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Abstract

Transformative therapeutic innovation should not begin with a molecule—or even a mo-
lecular target. It should begin with a clearly defined unmet clinical need. Here, we present
a seven-step Translational Therapeutic Development Roadmap that systematically con-
nects an unmet medical need to a developable drug candidate through the disciplined
sequence of (i) defining the need, (ii) understanding disease and resistance biology, (iii)
building a mechanistic hypothesis, (iv) defining a target product profile (TPP), (v) molec-
ular design and experimental validation, (vi) developability and manufacturability assess-
ment, and (vii) clinical translation. A central conclusion emerging from this review is that
resistance biology should be viewed not merely as a cause of therapeutic failure, but as a
primary design input for next-generation therapeutic innovation. Our analysis identifies
continuous alignment among unmet clinical needs, resistance biology, mechanistic hy-
pothesis, molecular design, developability, and clinical translation as the defining charac-
teristic of successful therapeutic development. We use dual-payload antibody-drug con-
jugates (ADCs) as a contemporary and highly illustrative case study of this resistance-
informed therapeutic development approach. Single-payload ADCs such as trastuzumab
deruxtecan and sacituzumab govitecan have transformed treatment across multiple solid
tumors, yet most patients ultimately relapse through antigen loss, defective intracellular
trafficking, drug efflux, payload-target alterations, and tumor heterogeneity, creating an
emerging post-ADC treatment gap. Dual-payload ADCs, which deliver two mechanisti-
cally distinct warheads from a single antibody, represent a form of molecular combination
therapy designed to increase the barrier to resistance and address multiple escape path-
ways simultaneously, as well as provide a clinically relevant model for resistance-in-
formed therapeutic design. Using dual-payload ADCs as a worked example, we demon-
strate how resistance biology directly informs payload pairing, molecular architecture,
conjugation strategy, experimental validation, and developability. Our analysis indicates
that successful dual-payload ADC design depends not simply on combining two cyto-
toxic payloads, but on selecting complementary mechanisms with non-overlapping re-
sistance liabilities while satisfying predefined target product profiles and manufactura-
bility requirements. We further summarize resistance-guided payload pairing strategies,
including topoisomerase I plus tubulin inhibitors, topoisomerase I plus DNA-damage-
response inhibitors, cytotoxic plus immunomodulatory payloads, and cell-permeable
plus non-permeable combinations; the conjugation chemistries that enable defined dual-
payload products; the preclinical validation, pharmacological optimization, and develop-
ability hurdles that separate promising biology from viable therapeutics; and the rapidly
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expanding clinical landscape, including the first-in-human program KH815 and emerging
bispecific dual-payload constructs. Finally, we demonstrate that the same translational
roadmap extends beyond ADCs to radiopharmaceutical conjugates, multispecific anti-
bodies, targeted protein degraders, and cell and gene therapies, indicating that it repre-
sents a general framework for therapeutic innovation rather than an ADC-specific strat-
egy. Collectively, this review supports the concept that therapeutic innovation is most
successful when unmet clinical needs, resistance biology, molecular design, developabil-
ity, and clinical translation are considered as an integrated continuum rather than as in-
dependent stages of drug discovery. This Translational Therapeutic Development
Roadmap provides an organizing framework for guiding the rational development of
next-generation targeted therapeutics across diverse therapeutic modalities.

Keywords: antibody—drug conjugate; dual-payload ADC; drug resistance; payload pair-
ing; topoisomerase I inhibitor; target product profile; translational oncology; molecular
combination therapy; tumor heterogeneity; developability

1. PART I—A Translational Principles Underlying Resistance-Informed
Therapeutic Innovation
1.1. Introduction: Why Therapeutic Innovation Begins with Unmet Medical Needs

Over the past two decades, biomedical research has transformed our understanding
of cancer through advances in cancer genomics, next-generation sequencing, single-cell
and spatial transcriptomics, proteomics, structural biology, CRISPR-based functional ge-
nomics, computational chemistry, artificial intelligence (Al), and systems biology. To-
gether, these technologies have revealed the molecular complexity, cellular heterogeneity,
and evolutionary dynamics of human cancers while dramatically accelerating target dis-
covery and therapeutic design. In parallel, therapeutic modalities have expanded far be-
yond conventional cytotoxic chemotherapy to include molecularly targeted therapies, im-
mune checkpoint inhibitors, antibody-drug conjugates (ADCs), bispecific antibodies, ra-
diopharmaceuticals, targeted protein degraders, RNA therapeutics, gene editing, engi-
neered cell therapies, and other precision medicine approaches. Among these emerging
modalities, ADCs have rapidly evolved into a major therapeutic platform across multiple
solid tumors, driven by continuous advances in antibody engineering, payload chemistry,
linker technologies, biomarker-guided patient selection, and clinical translation [1]. Col-
lectively, these scientific and technological advances have greatly expanded the opportu-
nities for therapeutic innovation. However, they have also shifted the primary challenge
in drug discovery from generating molecular solutions to selecting the right biological
problems to solve.

Despite these remarkable advances, the overall success rate of oncology drug devel-
opment remains disappointingly low. Many investigational therapeutics fail during clin-
ical development because resistance biology, tumor heterogeneity, pharmacological limi-
tations, developability, manufacturability, and clinical implementation are often consid-
ered only after candidate molecules have already been identified. Consequently, techno-
logical sophistication alone cannot guarantee clinical success. Rather, successful therapeu-
ticinnovation requires a systematic translational process that begins with a clearly defined
unmet clinical need and continuously integrates biological understanding with rational
therapeutic design throughout development.

The history of cancer therapeutics is often told as a story of molecules—of cytotoxins,
kinase inhibitors, monoclonal antibodies, and increasingly sophisticated targeted agents.
A more accurate telling places the patient first: nearly every enduring therapeutic advance
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began not with a chemical structure, but with a precisely defined clinical problem that
existing therapies could not adequately solve [2,3]. The therapeutic molecule is the an-
swer; the unmet clinical need is the question.

Although the scientific literature frequently focuses on molecular innovations, the
process through which successful therapeutics emerge is often less explicitly discussed.
In practice, modern drug development follows a translational progression that begins
with the identification of an unmet medical need, proceeds through mechanistic under-
standing of disease and resistance biology, and ultimately culminates in the design, vali-
dation, manufacture, and clinical translation of a therapeutic candidate. Making this pro-
cess explicit provides not only a conceptual framework for understanding therapeutic in-
novation but also a practical roadmap for guiding future drug discovery.

We hypothesize that successful therapeutic innovation follows a common transla-
tional logic that is largely independent of molecular modality. Whether developing small
molecules, biologics, ADCs, radiopharmaceuticals, targeted protein degraders, RNA ther-
apeutics, or engineered cell therapies, successful therapeutic development programs gen-
erally begin by identifying an unmet clinical need, defining the biological mechanisms
responsible for therapeutic failure, translating those insights into a mechanistic hypothe-
sis, and designing therapeutic candidates that directly address those biological limita-
tions. We further propose that resistance biology should be viewed not merely as a cause
of therapeutic failure, but as a primary design input for next-generation therapeutic inno-
vation.

The central concept developed in this review is that successful therapeutic innovation
requires continuous alignment among unmet clinical needs, resistance biology, mechanis-
tic hypothesis, molecular design, developability, and clinical translation. We present a
seven-step Translational Therapeutic Development Roadmap as an organizing frame-
work for this resistance-informed approach. Rather than focusing on a specific therapeutic
modality, the roadmap emphasizes the systematic decision-making process that links bi-
ological understanding to therapeutic design and ultimately to clinical benefit.

Accordingly, this review uses dual-payload antibody—drug conjugates (ADCs) as a
contemporary and highly illustrative example of resistance-informed therapeutic innova-
tion. Through this case study, we demonstrate how understanding mechanisms of thera-
peutic failure can guide payload selection, molecular architecture, validation strategy, de-
velopability assessment, and clinical translation. The Translational Therapeutic Develop-
ment Roadmap is presented as an organizing framework to describe this integrated deci-
sion-making process. Consequently, dual-payload ADCs provide an ideal contemporary
example of how unmet clinical needs can be translated into biological understanding,
mechanistic hypothesis, molecular architecture, and therapeutic design.

Viewed through this lens, dual-payload ADCs are more than a new molecular for-
mat. They represent an instructive model for resistance-informed therapeutic innovation,
illustrating how unmet medical needs, biological understanding, molecular engineering,
and translational strategy can be integrated into a coherent therapeutic development path-
way. Although illustrated using dual-payload ADCs, the proposed Translational Thera-
peutic Development Roadmap is intended as a broadly applicable framework that may
guide the rational development of radiopharmaceutical conjugates, multispecific biolog-
ics, targeted protein degraders, RNA therapeutics, gene-editing strategies, engineered cell
therapies, and other emerging precision medicines. Figure 1 summarizes the overall ar-
chitecture of the proposed roadmap, which serves as the organizational framework for
the remainder of this review.
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Figure 1. The Translational Therapeutic Development Roadmap. The roadmap comprises seven
sequential but iterative steps connecting an unmet medical need to a clinical drug candidate. Steps
1-4 (Part I) establish the discovery and design logic; steps 5-7 (Part II) govern translation and de-
velopment. Dashed feedback arrows indicate that preclinical and clinical findings continually refine
the underlying biology, hypothesis, and target product profile.

1.1.1. The Evolution of Modern Therapeutics#

The evolution of modern cancer therapy can be viewed as a series of responses to
unresolved clinical limitations. Cytotoxic chemotherapy established the proof of principle
that systemic agents can eradicate disseminated malignancy and, in selected settings,
achieve cure. However, its therapeutic index is fundamentally constrained by the shared
vulnerabilities of rapidly dividing normal and malignant cells, resulting in dose-limiting
toxicities and incomplete tumor selectivity [1,4]. These limitations created a clear unmet
need for therapies capable of distinguishing malignant cells from normal tissue.

The molecular characterization of oncogenic drivers transformed this landscape and
ushered in the era of targeted therapy. Agents such as imatinib for BCR-ABL-driven leu-
kemia, EGFR inhibitors for mutant non-small-cell lung cancer, and BRAF inhibitors for
V600E-mutant melanoma demonstrated that exploiting tumor-specific molecular depend-
encies could produce dramatic clinical responses while reducing systemic toxicity [5-7].
Yet, the success of these agents revealed a new challenge: despite impressive initial re-
sponses, most patients eventually developed resistance through secondary mutations,
pathway reactivation, or adaptive tumor evolution.

The recognition that cancer progression is influenced not only by tumor-intrinsic
pathways but also by host immune regulation led to the next major therapeutic advance.
Immune checkpoint inhibitors targeting CTLA-4 and PD-1/PD-L1 demonstrated that re-
leasing endogenous immune restraints could generate durable, and in some cases cura-
tive, responses across multiple tumor types [8-10]. Nevertheless, a substantial proportion
of patients either fail to respond or eventually relapse, highlighting the continued need
for more effective and broadly applicable therapeutic approaches.

Antibody—drug conjugates (ADCs) emerged as a fourth therapeutic pillar by com-
bining the selectivity of monoclonal antibodies with the potency of highly cytotoxic pay-
loads [11-19]. ADCs address a central limitation of both chemotherapy and targeted ther-
apy by delivering potent cytotoxic agents directly to tumor cells while minimizing sys-
temic exposure. The clinical success of agents such as trastuzumab deruxtecan and saci-
tuzumab govitecan has validated this strategy and expanded the reach of targeted therapy
to broader patient populations. However, the same clinical experience has revealed new
challenges, including acquired resistance, tumor heterogeneity, and the limited durability
of response. These emerging limitations have become the driving force behind the
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development of next-generation ADCs, including dual-payload ADCs, which seek to ad-
dress multiple resistance mechanisms simultaneously.

Viewed collectively, this progression illustrates a recurring pattern in therapeutic in-
novation: each generation of therapy arises not simply because new technologies become
available, but because the limitations of existing therapies expose new unmet clinical
needs. Understanding this cycle provides the conceptual foundation for the Translational
Therapeutic Development Roadmap presented in this review.

1.1.2. Why Successful Therapies Eventually Fail

No matter how elegant the mechanism, durable single-agent control is the exception
rather than the rule in advanced malignancies. Across targeted therapies, immunothera-
pies, radiopharmaceuticals, and ADCs, three interconnected forces repeatedly limit long-
term clinical benefit. First, resistance. Tumors acquire or select alterations that diminish
therapeutic activity, including target mutation, pathway reactivation, adaptive signaling
rewiring, impaired intracellular processing, and drug efflux [20-23]. Although the specific
mechanisms differ between therapeutic modalities, the emergence of resistance is a near-
universal feature of cancer treatment.

Second, heterogeneity. Tumors are not homogeneous populations of cells but dy-
namic ecosystems composed of genetically, epigenetically, and phenotypically distinct
subclones [24,25]. A therapy directed against a single target or mechanism may effectively
eliminate sensitive populations while leaving behind resistant or less-sensitive subpopu-
lations capable of driving relapse.

Third, evolutionary selection. Every therapeutic intervention acts as a selective pres-
sure. Cells that survive treatment gain a relative fitness advantage and become the foun-
dation for subsequent tumor progression [26,27]. In this sense, therapeutic resistance is
not an unexpected event but an anticipated consequence of Darwinian selection operating
within a heterogeneous biological system. Importantly, these forces are not unique to on-
cology. Similar principles underlie antimicrobial resistance, immune escape, and treat-
ment failure across multiple disease areas. Their recurrence suggests that therapeutic in-
novation should not be viewed as a process of repeatedly discovering new molecules, but
rather as a process of systematically identifying and overcoming the biological mecha-
nisms that limit existing therapies.

This perspective forms the conceptual foundation of the Translational Therapeutic
Development Roadmap described in this review. If resistance, heterogeneity, and evolu-
tionary adaptation are predictable features of disease biology, then they should be con-
sidered at the beginning of therapeutic development rather than after clinical failure has
occurred. The most successful next-generation therapies are often those explicitly de-
signed to address the limitations of their predecessors. Dual-payload ADCs have emerged
as a contemporary example of this resistance-informed approach to therapeutic innova-
tion and provide an instructive model for the translational principles described in this
review.

1.1.3. From Clinical Observation to Therapeutic Innovation

The most generative innovations begin with a clinical observation that exposes a
mechanistic gap. The observation that EGFR-mutant lung cancers respond to and then
escape first-generation inhibitors via the T790M gatekeeper mutation directly motivated
third-generation, mutation-selective inhibitors. In the ADC field, the observation that pa-
tients relapsing after one topoisomerase I (TOP1) inhibitor ADC derive limited benefit
from a second, mechanistically similar ADC—so-called payload cross-resistance—ex-
poses a gap that mechanistically diversified successors must fill [28,29]. The discipline of
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converting such observations into design requirements, rather than into incremental line-
extensions, is what separates true innovation from iteration.

1.1.4. Dual-Payload ADCs as a Model System for Translational Therapeutic
Development

Dual-payload ADCs provide a useful illustrative case because they sit at the intersec-
tion of biology, chemistry, and product engineering [30,31]. Their rationale is explicitly
resistance-driven: to deliver two mechanistically distinct warheads from a single targeting
antibody with the goal of reducing cross-resistance and maintaining activity against het-
erogeneous tumor subclones [30,31]. Realizing that rationale requires solving conjugation,
analytical, and manufacturing problems that epitomize the gap between an attractive hy-
pothesis and a developable medicine. The remainder of this review walks the roadmap in
Figure 1 step by step (Part I), then illustrates each step in depth using dual-payload ADCs
(Part II), before generalizing the framework to other emerging modalities (Part III).

1.2. Step 1: Defining the Unmet Medical Need
1.2.1. Clinical Needs as Drivers of Innovation

The starting point of therapeutic innovation is not a molecular scaffold, a target, or a
platform technology, but a clearly defined unmet medical need. Historically, the most
successful therapeutic advances have emerged when a clinically important problem was
articulated with sufficient precision to guide biological investigation and product design.
In this sense, drug discovery begins not with identifying what can be built, but with un-
derstanding what remains unsolved.

A well-defined unmet need should be clinically meaningful, biologically grounded,
and experimentally testable. It should specify the patient population that remains inade-
quately served by existing therapies, the therapeutic context in which failure occurs, and
the biological mechanisms that are believed to contribute to that failure [32,33]. The most
productive need statements are quantitative rather than aspirational: they define who is
failing, after what treatment, with what magnitude of residual benefit, and through which
dominant mechanisms of resistance or disease progression. Such specificity provides the
foundation for all subsequent stages of therapeutic development, including hypothesis
generation, target product profile (TPP) definition, molecular design, and clinical transla-
tion.

Importantly, unmet medical needs are dynamic rather than static. Every successful
therapeutic advance creates new standards of care, which in turn reveal new populations
of patients who remain inadequately treated. Consequently, therapeutic innovation can
be viewed as a continuous cycle in which clinical success simultaneously exposes the next
generation of unresolved problems. Understanding these emerging gaps is therefore the
first and most critical step in the Translational Therapeutic Development Roadmap.

1.2.2. Historical Examples of Need-Driven Innovation

The history of oncology provides numerous examples of therapeutic innovation
driven by clearly defined clinical needs. The development of EGFR inhibitors addressed
the lack of effective targeted therapies for patients with EGFR-mutant non-small-cell lung
cancer [6]. BRAF inhibitors emerged in response to the historically poor outcomes associ-
ated with BRAF V600E-mutant melanoma [7]. Immune checkpoint inhibitors were devel-
oped to address the limited durability of conventional cytotoxic therapies and the need
for long-term immune-mediated tumor control [9,10]. Antibody—drug conjugates (ADCs)
subsequently emerged as a solution to another longstanding challenge: how to deliver
highly potent cytotoxic agents while minimizing systemic toxicity through tumor-selec-
tive targeting [11,34].
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Viewed collectively, these examples reveal a consistent pattern. Therapeutic break-
throughs rarely arise solely because a new technology becomes available. Rather, they
emerge when a specific clinical limitation is identified, the underlying biology is suffi-
ciently understood, and a therapeutic strategy is developed to address that limitation. In
each case, the unmet need preceded and ultimately shaped the molecule.

1.2.3. ADCs as a Current Example of Unmet Needs

The clinical success of modern ADCs has itself generated a new unmet medical need.
Trastuzumab deruxtecan has transformed the treatment of HER2-positive and HER2-low
breast cancers and demonstrated substantial benefit across multiple HER2-expressing ma-
lignancies [35,36]. Similarly, sacituzumab govitecan has established a new therapeutic
paradigm for triple-negative breast cancer and urothelial carcinoma [37]. These agents
have validated ADCs as a major therapeutic modality and expanded the reach of targeted
cytotoxic therapy.

Yet, their success has simultaneously exposed important limitations. First, acquired
resistance is nearly universal. Although responses can be profound, progression-free sur-
vival is typically measured in months, and disease eventually recurs in most patients
[28,38]. Second, the durability of response remains limited, reflecting tumor heterogene-
ity, antigen variability, and payload-specific resistance mechanisms that permit residual
tumor populations to survive and re-expand [39]. Third, a clinically significant post-ADC
treatment gap has emerged. Patients progressing on one topoisomerase I inhibitor-based
ADC frequently exhibit substantial cross-resistance to subsequent ADCs employing re-
lated payload classes, leaving few mechanistically distinct therapeutic options [29,40].

This unmet need can therefore be defined with considerable precision: patients who
have progressed following treatment with highly active ADCs, particularly topoisomer-
ase I inhibitor-based ADCs, require therapies capable of overcoming resistance mecha-
nisms that compromise current payload classes. Defining this gap—who is failing, after
what therapy, and through which biological mechanisms—provides the starting point for
the development of next-generation ADCs.

HER2-positive and HER2-low breast cancer exemplify the iterative evolution of tar-
geted therapies. Therapeutic innovation has progressed from trastuzumab and per-
tuzumab to trastuzumab emtansine and subsequently to trastuzumab deruxtecan, with
each generation specifically designed to address limitations of its predecessor [34,41,42].
Nevertheless, even trastuzumab deruxtecan ultimately encounters resistance through
mechanisms including HER2 downregulation, altered target engagement, drug-efflux
transporters, and adaptive DNA-damage response pathways [38,39]. The limited availa-
bility of mechanistically differentiated therapies following progression highlights the
need for approaches capable of addressing multiple resistance mechanisms simultane-
ously. Experimental strategies that alter antigen targeting, diversify payload mechanisms,
or combine orthogonal therapeutic pressures represent direct responses to this emerging
clinical challenge [40,43].

1.2.4. Characteristics of a High-Value Therapeutic Opportunity

Not all unmet medical needs are equally positioned to generate successful therapeu-
tic innovation. High-value opportunities typically share several characteristics. First, they
involve a substantial or rapidly expanding patient population for whom existing therapies
provide inadequate benefit. Second, the biological mechanisms underlying therapeutic
failure are sufficiently understood to support rational intervention. Third, meaningful
clinical endpoints are available to demonstrate therapeutic improvement. Fourth, there
exists a plausible path toward a differentiated product profile that offers advantages over
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current standards of care. Finally, the opportunity must be compatible with a realistic path
toward clinical development, manufacturing, and regulatory approval.

1.3. Step 2: Understanding Disease and Resistance Biology

Having defined the unmet clinical need, the next step in translational therapeutic de-
velopment is to determine why existing therapies fail. Clinical observations alone rarely
provide sufficient guidance for therapeutic design. Rather, effective innovation requires
translating patterns of treatment failure into a mechanistic understanding of the biological
processes that limit therapeutic benefit. This process—mapping disease and resistance bi-
ology —transforms a clinical problem into a biologically actionable design challenge.

For targeted therapies, including ADCs, resistance is rarely attributable to a single
molecular event. Instead, therapeutic failure typically emerges through a network of in-
teracting biological mechanisms operating across multiple levels of tumor organization,
ranging from target expression and intracellular trafficking to payload sensitivity and tu-
mor microenvironmental influences. Understanding this network is essential because
each resistance mechanism represents both a biological obstacle and a potential therapeu-
tic opportunity.

1.3.1. Mapping Biological Failure Mechanisms

A useful starting point is to view therapeutic activity as a sequence of biological
events that must occur successfully for treatment to achieve its intended effect. Every step
in this sequence represents a potential point of failure. For ADCs, efficacy depends on a
multi-step cascade involving antigen recognition, target binding, internalization, intracel-
lular trafficking, lysosomal processing, payload release, intracellular payload retention,
and engagement of the payload’s molecular target. Failure at any stage may reduce ther-
apeutic activity, and resistance mechanisms can emerge at multiple points simultaneously
[44-47].

The objective of biological failure mapping is therefore not simply to catalogue re-
sistance mechanisms but to identify the dominant biological constraints limiting thera-
peutic efficacy within the patient population defined in Step 1. These constraints ulti-
mately become the design requirements that guide subsequent therapeutic innovation.

1.3.2. Resistance as an Evolutionary Process

Resistance is best understood as an evolutionary process driven by therapeutic selec-
tion pressure acting upon pre-existing and treatment-induced biological diversity [23,26].
Tumors are dynamic populations composed of heterogeneous cellular subclones that dif-
fer in their genetic, epigenetic, metabolic, and phenotypic characteristics. Therapeutic in-
tervention selectively eliminates sensitive populations while enriching those capable of
survival.

Importantly, clinically relevant resistance is frequently polyclonal rather than mono-
clonal. Multiple resistance mechanisms may emerge simultaneously within different tu-
mor regions or cellular populations. Studies of patients progressing on ADC therapy have
documented parallel alterations affecting both antigen recognition and payload sensitiv-
ity, demonstrating that multiple escape pathways can be selected concurrently under ther-
apeutic pressure [28].

This evolutionary perspective has important implications for therapeutic design. If
resistance arises through multiple independent escape routes, then strategies targeting
only a single vulnerability may provide limited durability. Understanding the diversity
of potential escape mechanisms therefore becomes a prerequisite for designing therapies
capable of producing more sustained clinical benefit.
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1.3.3. Biological Resistance Networks

Resistance to ADCs is not a single lesion but a network (Figure 2). Antigen loss or
downregulation, and mutations that impair antibody binding, remove the molecular tar-
get required for ADC delivery; loss of HER2 expression and binding is a recurrent driver
of trastuzumab deruxtecan resistance [39,48]. Impaired internalization—for example
through caveolin-1-dependent endocytic rerouting —reduces productive uptake [49]. De-
fective intracellular trafficking, including altered Rab-GTPase—controlled endosomal
transport and reduced lysosomal proteolytic activity, prevents payload liberation [50,51].
The lysosomal transporter SLC46A3 is required to export certain maytansinoid catabo-
lites, and its loss confers resistance [51,52]. Efflux transporters such as P-glycoprotein
(ABCB1) and ABCC1 actively pump released payloads out of the cell, a dominant mech-
anism for hydrophobic warheads [48,53]. Payload-target resistance —the mutation or up-
regulation of TOP I, or enhanced DNA-damage-response (DDR) capacity —neutralizes the
warhead even when it reaches its target [54,55]. Finally, the tumor microenvironment and
spatial heterogeneity shelter antigen-low and poorly perfused subpopulations [24,56].

Several features of this network are decisive for design. First, the nodes are partly
independent: a tumor may escape through antigen loss in one region and through en-
hanced DNA repair in another, so a single counter-measure rarely suffices [47,57]. Second,
some nodes are payload-class-specific—efflux substrate status and DNA-repair capacity
matter for camptothecin-class warheads, whereas spindle-assembly competence matters
for auristatins—which is precisely why combining warheads from different classes is ex-
pected to be non-cross-resistant [45,46]. Third, multi-omic profiling of tumors progressing
on trastuzumab deruxtecan has confirmed that resistance is convergent yet heterogene-
ous, enriching alterations that affect HER?2 levels, the NRF2/KEAP1 oxidative-stress axis,
and ABCC1-mediated efflux—mechanisms a mechanistically diversified conjugate could
in principle bypass [38,58]. Mapping which nodes dominate in a given indication is there-
fore not an academic exercise but the empirical basis for payload selection [59,60].

1.3.4. Translating Biological Insights into Therapeutic Opportunities

The ultimate objective of resistance biology is not simply to explain therapeutic fail-
ure, but to identify opportunities for therapeutic innovation. Each resistance mechanism
suggests potential design solutions. Efflux-mediated resistance may be addressed through
payload diversification or transporter-insensitive payloads. Payload-target resistance
may be mitigated through orthogonal mechanisms of action. Antigen heterogeneity may
be addressed through bystander-capable payloads, multispecific targeting strategies, or
complementary delivery mechanisms. Microenvironmental resistance may motivate in-
corporation of immune-modulating components [30,61].

Viewed in this way, the resistance network functions as a design specification for the
next generation of therapeutics. Every biological limitation identified in Step 2 provides
information that can be incorporated into the mechanistic hypothesis developed in Step
3. The emergence of dual-payload ADCs exemplifies this principle: rather than treating
resistance as an unavoidable consequence of therapeutic success, dual-payload strategies
seek to anticipate and address multiple resistance pathways simultaneously through ra-
tional molecular design.
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Figure 2. Biological Mechanisms of ADC Resistance. Resistance emerges at every stage of the ADC
mechanism of action—antigen binding and internalization, endosomal-lysosomal trafficking, pay-
load release, and engagement of the payload’s molecular target—and is reinforced by drug efflux,
apoptosis evasion, and the tumor microenvironment. Because escape is typically polyclonal, single-
mechanism agents leave multiple routes open; each node also defines an opportunity for rational,

multi-mechanistic design.

1.4. Step 3: Building a Mechanistic Hypothesis
1.4.1. Hypothesis-Driven Drug Discovery

A mechanistic hypothesis is a testable proposition of the form: in this population,
failing through this mechanism, an agent with these properties is expected to restore du-
rable control. It is the hinge between biology and molecular design, and it must be specific
enough to be wrong [33]. For the post-ADC population, the hypothesis crystallizes as:
simultaneously delivering two warheads with orthogonal mechanisms and non-overlap-
ping resistance liabilities may suppress the polyclonal escape that contributes to treatment
failure with single-payload ADCs.

1.4.2. Historical Successes of Mechanism-Based Innovation

Several landmark therapeutic advances illustrate how mechanistic understanding
can guide drug development. The development of PARP inhibitors in BRCA-deficient tu-
mors was based on the principle of synthetic lethality, whereby simultaneous disruption
of complementary DNA repair pathways selectively compromises tumor survival. Simi-
larly, successive generations of EGFR inhibitors were developed in response to specific
resistance mutations that emerged during treatment with earlier agents.

ADCs provide another illustrative example. The design of trastuzumab deruxtecan
was informed by recognition of tumor heterogeneity and the limitations of earlier HER2-
directed therapies. The deruxtecan payload was selected not only for potency but also for
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membrane permeability and bystander activity, properties that enable killing of neighbor-
ing antigen-low cells and potentially broaden activity across heterogeneous tumors [61-
64]. These examples highlight a recurring theme in therapeutic development: molecular
properties are often selected to address specific biological constraints rather than simply
maximize pharmacological activity.

1.4.3. Combination Therapy as a Response to Resistance

Combination therapy represents one of the most successful historical strategies for
overcoming resistance and biological heterogeneity. Across oncology, combinations of
agents with distinct mechanisms of action and non-overlapping resistance profiles have
repeatedly demonstrated improved durability relative to monotherapy [1,22].

The rationale is straightforward. If resistance to individual therapies occurs inde-
pendently, simultaneous resistance to multiple orthogonal mechanisms becomes substan-
tially less likely. Combination chemotherapy, targeted therapy combinations, and immu-
notherapy combinations all exploit this principle. However, conventional combinations
are often constrained by cumulative toxicity arising from systemic exposure to multiple
active agents, limiting both dosing intensity and duration of treatment.

These limitations have motivated efforts to retain the biological advantages of com-
bination therapy while reducing systemic exposure.

1.4.4. Molecular Combination Therapy

Dual-payload ADCs extend the principles of combination therapy to the molecular
level. By incorporating two mechanistically distinct payloads into a single targeted con-
struct, both payloads are delivered to the same cell population through a common anti-
body-mediated delivery pathway.

This design offers several theoretical advantages. The two payloads are administered
in a defined ratio, share pharmacokinetic behavior, and are preferentially delivered to an-
tigen-expressing tissues. Most importantly, cells capable of escaping one mechanism may
remain exposed to an alternative therapeutic pressure. In this sense, dual-payload ADCs
may be viewed as a form of molecular combination therapy, integrating multiple mecha-
nisms of action within a single targeted agent [30,65-67].

1.4.5. Emergence of the Dual-Payload ADC Hypothesis

Recent advances in understanding ADC resistance have provided a biological ra-
tionale for dual-payload designs. As illustrated conceptually in Figure 3, specific re-
sistance mechanisms may be addressed by corresponding therapeutic design strategies.
Payload-target resistance suggests the incorporation of a second payload with an orthog-
onal mechanism of action. Efflux-mediated resistance motivates pairing payloads with
distinct transporter liabilities. Tumor heterogeneity supports combinations of comple-
mentary and bystander-capable payloads, while immune-excluded tumor microenviron-
ments provide a rationale for integrating immunomodulatory mechanisms.

Viewed collectively, these observations support the hypothesis that simultaneously
addressing multiple resistance pathways may improve the durability of targeted therapy.
The emergence of dual-payload ADCs can therefore be viewed not simply as an advance
in conjugation technology, but as a biologically informed response to resistance mecha-
nisms identified through clinical and translational research [31,68,69].

Importantly, this framework is intended to illustrate the biological rationale for dual-
payload ADC design rather than to imply that all proposed strategies have been clinically
validated or will necessarily improve clinical outcomes. The therapeutic performance of
any individual dual-payload ADC remains dependent on multiple biological, pharmaco-
logical, and developability factors.
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Figure 3. From resistance mechanisms to therapeutic hypothesis. Each dominant resistance mech-

anism on the left maps to a rational design counter-measure on the right; collectively, these converge
on the dual-payload ADC hypothesis, in which two warheads with non-overlapping resistance lia-

bilities are co-delivered from a single antibody.

1.5. Step 4: Defining the Target Product Profile (TPP)
1.5.1. What Is a Target Product Profile?

A target product profile is a structured, prospective statement of the desired charac-
teristics of the final product—indication and line of therapy, efficacy and safety thresh-
olds, dosing, route, and the quality attributes required to support them [32,70]. For bio-
logics and conjugates, a quality TPP (QTPP) additionally fixes critical quality attributes
such as the drug-to-antibody ratio (DAR), homogeneity, and stability, which downstream
chemistry and manufacturing must deliver [71,72].

1.5.2. Translating Biology into Product Requirements

The TPP is where resistance biology becomes engineering specification. If the need is
post-TOP1-inhibitor disease, the TPP must require demonstrable activity in models re-
sistant to that payload class; if efflux is dominant, the TPP must require at least one pay-
load that is not an efflux-pump substrate; if heterogeneity is dominant, the TPP must re-
quire bystander activity or dual antigen coverage [30,51,61]. Writing these as pass/fail cri-
teria prevents attractive but non-differentiating molecules from advancing.

1.5.3. Example TPP for Next-Generation ADCs

Table 1 sketches an illustrative TPP for a next-generation dual-payload ADC. Its sa-
lient requirements are post-Enhertu activity (objective responses in TOP1-inhibitor-refrac-
tory disease), broad resistance coverage (efficacy across antigen-low and efflux-high mod-
els), a safety profile compatible with repeat dosing (manageable hematologic and intersti-
tial-lung-disease risk), a convenient dosing schedule, and manufacturability at defined
DARs and payload ratios [33,44,71].

In addition to efficacy objectives, the TPP should prospectively define quantitative
safety targets, including acceptable exposure margins, anticipated dose-limiting toxicities,
and payload-specific toxicity risks. For dual-payload ADCs, the therapeutic objective is
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not simply to maximize potency but to achieve a predefined balance between efficacy and
tolerability.

Table 1. Illustrative target product profile (TPP) for a next-generation dual-payload ADC. Each
attribute translates a resistance-biology insight into a measurable product requirement that down-

stream design, validation, and manufacturing must satisfy.

TPP Attribute Target Requirement Biological/Clinical Rationale
Indication/line Solid tumors progressing after a TOP1-inhibi- Defines the unmet popt?lahon with pay-
tor ADC (post-Enhertu/post-Trodelvy) load cross-resistance

Post-ADC activity

Objective responses in TOP1i-refractory and

] . Direct test of mechanistic differentiation
antigen-low models and patients

Resistance coverage

Retained potency under P-gp/ABCC1 efflux ~ Counters dominant network nodes (ef-
and heterogeneous antigen expression flux, heterogeneity)

Manageable myelosuppression; low ILD/pneu-

Safety monitis signal; predictable off-target payload  Enables durable, repeat-dose therapy
toxicity
. Q3W intravenous infusion, outpatient compati- Aligns with established ADC practice and
Dosing
ble adherence
Manufacturability Defined DAR and fixed payload ratio; >90% Ensures a reproducible, regulatable prod-

conjugation; stable, scalable process uct

1.5.4. TPP as the Bridge Between Biology and Molecular Design

The TPP is the contract between discovery and development: it commits the program
to deliver specific, testable properties, and it disciplines molecular design by rejecting
choices that cannot meet them. With the TPP in hand, the program crosses from Part I
(why and what) into Part II (how)—the molecular design, engineering, validation, and
translation of dual-payload ADCs [33,71].

2. PART II—Dual-Payload ADCs as a Worked Example
2.1. Translating Hypothesis into Molecular Design

Having established the clinical need, mapped the underlying resistance biology, and
developed a mechanistic hypothesis, the next step is to translate those insights into a ther-
apeutic design. Dual-payload ADCs provide a particularly instructive example because
each element of their architecture—including target, payloads, linker, conjugation strat-
egy, and the payload ratio—can be rationally selected in response to specific biological
constraints identified in the preceding stages of the roadmap.

2.1.1. Why Two Payloads?

The rationale for dual-payload ADCs follows directly from the polyclonal and mul-
tifactorial nature of therapeutic resistance. Tumors rarely fail through a single dominant
mechanism; instead, multiple resistant subpopulations frequently coexist within the same
lesion or emerge in parallel under treatment pressure [22,28]. Consequently, a therapeutic
strategy directed against only one vulnerability may eliminate sensitive populations while
leaving alternative escape routes intact.

Theoretical and experimental studies suggest that simultaneous delivery of two pay-
loads with orthogonal mechanisms of action may increase the barrier to resistance by re-
ducing the likelihood that individual tumor cells can evade both therapeutic pressures
simultaneously [30,31]. In addition to addressing resistance, payload diversification may
broaden activity across heterogeneous tumor populations, including cells occupying dif-
ferent cell-cycle states, expressing different levels of target antigen, or possessing distinct
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sensitivities to individual payload classes. In this context, dual-payload ADCs can be
viewed as an attempt to address biological diversity within tumors through mechanistic
diversity within the therapeutic itself.

2.1.2. Why Not Simply Improve a Single Payload?

An important question is whether the same objectives could be achieved through
continued optimization of single-payload ADCs. Advances in payload potency, linker sta-
bility, bystander activity, and antibody engineering have undoubtedly improved the effi-
cacy of contemporary ADCs and will continue to contribute to future progress.

However, incremental improvements within a single payload class do not necessarily
address the fundamental problem of mechanistic cross-resistance. A more potent topoiso-
merase I inhibitor remains dependent on topoisomerase I engagement and may remain
susceptible to resistance mechanisms involving enhanced DNA-damage repair, altered
target biology, or transporter-mediated efflux of related catabolites [53,55]. Similarly, in-
creasing payload potency may improve initial tumor killing while leaving the underlying
resistance landscape unchanged.

The potential value of dual-payload ADCs therefore derives less from increased po-
tency than from increased mechanistic diversity. Whereas optimization within a payload
class typically represents a quantitative improvement, dual-payload approaches seek to
introduce a qualitative change in therapeutic behavior by simultaneously targeting mul-
tiple resistance pathways.

The greatest advantage of dual-payload delivery is therefore expected in biological
contexts where resistance is heterogeneous or multifactorial rather than dominated by a
single mechanism. Examples include tumors containing mixed populations with differen-
tial payload sensitivity, tumors that acquire multiple resistance pathways under treatment
pressure, and post-ADC settings in which cross-resistance limits the activity of a single
payload class. In contrast, when resistance is driven predominantly by mechanisms com-
mon to all ADCs—such as antigen loss, impaired internalization, or defective intracellular
processing —further optimization of targeting or delivery may provide greater benefit
than payload diversification. Thus, the value of dual-payload ADCs is likely to depend
on matching the molecular design to the dominant biological constraints of the target dis-
ease.

2.1.3. Advantages and Limitations of Dual-Payload Strategies

Several potential advantages have driven interest in dual-payload ADCs. By combin-
ing payloads with distinct mechanisms of action, dual-payload constructs may suppress
or delay resistance, broaden activity across heterogeneous tumors, and integrate comple-
mentary pharmacological properties within a single therapeutic. Examples include pair-
ing a potent but non-bystander payload with a membrane-permeable bystander-capable
payload, or combining direct cytotoxic activity with immune-modulating mechanisms.

At the same time, these potential benefits are accompanied by significant challenges.
The addition of a second payload increases molecular complexity, complicates analytical
characterization, and imposes greater demands on conjugation chemistry and manufac-
turing control [31,73]. The simultaneous delivery of two active mechanisms may also in-
troduce novel or compounded toxicity profiles that are difficult to predict from the indi-
vidual components alone. Furthermore, unlike conventional combination therapy, the rel-
ative ratio of the two payloads is fixed by molecular design and cannot be independently
adjusted during clinical treatment.

A critical unresolved question is whether dual-payload ADCs provide benefits be-
yond those achievable through co-administration of individual agents. In many cases, ad-
ditive activity may be sufficient to improve resistance coverage and therapeutic breadth.

https://doi.org/10.3390/biom16071052



Biomolecules 2026, 16, 1052

15 of 42

However, the principal rationale for increased molecular complexity is the possibility that
co-delivery of complementary payloads may provide therapeutic advantages beyond
those achievable through conventional combination therapy under certain biological and
pharmacological conditions-and whether such advantages arise from synergy, improved
spatial and temporal co-delivery, or other mechanisms remains to be determined experi-
mentally and clinically [74].

An important and often underappreciated limitation of dual-payload ADCs is that
the payload ratio is fixed by molecular design. Unlike conventional combination therapy,
where the dose of each agent can be independently adjusted during clinical development
or treatment, dual-payload ADCs require a single predefined molecular composition to
simultaneously optimize efficacy, safety, and therapeutic index. This constraint places
greater importance on rational payload pairing, linker design, and payload-ratio optimi-
zation during the discovery stage. Consequently, the payload ratio should be selected
based on integrated pharmacological, toxicological, and developability considerations ra-
ther than on potency alone.

Importantly, dual-payload ADCs are unlikely to overcome all mechanisms of ADC
resistance. Their principal advantage lies in addressing resistance associated with payload
mechanism, efflux transporters, and intratumoral heterogeneity. In contrast, resistance
mechanisms that impair antibody binding, antigen expression, internalization, intracellu-
lar trafficking, lysosomal processing, or payload release are expected to compromise both
payloads simultaneously. Consequently, dual-payload ADCs should be viewed as a strat-
egy for expanding resistance coverage rather than as a universal solution to ADC re-
sistance.

2.1.4. Dual-Payload ADCs as Molecular Combination Therapy

Conceptually, dual-payload ADCs represent a molecular implementation of combi-
nation therapy (Figure 4). Rather than administering multiple agents separately, two
mechanistically distinct payloads are incorporated into a single targeted construct and
delivered through a shared antibody-mediated delivery pathway.

f A\ (G
Single-payload ADC Dual-payload ADC
One mechanism — Two orthogonal mechanisms —
single point of resistance covers resistant subclones
O Payload A (e.g., TOP1 inhibitor) O Payload A i Payload B (orthogonal MoA)
o 5/ - J

Dual-payload ADCs integrate two mechanistically distinct warheads within a single antibody construct to enhance

efficacy, reduce the emergence of resistance, and address tumor heterogeneity.

Figure 4. Single-payload versus dual-payload therapeutic design. A single-payload ADC delivers
one mechanism and therefore presents a single point of resistance. A dual-payload ADC co-delivers

two warheads with orthogonal mechanisms of action from the same antibody, behaving as a fixed-
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ratio, tumor-directed molecular combination therapy that covers resistant subclones. This schematic
illustrates conceptual design principles and a hypothesis-generating comparison rather than a clin-
ically validated outcome; any clinical benefit will depend on target expression, internalization,

linker release, payload exposure, tolerability, manufacturability, and patient selection.

This architecture offers several potential advantages over conventional combination
approaches. Both payloads are designed to be delivered to the same target cell population,
maintaining a predefined payload ratio during systemic delivery. Antibody-mediated tar-
geting restricts payload exposure primarily to antigen-expressing tissues, potentially re-
ducing the systemic toxicity that often limits free-drug combinations [30,66]. Most im-
portantly, cells capable of escaping one mechanism may remain susceptible to a second
orthogonal mechanism, increasing the likelihood of effective tumor control.

Viewed through this framework, dual-payload ADCs are not simply more complex
ADCs. Rather, they represent an emerging class of molecular combination therapies in
which multiple therapeutic mechanisms are intentionally integrated within a single tar-
geted agent. Their development reflects a broader trend in oncology toward therapeutic
strategies designed not only to achieve tumor killing, but also to anticipate and suppress
the biological pathways through which tumors adapt and survive.

Potential advantages over co-administration are expected to be greatest when coor-
dinated delivery to the same target cell, synchronized intracellular exposure, or mainte-
nance of a defined molecular payload ratio is important for therapeutic activity. Con-
versely, when independent dose optimization of each agent is required, conventional
combination therapy may remain the more appropriate strategy. Whether these theoreti-
cal advantages translate into superior clinical outcomes remains to be established.

2.2. Rational Payload Pairing Strategies
2.2.1. Principles of Resistance-Guided Payload Pairing

The central challenge in dual-payload ADC design is selecting payload combinations
that address the biological resistance mechanisms identified in Step 2 while satisfying the
target product profile established in Step 4. Consequently, payload selection should not
be viewed as a chemistry exercise alone, but as a process of translating resistance biology
into molecular design.

The governing principle is orthogonality [21,31]. An effective payload pair should
ideally differ not only in mechanism of action but also in resistance liabilities, intracellular
processing requirements, transporter susceptibility, and spatial mode of action. In practi-
cal terms, the objective is to minimize the likelihood that a single biological adaptation
can simultaneously compromise both payloads.

Several criteria emerge from this principle. First, the two payloads should engage
distinct molecular targets or biological processes. Second, their dominant resistance mech-
anisms should be non-overlapping, particularly with respect to drug-efflux transporters
and payload-target adaptation. Third, complementary physicochemical properties, such
as membrane permeability and bystander activity, may broaden activity across heteroge-
neous tumor populations. Finally, where possible, the pair should provide additive or
synergistic biological activity without introducing unacceptable toxicity.

Viewed through the lens of resistance biology, payload pairing becomes a design ex-
ercise in coverage. Each payload addresses a subset of resistance mechanisms, and the
combined therapeutic objective is to minimize unaddressed escape routes. The following
sections review the major pairing strategies currently being explored and the biological
rationale supporting each approach [74,75]. Figure 5 summarizes the pairing logic as a
matrix of payload classes.
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Figure 5. Resistance-guided payload pairing matrix. Pairings of major payload classes are rated by
the strength of mechanistic rationale and supporting evidence. The most validated combinations
(e.g., topoisomerase I plus tubulin inhibitors, topoisomerase I plus DDR inhibitors) couple war-

heads with orthogonal targets and non-overlapping resistance mechanisms.

2.2.2. Topoisomerase I + Tubulin Inhibitors

Among currently disclosed dual-payload ADCs, the combination of a topoisomerase
Iinhibitor and a tubulin inhibitor is the most extensively studied and clinically advanced
pairing strategy. Combining a TOP1 inhibitor (e.g., exatecan/DXd) with an anti-tubulin
auristatin (e.g., MMAE/MMAF) is the most advanced pairing. The two attack distinct pro-
cesses—replication-associated DNA damage versus mitotic spindle function—and differ
in efflux behavior, so the combination has shown activity in multidrug-resistant and anti-
gen-low models [65,76]. Trastuzumab-based dual conjugates co-delivering MMAE and
exatecan have shown high plasma stability, controlled dual release, low aggregation, fa-
vorable pharmacokinetics, and enhanced antitumor activity in HER2-low and efflux-over-
expressing tumors, designed to address mechanisms associated with resistance to TOP1-
inhibitor ADCs such as trastuzumab deruxtecan [31,76].

The pairing also exploits complementary cell-cycle activity. TOP1 inhibitors act pre-
dominantly during S-phase by trapping cleavage complexes at replication forks, whereas
auristatins arrest cells in mitosis; together they are expected to cover a broader fraction of
the cycling population and reduce the pool of cells in a refractory state at any moment
[20,77]. Camptothecin-derived warheads have re-emerged as the dominant ADC payload
class owing to their combination of moderate potency and bystander activity, which is
particularly well suited to heterogeneous solid tumors. However, susceptibility to efflux
transporters and DNA damage response (DDR)-mediated resistance remains a recognized
limitation. Pairing a topoisomerase I inhibitor with an orthogonal anti-tubulin payload
provides a biologically rational strategy that may help to mitigate these resistance mech-
anisms by reducing reliance on any single cytotoxic pathway [75,78].

Major challenges of development and formulation include cumulative cytotoxicity,
overlapping myelosuppression, tubulin-related neuropathy, increased hydrophobicity,
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aggregation risk, altered pharmacokinetics, and the need to control the ratio and release
kinetics of both payloads.

2.2.3. Topoisomerase I + DDR Inhibitors

Whereas TOP1+tubulin pairings primarily seek resistance coverage through mecha-
nistic diversification, TOP1+DDR combinations aim to create biological synergy by sim-
ultaneously inducing DNA damage and impairing its repair. Because PARP1 and ATR
are essential for repairing TOP1-inhibitor-induced DNA damage, co-delivering a DDR in-
hibitor with a TOP1 inhibitor can create a synthetic-lethal interaction that may convert
otherwise repairable lesions into lethal ones [55,62]. A TOP1 anti-B7-H4 ADC was syner-
gistic with a PARP1-selective inhibitor, exploiting tumor-specific accumulation to localize
the synergy, and ratiometric architectures such as SPARC that pre-package TOP1 and
DDR inhibitors at defined ratios outperform single-TOP1 ADCs and free-drug combina-
tions [74,75]. Clinical scheduling studies of tumor-targeted TOP1 delivery with optimized
PARP inhibition further support the biological rationale for this combination and its ther-
apeutic-window management [79].

The main concern of development and formulation is therapeutic window. DDR in-
hibitors can sensitize normal proliferating tissues as well as tumor cells. Efficient tumor-
selective delivery, stable circulation, controlled intracellular release, and careful dose op-
timization are essential.

2.2.4. Cytotoxic + Immunomodulatory Payloads

Pairing a cytotoxin with an immune agonist seeks to promote more durable immune-
mediated control. Cytotoxic payloads can induce immunogenic cell death, while a co-de-
livered STING or TLR7/8 agonist activates myeloid cells and remodels an immune-cold
microenvironment [80,81]. Inmunostimulatory ADCs (iADCs) combining exatecan with
a STING agonist, and dual-payload constructs targeting CD276/B7-H3 that elicit both cy-
totoxicity and immune activation in triple-negative breast cancer, exemplify the approach;
a silenced Fc can mitigate Fc-mediated uptake and off-target immune toxicity [68,69]. Co-
delivery is designed to concentrates immune activation within the tumor, potentially de-
coupling efficacy from systemic immune-related toxicity [68]. These designs extend the
concept of dual-payload ADCs beyond tumor-cell intrinsic killing and toward the modu-
lation of the broader tumor ecosystem.

Key risks of development include systemic immune activation, cytokine release, liver
toxicity, off-tumor uptake by immune cells, and difficulty controlling local versus sys-
temic immune stimulation. Formulation must minimize premature release and preserve
immune payload activity after intracellular processing.

2.2.5. Cell-Permeable + Non-Cell-Permeable Payloads

Pairing a membrane-permeable (bystander-competent) payload with a non-permea-
ble, highly potent payload is a rational strategy for addressing intratumoral heterogene-
ity: the permeable warhead may diffuse into and eliminate antigen-negative neighbors,
while the non-permeable warhead delivers high cytotoxic potency to antigen-positive
cells while limiting systemic exposure [56,61]. Conjugate homogeneity strongly influences
the bystander contribution, underscoring the link between design intent and manufactur-
ing control [67].

An important limitation of this strategy is that bystander-mediated payload diffusion
may predominantly expose neighboring antigen-low or antigen-negative cells to only the
membrane-permeable payload, while the non-permeable payload remains confined to an-
tigen-positive target cells. Consequently, local single-payload selective pressure may per-
sist in portions of the tumor microenvironment. Whether the overall reduction in tumor
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burden outweighs this potential evolutionary trade-off remains an important question re-
quiring validation in spatially heterogeneous preclinical models.

2.2.6. Emerging Payload Classes

Beyond classical cytotoxins, three payload classes are entering dual-payload designs.
Targeted protein degraders (PROTAC/molecular-glue warheads) delivered as degrader—
antibody conjugates can eliminate otherwise undruggable proteins with catalytic, sub-
stoichiometric action [82-84]. Radiopharmaceutical payloads exploit crossfire radiation to
kill antigen-low neighbors independent of internalization [85]. Immune agonists, dis-
cussed above, convert local killing into systemic immunity [80]. Each broadens the pairing
matrix and the range of resistance mechanisms a conjugate can address.

Targeted inhibitors and degraders are often less intrinsically potent than classical cy-
totoxic payloads and may re-quire higher intracellular exposure. The released catabolite
must retain permeability, target engagement, and degradation activity after lysosomal
processing and cytosol escape. Larger molecular size, higher lipophilicity, complex linker
design, reduced manufacturability, and biomarker-based patient selection are major chal-
lenges.

2.2.7. Is There an Optimal Payload Pair?

Current evidence suggests that no universally optimal payload pair exists. Rather,
the optimal combination is context-dependent and determined by the dominant resistance
mechanisms, biological characteristics of the target population, and the therapeutic win-
dow achievable for a given target and payload combination. There is unlikely to be a sin-
gle optimal pair; optimality is contextual, defined by the dominant resistance mechanism
in the target population and by the achievable therapeutic window [21,31]. The right ques-
tion is not which pair is best in the abstract but which pair best satisfies the TPP for a
specified unmet need —returning the design to the roadmap’s logic. The concept of re-
sistance-guided payload pairing therefore shifts the central question from “Which pay-
load pair is best?” to “Which payload pair best addresses the biological constraints defin-
ing the unmet clinical need?”

Importantly, dual-payload ADCs are not expected to overcome all mechanisms of
resistance. Their principal advantage lies in addressing resistance at the level of pay-load
pharmacology, heterogeneous payload sensitivity, or selected forms of tumor het-eroge-
neity. Resistance mechanisms occurring upstream of payload action—including complete
antigen loss, markedly impaired internalization, defective intracellular trafficking, ineffi-
cient lysosomal processing, or insufficient payload release—are unlikely to be overcome
solely through payload diversification and may require alternative targeting strategies or
therapeutic modalities.

Table 2 summarizes the principal resistance-guided payload pairing strategies dis-
cussed above, together with their biological rationale, the resistance mechanisms each is
intended to address, their potential advantages, and the major development and formu-
lation challenges that accompany them.
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Table 2. Resistance-guided payload pairing strategies for dual-payload ADCs, summarizing the bi-
ological rationale, resistance mechanisms addressed, potential advantages, and key development

and formulation considerations. Combinations are illustrative and hypothesis-generating rather

than clinically validated.

Payload Pairing Strat-

Biological Rationale
egy

Resistance Mecha-
nism(s) Addressed

Key Development/For-

P ial A
otential Advantages mulation Challenges

Combines DNA-repli-
cation stress with mi-
totic-spindle disrup-

hibitor + tubulin in- tion, engaging two in-

Topoisomerase I in-

Broad activity across  Overlapping myelo-
cycling and slowly cy- suppression; differing

cling cells; potential

Payload-class re-

sistance to a single . .
. potencies require care-
mechanism; heteroge-

bystander coverage ful DAR and payload-

neous proliferative
hibitor dependent cell-cycle— P from a membrane-per- ratio control; linker

states within the tu-

dependent death path- mor meable topoisomerase I compatibility for two
ways. ] payload. chemistries.
DDR inhibition pre- Sequence- and timing-

Mechanistic synergy at
Up-regulated DNA-re- low payload exposure;
pair capacity; adaptive may lower the effective
tolerance to DNA-dam- cytotoxic dose and

Topoisomerase I in- yents repair of topoiso-
hibitor + DNA-dam-

age-response (DDR) sions, converting sub-

dependence of syn-
ergy; on-target DDR
toxicity; need to

merase [-induced le-

inhibitor (e.g. lethal into lethal DNA ) . . demonstrate true syn-
¢ . aging payloads. widen the therapeutic .
ATR/PARP) damage (synthetic-le- window ergy rather than addi-
thal logic). ’ tivity.
Pairs direct tumor-cell
killing with local im- Immune-evasive or im- Potential for durable Divergent PK and ex-
Cvtotoxic pavlioad + ™une activation (e.g., munologically ‘cold’ immune-mediated re- posure requirements of
. Y pay immunogenic cell . glcally sponses beyond direct the two classes; im-
immunomodulatory . . microenvironments; re- . , .
load death, innate-immune sidual disease after cy cytotoxicity; possible mune-related toxicities;
payloa -

agonism) to recruit coverage of antigen-  complex PD and bi-

totoxic pressure.

host antitumor immun- low cells. omarker readouts.
ity.

Retains a non-permea- Spatial decoupling

ble payload within the Simultaneous coverage may expose neighbor-

Antigen heterogeneity

Cell-permeable + igen-positi
P antigen-positive cell and partial antigen

non-cell-permeable while a permeable pay-

payload load diffuses to neigh-
boring antigen-low

cells (bystander effect).

of antigen-high and an-
tigen-low compart-

ing cells to a single

local selecti
loss; mixed payload agent (local selection

o ments from a single pressure); requires val-
sensitivity.

idation in spatially het-
erogeneous models.

construct.

2.3. Engineering Dual-Payload ADCs

The biological rationale for dual-payload ADCs is straightforward; their practical im-
plementation is considerably more complex. Unlike conventional single-payload ADCs,
dual-payload constructs must control not only total drug loading but also the identity,
spatial placement, and relative ratio of two distinct payload species. Consequently, ad-
vances in site-specific conjugation, linker engineering, and orthogonal chemistry have
been critical enablers of the field. An additional, often underappreciated, challenge is re-
lease-kinetic orthogonality. Effective dual-payload ADCs require not only mechanistically
distinct payloads but also coordinated intracellular release profiles that preserve the in-
tended pharmacological interaction. Differences in linker cleavage rates, intracellular traf-
ficking pathways, payload retention, and catabolite transport can result in divergent in-
tracellular exposure despite fixed conjugation ratios. Consequently, the biological out-
come of a dual-payload ADC may depend as much on the temporal alignment of payload
delivery as on the mechanisms of action of the payloads themselves.

https://doi.org/10.3390/biom16071052



Biomolecules 2026, 16, 1052

21 of 42

Future dual-payload ADC design will therefore likely require optimization of both
mechanistic orthogonality and temporal intracellular pharmacology. Such optimization is
expected to maximize the likelihood that co-delivered payloads achieve their intend-ed
pharmacological interaction in vivo. Importantly, a defined conjugation ratio does not
necessarily translate into a defined intracellular exposure ratio. Although both pay-loads
share the pharmacokinetic profile of the intact ADC before internalization, their intracel-
lular disposition may diverge because of differences in lysosomal processing, cytosolic
escape, intracellular retention, metabolism, and susceptibility to drug-efflux transporters.
Accordingly, optimization of dual-payload ADCs should extend beyond the molecular
conjugation ratio to include the time-dependent intracellular pharmacology of the re-
leased payloads. The design objective is therefore not to preserve a fixed molecular ratio
after release, but to achieve the intended temporal pharmacological interaction between
the two payloads within the target cell.

In this regard, the emergence of dual-payload ADCs reflects not only a deeper un-
derstanding of tumor biology and resistance mechanisms but also substantial advances in
ADC engineering technologies. Together, these advances are enabling increasingly so-
phisticated molecular designs while simultaneously introducing new analytical, manu-
facturing, and pharmacological challenges that must be addressed during therapeutic de-
velopment.

2.3.1. Site-Specific Conjugation Technologies

The development of dual-payload ADCs has closely paralleled the evolution of site-
specific conjugation technologies. Realizing a defined dual-payload product requires pre-
cise control over both the location and number of attached payloads. Engineered cysteine
approaches (e.g., THIOMAB, Figure 6C), non-canonical amino acid incorporation (e.g.,
pAcF and pAMF), and enzymatic conjugation methods have enabled the generation of
homogeneous ADCs with defined drug-to-antibody ratios (DARs) and improved thera-
peutic indices relative to conventional stochastic conjugation [71,86-88].

The progression from stochastic to site-specific conjugation is particularly instruc-
tive. Traditional conjugation to native lysines or interchain cysteines generates heteroge-
neous product mixtures spanning multiple DAR species and conjugation sites, often re-
sulting in broader pharmacokinetic distributions and reduced therapeutic windows
[89,90]. Site-specific approaches significantly reduce this heterogeneity and have demon-
strated improved efficacy and tolerability in head-to-head comparisons with conventional
conjugates [71,86]. For dual-payload ADCs, such control is not merely advantageous but
essential, as the relative ratio of the two payloads becomes a critical determinant of bio-
logical activity, synergy, and reproducibility [31,67].

2.3.2. Branched Linker Architectures

Branched, or multivalent, linker architectures represent one of the most direct ap-
proaches for constructing dual-payload ADCs (Figure 6A). These linkers enable multiple
payload molecules—or multiple payload classes—to be attached through a single conju-
gation site, effectively decoupling payload loading from the number of available attach-
ment points [91,92].

The clinical relevance of this strategy is exemplified by KH815, the first dual-payload
ADC to enter human clinical testing. KH815 employs a branched linker to co-deliver a
topoisomerase I inhibitor and an RNA polymerase II inhibitor on a TROP2-targeting an-
tibody at a combined DAR of approximately 7.5 [93,94]. Such designs illustrate how
branched architectures can achieve high payload loading while maintaining defined stoi-
chiometry. However, increasing payload density also increases the risk of aggregation,
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altered pharmacokinetics, and reduced stability, making linker length, hydrophilicity,
and branch geometry important optimization parameters [91].

2.3.3. Orthogonal Conjugation Strategies

An alternative approach involves placing different payloads at distinct sites through
orthogonal conjugation chemistries (Figure 6B). In this strategy, two mutually compatible
reactions are used sequentially or independently to install separate payloads without
cross-reactivity. Examples include combinations of strain-promoted azide-alkyne cy-
cloaddition (SPAAC) and tetrazine—trans-cyclooctene ligation, as well as orthogonal cys-
teine-protection schemes [65,95].

Orthogonal conjugation can provide greater flexibility than branched-linker ap-
proaches because each payload can be independently controlled with respect to loading,
release chemistry, and attachment site. The MediLink TMALIN platform exemplifies this
concept by conjugating a tubulin-inhibitor payload-linker to specific lysines while simul-
taneously attaching a topoisomerase I inhibitor payload-linker to engineered cysteine res-
idues, generating a defined dual-payload construct with independently controlled DAR
values for each warhead [31,76].

Importantly, the optimal payload ratio cannot be assumed a priori. Rather, it should
be regarded as a design variable defined by the target product profile and refined itera-
tively through mechanistic studies, PK/PD analyses, efficacy, safety, and developability
assessments. Because intracellular release kinetics and payload disposition differ between
warheads, the optimal conjugation ratio may not necessarily correspond to the optimal
intracellular exposure ratio.

2.3.4. Multi-Site and Multi-Payload Platforms

Advances in protein engineering have further expanded the design space available
for dual- and multi-payload ADCs. Cell-free expression systems, engineered scaffolds,
and site-specific amino acid incorporation technologies allow payloads to be positioned
at multiple predefined locations with high precision.

For example, a folate receptor-a-targeting immunostimulatory ADC carrying two
immune agonists on the light chains and four cytotoxic payloads on the heavy chains
achieved greater than 90% conjugation efficiency while maintaining programmable pay-
load ratios [68,88]. Similarly, ratiometric architectures such as SPARC enable predefined
combinations of mechanistically distinct payloads to be delivered in fixed proportions
[74]. These studies illustrate that payload stoichiometry can increasingly be treated as a
controllable design parameter rather than a manufacturing consequence.

2.3.5. Emerging Bispecific Dual-Payload ADCs

The convergence of dual targeting and dual payload delivery represents an emerging
direction in ADC engineering (Figure 6D). These constructs seek to address resistance at
both the targeting and payload levels simultaneously by combining multiple antigen-
recognition mechanisms with multiple cytotoxic mechanisms.

A representative example is a bispecific EGFR x cMET antibody conjugated to MMAF
and SN-38 through a trifunctional linker architecture, which demonstrated superior anti-
tumor activity compared with corresponding single-payload bispecific ADCs and was
specifically designed to reduce susceptibility to single resistance mechanisms [96]. Simi-
larly, Alphamab’s JSKN021 combines EGFR/HERS bispecific targeting with dual-payload
delivery of a novel topoisomerase I inhibitor (T01) and MMAE, representing one of the
most advanced clinical-stage examples of this strategy [97,98].

Collectively, these developments illustrate a broader trend within ADC engineering;:
increasing therapeutic complexity is being used not simply to maximize potency, but to
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address multiple biological vulnerabilities simultaneously. Whether such increasingly so-
phisticated architectures ultimately translate into superior clinical outcomes remains an
important question for the field, but their rapid emergence highlights the growing con-
vergence of resistance biology, molecular engineering, and translational design.

N\

A. Branched (homo-site) linker

Single attachment point bears
both payloads on a branched scaffold

r

B. Orthogonal dual-site conjugation

Two click chemistries (azide-DBCO,
TCO-tetrazine) at distinct sites

C. Engineered cysteine / ncAA sites

Cys—-ncAA

Site-specific residues give
defined, homogeneous DAR

D. Bispecific dual-payload ADC

Dual-target antibody + two payloads
for dual selectivity and MoA

Figure 6. Engineering strategies for dual-payload ADCs. (A) Branched linkers place both payloads
at a single site, decoupling DAR from attachment number. (B) Orthogonal dual-site conjugation
uses two compatible click chemistries at distinct sites. (C) Engineered cysteines or non-canonical
amino acids give defined, homogeneous DAR. (D) Bispecific dual-payload ADCs combine dual an-
tigen targeting with two mechanistically distinct warheads. Color code: Brown circles indicate Pay-
load 1 (P1), blue squares indicate Payload 2 (P2), green and blue Fab arms represent different anti-
gen-binding domains in the bispecific antibody, and black lines represent the antibody/linker scaf-
fold.

2.4. Step 5: Experimental Validation

A mechanistic hypothesis has value only if it generates experimentally verifiable pre-
dictions. The purpose of Step 5 is therefore not simply to demonstrate antitumor activity,
but to determine whether the proposed therapeutic design successfully addresses the bi-
ological limitations that motivated its development. For dual-payload ADCs, validation
extends beyond conventional measures of potency and includes explicit evaluation of re-
sistance coverage, tumor heterogeneity, payload interaction, pharmacokinetics, and bi-
omarker associations. Each layer of validation addresses a distinct question in the trans-
lational development process, collectively building the evidence required to support clin-
ical translation.

2.4.1. In Vitro Validation

Validation begins by determining whether the biological assumptions underlying the
dual-payload design are supported experimentally: potency against antigen-positive
lines, evidence of contribution from each payload, and bystander killing of antigen-nega-
tive cells in co-culture [56,61]. Demonstrating synergy rather than mere additivity at tol-
erated payload ratios is the key early readout that justifies the dual design [74,75].
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2.4.2. Resistance Models

The defining test is activity in models engineered or selected for the resistance mech-
anisms identified in Step 2 —efflux-pump-overexpressing lines, antigen-low variants, and
lines made resistant to the partner single-payload ADC [48,53]. KH815 retained activity
in models resistant to sacituzumab govitecan, and the MediLink dual conjugate was active
in ABC-transporter-overexpressing and drug-resistant tumors, supporting the hypothesis
that the design may overcome the targeted mechanism [76,93].

2.4.3. Heterogeneous Tumor Models

Because heterogeneity motivates the design, validation must include mixed antigen-
high/antigen-low populations and spatially heterogeneous xenografts, where bystander-
competent and dual-mechanism conjugates are expected to outperform single-payload
comparators [61,67].

2.4.4. Patient-Derived Models

Patient-derived xenografts and organoids preserve the molecular and architectural
heterogeneity of human tumors and predict clinical response better than cell-line models,
making them valuable for de-risking dual-payload candidates before clinical entry [99-
101].

2.4.5. PK/PD Considerations

Mechanistic, multiscale PK/PD modelling links the disposition of intact conjugate,
released payloads, and DAR evolution to efficacy and toxicity, and is essential for dual-
payload agents whose two warheads have different release kinetics and systemic expo-
sures [102,103]. Controlled, differential release of the two payloads is both a design goal
and a validation endpoint [76]. Unlike single-payload ADCs, dual-payload constructs
must maintain not only adequate exposure but also the intended relative exposure of each
payload throughout circulation and tumor delivery.

Accordingly, optimization of dual-payload ADCs should consider not only the initial
conjugation ratio but also the time-dependent intracellular exposure ratio of released pay-
loads. Experimental quantification of intracellular payload concentrations together with
mechanistic PK/PD modelling may therefore become an important component of future
dual-payload ADC development.

2.4.6. Biomarker Development

Biomarkers that identify patients most likely to benefit—antigen expression, pay-
load-target status, DDR competence, or efflux-transporter levels—should be developed in
parallel with the molecule so that clinical trials can enrich for responders and interpret
resistance prospectively [52,104]. Figure 7 summarizes the layered validation workflow.

Design

« Target + resistance-
guided payload pair
* Linker / DAR strategy

< Potency & synergy
« Bystander assays
Internalization

.

In vitro Resistance & PK/PD Biomarkers Clinic
heterogeneity models | | Stability,payload

release, exposure
* Therapeutic index

First-in-human
* Resistance-informed
trial design

Antigen, efflux,
TOP1 status — patient
selection

«  Efflux-high lines
 TOP1/tubulin mutants
* Mixed antigen tumors

Figure 7. Preclinical validation workflow. Candidate dual-payload ADCs progress through lay-
ered models—in vitro potency and bystander assays, engineered resistance models, heterogeneous
and mixed-population models, patient-derived xenografts and organoids, PK/PD and payload-re-
lease studies, and parallel biomarker development—with go/no-go gates that feed back into molec-
ular redesign.
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2.5. Step 6: Developability and Manufacturability

The transition from a promising molecule to a clinically viable therapeutic depends
not only on biological activity but also on developability. Many mechanistically compel-
ling candidates fail during development because they cannot be reproducibly manufac-
tured, adequately characterized, or formulated into stable pharmaceutical products. For
dual-payload ADCs, these challenges are amplified by the need to control two payload
species simultaneously while maintaining product consistency, stability, and scalability.
Consequently, developability should be viewed not as a downstream consideration, but
as an integral component of molecular design.

Developability should therefore include prospective evaluation of the therapeutic
window through integrated PK/PD modelling, quantitative toxicology, and exposure-re-
sponse analyses, allowing unacceptable payload combinations to be eliminated before
clinical development.

2.5.1. Product Heterogeneity

Product heterogeneity has long been one of the defining challenges of ADC develop-
ment. Conventional stochastic conjugation generates distributions of DAR species and
conjugation sites, resulting in molecular populations that differ in potency, stability, clear-
ance, and toxicity [72,89]. Dual-payload ADCs introduce an additional layer of complexity
because both the distribution of each payload and their relative stoichiometry must be
controlled simultaneously [31].

Consequently, product heterogeneity extends beyond total DAR to encompass the
composition, distribution, and relative ratio of individual payload combinations. The abil-
ity to define and reproducibly control these attributes is fundamental to consistent biolog-
ical performance, manufacturing robustness, and regulatory acceptance. Unlike conven-
tional ADCs, dual-payload constructs require simultaneous control of the total DAR, in-
dividual payload loading, the payload ratio, conjugation-site occupancy, and linker com-
patibility, all of which directly influence pharmacokinetics, intracellular payload release,
efficacy, safety, and batch-to-batch reproducibility.

The successful translation of dual-payload ADCs therefore depends not only on a
sound biological rationale but also on robust conjugation chemistry and pharmaceutical
engineering. Site-specific conjugation technologies—including engineered cysteine resi-
dues, noncanonical amino acid incorporation, enzymatic conjugation, and orthogonal
conjugation chemistries—have emerged as key enabling platforms because they provide
precise control over payload identity and stoichiometry while minimizing product heter-
ogeneity. The selection of branched-linker or orthogonal conjugation strategies inevitably
involves trade-offs among molecular flexibility, analytical tractability, manufacturing ro-
bustness, and process scalability.

The increased structural complexity of dual-payload ADCs also places greater de-
mands on analytical characterization. In addition to conventional quality attributes such
as antibody identity, purity, and total DAR, comprehensive characterization must estab-
lish individual payload distribution, the payload ratio, conjugation-site occupancy, linker
integrity, free payload content, aggregation, and product stability throughout manufac-
turing and storage. No single analytical technique can adequately define these attributes.
Instead, orthogonal analytical approaches—including chromatography (HIC, RP-HPLC,
and SEC), electrophoresis (CE-SDS), mass spectrometry, peptide mapping, intact-mass
analysis, and functional bioassays—are generally required to establish product identity,
consistency, stability, and the critical quality attributes (CQAs) expected for regulatory
approval.

From a chemistry, manufacturing, and controls (CMC) perspective, the increased
molecular complexity of dual-payload ADCs introduces additional challenges in process
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development, release specifications, stability testing, and regulatory control strategies.
Accordingly, manufacturability should not be viewed as a downstream optimization ex-
ercise, but as an integral design objective that influences candidate selection from the ear-
liest stages of therapeutic development.

Ultimately, the success of dual-payload ADCs will depend not only on demonstrat-
ing biological superiority over conventional ADCs but also on whether their additional
molecular complexity can be reproducibly manufactured, comprehensively character-
ized, and consistently controlled throughout pharmaceutical development. Within the
Translational Therapeutic Development Roadmap proposed in this review, developabil-
ity and manufacturability are therefore integral design constraints —not downstream ac-
tivities—that should shape molecular architecture, candidate selection, and translational
decision-making from the outset.

2.5.2. DAR and Payload Ratio Control

Among the critical quality attributes of dual-payload ADCs, the total drug-to-anti-
body ratio (DAR) and the payload ratio are the principal molecular design variables gov-
erning therapeutic performance. DAR influences potency, pharmacokinetics, aggregation
propensity, and tolerability, while the relative ratio of the two payloads directly affects
the intended biological interaction between the mechanisms being delivered [51,89]. Con-
sequently, optimization of the DAR and the payload ratio represents not merely a manu-
facturing objective but a central element of therapeutic design.

Site-specific conjugation technologies and branched-linker architectures have
emerged largely to address this challenge. By controlling the location and number of pay-
load attachment sites, these approaches enable reproducible DAR and payload-ratio spec-
ifications. The engineered-scaffold immunostimulatory ADC placing immunostimulants
and cytotoxins on separate antibody chains provides an example of how payload stoichi-
ometry can be intentionally programmed into molecular design [68,71,91]. In this sense,
the payload ratio becomes a deliberate pharmacological design parameter rather than a
manufacturing consequence.

Because the DAR and the payload ratio directly influence both efficacy and safety,
clinical translation requires robust chemistry, manufacturing, and controls (CMC) strate-
gies that maintain reproducible site occupancy, conjugation homogeneity, total DAR, in-
dividual payload ratios, linker stability, and predictable intracellular payload release. Un-
like conventional ADCs, where total DAR is often the principal conjugation metric, dual-
payload ADCs require simultaneous control of two pharmacologically active species
throughout development and manufacturing.

Verification of these attributes relies on orthogonal analytical methods—including
hydrophobic interaction chromatography, LC-MS-based intact and subunit analysis, pep-
tide mapping, and payload-specific quantitative assays—to independently quantify each
conjugated species and confirm payload-ratio consistency. Stability assessment must fur-
ther consider not only antibody integrity but also the potential differential release kinetics,
intracellular disposition, and pharmacological exposure of the individual payloads under
physiological and storage conditions.

Ultimately, the optimal payload ratio should not be regarded as a fixed chemical
property but as a biologically defined design objective established by the Target Product
Profile (TPP). Within the Translational Therapeutic Development Roadmap proposed in
this review, the DAR and the payload ratio therefore represent translational design vari-
ables that integrate resistance biology, pharmacology, manufacturability, and clinical ob-
jectives into a single molecular architecture.

2.5.3. Analytical Challenges

https://doi.org/10.3390/biom16071052



Biomolecules 2026, 16, 1052

27 of 42

The analytical characterization of dual-payload ADCs is substantially more demand-
ing than that of conventional ADCs because two independent pharmacologically active
payloads must be simultaneously identified, quantified, and controlled throughout devel-
opment and manufacturing. In addition to confirming antibody identity, purity, and the
total drug-to-antibody ratio (DAR), analytical methods must establish payload identity,
the payload ratio, site occupancy, conjugation homogeneity, linker integrity, free payload
content, aggregation, and product stability throughout development and manufacturing
[72].

No single analytical platform is sufficient to resolve this level of molecular complex-
ity. Instead, comprehensive characterization relies on an orthogonal analytical toolkit
combining hydrophobic interaction chromatography (HIC), reversed-phase chromatog-
raphy (RP-HPLC), size-exclusion chromatography (SEC), capillary electrophoresis (CE-
SDS), native and denaturing mass spectrometry, peptide mapping, intact-mass analysis,
and payload-specific bioassays [105,106]. Collectively, these complementary methods es-
tablish product identity, critical quality attributes (CQAs), batch-to-batch consistency, and
manufacturing robustness while demonstrating that each manufacturing lot conforms to
predefined specifications for the DAR, the payload ratio, conjugation homogeneity, and
product stability.

Importantly, analytical characterization should not be viewed solely as a regulatory
requirement. Within the Translational Therapeutic Development Roadmap proposed in
this review, it provides the experimental evidence that the intended molecular architec-
ture has been reproducibly achieved, thereby linking molecular design, pharmaceutical
quality, manufacturing control, and ultimately clinical translation.

2.5.4. Stability and Formulation

A successful ADC must remain stable both during storage and throughout systemic
circulation. Premature payload release can narrow the therapeutic window by increasing
off-target exposure, whereas physicochemical instability during storage may compromise
product quality, manufacturability, and shelf life.

Dual-payload ADCs introduce additional formulation challenges because the two
payloads often possess distinct physicochemical properties, including differences in hy-
drophobicity, reactivity, and release kinetics. These characteristics can increase aggrega-
tion propensity and create differential degradation pathways that complicate formulation
development. Accordingly, linker selection, payload placement, and formulation optimi-
zation are closely intertwined. The trastuzumab MMAE/exatecan dual-payload conjugate
provides a representative example in which stability, controlled payload release, and low
aggregation were explicitly engineered alongside biological activity [31,76].

2.5.5. Scalability

The practical value of a molecular design ultimately depends on whether it can be
manufactured reproducibly at commercial scale. Conjugation strategies that perform well
in laboratory settings may encounter significant challenges during process development,
technology transfer, and large-scale manufacturing.

Multi-step orthogonal conjugation schemes often provide exceptional molecular con-
trol but may introduce additional process complexity, yield loss, and manufacturing risk.
In contrast, simpler branched-linker approaches may offer advantages in robustness and
scalability despite providing less flexibility in payload placement. Consequently, scalabil-
ity considerations should be incorporated into candidate selection rather than addressed
only after a lead molecule has been identified [90,105-107].

2.5.6. Regulatory Considerations
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From a regulatory perspective, dual-payload ADCs must satisfy the same fundamen-
tal expectations applied to other biopharmaceutical products: identity, purity, potency,
safety, and process consistency must be demonstrated through a scientifically justified
control strategy [108,109].

The principal regulatory challenge is not the presence of two payloads per se, but the
increased structural complexity they introduce, which requires additional control over
two active payload species, their relative stoichiometry, and their combined safety profile.
Consequently, regulatory assessment requires a clear rationale linking product specifica-
tions to the intended Quality Target Product Profile (QTPP), supported by analytical,
pharmacological, and toxicological evidence [109,110]. Robust control strategies for the
DAR, the payload ratio, and product-related variants will become increasingly important
as dual-payload ADCs advance through clinical development.

These regulatory expectations reinforce a broader principle of the Translational Ther-
apeutic Development Roadmap: pharmaceutical quality is not created during regulatory
review, but is designed into the molecule throughout development.

2.5.7. Why Good Biology Is Not Enough

A recurring lesson throughout pharmaceutical development is that biological prom-
ise alone does not guarantee clinical success. Many therapeutically attractive molecules
fail because they cannot be manufactured reproducibly, characterized adequately, or for-
mulated into stable products suitable for human use.

For this reason, developability should be considered alongside biology from the ear-
liest stages of candidate design. Practical factors such as conjugation complexity, manu-
facturing yield, lot-to-lot consistency, aggregation propensity, analytical tractability, and
formulation stability influence the probability of successful translation as profoundly as
efficacy itself [90,107].

The discipline imposed by this perspective is to evaluate developability during can-
didate selection rather than after lead identification. A molecule that exhibits marginally
greater potency but requires a fragile multi-step conjugation process may ultimately be
less valuable than a slightly less potent candidate built upon a robust, scalable platform.
Recognizing and balancing these trade-offs early is a defining characteristic of successful
translational development programs and exemplifies the broader principle that, in phar-
maceutical development, the process is often inseparable from the product.

2.6. Step 7: Clinical Translation

The final stage of the Translational Therapeutic Development Roadmap is clinical
translation. Ultimately, the value of any therapeutic hypothesis depends on its ability to
improve patient outcomes. For dual-payload ADCs, clinical development represents the
first opportunity to determine whether mechanistic diversification translates into more
durable tumor control than existing single-payload approaches. This stage therefore
serves not only as a test of the molecule, but also as a test of the underlying resistance-
informed design philosophy.

2.6.1. Current Clinical Landscape

The rapid emergence of dual-payload ADCs can be viewed as reflecting both scien-
tific progress and evolving clinical needs. More than one hundred ADCs are currently in
clinical development worldwide, and dual-payload constructs have moved from concep-
tual and preclinical studies into early-stage clinical evaluation, with more than a dozen
programs disclosed through recent AACR presentations, company reports, and regula-
tory filings [111-113].
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This momentum reflects an emerging therapeutic opportunity. As single-payload
ADCs continue to move into earlier treatment lines and broader indications, an increasing
number of patients are progressing following exposure to highly active ADC therapies.
Consequently, therapeutic differentiation increasingly depends on addressing the re-
sistance mechanisms that current ADCs leave behind. Dual-payload designs represent
one of the most direct attempts to meet this emerging need [13,33].

At the same time, advances in computational modeling, machine learning, and Al-
assisted drug design are beginning to support payload selection, linker optimization, and
developability assessment, potentially accelerating the discovery and optimization of in-
creasingly complex ADC architectures [114]. The field is also evolving toward a broader
view of therapeutic combinations, in which dual-payload ADCs represent one point along
a continuum that includes rational sequencing, combination regimens, and multi-mecha-
nistic therapeutic platforms [44,115, 116].

2.6.2. Clinical Programs by Development Stage

The current clinical landscape illustrates the rapid evolution of the field (Table 3).
KH815 (Chengdu Kanghong), a TROP2-directed ADC co-delivering a topoisomerase I in-
hibitor and an RNA polymerase II inhibitor, became the first dual-payload ADC to enter
human clinical testing and currently serves as an important early clinical test of the dual-
payload ADC concept for the modality [93,94]. Additional programs, including IBI3020
(Innovent), JSKNO021 (Alphamab), and several dual-payload and immunostimulatory
ADCs from Sutro and collaborators, have progressed into clinical or IND-enabling devel-
opment [68,93,94,117,118].

Collectively, these programs indicate that dual-payload ADCs are no longer purely
experimental concepts. Instead, they now represent a clinically testable therapeutic class
spanning multiple targets, payload combinations, and biological rationales.

Importantly, the programs summarized here represent different levels of evidence,
ranging from preclinical proof-of-concept to early clinical evaluation. Accordingly, the ta-
ble is intended to illustrate the diversity of emerging development strategies rather than
to imply equivalent levels of clinical validation.

Table 3. Representative Dual-Payload ADC Programs by Development Stage and Therapeutic
Logic (2024-2026): Programs are drawn from peer-reviewed reports, conference disclosures, and
company communications; development status evolves rapidly and should be reverified against

current registries before citation.

Payload Resistance Axis Ad-
P T F
rogram Company (Country) arget/Format Pair/Pairing dressed Stage
Clinical (Phase 1)
KHS15 Chengdu Kanghong ~ TROP2 - dual- TOP1.1 + RNA Pol Transcriptional escape; Phase 1
(CN) payload II inhibitor DNA-damage backup
KHN922 Chengdu Kanghong HERS3 - dual-pay- TOPl} + RNA Pol Transcriptional escape; Phase 1
(CN) load II inhibitor heterogeneity
Innovent Biologi CEA- Two cytotoxic Heterogeneity;
IBI3020 ove 0108l CAMS - dual-  payloads (Du- sterogenetly; pay Phase 1
(CN) load-specific resistance
payload etTx)
. . EGFR/c- Antigen heterogeneity
IBI3028 Innovent Biologics Met - bispecific Two payloads (dual antigen) + pay- Phase 1
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TOP (single- (listed in source; con:
SHR-A2102* Hengrui Pharma (CN) Nectin-4 - ADC payload per pub- . ’ Phase 1
. firm dual-payload)
lic data)
IND filed/accepted/cleared
T totoxi
CANOIL6 CanWell Pharma  HER?2 - dual-pay- MOXS (CSZc a(;lf)i)r(lll:er Heterogeneity; post-  IND cleared
(US/CN) load ADC resistance (FDA)
platform)
HER2
DXCO018 Hangzhou DAC Bio- ECD2+EFZD4 -bip TOP1i+ a‘ntlme— TOP1 mutation; a‘ntl— IND accepted
tech (CN) aratopic dual- tabolite gen heterogeneity
payload
Alphamab Oncology EG FR/I,_IER?T . > TOP1i (T01) + TOP1 mutation; heter-
JSKNO021 in-1 bispecific . . IND accepted
(CN) MMAE (tubulin) ogeneity
dual-payload
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EGFR+B7-  Two MOAs (DI- Heteroseneitv: im
DB-1419 DualityBio (CN) ~ H3- bispecific BAC; novel toxin Benery, Preclinical
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HER? - dual-pay- TOP1i li
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load mune activator
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SparX Biopharmaceuti- HER2 - dual-pay- TOP1i + tubulin TOP1 mutation;
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MMAE + MMAF;
Tsuchikamalab, = HER?2 - dual-pay- also 177L+u + anti " Heterogeneity; drug

UTHealth (US) load o resistance
mitotic

(academic) Foundational

Evidence tiers for Table 3: the listed programs are supported by differing levels of
evidence, which should not be interpreted as equivalent. These comprise (i) peer-re-
viewed clinical data, (ii) registered clinical trials without mature peer-reviewed out-
comes, (iii) conference abstracts, (iv) company disclosures and investor communications,
and (v) preclinical proof-of-concept. Each program’s development stage should there-fore
be interpreted in the context of both its development stage and the maturity of the sup-
porting evidence. * This dual-payload status not confirmed by public sources.

2.6.3. Patient Selection Strategies

Because dual-payload ADCs are intended to address specific resistance contexts, suc-
cessful clinical development will likely depend on appropriate patient selection. The pop-
ulations most likely to benefit are those defined during Step 1 of the roadmap: patients
progressing following highly active ADC therapies, tumors exhibiting antigen heteroge-
neity, or tumors harboring resistance mechanisms predicted to compromise existing pay-
load classes [29,40].

Consequently, patient selection should be viewed as an extension of molecular de-
sign rather than a separate clinical consideration. A well-designed molecule evaluated in
the wrong patient population may fail to demonstrate its intended advantage, whereas
appropriate enrichment strategies may reveal meaningful differentiation from existing
therapies.

2.6.4. Biomarker-Guided Development

Biomarkers may provide the critical link between biological hypothesis and clinical
implementation. Candidate biomarkers include antigen expression, target heterogeneity,
payload-target status, DNA-damage-response pathway activity, and expression of drug-
efflux transporters such as ABCB1 and ABCC1 [52,104].

Beyond identifying patients most likely to respond, biomarkers may also facilitate
real-time monitoring of resistance evolution and help guide subsequent treatment deci-
sions. Retrospective analyses of ADC sequencing have already demonstrated that shared
targets and payload classes contribute to cross-resistance, supporting the rationale for
mechanism-switching approaches that dual-payload ADCs seek to implement prospec-
tively [28,43].

2.6.5. Future Clinical Trial Designs

The ultimate test of dual-payload ADCs is whether mechanistic diversification trans-
lates into clinically meaningful improvements in durability of response. Achieving this
objective may require clinical trial designs that differ from those traditionally used for
ADC development.

Adaptive studies, biomarker-enriched cohorts, mechanism-switching crossover de-
signs, and master protocols incorporating multiple resistance-defined populations may be
particularly well suited to evaluating dual-payload strategies [33,40]. Such approaches
can directly test whether the biological rationale underlying dual-payload ADCs trans-
lates into measurable clinical benefit and can help identify the patient populations in
which that benefit is greatest.

More broadly, these trial designs reflect a broader shift in ADC development from
target-driven therapy toward resistance-informed therapy. The central question is no
longer simply whether an ADC can produce tumor responses, but whether it can produce
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more durable responses by addressing the biological mechanisms that limit existing treat-
ments. The answer to that question will help define the clinical role of dual-payload ADCs
and the validity of the broader translational framework described throughout this review.

3. PART III—General Lessons for Therapeutic Innovation

3.1. Beyond Dual-Payload ADCs: Generalizing the Translational Therapeutic Development
Roadmap

The central premise of this review is that successful therapeutic innovation is often
driven not by molecular format alone, but by the systematic translation of unmet clinical
needs into mechanistically informed therapeutic solutions. Although dual-payload ADCs
serve as the primary case study, the same developmental logic can be observed across
many emerging therapeutic modalities. In each case, therapeutic advances have been
driven by the identification of specific biological limitations, followed by the design of
increasingly sophisticated interventions intended to address those limitations.

The examples discussed below illustrate how diverse therapeutic technologies often
converge on remarkably similar development principles when confronted with analogous
biological challenges. In this sense, the Translational Therapeutic Development Roadmap
is not specific to ADCs, but reflects a broader framework for therapeutic innovation
[13,33].

Although the seven-step roadmap is intended to provide a common conceptual
framework across therapeutic modalities, the technical implementation of individual
steps necessarily differs according to product class. In particular, validation and develop-
ability (Steps 5 and 6) are modality-specific processes. For example, ADCs emphasize con-
jugation chemistry, linker stability, and analytical characterization, whereas cell and gene
therapies focus on cell fitness, vector manufacturing, potency assays, long-term persis-
tence, and manufacturing logistics. Thus, the roadmap should be interpreted as defining
a common translational logic rather than a uniform development workflow.

3.1.1. Radiopharmaceutical Conjugates

Radiopharmaceutical therapies provide a clear example of resistance-informed ther-
apeutic development. Agents such as 7Lu-PSMA-617 in metastatic prostate cancer and
177Lu-DOTATATE in neuroendocrine tumors were developed in response to the need for
selective delivery of cytotoxic radiation to disseminated disease while minimizing sys-
temic toxicity [119,120].

Importantly, these agents exploit a biological mechanism distinct from conventional
ADCs. Whereas ADC efficacy depends on intracellular payload delivery, radionuclides
generate crossfire radiation capable of killing neighboring antigen-low or antigen-nega-
tive cells independent of internalization [85]. This property directly addresses one of the
key limitations associated with heterogeneous target expression.

The continuing exploration of radionuclides as ADC payloads further illustrates the
convergence of therapeutic modalities and demonstrates how resistance-informed design
can expand beyond conventional small-molecule warheads [85,121].

3.1.2. Expanding Beyond Tumor Cell-Intrinsic Targeting: Tumor Microenvironment and
Stromal-Targeting Therapeutics

Conventional antibody—drug conjugates (ADCs) primarily target antigens expressed
on tumor cells and depend on efficient target binding, internalization, and intracellular
payload release. However, an alternative therapeutic strategy is emerging that seeks to
overcome biological barriers by targeting components of the tumor microenvironment ra-
ther than tumor cells themselves. Such approaches recognize that therapeutic resistance
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may arise not only from tumor-cell intrinsic mechanisms but also from the structural, spa-
tial, and physiological organization of the tumor microenvironment [122-126].

One example is cancer stromal-targeting (CAST), which exploits the relative abun-
dance and accessibility of extracellular matrix components across many solid tumors ra-
ther than relying exclusively on tumor-cell surface antigen expression [124]. Stromal-tar-
geting ADCs therefore partially decouple therapeutic delivery from tumor-cell antigen
heterogeneity, antigen loss, and inefficient internalization.

PYX-201, an ADC directed against the extra-domain B (EDB) splice variant of fibron-
ectin—an oncofetal extracellular matrix protein largely absent from normal adult tis-
sues—illustrates this strategy and has recently received FDA Fast Track designation. Pre-
clinical studies have demonstrated that anti-EDB—fibronectin ADCs produce potent anti-
tumor activity and may further enhance therapeutic efficacy when combined with im-
mune checkpoint blockade [123]. Because EDB fibronectin is deposited throughout the
tumor stroma rather than being restricted to individual tumor cells, such agents may over-
come forms of spatial heterogeneity that are difficult for conventional tumor-cell-directed
ADCs to address.

Unlike conventional internalizing ADCs, some stromal-targeting ADCs may func-
tion through localized proteolytic cleavage and extracellular payload release within the
subendothelial matrix, generating a diffusible cytotoxic gradient capable of reaching
neighboring antigen-negative tumor cells [125,126]. By engaging stromal structures that
are often more uniformly distributed than tumor-associated antigens, these approaches
may improve intratumoral drug distribution while reducing the impact of heterogeneous
or low tumor-cell antigen expression.

Importantly, stromal-targeting ADCs are likely to complement rather than replace
conventional tumor-cell-directed or dual-payload strategies. Whereas dual-payload
ADCs seek to overcome resistance through the mechanistic diversification of cytotoxic
payloads, stromal-targeting approaches address spatial and microenvironmental barriers
that limit effective drug delivery. Together, these complementary strategies illustrate that
resistance-informed therapeutic innovation may be achieved not only through new pay-
loads and molecular architectures, but also through alternative biological targets and ther-
apeutic delivery strategies.

More broadly, this evolution reinforces a central principle of the Translational Ther-
apeutic Development Roadmap proposed in this review: successful therapeutic innova-
tion begins with understanding the biological mechanisms that limit existing therapies
and then selecting the molecular architecture, therapeutic modality, and biological target
most appropriate for overcoming those limitations. In this framework, the choice of bio-
logical target becomes as important as the choice of payload, linker chemistry, or thera-
peutic platform itself.

3.1.3. Multispecific Antibodies

Multispecific antibodies emerged in response to the recognition that single-target
therapies often fail because tumors utilize multiple signaling pathways or evade treat-
ment through antigen loss and pathway redundancy [127].

By simultaneously engaging two or more targets, multispecific antibodies attempt to
address multiple biological vulnerabilities within a single therapeutic molecule. Applica-
tions include T-cell redirection, dual-pathway inhibition, co-targeting of escape antigens,
and immune-cell recruitment.

The dual-target/dual-payload ADCs discussed in earlier sections represent a conver-
gence between multispecific targeting and payload diversification. Similarly, emerging
heterobifunctional antibody platforms are beginning to extend these concepts into tar-
geted protein degradation and other novel therapeutic modalities [98,128].
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Viewed through the roadmap framework, multispecific antibodies represent another
example of therapeutic complexity arising not from technological ambition alone, but
from the need to address biological complexity.

3.1.4. Targeted Protein Degraders

Targeted protein degraders, including PROTACs and molecular glues, emerged
from an important therapeutic limitation: many disease-driving proteins remain difficult
or impossible to inhibit using conventional pharmacological approaches [84].

Rather than blocking protein function, degraders eliminate the target protein entirely
through recruitment of endogenous degradation machinery. This approach expands the
range of potentially druggable targets while introducing catalytic, sub-stoichiometric
mechanisms of action.

The integration of degraders with targeted delivery systems has generated a rapidly
growing class of degrader—antibody conjugates. Examples include anti-CD33 conjugates
carrying GSPT1 degraders and ROR1-directed antibody-PROTAC conjugates capable of
inducing BRD4 degradation in tumor cells [82,83,129,130].

These programs illustrate the same developmental sequence observed throughout
this review: an unmet need is identified, a biological mechanism is understood, a mecha-
nistic hypothesis is generated, and a therapeutic platform is engineered to address the
underlying limitation.

3.1.5. Cell and Gene Therapies

Cell and gene therapies provide perhaps the most striking examples of resistance-
driven therapeutic evolution. Chimeric antigen receptor (CAR)-T-cell therapies have pro-
duced durable remissions in hematologic malignancies, yet their success has revealed new
challenges including antigen loss, T-cell exhaustion, limited persistence, and immunosup-
pressive tumor microenvironments [131].

In response, next-generation CAR-T strategies increasingly incorporate multiple an-
tigen specificities, engineered cytokine production, resistance to immune suppression,
and additional functional modules designed to address specific mechanisms of treatment
failure.

Gene therapies similarly originate from clearly defined biological hypotheses con-
cerning disease-causing molecular defects and rely upon careful alignment between clin-
ical need, mechanistic understanding, delivery technology, and long-term therapeutic ob-
jectives [132].

The parallels with dual-payload ADC development are notable. In both cases, in-
creasingly sophisticated therapeutic architectures can be reviewed as responses to re-
sistance and biological complexity.

3.1.6. Future Multi-Mechanistic Therapeutics

One emerging trajectory across modalities is from single-mechanism agents toward
programmable, multi-mechanistic therapeutics that anticipate resistance by design—con-
jugates carrying complementary warheads, multispecifics engaging several targets, and
combination modalities that integrate cytotoxic, degradative, radiative, and immune
mechanisms [33,116] (Figure 8). Dual-payload ADCs are an early, instructive instance of
this broader shift.

Importantly, the roadmap also disciplines this expansion against over-engineering.
Each added mechanism must earn its place by solving a specific, documented failure
mode and must survive the same developability and safety scrutiny as any other product
attribute; complexity that does not map to a biological problem adds risk without benefit
[31,33]. The convergence of conjugate chemistry, multispecific antibody engineering,
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targeted degradation, and radioligand therapy thus points toward a future of deliberately

composed, resistance-aware therapeutics in which the modality is chosen to fit the biology
rather than the reverse [13,116].

\ / Dual-payload
ADCs
Complementary payloads

* to overcome resistance

Future multi-
mechanistic agents
Programmable combinations
of diverse mechanisms to
anticipate resistance

and heterogeneity

T

Radiopharmaceutical
conjugates

Targeted radiation with
crossfire effect to kill
antigen-low neighbors

Unmet need -
resistance biology -
mechanistic
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to provide durable control
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A universal seven-step logic—unmet need, resistance biology, mechanistic hypothesis, and target product profile,
followed by validation, developability, and clinical translation—guides therapeutic innovation across modalities.

Figure 8. The universal translational therapeutic development roadmap. The same seven-step
logic—unmet needs, resistance biology, mechanistic hypothesis, and target product profile, fol-
lowed by validation, developability, and clinical translation—generalizes across dual-payload
ADCs, radiopharmaceutical conjugates, multispecific antibodies, targeted protein degraders and

degrader—-antibody conjugates, cell and gene therapies, and future multi-mechanistic agents.

3.2. Conclusions

Therapeutic innovation is most likely to succeed when it follows a disciplined trans-
lational progression from an unmet clinical need to a developable therapeutic candidate.
Throughout this review, dual-payload ADCs have served as a contemporary worked ex-
ample of this process. Their emergence was driven by the growing post-ADC treatment
gap, informed by increasingly detailed understanding of resistance biology, enabled by
advances in conjugation and payload technologies, and supported by preclinical studies
and early-stage clinical programs designed to address specific mechanisms of therapeutic
failure.

Importantly, the significance of dual-payload ADCs extends beyond the modality
itself. They illustrate how biological insight, molecular engineering, developability con-
siderations, and clinical strategy can be integrated into a coherent translational therapeu-
tic development pathway. Whether applied to ADCs, radiopharmaceuticals, multispecific
antibodies, targeted protein degraders, cell therapies, or future therapeutic platforms, the
same fundamental principle remains: successful medicines are most often those designed
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not only to attack disease, but also to anticipate and overcome the mechanisms through
which disease adapts and survives.

Viewed through this lens, dual-payload ADCs should be regarded not simply as an
emerging molecular format, but as an example of resistance-informed therapeutic inno-
vation. Although current evidence remains largely preclinical and early clinical, they il-
lustrate how resistance biology can be translated into mechanistic hypothesis, molecular
architecture, pharmaceutical development, and ultimately clinical strategy. Their future
clinical value will be determined by ongoing and future clinical studies designed to estab-
lish whether these conceptual advantages translate into meaningful improvements in pa-
tient outcomes [93,96].

More broadly, the principal conclusion of this review is that therapeutic innovation
should not begin with a molecule—it should begin with a clearly defined unmet clinical
need. Resistance biology should be viewed not merely as a consequence of therapeutic
failure, but as a primary design input for next-generation therapeutics. The resistance-
informed Translational Therapeutic Development Roadmap proposed here provides an
organizing framework for systematically integrating unmet clinical needs, disease biol-
ogy, mechanistic hypothesis, molecular design, developability, manufacturability, and
clinical translation. Dual-payload ADCs represent a particularly instructive example of
this approach because their molecular architecture directly reflects biological hypotheses
regarding therapeutic resistance. Ultimately, the success of future therapeutics will de-
pend not on increasing molecular complexity alone, but on selecting the right biological
problem, designing the appropriate therapeutic solution, and maintaining translational
alignment throughout the entire drug development process.

3.3. Key Messages
The key messages of this study are as follows:

1. Therapeutic innovation should begin with a clearly defined unmet clinical need, not
with a molecule or a molecular target.

2. Resistance biology should be viewed not merely as a cause of therapeutic failure, but
as a primary design input for next-generation therapeutic innovation.

3. Successful therapeutic development requires continuous alignment among unmet
clinical needs, disease biology, mechanistic hypothesis, Target Product Profile (TPP),
molecular design, developability, and clinical translation.

4. Molecular complexity is justified only when it addresses a clearly defined biological
problem. Developability and manufacturability should therefore be considered inte-
gral design constraints rather than downstream development activities.

5. Dual-payload ADCs illustrate the broader Translational Therapeutic Development
Roadmap, demonstrating how resistance-informed design can be systematically
translated into next-generation therapeutics across multiple therapeutic modalities.
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