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ABSTRACT
The commentary by Colombo and Rich recently published in Cancer Cell provides a timely and compre-
hensive review of the clinical maximum tolerated doses (MTDs) of antibody−drug conjugates (ADCs) and 
their corresponding small molecules/chemotherapies. The authors identified similarities between their 
MTDs and therefore question the historic assumptions made for ADCs, namely, that they increase the 
MTDs of their corresponding cytotoxic molecules. However, the authors did not address the superior anti- 
tumor responses of ADCs compared to their corresponding chemotherapies, as reported in clinical trials. 
In this point of view, we propose a revised model wherein the anti-tumor activities of ADCs and 
consequently their therapeutic indexes (TIs) are not solely associated with changes not only in their 
MTDs but also in their minimal effective doses (MEDs). In addition, when using an exposure-based TI 
calculation method, the superior anti-tumor activities of ADCs relative to their corresponding chemother-
apy can readily be explained. We discussed the clinical and preclinical data in support of lower MEDs of 
ADCs and generated a revised graph illustrating the TI improvements of ADCs vs chemotherapy more 
accurately. We believe that our revised model can provide a blueprint for future improvements in protein 
engineering and chemical engineering of toxins to further advance ADC research and development.
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Introduction

Antibody−drug conjugates (ADCs) have regained interest by 
drug developers based on the recent clinical successes as single 
agents or in combination with chemotherapies or checkpoint 
inhibitors, resulting in improved objective response rates and 
durability of responses in both liquid and solid tumor indica-
tions. Overall, a total of over 12 ADC have been approved, six 
of which were approved in the last 2 years (reviewed in Ref. 1). 
Some of the key lessons learned when developing first- 
generation ADCs with various payloads, linkers and conjuga-
tion methods, are summarized below:

(1) While ADCs are generally perceived to broaden the 
therapeutic index (TI) of their payloads, the clinical 
data suggest that the maximum tolerated doses 
(MTDs) of payloads and conjugates (when dose nor-
malized to their payloads) remained comparable.2

(2) The MTDs of ADCs are frequently caused by payload- 
mediated, non-target related, platform toxicities out-
side tumor tissues, which are unique for each linker- 
payload type. The mechanisms affecting these MTDs 
are under intense investigation and are known as off- 
target, off-tumor toxicities.3,4

(3) On-target toxicities of ADCs can become dose limiting 
in the clinic when choosing a target with low to mod-
erate expression levels on normal tissues, such as 

TROP2,5 EpCAM,6 EphA2,7 and other targets 
(reviewed in Ref. 8). These MTDs are qualified as on- 
target, off- tumor toxicities of ADCs.

(4) A variety of conditional ADC approaches, designed to 
render target antigen binding or payload release con-
tingent on the presence of tumor environment-specific 
triggers, including pH changes or protease activities, 
have not yet yielded clinical success (reviewed in Ref. 9).

(5) The transfer of maleimide-based maleimidocaproyl 
(mc) linkers from ADCs to human serum albumin 
(retro-Michael reaction) can contribute to anti-tumor 
activities of ADCs10 (reviewed in Ref. 11).

(6) The levels of released, circulatory payloads/toxins can 
contribute to both platform toxicities and anti-tumor 
activities of ADCs.2

(7) ADCs, in general, induce superior anti-tumor activities, 
both clinically and preclinically, compared to their cor-
responding small molecules/toxins when administered 
at equimolar levels.12,13

To provide more context on the relationship between MTDs 
and TIs of ADCs, we would like to point out that while both 
MTD and minimum effective dose (MED) are generally used 
to graphically highlight the magnitude of the TI improvements 
of ADCs, they are not part of the recommended methods used 
to calculate TIs, for neither ADCs nor small molecules.14 By 
definition, TI calculations are based on ADC exposure levels 
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and represent the ratio of the highest exposure to the drug, 
resulting in minimal toxicity, relative to the drug exposure that 
produces the desired anti-tumor effects.15

When comparing small-molecule chemotherapeutics with 
their corresponding ADCs, it is important to understand the 
difference in the exposure kinetics between the two. For exam-
ple, the systemic exposure of cytotoxic drugs is measured in 
minutes to hours, while the exposure of ADCs is measured in 
days. Hence, for an ADC with a half-life of 4 to 5 days, the 
systemic exposure of the conjugated toxin is much higher than 
the corresponding, small-molecule chemotherapy, irrespective 
of the notion that the administered dose, after standardization 
to the small-molecule compound, is roughly equivalent.2

Small-molecule chemical payloads distribute preferentially 
into highly perfused normal tissues and tumors during their 
short exposure time window, causing systemic toxicity, which 
often requires prolonged recovery periods of several weeks, 
known as drug holidays, during repeat dose cycles. Drug holi-
days reduce the efficacy of anticancer drugs and can lead to 
treatment resistance. A narrow focus on MTDs between ADCs 
and their small-molecule cytotoxins disregards some of these 
fundamental differences between both modalities. In this con-
text, it is not surprising that the improved anti-tumor activities 
of ADCs compared to their corresponding cytotoxic drugs do 
not correlate with their MTDs, and thus, other mechanisms 
account for the differences in their efficacy and TIs.

We propose that an exposure-based model to calculate TIs 
is more suitable not only to explain the TI differences between 
both modalities but also to better understand the improve-
ments in ADC platforms and to inform the selection of clinical 
ADC candidates. In this model, the pharmacokinetic and 
pharmacodynamic (PK/PD) parameters are based on drug 
exposure levels over time, e.g., area under the curve (AUC) 
and maximum drug concentration (Cmax), as opposed to 
MTDs or minimal effective doses (MEDs).14,16 In addition, 
inter-individual variability in drug exposure caused by factors 
such as genetic polymorphisms of drug metabolizing enzymes, 
efflux pumps, drug−drug interactions, differences in target 
antigen expression, body weights, disease, or environmental 
factors is better accounted for in an exposure-based TI calcula-
tion model. Finally, different regimens of a given dose can 
produce different TIs for the same ADC. For instance, 
a single dose can be divided into multiple lower doses that 
yield the same cumulative dose per cycle. An example is the 
dose fractionation method that was successfully applied for the 
CD33-ADC Mylotarg in acute myeloid leukemia (AML) 
patients, where the same total dose administered in three 
smaller doses improved overall responses and reduced plat-
form toxicities markedly,17 leading to a higher TI value. Such 
fractionated dose schedules result in a similar AUC and 
a lower Cmax and therefore improve the TIs of ADCs with 
Cmax-driven toxicities,18 which cannot be explained by ADC 
dose levels alone.

In summary, when applying exposure-based TI calculation 
methods, the superior anti-tumor activities of ADCs relative to 
their corresponding small molecules can readily be explained 
by higher intratumoral exposure levels of the toxins as a result 
of the more tumor-specific uptake of the toxin when delivered 
in the ADC format. In addition to such payload-mediated anti- 

tumor activities, the antibody moiety can provide additional 
anti-tumor activities via activation of immune effector cells 
such as macrophages (antibody-dependent cellular phagocy-
tosis), dendritic- and natural killer cells (antibody-dependent 
cellular toxicity) or complement activation (complement- 
dependent cytotoxicity) (reviewed in Ref. 19), resulting in 
lower MEDs and improved TIs relative to the corresponding 
chemotherapy, as illustrated in Figure 1.

In contrast, administration of a small-molecule chemother-
apeutic results in a higher Cmax, with rapid clearance and short 
elimination half-life (minutes to hours), as shown in the left 
panel in Figure 1. The more controlled and targeted delivery of 
the payload to the tumor by ADCs leads to prolonged tumor 
exposure of the small-molecule drug, taking on the kinetics of 
the large molecule, translating into decreased MEDs (middle 
and right panels in Figure 1). Conceptually, the MED of the 
payload leading to tumor cell death cannot be lowered without 
delivering more of the same payload into tumors. Such 
increased tumor-specific delivery of cytotoxic payloads via 
ADCs is one of the many reasons for their improved efficacy 
compared to their free payloads and explains their use in early- 
line treatments of solid tumors, replacing standard-of-care 
chemotherapy.

Importantly, the potential for ADCs to lower the MEDs of 
their corresponding free toxins is not discussed in the paper by 
Colombo and Rich. Since TI improvements can result in either 
decreased MEDs or increased MTDs, a lower MED of ADCs 
seems to be the more likely explanation for their superior anti- 
tumor activities in face of the similarities in their MTDs, as 
identified by the authors.

There is an abundance of preclinical evidence in support of 
lower MEDs of ADCs. In preclinical efficacy studies in tumor- 
bearing mice, inferior anti-tumor responses were observed 
consistently in control groups where an equivalent dose of 
toxins was administered, compared to the corresponding 
ADCs.12,13 The same principle likely applies in cancer patients. 
However, when reviewing the literature for MEDs of ADCs, we 
noticed a lack of standard methods to report MEDs.

This situation will likely change in the future consistent 
with FDA’s Project Optimus initiative (www.fda.gov/about- 
fda/oncology-center-excellence/project-optimus), but because 
of the current lack of consistency in MED reporting for ADCs 
in the clinic and the abundance of evidence for lower MEDs of 
ADCs in pre-clinical studies, we posit that the most appro-
priate explanation for the superior anti-tumor efficacy of 
ADCs and TIs is their relative lower MEDs compared to 
their corresponding chemotherapies. Therefore, we propose 
to revise the standard model used to illustrate TI improvement 
of ADCs vs chemotherapy as outlined in Figure 1. The revised 
figure displays similar MTD levels between chemotherapy and 
the first-generation ADC, reflective of the findings by 
Colombo and Rich. To account for the TI improvements of 
ADCs and their improved anti-tumor activities compared to 
the corresponding chemotherapies dosed at similar MTDs, we 
display lower MED levels for first-generation ADCs in the 
revised model.

Importantly, we added a third panel to Figure 1 for the TI 
improvements of second-generation ADCs, with increased 
MTDs and/or lower MEDs relative to first-generation ADCs. 
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An example for a second-generation ADC is a site-specific 
conjugate, where conjugation to carefully selected sites on 
the heavy and light chain of the antibody resulted in an almost 
complete elimination of the main platform toxicity, neutrope-
nia. This was associated with increased ADC exposure levels 
and improved ADC/Ab ratios in sera of non-human primates, 
compared to the conventional, non-site specific conjugate.20 

When using an exposure-based TI calculation model, the 
selection of 4 optimized conjugation sites, two on the light 
chain and two on the heavy chain, translated to an over 10-fold 
TI improvement compared to the random conjugation of the 
same linker payload to 4 cysteines on the same antibody.16,20 

While publication of the final results of the Phase 1 dose- 
escalation study including patients with HER2-positive breast 
and gastroesophageal tumors progressing on several lines of 
prior treatment is awaited, the preliminary objective response 
rate (54% objective response rate (ORR)) and the MTD (>3  
mg/kg)21 compare favorably to a conventional Her2 conjugate 
(RC-48 ADC, 30.8% ORR, MTD 2.0 mg/kg), with a very simi-
lar linker payload.22 Another example of TI-improved ADCs is 
based on chemical engineering of the topoisomerase 1 
(Topo1i) payload exatecan and its cleavable linker, resulting 
in the Her2-DXd conjugate Enhertu (trastuzumab deruxte-
can), with enhanced payload release in tumor cells and 
decreased payload toxicities in normal tissues, following its 
release in the circulation.23 Of note, potential changes in 
MED or MTD of DXd- conjugates could not be captured in 
the study by Columbo et al, because the DXd toxins/che-
motherapies have not yet been tested independently in clinical 
trials. However, in a head-to-head Phase 3 trial in Her2+ mBC 

(DESTINY-Breast03), this second-generation ADC signifi-
cantly improved progression-free survival (PFS) over the first- 
generation trastuzumab emtansine, with an ORR of 79.9% vs 
34.2%, respectively.

In conclusion, by modifying the standard illustration for TI 
improvements of ADCs over chemotherapy, as shown in 
Figure 1, and employing an exposure-based TI calculation 
approach, we can readily explain the improvement in anti- 
tumor activities of TI improved ADCs and capture the emer-
ging success of second-generation ADCs in the clinic, includ-
ing Enhertu.23 We also believe that the revised illustration and 
the exposure-based TI calculation method will help to guide 
engineering principles for future generations of ADCs with the 
goal of further improving their TIs to optimize the benefit of 
cancer patients.
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Figure 1. Revised model to illustrate TI improvements of ADCs vs their corresponding chemotherapies. Left panel: Narrow TIs caused by low tumor/normal tissue 
selectivity of toxins. Examples of clinical toxicities caused by chemotherapies: Tubulin Inhibitors: neutropenia. Topo1 inhibitors: myelosuppression and GI-tox. Topo2 
inhibitors: cardiac- and GI (gastrointestinal) tox. DNA Alkylators/PBD: Bone marrow and kidney toxicity. Calicheamicin: thrombocytopenia Middle panel: Moderate TI 
improvements by first-generation ADCs caused by platform toxicities, on-target, off-tumor toxicity or suboptimal PK of ADCs. Examples of MTD caused by ADC platform 
toxicities: Examples of on-target, off-tumor toxicities caused by low tumor to normal expression of tumor antigens: TROP2, EphA2. Examples for suboptimal PK 
properties of ADC limiting the MTDs: stochastic lysine conjugation of Calicheamicin and FcRn interference, retro-Michael reaction of maleimide-based cysteine 
conjugates. Right panel: Significant TI improvements caused by protein engineering and chemical engineering across ADC platforms: Examples: (1) linker engineering 
to minimize hydrophobicity of payloads, (2) chemical engineering of payloads toward less toxic compounds after release in circulation, (3) antibody engineering to 
enable site-specific conjugation to reduce off-tumor linker cleavage, (4) reducing ADC hydrophobicity, interference with FcRn recycling and Fcγ receptor binding and 
PK optimization, and (5) conditional ADC platforms with the goal of increasing tumor-specific activities of ADCs.
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Abbreviations

ADC Antibodydrug conjugates
MTD Maximum tolerated dose
TI Therapeutic index
MED Minimal effective dose
PK Pharmacokinetic
PD Pharmacodynamic
Cmax Maximum drug concentration
AUC Area under the curve
Ab Antibody
ORR Objective response rate
DXd Deruxtecan
Mbc Metastatic breast cancer
PFS Progression-free survival
Topo1 Topoisomerase 1
GI Gastrointestinal
PBD Pyrrolobenzodiazepine
FcRn Neonatal Fc receptor
FcγR Fc-gamma receptor
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