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ABSTRACT
◥

Antibody–drug conjugates (ADC) have emerged as one of the
pillars of clinical disease management in oncology. The biggest
hurdle to widespread development and application of ADCs has
been a narrow therapeutic index. Advances in antibody technolo-
gies and formats aswell as novel linker and payload chemistries have
begun to facilitate structural improvements to ADCs. However, the
interplay of structural characteristics with physiologic and phar-
macologic factors determining therapeutic success has garnered less
attention. This review elaborates on the pharmacology of ADCs, the
pathophysiology of cancerous tissues, and the reciprocal conse-

quences on ADC properties and functions. While most currently
approved ADCs utilize either microtubule inhibition or DNA
damage as primary mechanisms of action, we present arguments
to expand this repertoire and highlight the need for payload
mechanisms that exploit disease-specific vulnerabilities. We pro-
mote the idea that the choice of antibody format, targeting antigen,
linker properties, and payload of an ADC should be deliberately fit
for purpose by taking the pathophysiology of disease and the specific
pharmacology of the drug entity into account, thus allowing a
higher probability of clinical success.

Introduction
Dose-limiting toxicity remains an obstacle for durable efficacy of

cancer chemotherapy. Systemic delivery of potent general cytotoxic
agents or targeted small molecules affects normal tissues, resulting in a
narrow therapeutic window. The idea of reducing toxicity to normal
tissue by targeted delivery is more than a century old. The magic bullet
concept of Paul Ehrlich (1, 2) referred to targeting a pharmakon by a
carrier to receptors, unique to diseased tissue, and hereby sparing
normal tissue. Conceptual and technical advances during the last
century–enabled Ehrlich’s idea into clinical practice. The discovery
of tumor-associated antigens (TAA) provided a chemical specification
of tumor-selective “receptors” while the generation and “humaniza-
tion” of mAbs brought about carriers for the pharmakon. Ehrlich
originally proposed the use of a protein carrier or a “haptophore”
linked to a “toxophore” for selective delivery to the tumor (1).
Approximately four decades were required before the idea was trans-
lated into a construct (3) and two decades were added before initial
animal studieswere performedwith an antibody against Ehrlich ascites
carcinoma bound to the alkylating agent, chlorambucil (4).

Antibody–drug conjugates (ADC) have seen a surge in clinical
utility and drug approvalswithin the last years especiallywith oncology
applications. In their simplest form, ADCs are composed of an
antibody linked to a small-molecule payload. The binding specificity
of the antibody to cell surface antigens allows recognition of TAAs and
the payload mediates tumor cell killing independent of antigen-
inhibitory effects of the antibody. While the ADC initially has a wide
distribution within the body (5), the preferential retention over time in
TAA-expressing diseased tissue can allow for a higher therapeutic

index (TI). Early human trials with an ADC involved testing an
antibody against the carcinoembryonic antigen conjugated to vinde-
sine, a vinca alkaloid (6). Studies with chimeric and humanized mAb-
based ADCs were reported through the 1990s without much clinical
success due to the toxicity associated with the conjugates (7–9). In
2000, the CD33-targeting Mylotarg was the first FDA-approved ADC
for relapsed/refractory (R/R) acute myeloid leukemia (AML) in
patients who are 60 years or older (10) followed by withdrawal in
2010 over evidence of hepatic veno-occlusive disease and a low risk-
benefit ratio to patients (11). After a decade, the CD30-targeting
Adcetris was approved in 2011 for R/R Hodgkin lymphoma and was
followed by the HER2-targeting Kadcyla in 2013. Between 2017 and
2021, nine additional ADCswere approved solidifying this therapeutic
modality as a pillar of disease management in oncology (Table 1). The
FDA reapproval ofMylotarg in 2017 illustrates that a changedmode of
administration rather than altered design can contribute to success of
an ADC. Specifically, the safer delivery and improved outcomes by
administration of fractionated lower doses of Mylotarg warranted
reevaluation of the ADC’s use in frontline AML (12). Although clinical
performance provides ample evidence for successful application of the
magic bullet idea, wide-ranging use remains challenging. Improve-
ments in the design ofADCs and clinical trials can broaden application
of this category of therapeutics (13). Rather than describing the
potential benefits of exclusively structural chemical changes to ADCs,
the current review will focus on the influence of ADC efficacy in
relationship to the physiology of cancerous and normal tissues (Fig. 1).
Arguments will be provided as to how these underexplored areas of
ADC development may contribute to a higher success rate for novel or
existing ADCs.

The Histologic Composition and
Pathophysiologic Function of the
Targeted Tissue
Active and passive targeting

Defining the characteristics of not just the drug entity but also of the
target and the tumor should gainmore attention to expand and predict
the clinical success of ADCs. Traditionally, the ideal targeted TAAmet
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five criteria. The TAA (i) has a higher and homogeneous expression on
tumor cells than on normal cells, (ii) is present on the cell membrane,
(iii) is internalized, (iv) hasminimal shedding and, (v) expression is not
downregulated by treatment (14, 15). This approach for target selec-
tion underwent several alterations (14, 16). Determination of differ-
ential expression evolved from selection bymRNA levels to addition of
proteomic analyses and considerations of target expression within the
tumor context (11). In addition, targeting tumor-associated fibro-
blasts (17) or tumor stem cells (18) has expanded the concept of TAA
beyond the mere presence of the antigen on the cancer cell. Delivering
a critical amount of payload to affect the target cell is the goal of drug
delivery by an ADC and is dependent on antigen density. A linear
relationship between HER2 expression and intracellular exposure of
an ADC was recently demonstrated (19). Although these results
substantiated the logical contention that the level of expression on
individual cells should be positively related to the efficacy of the ADC,

this relationship does not necessarily translate into establishment of a
general cut-off level below which an ADC is no longer functional.
Indeed, ADCs used in indications with low (CD19, Zynlonta) and high
(HER2, Kadcyla) antigen expression are efficacious in the clinic (14).
Availability of the payload to execute its action is also tied to factors
that determine delivery in the cell: target expression, target turnover,
internalization rate, and rate of lysosomal catabolism.Overdelivering a
payload to the target tissue is possible. Intratumoral accumulation of
payload correlates with in vivo efficacy up to a threshold beyondwhich
efficacy cannot increase (20). Payload delivery therefore could serve as
an indicator of ADC safety. In addition to focusing on antigen
expression levels, ADC development may gain from discerning the
position and interactions of the antigen carrying cancer cell within its
tissue context. A small majority (7/12) of FDA-approved ADCs are
developed to treat hematologic malignancies. A reason for a higher
initial success rate within hematologic applications could be the higher

Table 1. Currently approved and experimental ADCs for oncology indications.

Drug Trade name Indication Ab Target Payload class Payload target
Approval
year

Gemtuzumab
ozogamicin

Mylotarg AML CD33 Calicheamicin DNA 2000/2017

Brentuximab vedotin Adcetris cHL, sALCL,
PTCL, pCALCL

CD30 Auristatin Tubulin 2011

Ado-trastuzumab
emtansine

Kadcyla HER2-positive
metastatic
BrCa

HER2 Maytansine Tubulin 2013

Inotuzumab
ozogamicin

Besponsa R/R B-ALL CD22 Calicheamicin DNA 2017

Moxetumomab
pasudotox-tdfk

Lumoxiti R/R HCL CD22 Modified Pseudomonas
Exotoxin

Protein synthesis 2018

Fam-trastuzumab
deruxtecan-nxki

Enhertu HER2-positive
BrCa

HER2 Camptothecin Topoisomerase I 2019

Polatuzumab
vedotin-piiq

Polivy R/R DLBCL CD79b Auristatin Tubulin 2019

Enfortumab
vedotin-ejfv

Padcev Metastatic
urothelial
carcinoma

Nectin-4 Auristatin Tubulin 2019

Sacituzumab
govitecan-hziy

Trodelvy TNBC TROP2 Camptothecin Topoisomerase I 2020

Belantamab
mafodotin-blmf

Blenrep R/R MM BCMA Auristatin Tubulin 2020

Loncastuximab
tesirine-lpyl

Zynlonta R/R DLBCL CD19 Pyrrolobenzodiazepine DNA 2021

Tisotumab
vedotin-tftv

Tivdak Metastatic
cervical
carcinoma

TF Auristatin Tubulin 2021

Not named (95) — — CD184 Aminopyrimidine SRC, BCR-ABL, LYK, FYN —
Trastuzumab PH1 (114) — — HER2 Not disclosed Spliceosome —
Not named (123) — — CD74 Various MCL-1 —
Mirzotamab
clezutoclax (125)

— Under
investigation

B7-H3 BH3 mimetic BCL-XL —

Not named (126) — — CD163 Corticosteroid Glucocorticoid
steroid
receptor

—

ABBV-3373 (127) — — TNFa Corticosteroid Glucocorticoid
steroid
receptor

—

Not named (131) — — Multiple Synthetic cyclic
dinucleotide

STING —

Abbreviations: AML, acute myeloid leukemia; B-ALL, B-cell precursor acute lymphoblastic leukemia; cHL, classical Hodgkin lymphoma; BrCa, breast cancer; DLBCL,
diffuse large B-cell lymphoma; HCL, Hairy cell leukemia; HER2, human epidermal growth factor receptor 2; MM, multiple myeloma; pCALCL, primary cutaneous
anaplastic large cell lymphoma; PTCL, peripheral T-cell lymphoma; R/R, relapsed/refractory; sALCL, systemic anaplastic large cell lymphoma; STING, stimulator of
interferon genes; TF, tissue factor; TNBC, triple-negative breast carcinoma.
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accessibility of the cancer cells to circulating ADC. As opposed to
hematologic malignancies, accessibility of the antigen displaying
tumor cells in solid tumors has specific challenges caused by the
tumor’s histopathologic structure.

In contrast with the efficacy of ADCs in preclinical solid tumor
models, successful clinical applications for solid tumors remain limited
(see Table 1). Because preclinical efficacy has mostly been demon-
strated by growth inhibition of grafted subcutaneous tumors, several
reasons can explain discrepancy between preclinical and clinical
efficacy. For example, differences in vascularization of the tumor at
an ectopic location, homogeneity of antigen expression or lack of
target-mediated disposition to normal mouse tissue may lead to
exaggerated efficacy. Like mAbs, access of ADCs to cancer cells is
hindered by high interstitial pressure in the tumor microenvironment
(TME; refs. 21, 22). Because of aberrant vascularization of tumor
tissue, macromolecules and nanoparticles (>40 kDa) can accumulate,
resulting from the enhanced permeability and retention (EPR)
effect (23). The leaky vasculature of tumors allows free access of
macromolecules to the tissue interstitium similar to inflamed tis-
sue (24). Defunct lymphatic drainage further hinders clearance of
macromolecules from the tumor (25). Because the capacity to accu-
mulate macromolecules and nanoparticles distinguishes a tumor from

normal tissue, the EPR effect is the basis for a tumor-targeting strategy
by nanocarriers (26). The EPR effect and the mechanism of transcy-
tosis (27) may be crucial for passive targeting (PT) of tumors. PT is
defined as amethod to selectively allow accumulation of nanoparticles
in the TME (28) based on physicochemical properties of the thera-
peutic agent and vascularization of the targeted tissue. Targeting by
ADC relies on recognition of a TAA allowing for active uptake of the
conjugate (active targeting, AT). In preclinical models, the efficacy of
an ADC can partly rely on PT (Fig. 1C and D). Evidence of IgG
accumulation in a grafted sarcoma (29) indicated that antibodies are
large enough to be subject to the EPR effect and may accumulate in
tumors in the absence of a targeted antigen.While this accumulation as
a percent of the injected dose can vary, accumulation of ADCs that do
not recognize a tumor associated antigen on a xenograft may lead to
efficacy (30–32). Indeed, in preclinicalmodels the use of a PT control is
standard to discern selectivity of actively targeting ADCs for their
target antigen. The actively targetingADC is deemed selective if similar
tumor growth inhibition can be demonstrated at lower exposure and if
a more durable response is observed at similar exposure. Although
EPR has not been well studied in humans, several observations are
consistent with its existence and can explain the clinical efficacy of
therapeutics that rely on PT, for example, Doxil, Abraxane, and

A B

Ab with two
payloads

Lysosome

Stromal
cells

Tumor cell

Extracellular
space

Lysosome

Tumor cell

DAR6 DAR4 DAR2

Binding site
barrier

C

Passive
targeting

D

Figure 1.

Major concepts in the action of ADCs. ADCsmay exert their effects inmultiple ways. The payloadmay be released either by direct engagement with the tumor cell or
interact with the target cells indirectly through bystander effects.A, The DAR of the ADC that reaches the tumor cell is a function of linker stability. Some linkersmay
be prone to cleavage during circulation (see text). B, Bystander effects may be realized through internalization of the ADC followed by release of the payload within
the tumor cell through lysosomal processing (see text). C, ADCs with high antigen affinity may be especially prone to binding site barrier effects. Conceptually, the
binding of the extravasated ADCs to surrounding tumor cells prevents further penetration of additional ADCmolecules limiting tumor penetration. D, PT effects are
part of the mechanism by which ADCs accumulate within tissues and are related to EPR effects (see text). Modifying binding affinity of antibodies can be used to
affect tumor penetration and retention, taking advantage of EPR effects.
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Onivyde (33). While the direct evidence of antibody accumulation by
PT in human subjects is scarce the accumulation of systemically
administered 111In-labeled human IgG in pancreatic cancer (34) is
suggestive of an operational EPR effect. Although a detailed discussion
of the EPR effect is beyond the scope of this article, it should be
mentioned because it can potentially improve application of ADCs.
Assuming that AT by ADC relies partly on a passive mechanism to
initially accumulate theADCat the tumor site, ADCsmay benefit from
enhancement of EPR. Park and colleagues listed a series ofmeasures to
accomplish this goal (35). These measures have alteration of the TME
as a common characteristic and intend to ameliorate the lowdelivery of
nanoparticles (1%–5% of initial dose). Alteration of vascular perme-
ability by, for example, photodynamic, sonodynamic, radiation, and
pharmacologic (e.g., angiotensin inhibitors) modalities can increase
the EPR effect in experimental conditions. A diagnostic strategy to
assess EPR in tumors is desirable to identify a patient population likely
to benefit from nanotherapeutics or enhanced ADC efficacy. PET
imaging of tumors with radiolabeled nanoparticles can achieve this
objective (36). In addition to PT mechanisms, the design of nanopar-
ticle therapeutics attempts leveraging retention of the particle by
binding to a TAA for enhanced probability of efficacy. Conversely,
we propose that ADC efficacy may benefit from a PT strategy by
enhancement or homogenizing of the EPR effect.

The requirement for bystander killing
ADCs with cytotoxic payloads are designed to exclusively kill cells

expressing the targeted antigen. Heterogeneity of the targeted antigen
is however expected in a large fraction of tumors and constitutes a
challenge in ADC development (37, 38). Although a correlation
between clinical efficacy of an ADC and antigen expression for
approved ADCs is established, responses of tumors with low expres-
sion of target antigen have also been observed (e.g., see ref. 39).
Understanding of bystander killing combined with determination of
antigen heterogeneity may allow for treatment of a patient population
with lower target antigen expression (39). Bystander killing occurs
when the ADC payload dissociates from the antibody and diffuses
through the cell membrane. This effect does not require antigen
expression on the target cell. Dissociation of the payload can happen
in an antigen-expressing cell but may also be independent of antigen-
ADC internalization and occur by cleavage of the linker in the
extracellular environment (40). The potential for bystander killing is
not a trait of all ADCs but can be introduced by altering the linker and
the permeability of the payload.

A comparison of efficacy of anti-CanAg (MUC1) conjugated to the
payload via a reducible disulfide bond or a nonreducible thioether
demonstrated that bystander killing in preclinical models depends on
the reducibility of the linker (41). The membrane permeability of the
payload is also a critical determinant for the bystander effect (42).
Ogitani and colleagues demonstrated the bystander effect of a HER2-
targeting ADC with a permeable but not with an equipotent imper-
meable topoisomerase 1 payload in tumors with heterogenous HER2
expression (42). Furthermore, cells adjacent to the HER2-positive
tumor cells but not at a distant location were subject to bystander
killing. This suggested that engineering an ADC for an operative
bystander effect could be done without necessarily triggering systemic
toxicity by payload release. Most ADCs approved for solid tumor
indications (Enhertu, Padcev, Trodelvy, andTivdak) have the ability to
exert bystander effects as a consequence of their linker-payload
chemistry. Understanding whether a given cancer/indication can be
more effectively treated by an ADC with optimized capacity for
bystander effects may expand the indication range of ADCs to tumors

with heterogeneous expression or slow internalization of the TAA. In
the latter case, the specific design of a labile linker allowed for release
of the payload of TROP2–targeting sacituzumab govitecan in the
TME (43). The bystander effect may also enhance therapeutic benefit
of ADCs targeting antigens on tumor stroma.

Targeting cells in the TME
Traditional approaches to the development of ADCs considered

the tumor and theTAAas primary targets.With a greater understanding
of stromal contributions, it is feasible to target specific components
that constitute the TME and support tumor growth and metastasis.
Cancer-associated fibroblasts are associated with deposition of extra-
cellular matrix (ECM), production of ECM remodeling proteases and
secreted factors that support signaling in tumor cells, and may play a
role in immune surveillance influencing migration of leucocytes
to the tumor and promotion of metastasis (reviewed in ref. 44). To
demonstrate efficacy of targeting stroma with an ADC, Purcell and
colleagues used an antibody against leucine-rich repeat containing
15 (LRRC-15) conjugated to monomethyl auristatin E (MMAE)
to target tumor fibroblasts (17). LRRC-15 has high prevalence
across multiple tumor types and in metastases but expression is
nearly absent from normal tissues making it an attractive ADC
target. The a-LRRC-15 antibody conjugated to a permeable payload
(MMAE) with a cleavable linker was designed to allow bystander
effects (17, 45).

Tumor cells interact with platelets within the TME and during
hematogenous transit. Expression of hemostatic factors by tumor
cells activates platelets and induces formation of microclots on the
cell surface that incorporate these platelets (46). A unique approach
to disrupting the TME was by targeting the activated platelet
integrin GPIIb/IIIA with a single-chain variable fragment (scFv)
conjugated to MMAE (47). The scFv conjugate accumulates spe-
cifically at the primary tumor and metastatic sites, with minimal
accumulation within the spleen or marrow resulting in reduced
tumor growth and metastatic outgrowth. The MMAE payload,
released by tumor proteases, kills tumor and stromal cells presum-
ably resulting from bystander effects.

Another approach to direct ADCs toward tumor tissue and utilizing
the bystander effect for tumor cell killing was with an APOMAB
conjugate directed against the Lupus-associated (La)/Sjogren syn-
drome-B (SSB) antigen. This antigen becomes available for binding
on dead tumor cells following loss of membrane integrity. As a tumor
grows, areas of tumor that outgrow the nutrient and oxygen supply
generate a necrotic milieu. Greater efficacy in vivo with the APOMAB
conjugate was seen with chemotherapy prior to ADC therapy (result-
ing in apoptosis/necrosis with greater availability of La/SSB) and only
with a cleavable linker and a potent permeable payload (48). Rather
than generation of the free payload through intracellular lysosomal
processing, the payload is released by proteases action in the TME. For
ADCs with cleavable linkers, internalization by tumor cells may thus
not be a prerequisite for payload processing although contributions
from tumor-associated macrophages in the release of the free payload
cannot be ruled out (49).

The use of advanced preclinical cancer models
Efficacy of ADCs may not be appropriately gauged in traditional

subcutaneous xenograft models. These models do not mimic all
aspects of the tumor structure and function that influence the effec-
tiveness of ADCs in the clinic. Advanced cancer models in vitro
incorporate a cancer cell in a histotypically or organotypically relevant
environment. Access and distribution of ADCs as well as influence of
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relevant stromal components on their efficacy can be studied in three-
dimensional (3D) cultures. Cells in 3D cultures are exposed to different
adhesive and mechanical forces than in monolayers. The 3D micro-
environment also alters cell functions, including signal transduction,
gene expression, and drug metabolism (50). Specifically, the cell–cell
and cell–ECM interactions of multilayer spheroids constitute a per-
meability barrier for a therapeutic resembling the barrier of a solid
tumor in vivo (51). The impact of tumor penetration on therapeutic
efficacy was recently determined by fluorescence imaging in multi-
cellular spheroids (52). Information from these 3D models provides a
means to optimize ADCs for enhanced penetration before testing
in vivo. Complex models can also overcome certain limitations of
subcutaneous models in vivo. The incorporation of human stroma in
3D models is anticipated to enhance the physiologic relevance and
predictive value (53). Resistance mechanisms elicited by changes in
gene expression and contributions from the microenvironment can be
identified by using these models. They may therefore aid in under-
standing the mechanisms of primary and acquired resistance to ADCs
by providing physiologic relevance and still maintain the readability of
reductionist models. The specificity of ADCs for cells carrying the
target antigen requires patient selection to optimize therapeutic suc-
cess.Heterogeneity of target expression remains a factor to consider for
the selection process (54). Heterogeneity can be incorporated in these
complex in vitro systems to optimize ADC “bystander effect” for
enhanced efficacy in tumors with low target expression (42). Changes
in efficacy driven by target antigen expression levels and the “bystander
effect” have been demonstrated in 3D coculture models (41). Depen-
dence of bystander killing on the linker structure of maytansinoid
conjugates was proven in a culture of antigen-positive and -negative
cells embedded in a 3D collagen hydrogel. By generating cancermodels
in vitro with distinct levels of antigen heterogeneity, not only correla-
tions between target antigen expression and efficacy, but also dynamic
changes in antigen expression upon treatment may be studied. Orga-
noid and patient-derived explant (PDE) models have the advantage of
representing physiologically relevant heterogeneity. PDEs are ex vivo
cultures of freshly resected human tumor fragments (55). By retaining
the histologic features of original tumors, PDEs can recapitulate
heterogeneity andmicroenvironment of parent tumors (56). Similarly,
tumor organoids, self-formed 3D cultures of cancer stem cells isolated
from a patient’s tumor, model essential features of malignancy.
Organoids inherit the genomic and molecular characteristics of the
donor tumor. For drug screening, organoids have the advantage of
stability and fidelity as comparedwithmonolayers and patient-derived
xenograft models (57). Using patient-derived organoid models of
gastrointestinal cancer an 88% and 100% success rate in predicting
positive and negative patient responses, respectively, to targeted agents
and chemotherapy was achieved (58). Complex in vitromodels could
thus be used not only to assess and better understand the underlying
biology behind drug penetration and resistance mechanisms that
influence ADC effectiveness but also to aid the identification of patient
populations most likely to benefit from treatment.

Metabolism and Toxicity of ADCs
ADCs afford a manageable TI for potent molecules that cannot be

administered as small molecules. The ADC technology made it
possible to insert toxins such as, calicheamicin (e.g., Mylotarg),
maytansinoids (e.g., Kadcyla), auristatin (e.g., Adcetris), phenylben-
zodiazepines (e.g., Zynlonta) in the arsenal of cancer therapeutics
(Table 1). Notwithstanding, application of these clinically active
therapeutics is still limited by systemic toxicity. The clinical pharma-

cology and safety of approved ADCs is reviewed in (59). Although the
systemic toxicity is predominantly triggered by the action mechanism
of the payload (60), it depends ultimately on the fate of the entire
conjugate, stability of the linker, metabolism of the conjugate and the
free payload (61). The literature provides a few examples of target-
mediated toxicity due to expression of the targeted antigen in normal
tissue, for example, skin rash associated with the expression of the
target antigens of bivatuzumab mertansine and glembatumumab
vedotin on keratinocytes as well as hemorrhagic gastritis associated
with the target antigen of BR96 doxorubicin (62). The role of circu-
lating antigen in influencing the TI of ADCs is controversial. Circu-
lating antigen due to shedding from cancer cells would conceivably
reduce the amount of ADC available to bind target tissue. This
contention has been challenged by the clinical success of Kadcyla
despite the presence of HER2 in circulation (63). Arguably, the
presence of shed antigen may increase the efficacy of ADCs in solid
tumors (64) by buffering against the binding site barrier effect (65). A
therapeutic antibody and by extension an ADC can form complexes
with shed circulating antigen. These immune complexes require
clearance by the liver (66, 67). This possibility was demonstrated in
the OVCAR-3 xenograft model by using an antibody (3A5) that binds
the CA125 antigen (67). The formation of immune complexes was
dose dependent, and their concentrationwasminor at therapeutic dose
levels of the antibody. It is unclear if this mechanism contributes to
hepatotoxicity of ADCs.

Toxicity associated with ADCs in clinical development is likely not
linked solely to expression of targeted antigen on normal tissues
because toxicity profiles are identifiable by the nature of the payload
and independent of the targeted antigen (62, 68). Release of free
payload due to instability of the linker, endocytosis of the ADC in
normal cells, and receptor (Fcg , FcRn, CLR) mediated uptake of IgG
are likely target-independent contributors to toxicity (62). Because
these activities also determine efficacy and plasma exposure, engi-
neering ADCs to avoid them must rely on specific knowledge of how
crucial these mechanisms are for efficacy. Several modifications can be
made to improve the pharmacology of ADCs (see ref. 14 for review).
Decreasing hydrophobicity by PEGylation can increase the exposure
of MMAE-ADCs and improve efficacy while reducing antigen-
independent toxicity (69, 70). The relationship between the drug-
antibody ratio (DAR) and the TI (71) is determined by multiple
variables such as antigen density and heterogeneity of its distribution
in the tumor, presence and accessibility on normal tissues, and
influence of conjugation on biodistribution. The effect of DAR on
pharmacokinetics, efficacy, and tolerability was demonstrated with a
series of maytansinoid ADCs with defined DAR (see Fig. 1A; ref. 72).
While potency in vitro increased with increasing DAR, this relation-
ship was not maintained in vivo. The higher DAR conjugates (�10)
in vivo had decreased efficacy as compared with ADCwith lower DAR
(<�6). Faster clearance of high DAR species leads to reduced bio-
availability and holds the risk for increased toxicity. AlthoughDAR is a
major determinant of the TI, these results do not indicate that lower
DAR ADCs are primarily the appropriate choice because low antigen
density or poor internalizationmay require higher amounts to payload
per antibody to trigger efficacy (72). Direct clinical implementation of
these findings by generating ADCs with a range of DARs for a given
target is impractical. Codosing the conjugate with a naked antibody
that targets the same antigen alters the average DAR during admin-
istration. A similar approach has been utilized for radioimmunocon-
jugates Bexxar (73) and Zevalin (74). Here, the codosing of CD20-
targeting antibodies with the conjugates was intended to occupy
binding sites at normal cells and allow for an improved AUC of the
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radioimmunoconjugates (75). Using ADCs with maytansinoid pay-
loads, codosing of the ADC with naked antibody resulted
in increased biodistribution (76) and improved tumor penetra-
tion (77). The codosing strategy does not unconditionally benefit
efficacy in vivo. Improved efficacy by codosing depends on antigen
levels, the capacity of the naked antibody to have synergistic efficacy
with the ADC, and whether the conjugation technology allows
for bystander effect (78). Codosing with the naked parental anti-
body increased tolerability of a cMet-targeting ADC in cynomolgus
monkeys by reduction of on-target toxicity (79). Whether a codos-
ing strategy would also improve the TI by reducing off-target
toxicity is unclear.

Dissociated payload either due to premature release in circula-
tion by linker instability or resulting from ADC catabolism may
contribute to off-target toxicity (60, 80, 81). Once internalized by a
cell, the payload may be released through linker cleavage by either
chemical or enzymatic degradation for a cleavable linker or by
lysosomal degradation for peptide or noncleavable linkers. The
elimination mechanism of free payload is not unlike that of small
molecules (82). These molecules are cleared by cytochrome P
(CYP) or conjugation reactions in the liver. Three payloads (mono-
methyl auristatin, emtansine, and exatecan) of currently approved
ADCs are metabolized by CYP3A (59). This raises safety concerns
potentially caused by increased exposure of payload when the
ADCs are combined with CYP3A inhibiting substances. Converse-
ly, combinations with CYP3A inducers can reduce the exposure of
free payload (83). Whether combining ADCs (with labile linkers)
with CYP3A inducers can reduce dose-limiting toxicity requires
further investigation. Internalization and processing of ADCs by
cancer cells and normal tissues is another determinant of the TI.
Tsui and colleagues identified by CRISPR-Cas9 screens various
regulators of ADC toxicity related to the nature of the linker (84).
Knowledge of these regulators can advise potential combinations to
improve the TI.

Modifications to the basic structure of the ADC construct have been
proposed to structurally address TI issues. ADCs with site-specific
payload conjugation to cysteines engineered at specific sites on the
heavy/light chain of the antibody while preserving interchain disulfide
linkages (THIOMAB) were generated (85). This construct with a
defined DAR maintained binding affinity and antigen specificity and
had the efficacy of an analogous ADCwith half the payload equivalent.
The engineered ADC also had an increased TI in rodents and
cynomolgus most likely as a result of protection of engineered
cysteines from proteolytic attack in circulation and the absence of
payload release from relatively short-lived higher DAR species. Intro-
duction of unnatural amino acids for site-specific conjugation is
another alteration to the structure of the parental antibody. The amino
acid, p-acetylphenylalanine was introduced in antibodies against
various targets (HER2, 5T4) and conjugated with monomethyl aur-
istatin D (86). These ADCs had higher efficacy preclinically than
traditional ADCs and THIOMAB drug conjugates. As with small
molecules that metabolize to form an active drug, the concept of a
prodrug has been applied to ADCs too by linking a protease cleavable
masking peptide to the variable region of the antibody to hinder the
interaction between antibody and target antigen. In the TME, tumor-
associated proteases cleave the linker, release the mask allowing the
antibody to bind the target antigen (87, 88). This technology can
generate conditional ADCs that are active primarily in the TME and
allow targeting of antigens that are not highly differentially expressed
between tumor and normal tissues. Because binding is expected to be
limited to the tumor compartment, such ADCs may avoid target

mediated disposition in healthy tissue and have an increased safety
profile. Clinical proof of concept with this technology was recently
illustrated with amaskedADC against the transferrin receptor (CD71)
where three partial responses and nine prolonged stable disease
profiles were noted in a cohort of 45 patients (89). Analogous to
masking, the transient attachment of a single-domain antibody that
prevented binding between an anti-HER2 ADC and its target
improved tumor penetration and preclinical efficacy, suggesting
blocking interaction between the parent antibody and the target
antigen could be a novel approach to potentially improving ADC
safety (90). A detailed discussion of all antibody formats is beyond the
scope of this article (91). However, one can expect a number of these
antibody formats will create custom ADC constructs that improve
safety, pharmacokinetics, and specificity to form ADCs that target
previously inaccessible tumor antigens.

Challenging the Concept of a Broad
Cytotoxic Payload

The main purpose of administering cancer drugs via ADC is
reduction of systemic toxicity of the payload moiety. Because of their
successful application as small molecules, DNA-damaging agents and
microtubule inhibitors were an obvious choice for early ADCs. Lately,
therapeutics with different mechanisms of action have been proposed
as payloads for ADCs (Table 1). The benefit of administering these
therapeutics with a low TI, problematic pharmacokinetics, or poor
bioavailability as small molecule, as an ADC is investigated preclini-
cally and in clinical trials. Below we list several of these newer
therapeutics and discuss the potential advantage of administering
more potent versions as ADC.

Tyrosine kinase inhibitors
In the last two decades, several receptor tyrosine kinase inhibitors

(RTKI) were introduced as effective cancer therapeutics (92).
Even though RTKI are relatively selective for their target kinase
and yield a better TI than traditional chemotherapy, adverse events
are not excluded (93). Therefore, the possibility of increasing the TI
with ADC technology has been explored. Genistein, active against
the EGFR and vSRC protein tyrosine kinases, is a tyrosine kinase
inhibitor (TKI) with poor bioavailability and requires high doses
for activity in vivo. Effects of genistein including apoptosis, growth
arrest and differentiation are apparent only at these higher con-
centrations. To overcome the poor bioavailability and increase the
effective concentration at the site of action, genistein was conjugated
to an anti-EpCAM Ab. This ADC was effective in colon cancer models
in vivo at concentrations much lower than the free drug (94). Pro-
miscuity of TKIs has implications for “off-target, off-tumor” activity
and therefore a low TI and has limited scope of use primarily to
oncology applications. However, this promiscuity of poly-TKIs was
taken advantage of in an experimental conjugate with dasatinib as a
payload. In addition to SRC and BCR/ABL, dasatinib also inhibits LYK
and FYN, which play key roles in T-cell receptor signaling by phos-
phorylation and downstream activation of kinases including ZAP70.
Dasatinib was conjugated to a humanized antibody against CD184,
which is highly expressed on T cells but has minimal expression on
nonhematopoietic cells. In vitro, the ADC inhibited CD69/CD25
expression and cytokine secretion from activated T cells as expected
from LYK/FYN inhibition. While this ADC was developed as a
potential novel immunosuppressive agent for autoimmune and inflam-
matory diseases, ADCs with such potent promiscuous SMIs may find
applications in oncology (95).
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Spliceosome inhibitors
The population of cancer cells in human tumors includes a

low fraction of proliferating cells (96, 97). This growth fraction
may be an indicator of response to traditional chemotherapy as well
as ADCs with traditional microtubule inhibiting (MTI) payloads
(auristatins, maytansines) or DNA-damaging agents targeting
dividing and nondividing cells (98–100). The utility of MTI (101)
and DNA-damaging agents such as calicheamcin (102, 103), duo-
carmycins (104), pyrrolobenzodiazepines (105–107), and camp-
tothecins (108, 109) as ADC payloads has been demonstrated
preclinically and clinically. However, there is still an active interest
in targeting slowly dividing or quiescent tumor cell populations.
In this regard, natural product-derived inhibitors such as thailan-
statins and spliceostatins that disrupt eukaryotic RNA splicing
by binding to the nuclear ribonucleoprotein subcomplex of
the spliceosome are considered (110, 111). ADCs with thailanstatin
payloads have shown preclinical activity (112, 113). Spliceosome
modulation has the ability to generate neoepitopes (114) by
increased intron retention and increased genomic instability due
to the formation of RNA-DNA hybrids (R-loops; ref. 115) resulting
in enhanced tumor mutational burden, which is predictive of the
activity of checkpoint inhibitors (116). Putting these two mechan-
isms together, a HER2-directed ADC with a thailanstatin-derived
payload combined with a checkpoint inhibitor eliminated tumors in
preclinical models (114). Whether this can be implemented as a
clinical application has yet to be determined.

Apoptosis restoring agents
Another category of therapeutics that benefit from targeted delivery

are apoptosis restoring agents. These agents target apoptosis inhibitory
proteins such as BCL2, BCL-XL, or MCL-1. Because cancer may be
more dependent on one of these proteins as compared with normal
cells, apoptosis restoring agents were thought to have a favorable TI.
This proved to be correct for venetoclax (Venclexta), the first BCL2
inhibitor approved by the FDA (117). The clinical responses of CLL
to this drug indicate the value of targeting apoptosis inhibitory pro-
teins in cancer therapy. Administration of a combined BCL2/BCL-XL
inhibitor (navitoclax, ABT-263) causes anBCL-XL–dependent throm-
bocytopenia (118). This is a result of on-target BCL-XL inhibition that
can be responsible for dose-limiting toxicity (119). Likewise, affection
of normal tissues by loss of MCL-1 is challenging to reach a TI with
small-molecule inhibitors ofMCL-1 (120). A phase I escalation clinical
trial with AMG-397, the first oral MCL-1 inhibitor, was put on hold
because of signals of cardiotoxicity (121). Nonetheless, both BCL-XL
and MCL-1 remain attractive targets for cancer therapy. These pro-
survival proteins can be responsible for sustained survival of the cancer
cell following stress signals caused by, for example, chemotherapy and
radiotherapy (122). ADCs with BCL-XL or MCL-1 inhibitors as
payloads weremade with the intent to improve the TI of SMI targeting
these apoptosis inhibitors. CD74-targeting ADCs with a MCL-1
inhibitor payload caused tumor growth inhibition in vivo as a single
agent and in combination with venetoclax (123). Currently, ABBV-
155 (mirzotamab clezutoclax) a B7H3-targeting ADC with a BCL-XL
inhibitor payload (124), being clinically tested as a single agent and in
combination with taxane therapy in adults with R/R solid tumors, was
well tolerated (MTD not reached) and had antitumor activity (125).

Glucocorticoids and glucocorticoid receptor modulators
ADCs with payloads characterized by gentler action mechanisms

than DNA-damaging agents and microtubule inhibitors have been
considered for use outside of the oncology realm. Synthetic gluco-

corticoids were used as payload to target the hemoglobin scavenger
receptor (CD163) on macrophages (126). In preclinical models, this
ADC exerted its anti-inflammatory effect directly on macrophages
while avoiding the systemic effect of dexamethasone in preclinical rat
models. This ADC can be seen as an early proof of concept of targeted
delivery of potent nontraditional payloads by means of an immuno-
conjugate. ABBV-3373, an ADC comprised of an anti-TNF antibody
linked to a potent glucocorticoid receptormodulator is one of themore
advanced conjugates with targeted glucocorticoid activity evaluated
for treatment of rheumatoid arthritis clinically (127). Although, these
ADCs were not designed to be used in oncology, one cannot exclude
their potential utility for targeting the TME. Because malignant
hematopoietic cells are sensitive to glucocorticoid induced apopto-
sis (128), one can also envision the potential use of glucocorticoid
targeting ADCs for hematologic malignancies.

STING agonists
Cyclic dinucleotide (CDN) agonists of the stimulator of interferon

genes (STING) pathway stimulate an innate response against tumors
and show immune stimulatory effects in vivo (129). Natural CDNs are
unstable and their polarity limits diffusion across cell membranes.
Synthetic CDNs aremore resistant to enzymatic degradation (130). To
limit potential systemic toxicity and overcome degradation associated
with the administration of a free CDN STING agonist, a modified
STING agonist was conjugated to antibodies. Preclinically, durable
responses were observed with a single administration of the STING
agonist conjugate accompanied by a tumor specific increase in inflam-
matory cytokines (131).

Improving Therapeutic Index by
Combination Therapy

In addition to heterogeneity of antigen expression, a cancer cell
population is heterogeneous for various phenotypes. Heterogeneity of
chemoresistance is a major impediment to obtain durable therapeutic
benefit. Several strategies are currently investigated to improve the TI
of ADCs. Combinations with small-molecule chemotherapy or
biotherapeutics, engineering ADCs with dual payloads or the use of
biparatopic ADCs are considered.

Treatment with at least two therapeutic agents is a strategy for
cancer therapy. Such therapy can enhance theTI by leveraging additive
or synergistic anticancer effects and by reduction of drug resis-
tance (132). Because of toxicities associated evenwith approvedADCs,
combination therapy has been evaluated preclinically and clinically.
For example, combining auristatin or maytansinoid ADCs with small-
molecule DNA-damaging agents improved efficacy (133, 134).
Improvement in activity was also realized with the combination of
ADCs with targeted therapy (e.g., PARP inhibitors; ref. 135). Several
clinical trials with ADCs as part of a combination strategy have yielded
encouraging evidence for the applicability of this strategy (for review,
see ref. 136). The dual targeting of HER2 in preclinical breast cancer
models with the ADC, trastuzumab emtansine and the HER2-target-
ing antibody, pertuzumab had synergistic activity (137). This preclin-
ical synergy did however not translate into a clinical benefit over the
ADC alone (138). Combination therapy of depatux-m, an EGFR-
targeting ADC, with temozolomide, a DNA-alkylating agent, was
additive or synergistic on 3D cultures of glioblastoma cells in vitro.
The results further suggested that the nature of the interaction between
the ADC and the chemotherapeutic related to the antigen expression
on the tumor cell (134). Success of combination therapy with ADCs
may therefore be determined by factors other than the mechanism of
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action of the payload.Here, an understanding of thesemechanisms can
be crucial to identify patients optimally eligible for the combination
therapy by aiding predictive biomarker development (139). Experi-
mental evidence shows that ADCs with auristatin or maytansine
payloads can induce immunogenic cell death (ICD) in vitro (140).
ICD markers were also induced by treatment of tissue factor (TF)
expressing tumor cells in vitro with tisotumab vedotin, a TF-targeting
ADCwith an auristatin payload (141). Conceivably, immune oncology
therapies can improve the clinical activity of the ADC. This improved
activity is expected from the alterations of the inflammatory milieu of
the tumor by the ADC (139).

Although not strictly a strategy of combining ADCs with other
cancer therapeutics, the strategy of generating ADCs carrying two
types of payloads with different (142) or similar mechanisms (143)
of action should be mentioned. This dual payload strategy intends
to address heterogeneity with respect to chemoresistance and
antigen expression. Another advantage is the direct delivery of two
different compounds in ratios required for synergistic activity. A
HER2-targeting ADC with dual auristatin payloads [MMAE
and monomethyl auristatin F (MMAF)] had improved activity in
a heterogeneous breast xenograft model as compared with a com-
bination of ADCs with single payload (143). The essential tumor
characteristics that underly a therapeutic benefit of a dual payload
strategy have yet to be determined.

The majority of ADCs are typically efficacious against tumors
with high expression of the target antigen. This selection potentially
excludes a significant patient population that could benefit
from ADC therapy. A potential solution lies in the engagement
of nonoverlapping epitopes to increase the affinity/avidity of the
antibody (144). Such an antibody construct may provide synergistic
effects beyond the combination of each parental antibody and
enhance multiple aspects of antibody function including receptor
clustering, internalization, lysosomal degradation, or recycling
inhibition translating to superior phenotypic changes in prolifer-
ation and cell killing (145, 146). However, the affinity and avidity
effects of biparatopic constructs may have to be balanced with the
ability of such entities to penetrate tumor tissue (Fig. 1C and
D; ref. 147). With distinct advantages such biparatopic antibodies
have been converted to ADCs, for example, a HER2-targeting
biparatopic ADC shows comparatively greater activity in models
where T-DM1 is active in vitro and in vivo (148). In addition,
the biparatopic ADC is active in models refractory to T-DM1
either due to acquired resistance or low HER2 expression. Bipar-
atopic ADCs targeting other receptors: folate receptor-a (149),
CD37 (150) and cMET (151) have been described. A clinical stage
anti-HER2 biparatopic ADC, MEDI4276, showed activity in

patients that had relapsed on prior trastuzumab or T-DM1
treatment (152).

Conclusion
Addition of a recent series of clinically active, FDA-approved

ADCs to the arsenal of cancer therapeutics proves the viability of
administering cancer therapeutics as ADCs. Technical progress in
bioengineering and chemistry to manufacture biocompatible ADCs
as well as improved understanding of and enhanced detection
methods for TAAs underlies this accomplishment. For a detailed
technical account of current ADC development, we refer to recent
publications on this matter (59, 139). In contrast to the simplicity of
the ADC concept and the technical advances for manufacturing the
conjugates, the ADC platform is still not the overwhelming success
formula for cancer therapy as anticipated. In the current article, we
have focused on describing potential improvements to ADCs as
guided by the pathophysiology of the targeted cancer tissue. By
focusing on this topic, we hope to highlight some underappreciated
potential expansions and improvements of ADC applications. As
such, we hope to question which ADC should be designed for a
given indication rather than seeking indications for traditionally
designed ADCs. The current review lists several examples of such
changes ranging from increasing accessibility by enhancing the EPR
effect to substituting traditional cytotoxic with targeted/mechanistic
payloads. This may allow intervention with therapeutic targets that
were previously not druggable because of systemic toxicity. Con-
ceivably, these altered ADC designs will reduce the number of
patients with a suitable indication. While this may be a logical
consequence of “targeting targeted therapy,” arguably the enhanced
specificity of the ADC for the targeted tissue can enhance the
clinical success rate. In addition, focusing on physiology of targeted
tissue rather than exclusively on the presence of the targeted antigen
to guide the ADC design requires further investigation to advance
the success of this method for delivery of cancer therapy.
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