADCs have a higher therapeutic index and targeted tumor cell 
cytotoxicity compared to standard chemotherapy, which may 
allow for better combination with targeted therapies. Many 
studies have attempted to replace standard chemotherapy 
with ADCs and combine ADCs with targeted agents but the 
results have been disappointing. Clinical trials, like KAITLIN, 
KRISTINE, and MARIANNE, that combined T-DM1 with 
pertuzumab did not show improved efficacy in the neoadju-
vant and metastatic settings compared to paclitaxel + trastu-
zumab + pertuzumab, especially in patients with low HER2 
expression or high HER2 heterogeneity240-242. While these 
results were not ideal, it does not preclude the possibility that 
updated ADCs combined with targeted therapies may show 
improved efficacy in select clinical settings. Increasing evi-
dence supports the combination of ADCs with drugs targeting 
the resistance mechanisms. For example, HER2-driven malig-
nant transformation of breast epithelial cells depends on cyclin 
D1. Therefore, combining the CDK4/6 inhibitor with T-DM1 
in HER2-resistant patients showed moderate tumor regres-
sion with manageable toxicity243,244. However, CDK4/6 inhib-
itors block cell cycle progression into the S or M phase, which 
may reduce the efficacy of T-DM1. As a result, optimizing the 
treatment sequencing to enhance efficacy and minimize tox-
icity needs to be considered. A notable advance involves the 
anti-HER2 ADC, trastuzumab deruxtecan, combined with 
the monoclonal antibody, pertuzumab. The FDA approved 
this combination in December 2025 for first-line treatment 
of adults with unresectable or metastatic HER2-positive 
breast cancer based on results from the phase III DESTINY-
Breast09 trial, which showed a significant improvement in 
PFS compared to the standard taxane plus trastuzumab and 
pertuzumab regimen245. Specifically, T-DXd plus pertuzumab 
reduced the risk of disease progression or death by 44% (haz-
ard ratio = 0.56) and achieved a median PFS > 3 years vs. 26.9 
months with the standard regimen. This approval represents a 
new standard of care in this setting and highlights the poten-
tial of combining ADCs with other monoclonal antibodies to 
improve outcomes.

Furthermore, various tyrosine kinase inhibitors (TKIs) have 
been shown to modulate cell surface antigen expression, which 
may further potentiate ADC activity and sensitize tumors with 
low antigen expression246,247. In the TEAL study, the regimen of 
T-DM1 combined with the pan-HER inhibitor, lapatinib, and 
albumin-bound paclitaxel for preoperative therapy of HER2-
positive breast cancer demonstrated superior effectiveness 

relative to the conventional treatment combining paclitaxel, 
trastuzumab, and pertuzumab, with a more notable advantage 
observed in patients with hormone receptor-positive (HR+) 
tumors248. Similarly, exposure of melanoma cell lines to B-Raf 
proto-oncogene, serine/threonine kinase (BRAF)/Mitogen-
activated protein kinase kinase (MEK) inhibitors upregu-
lated surface Tyrosine-protein kinase receptor UFO (AXL), 
which in turn increased the sensitivity to enapotamab vedotin 
(AXL-MMAE)249. In the combination anti-HER2 therapy set-
ting, the phase I study involving T-DM1 plus the HER2-TKI, 
tucatinib, in HER2-positive metastatic breast cancer achieved 
a median PFS of 8.2 months250. Based on this finding, the 
HER2CLIMB-02 study involving tucatinib plus T-DM1 and 
the HER2CLIMB-04 study involving tucatinib plus T-DXd are 
ongoing251,252. The combination of T-DXd and pertuzumab 
achieved an ORR of 16% in the DESTINY-Breast 07 study, 
which is comparable to single-agent T-DXd253. Emerging evi-
dence presented at the 2025 European Lung Cancer Congress 
(ELCC) further supported the role of ADCs as effective part-
ners for overcoming acquired resistance to targeted therapies. 
Early clinical data demonstrated that combining the TROP2-
directed ADC, datopotamab deruxtecan, with osimertinib 
produced encouraging activity in EGFR-mutant non-small cell 
lung cancer patients with post-TKI resistance, highlighting a 
novel strategy whereby ADCs eradicate heterogeneous resist-
ant clones, while TKIs suppress residual oncogenic signaling254.

Combination with anti-angiogenesis therapy
Anti-angiogenic agents can promote tumor vessel normaliza-
tion, which can enhance the penetration and exposure of ADC 
drugs in the tumor tissue255,256. The combination of anetumab 
ravtansine or mirvetuximab soravtansine with bevacizumab 
achieved complete responses in preclinical ovarian cancer 
models. Anetumab ravtansine combined with bevacizumab 
showed improved in vivo efficacy in the OVCAR-3 ovarian 
cancer model with high mesothelin expression257. Similarly, 
mirvetuximab soravtansine combined with bevacizumab 
improved the in vivo efficacy in platinum-resistant ovarian 
cancer in the FRα-high epithelial ovarian cancer model with 
most tumor-bearing mice showing tumor regression or com-
plete elimination233.

Based on these preclinical studies, a phase Ib study using 
mirvetuximab soravtansine in combination with bevacizumab 
to treat heavily pre-treated, platinum-resistant, FRα-high 
ovarian cancer patients achieved an ORR of 39%, which was 
superior to the benchmark from the AURELIA trial (ORR 
27%) with bevacizumab plus chemotherapy258. In addition, 
studies are exploring the direct design of ADCs targeting the 
VEGF pathway. An innovative approach involved conjugat-
ing bevacizumab and MMAE via a protease-cleavable linker 
(bevacizumab vedotin), which can target the VEGF/VEGFR 
pathway and rapidly release MMAE in the presence of exog-
enous protease B259. Bevacizumab vedotin exhibited good 
anti-proliferative, pro-apoptotic, and cell cycle arrest effects 
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on glioblastoma, hepatocellular carcinoma, and breast can-
cer in vitro259. Fundamental research has shown that HER2 
is an inducer of VEGF expression and overexpression of the 
HER2 signaling in breast cancer models led to increased 
VEGF mRNA expression260,261. In vitro studies have also con-
firmed that dual-targeting therapy using a VEGF inhibitor 
combined with trastuzumab was more effective in suppressing 
the growth of HER2-overexpressing breast cancer than either 
agent alone, suggesting potential synergistic effects between 
T-DXd and anti-angiogenic agents262.

Combination with immunotherapy
Increasing evidence suggests that ADCs may be able to 
enhance the efficacy of immune-oncology (IO) therapies263. 
The proposed mechanisms include inducing immunogenic 
cell death, dendritic cell maturation, increased T-cell infiltra-
tion, and enhanced immune memory, as well as the expression 
of immune regulatory proteins (e.g., PD-L1 and MHC)264. 
Using low-dose ADCs as immune stimulants may help poten-
tiate the activity of IO drugs while minimizing the risk of tox-
icities264. Immunotherapy and ADC co-treatment strategies 
have progressed to clinical evaluation. Although preclinical 
studies and initial clinical findings indicate an enhancement 
in anti-tumor effects, randomized trials are still needed to 
demonstrate superior benefits over standard-of-care.

Several HER2-targeted ADCs, including T-DM1, T-DXd, 
and RC48, have undergone evaluation in combination with 
immune checkpoint inhibitors (ICIs) in vitro and in vivo. 
These combinations have demonstrated synergistic benefits, 
notably in promoting the movement and activation of immune 
cells265-267. The KATE2 trial (NCT02924883), which is a ran-
domized controlled study, assessed the efficacy of combining 
T-DM1 with atezolizumab versus T-DM1 with a placebo in 
patients with previously treated HER2-positive breast can-
cer. Although this combination did not significantly enhance 
the median PFS (8.2 vs. 6.8 months; P = 0.33)268, there was 
an observable trend towards improved PFS in patients whose 
tumors were PD-L1 positive (8.5 vs. 4.1 months; P = 0.099), 
suggesting that HER2-targeted ADC plus ICI may only bene-
fit the PD-L1-positive population. Despite this disappointing 
result, preliminary studies suggested that a combination of 
ICIs with ADCs that target antigens other than HER2 might 
be effective in a range of cancers, such as urothelial, small cell 
lung, ovarian, cervical cancer, TNBC, and HL. Combination 
therapy has the potential to yield higher response rates com-
pared to historical data on ICI monotherapy269-271.

The KATE2 study showed a trend towards improved sur-
vival in the PD-L1-positive subgroup of breast cancer patients 
who progressed on trastuzumab plus taxane, with 1-year OS 
rates of 94.3% for T-DM1 plus atezolizumab versus 87.9% 
for T-DM1 alone. Building on this finding, the KATE3 study 
(NCT04740918) is further exploring the efficacy of T-DM1 
plus atezolizumab in HER2-positive, PD-L1-positive advanced 
breast cancer272. In both HER2-positive and -low breast cancer 

populations, dose-escalation and expansion studies of T-DXd 
in combination with nivolumab are ongoing, showing ORRs of 
65.5% in HER2-positive and 50% in HER2-low patients. The 
anticipated analyses in the PD-L1-positive subgroups may 
yield more promising results.

EV-302 was a randomized, controlled, phase III clinical 
trial designed to evaluate the efficacy of enfortumab vedotin 
in combination with pembrolizumab versus platinum-based 
chemotherapy in patients with previously untreated locally 
advanced or metastatic urothelial carcinoma. The EV plus 
pembrolizumab combination regimen nearly doubled the PFS 
and OS outcomes compared to platinum-based chemotherapy 
(PFS: 12.5 months vs. 6.3 months, P < 0.001; OS: 31.5 months 
vs. 16.1 months; P < 0.001). The incidence of treatment-related 
adverse events ≥ grade 3 was reduced in the combination group 
(55.9% vs. 69.5%)273. At present, the EV plus pembrolizumab 
combination has been established as the preferred first-line 
treatment option for patients with locally advanced or met-
astatic urothelial carcinoma (la/mUC) who are cisplatin-eli-
gible or -ineligible. This regimen has also received regulatory 
approval in multiple countries and regions, including the 
United States, Canada, the European Union, Brazil, and Japan. 
In addition to efficacy improvement, ADC-induced immuno-
genic cell death and myeloid cell reprogramming were high-
lighted as key mechanisms by which immunologically “cold” 
tumors may be sensitized to PD-1/PD-L1 inhibition, thereby 
expanding the therapeutic relevance of ADC-ICI combina-
tions beyond traditionally responsive tumor subsets274.

Limitations and challenges
While the innovations in molecular design and combination 
therapies have shown promise in preclinical and early clini-
cal settings, the translation to broad, durable clinical benefit 
is hindered by underappreciated limitations that are rooted 
in biological complexity, therapeutic trade-offs, and clinical 
implementation gaps. A critical reassessment of these strate-
gies is imperative to avoid overoptimism and guide rational 
development of next-generation approaches.

BsADCs are designed to address antigen heterogeneity and 
escape but the efficacy is constrained by strict biological pre-
requisites and practical trade-offs. BsADCs require simulta-
neous expression of two targets on tumor cells, which is often 
heterogeneous across patients and even within tumors. For 
example, HER2 × CD63 BsADC shows suboptimal efficacy 
in HER2-low tumors because the low-affinity CD63 arm can-
not compensate for insufficient HER2 binding275. Moreover, 
off-target toxicity arises from cross-reactivity with normal 
tissues expressing either target at low levels. ZW49 (an HER2 
bispecific ADC) exhibited a 42% incidence of keratitis that 
was likely due to low-level HER2 expression in corneal epi-
thelial cells, which is an issue exacerbated by the high affinity 
of biparatopic antibody’276. In addition, bispecific antibody 
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scaffolds often have a reduced serum half-life and stability 
compared to conventional IgG1, necessitating more frequent 
dosing or higher concentrations, which in turn increase the 
risk of toxicity. MEDI4276, a tetravalent HER2 BsADC, failed 
to meet efficacy expectations in clinical trials due to poor tol-
erability and unfavorable PK, which was attributed to payload 
toxicity and scaffold instability190.

Similarly, site-specific conjugation and advanced linkers 
improve DAR uniformity and stability but introduce new 
challenges. Site-specific conjugation requires specialized pro-
tein engineering and purification, increasing production costs 
2- to 3- fold compared to traditional lysine conjugation277. 
Increased production costs translate to higher patient burden. 
For example, site-specific ADCs, like loncastuximab tesirine, 
cost approximately 20,000 USD per cycle, which restricts access 
in low-resource settings. In addition, linker stability-to-release 
trade-offs remain unresolved. The cleavable linkers enable 
bystander effects but carry the risk of premature cleavage in 
the circulation, as occurs with T-DXd interstitial lung disease 
toxicity, which is linked to off-target payload release in lung 
tissue278. Non-cleavable linkers avoid this but rely on efficient 
lysosomal degradation, which is impaired in ~30% of resistant 
tumors with lysosomal dysfunction279.

Novel payloads aim to bypass traditional resistance but face 
intrinsic limitations. The balance between synergy and toxicity 
is difficult to achieve for dual-payload ADCs. Combining two 
potent cytotoxins (e.g., MMAE + PBD) increases the risk of 
off-target toxicity, while combining complementary mechanisms 
(e.g., microtubule inhibitor + STAT3 inhibitor) may require pre-
cise DARs that are challenging to manufacture uniformly200. 
Preclinical studies have shown that dual-payload ADCs often 
exhibit narrow therapeutic windows with efficacy gains offset by 
increased myelosuppression280. Second, ISACs suffer from TME-
mediated immune suppression. TLR7/8 agonists conjugated to 
antibodies can activate dendritic cells but this is abrogated in 
tumors with high myeloid-derived suppressor cells (MDSCs) 
or TAMs281. Moreover, systemic leakage of immunostimulatory 
payloads induces a cytokine storm and limits dose escalation, 
which were observed in early-phase ISAC trials282.

Combining ADCs with chemotherapy leverages synergis-
tic cell-cycle effects but is undermined by toxicity overlap 
and compromised ADC efficacy. For example, myelosup-
pression and mucosal toxicity are exacerbated when the 
MMAE-based ADCs (e.g., brentuximab vedotin) and tax-
anes combined, leading to severe neutropenia (grade 3/4 
incidence > 50%) in combination trials283. Similarly, anti-
angiogenic agents (e.g., bevacizumab) improve ADC pene-
tration by normalizing tumor vasculature but this strategy 
faces narrow therapeutic windows and hypoxia-induced 
resistance. The window during which blood vessels are nor-
malized (reducing hypoxia without inducing ischemia) is 
narrow and patient-specific, requiring precise dosing and 
timing that are difficult to standardize clinically. Only 39% 
of patients achieved objective responses in a phase Ib trial of 

mirvetuximab soravtansine + bevacizumab with 27% experi-
encing grade 3/4 hypertension attributed to off-target vascu-
lar disruption284.

Conclusions
Current strategies to overcome ADC resistance are ham-
pered by inherent biological trade-offs, translational gaps, 
and failure to account for dynamic resistance evolution. 
While molecular design innovations address specific resist-
ance mechanisms, molecular design innovations are con-
strained by target dependency, toxicity, and manufacturing 
complexity. Combination therapies suffer from toxicity 
overlap, compensatory signaling, and poor patient selec-
tion. To move forward, the following must be prioritized in 
future efforts: (1) developing biomarkers to stratify patients 
based on resistance profiles and TME features; (2) designing 
“multi-mechanism” ADCs (e.g., dual payloads + immunos-
timulatory moieties) that target cancer cells and the TME; 
(3) optimizing combination dosing and sequencing to max-
imize synergy while minimizing toxicity; and (4) advancing 
preclinical models that recapitulate human tumor heteroge-
neity and dynamic resistance. Only through a critical, evi-
dence-based reassessment of current strategies can we avoid 
translational failures and unlock the full potential of ADCs 
for patients with refractory cancer.
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