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Abstract Antibody‒drug conjugates (ADCs), which combine the advantages of monoclonal antibodies

with precise targeting and payloads with efficient killing, show great clinical therapeutic value. The

ADCs’ payloads play a key role in determining the efficacy of ADC drugs and thus have attracted great

attention in the field. An ideal ADC payload should possess sufficient toxicity, low immunogenicity, high

stability, and modifiable functional groups. Common ADC payloads include tubulin inhibitors and DNA

damaging agents, with tubulin inhibitors accounting for more than half of the ADC drugs in clinical

development. However, due to clinical limitations of traditional ADC payloads, such as inadequate effi-

cacy and the development of acquired drug resistance, novel highly efficient payloads with diverse targets

and reduced side effects are being developed. This perspective summarizes the recent research advances

of traditional and novel ADC payloads with main focuses on the structureeactivity relationship studies,

co-crystal structures, and designing strategies, and further discusses the future research directions of ADC

payloads. This review also aims to provide valuable references and future directions for the development

of novel ADC payloads that will have high efficacy, low toxicity, adequate stability, and abilities to over-

come drug resistance.
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1. Introduction

Despite the recent advancements in immunotherapy and cell
therapies, chemotherapy remains to be the most used strategy in
cancer treatment. However, due to their low therapeutic index,
conventional chemotherapeutics, despite showing potent cytotox-
icity against cancer cells, often show toxic effects on healthy
tissues, which significantly limits their clinical efficacy1,2. Thus,
developing drug delivery systems with high efficiency and limited
systemic toxicity for the treatment of cancers may be an effective
strategy to solve the problem3. Hence, a novel concept, antibody‒
drug conjugates (ADCs) has been conceived and developed
(Fig. 1). Typically, an ADC is formed by an antibody targeting a
tumor-specific antigen or a related antigen and several payloads
through appropriate linkers. An ADC combines the high targeting
capabilities of a monoclonal antibody (mAb) and the high potency
of the payloads in tumor tissues. ADCs have become one of the
fastest-developing drug classes in oncology in recent years,
because of their lower side effects, broader treatment applications,
and higher therapeutic index4,5.

The concept of ADC drugs was first proposed by German
Nobel Laureate Paul Ehrlich in 19136. But not until 1975, when
the development of hybridoma technology started being used to
produce monoclonal antibodies really began the era of developing
ADC drugs. ADC drugs have undergone three generations of
innovation, driven by increasingly mature technologies (Fig. 2). In
the first generation of ADC drugs, traditional chemotherapeutics
such as methotrexate, vinblastine, and doxorubicin were used as
cytotoxic payloads7. However, because of their insufficient cyto-
toxicity against cancer cells, lack of tumor selectivity, and low
accumulation in target cells, these first-generation ADCs showed
even poorer efficacy than their parental payloads, which resulted
in their clinical fails8e11. Subsequently, novel and highly cytotoxic
compounds that showed 100 to 1000 times more potent than the
traditional chemotherapeutics used in the first-generation ADCs
attracted strong interest. They often have unbearable side effects
when used as a single drug for killing tumors. For example,
tubulin inhibitors maytansine showed extremely powerful anti-
proliferative activity against tumor cells. However, its toxic side
effects, such as neurotoxicity and gastrointestinal reactions, were
also severe. Hence, it was not approved for cancer therapy as a
single agent12. Interestingly, these highly cytotoxic compounds are
ideal payloads for ADCs. The microtubules, composed of a- and
b-tubulin, are the main components of cytoskeleton. Tubulin in-
hibitors can kill tumor cells by disrupting their cytoskeleton
structures and interfering with mitosis. Thus, tumor cells, which
divide faster, are more sensitive to tubulin inhibitors compared to
normal cells13. Most of the second-generation ADCs used
significantly more potent tubulin inhibitors as payloads. Unfor-
tunately, while tubulin inhibitors are very effective against actively
dividing tumor cells, they are much less effective against static
cancer cells14. To potentially overcome this limitation, DNA
damaging agents, which can target the whole cell cycle, were
selected as the cytotoxic payloads for most of the third-generation
ADCs. DNA damaging agents can destroy DNA structures to kill
tumor cells through double-strand breaking, alkylation, chime-
rism, and cross-linking. Representative DNA damaging payloads
include enediyne, topoisomerase I inhibitors, and pyrrolo benzo-
diazepines (PBD)15. Currently, 15 ADC drugs have been
approved, and a large number of ADC drugs are undergoing
clinical trials (Table 1)16. Their payloads are mainly of natural
origin, and tubulin inhibitors account for more than half of them.

Although ADCs have gone through three generations, current
payloads still have clinical limitations such as severe side effects
and the development of drug resistance. There is still a strong
unmet medical need to develop more potent ADC payloads,
ideally with better therapeutic indexes17. Accordingly, additional
novel ADC payloads, including RNA inhibitors, Bcl-xL inhibitors,
NAMPT inhibitors, and carmaphycins18e20, are being designed. In
addition, immune ADCs using immunomodulators as payloads
have attracted significant attention because of their key roles in
tumor immunotherapy21. Instead of using single simple molecules
as their payloads, several novel strategies for designing ADCs
using more complex payloads have emerged. For example,
PROTACs or photosensitizers have been used as ADC payloads,
and methods to incorporate several payloads, each with a different
target, into a single antibody have also been developed22e24.
These groundbreaking strategies can lead to the next generation of
ADCs.

Based on the importance and main characteristics of the ADC
payloads, this review summarizes the discovery and main struc-
tural modifications of various traditional ADC payloads from the
perspective of their crystal structures and the related
structureeactivity relationships (SAR) between ADC payloads
and their targets. In addition, a variety of novel ADC payloads
based on new drug targets and innovative design strategies will
also be summarized in this review. Finally, in view of the limi-
tations of the current payloads, the main research directions for
developing future ADC payloads are discussed, with the hope to
provide a reference for the future design of novel ADC payloads
with ideal characteristics.
2. Importance and characteristics of the ADC payload

After an ADC drug enters the blood circulation and binds to the
target antigen receptor on the surface of the tumor cell, the newly
formed ADC‒antigen complex will be degraded by lysosomes
after internalization, releasing the payload and inducing the tumor
cell death (Fig. 1). Therefore, payloads are an important part of
the ADC design25. The activity and physicochemical properties of
the payload have a direct impact on the antitumor efficacy of ADC
drugs. The mechanism of action of the payload is an important
factor determining the performance of the ADC (e.g., adverse
reactions). Besides, certain other characteristics of ADC payloads,
such as cytotoxicity, immunogenicity, stability of storage during
preparation and circulation, water solubility, and modifiability are
also important26.

The ideal payloads should have the following characteristics.
First, they should have adequately high cytotoxicity. Tumor-
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Figure 1 Key structures and mechanisms of action of ADCs. (A) The general mechanism of action of ADCs; (B) The mechanism of DNA

inhibitors as ADC payloads; (C) The mechanism of Splicing inhibitors as ADC payloads; (D) The mechanism of tubulin inhibitors as ADC

payloads; (E) The mechanism of PROTAC molecules as ADC payloads; (F) The mechanism of Bcl-xL inhibitors and proteasome inhibitors as

ADC payloads; (G) The mechanism of NAMPT inhibitors as ADC payloads; (H) The mechanism of NIR-PIT ADC.
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specific antigens are very limited, especially in solid tumors.
Moreover, due to the low permeability and poor internalization
activity of monoclonal antibodies, the number of ADC payloads
that can be endocytosed into tumor cells via antibody antigen
binding is very low27. Second, ADC payloads should have suffi-
ciently low immunogenicity. Protein drugs have the risk to induce
immunogenicity, which may negatively affect the ADC efficacy or
even lead to mortality of the treated patients. Although ADCs
currently use human or humanized monoclonal antibodies and
small molecule payloads, they still may increase the risk of
immunogenicity compared with therapeutic monoclonal anti-
bodies. To address this issue, some highly toxic payloads are
extracted from plants, animals or microorganisms, ensuring the
immunogenicity of the payload in humans is small enough to be
negligible. Using smaller molecular payloads is also a way to
reduce the risk of immunogenicity. Third, ADC payloads should
have high stability. Because antibodies have a long half-life in
circulation, ADCs should remain stable in the blood circulation to
avoid release or decomposition. The payload should also remain
stable in the cytoplasm and lysosome without significant degra-
dations under low pH conditions3. Fourth, ADC payloads should
have functional groups that can be modified without significantly
affecting their potency. The payload must have a modifiable
functional group or a site that can conjugate to the monoclonal
antibody. The site of the modification must be carefully selected to
preserve the potency of the parental drug. More importantly, when
using non-cleavable linkers, the payload must retain its potency
even after the antibody degrades28. Fifth, the ADC payloads
should have bystander killing effects. Some ADC drugs are
internalized and release small, uncharged, permeable membrane
hydrophobic molecules, which spread through the cell membrane
and kill tumor cells with negative expression of adjacent antigens.
This process is known as the “bystander killing effect” and has
important implications on tumor cells with uneven antigen-



Figure 2 Milestones in the development of ADCs payloads.
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expression29. In general, payloads that promote bystander killing
effects in cancer cells are better suited for cancers with a low or
heterogeneous expression of target antigens. To construct ADC
drugs with the bystander effect, their structures must meet the
conditions that the linker can be cleaved, and the payload is
permeable to the cell membranes. Hydrophobic molecules with
good membrane penetration have a strong bystander killing effect,
but this may also make the drugs easily absorbed by healthy tis-
sues, resulting in serious systemic toxicity. Therefore, the balance
between the two is very important for the development of ADCs.
Sixth, ADC payloads should have proper water solubility. Pay-
loads must be appropriately water-soluble to facilitate conjugation
with the antibody and ensure sufficient solubility of the conjugate
under physiological conditions. When excessive hydrophobic
payloads conjugate to an antibody, the resulting ADC tends to
aggregate and becomes unstable. In addition, the hydrophilicity of
the payload affects the cell membrane permeability of the parental
ADC or its metabolite, and thus its bystander killing activity.
Finally, the payloads’ target should be intracellular as most ADCs
need to enter tumor cells to release their payloads. Many potent
payloads from microorganisms, plants, and animals that have
membrane targeting, such as those on neurons that work primarily
by blocking ion channels or disrupting clotting, are not suitable for
use as ADC payloads30.

Among the above seven characteristics of the ADC payload,
high potency, low immunogenicity, stability in drug preparation
and blood circulation, and modifiable functional groups are the
important factors that must be considered in the selection of the
ADC payload. Other characteristics including proper water solu-
bility or bystander killing effect, though generally less essential,
still have significant impacts on the effectiveness of an ADC.
Based on these characteristics, we summarized the effectiveness
of existing ADC payloads, including payloads targeting tubulin/
DNA/RNA, immune ADC payloads, novel potential ADC pay-
loads, and the payloads used in the design of ADC drugs under the
guidance of various new strategies. By analyzing the binding



Table 1 ADC drugs approved by FDA (up to March 2023).

No. ADC name Brand name Company Target Payload Indication Launch year

1 Gemtuzumab ozogamicin (GO) Mylotarg Pfizer/Wyeth CD33 Calicheamicin Acute myeloid leukemia 2000.05

Relaunched

in 2017.09

2 Brentuximab vedotin (SGN-35) Adcetris Seattle Genetics

Millennium/Takeda

CD30 MMAE Hodgkin lymphoma,

large cell lymphoma

2011.08

3 Trastuzumab emtansine (T-DM1) Kadcyla Genentech/Roche HER2 DM1 HER2þ breast cancer 2013.02

4 Inotuzumab ozogamicin Besponsa Pfizer/Wyeth CD22 Calicheamicin Acute lymphoblastic leukemia 2017.08

5 Moxetumomab pasudotox Lumoxiti AstraZeneca CD22 Pseudomonas

exotoxin

Relapsed or refractory

hairy cell leukemia

2018.09

6 Polatuzumab vedotin Polivy Genentech/Roche CD79b MMAE Diffuse large B-cell lymphoma 2019.07

7 Enfortumab vedotin Padcev Astellas/Seattle

Genetics

Nectin-4 MMAE Advanced or metastatic

urothelial cancer

2019.12

8 Fam-trastuzumab deruxtecan

(DS-8201)

Enhertu AstraZeneca/

Daiichi

Sankyo

HER2 Dxd Metastatic breast cancer 2019.12

9 Sacituzumab govitecan Trodelvy Immunomedics Trop-2 SN-38 Triple-negative breast cancer 2020.04

10 Belantamab mafodotin Blenrep GlaxoSmithKline BCMA MMAF Relapsed or refractory

multiple myeloma

2020.08

11 Cetuximab saratolacan Akalux RakutenMedical EGFR IRDye700DX Head and neck cancer 2020.09

12 Loncastuximab tesirine-lpyl Zynlonta ADC Therapeutics CD19 SG3199 Large B-cell lymphoma 2021.04

13 Disitamab vedotin Aidixi RemeGen HER2 MMAE HER2þ gastric carcinoma 2021.06

14 Tisotumab vedotin-tftv Tivdak Seagen Tissue factor MMAE Cervical cancer 2021.09

15 Mirvetuximab soravtansine-gyxn ELAHERE™ ImmunoGen, Inc. Fra DM4 Ovarian cancer 2022.11
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Figure 3 Design and SAR analysis of maytansinoids. (A) Chemical structures of maytansinoids 1e5; (B) Binding mode of maytansine (1) in

complex with tubulin (PDB code 4TV8); (C) Binding mode of compound 5 in complex with tubulin (PDB code 5SBA).
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mode and the related SAR between various payloads and proteins,
we hope to clarify how the structures determine their biological
activity and characteristics and provide a valuable reference for
the generation of more new ADC payloads in the future.

3. The various payloads of ADC

3.1. Microtubules targeting payloads

Microtubules are an important part of the cytoskeleton in
eukaryotic cells. They are dynamic polar polymers composed of
a,b tubulin heterodimers parallel to the cylindrical axis. Micro-
tubules play an important role in maintaining various cellular
functions such as cell morphology, signal transduction, organelle
transportation, cell motility, cell division, and mitosis, and are
important targets for tumor therapy. Tubulin is the composition of
microtubules, and tubulin inhibitors interfere with the dynamic
combination of microtubules by binding to tubulin, arresting cells
in the G2/M phase of the cell cycle, and ultimately leading to
apoptosis31. Because tubulin inhibitors destroy the mitotic spindle
and play an anti-mitosis role, they have stronger toxicity against
rapidly dividing cancer cells than most slow-growing normal cells,
making them popular ADC payloads. Among them, the tubulin
polymerization enhancers, such as auristatin compounds MMAE
and MMAF, work on the b-subunit of the a,b tubulin dimer, so
that the growth of the microtubules is not regulated. In contrast,
tubulin polymerization inhibitors, such as maytansine compounds
DM1 and DM4, block the polymerization of tubulin dimers by
inhibiting the formation of mature microtubules. These tubulin
inhibitors are the most common second-generation payloads used
in many clinical ADC drugs and have been structurally modified
by multiple teams as lead compounds to further improve the
physicochemical properties of such ADC payloads, making them
more suitable for the development of ADC drugs32.

3.1.1. Maytansinoids
Maytansine (1) (Fig. 3A) was originally isolated from the bark of
the African shrub Maytenus ovatus and is a class of benzoansa-
macrolide antibiotics that bind to tubulin and inhibit the assembly
of microtubules. In the in vitro cell activity assay, its IC50 falls
into the picomolar range, demonstrating its strong ability to
inhibit tumor cell proliferation. It also shows good stability and
solubility in other experiments. However, due to its narrow
treatment window and toxic side effects such as neurotoxicity and
gastrointestinal reactions due to the lack of selectivity, it has been
clinically prohibited from direct use in human treatment12.
However, the high cytotoxicity of maytansine perfectly meets the
requirements of ADC payloads, making maytansine a strong
candidate as an ADC payload. Since maytansine does not have a
reactive functional group, it cannot bind to the antibodies.
Structure�activity studies with maytansinoids had identified the
C3 N-acyl-N-methyl-L-alanyl ester side chain, the C4eC5
epoxide moiety, the C9 carbinol function, and the position of the
conjugated C11 and C13 double bonds as critical elements for
activity33. This left the phenyl ring and the N-acyl group as
chemically modifiable entities. Replacing the N-acetyl group in
maytansine with a 3-methyldithiopropionyl group, maytansine
derivative DM1 (2) (Fig. 3A) containing disulfide can be ob-
tained. And DM4 (3) is obtained by adding two methyl groups
around the DM1 disulfide bond. Derived DM1 and DM4, with
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methylthiopropionyl group, can be conjugated to the linker by
disulfide bonds. DM1 and DM4 are the most commonly used two
maytansine-like ADC payloads in clinical practical applications,
such as Trastuzumab-SMCC-DM1, the first ADC drug based on
maytansine derivatives approved for marketing (ClinicalTrials.
gov identifier: NCT04158947, NCT01983501, NCT02562378,
etc.)34. Currently, 20% of the ADCs in development use may-
tansine derivatives as a payload.

In 2014, Michel O. Steinmetz’s team35 studied maytansine and
its role with microtubules and found that on b-tubulin, the may-
tansine class has three key interaction points with tubulin
(Fig. 3B), which include hydrogen bonds between the carbonyl
groups at positions 1 of maytansine, and residues Asn102 and
Lys105 of b-tubulin; hydrogen bonds between the hydroxyl/
carbonyl oxygens at positions 1 and Val181 of b-tubulin; and
hydrophobic interactions between the methyl groups at positions
6a of the ligands and a pocket shaped by residues Asn101,
Asn102, Val182, Phe404, and Tyr408 of b-tubulin. These
conserved tubulin interaction points constitute a common phar-
macophore. Maytansine is the most commonly used ADC
payload, but its synthesis, isolation and purification of interme-
diate diastereomer products are difficult. At the same time, it is a
substrate of multidrug-resistant protein 1 (MDR1), a transporter
that reduces the potency of some antibody-maytansine-like con-
jugates. So Jinliang Yang’s team36 explored the crystal structure of
L-DM1-SMe (C3-position methyl-L configuration DM1), D-DM1-
SMe (C3-position methyl-D configuration DM1) and b tubulin,
and found that the carbonyl oxygen atoms in the L-DM1-SMe
ester group and the sulfur methyl at the tail of the C3 side chain
form a strong intramolecular interaction with the hydroxyl at
position 9 and benzene rings, respectively, which contributes to
the enhancement of binding affinity. The C3 side chain of D-
DM1-SMe swings in the opposite direction, unable to form
intramolecular interactions, explaining the detailed mechanism by
which the chirality of methyl groups at the C3 position affects
anti-cancer activity. The study provides a basis for the design of
the next generation of maytansine binding site inhibitors with
novel scaffolds to improve synthetic strategies and reduce MDR1-
mediated resistance.

Maytansinol (4) (Fig. 3A) was first obtained by chemically
removing the acyl group from the hydroxyl group at the C3 po-
sition of an extract from Putterlickia verrucose. It showed weaker
inhibitory activity on tubulin polymerization than maytansine,
implying that the ester moiety at the C3 position of maytansine
and maytansinoids plays an important role in biological activity
and cell permeability. The carbonyl oxygen atom of the ester
moiety forms a strong intramolecular interaction with the hydroxy
group at the 9 position, fixing the bioactive conformation. May-
tansinol has been regarded as a valuable lead compound. A variety
of different natural and semisynthetic maytansinoids with various
ester side chains can be easily prepared by the acylation of the
hydroxyl group at C3 position37,38. Daniele Passarella’s group39

obtained a new maytansine-like compound 5 through the acyla-
tion of maytansinol (4), which has a strong ability to inhibit
microtubule assembly, with an IC50 of 0.07e1.2 nmol/L on
A549 cells. The crystal structure (Fig. 3C) shows that the binding
of the maytansinoids has no effect on the overall conformation of
tubulin, the compounds form hydrogen bonds between the C1eO
and the main chain nitrogen atom of Val181 and between the
C24eO and the side chains of Lys105 and Asn102. Additionally,
compound 5 establishes a hydrogen bond to the main chain
carbonyl group of Gly100 via their C9eOH group. In the studied
maytansinoids, all the modifications introduced at the C3 position
point towards the solvent and do not interfere with the close
environment of the maytansine site. Thus, acylation enhances the
full biological activity of maytansine, and the modifications
introduced at the C3 positions do not interfere with the binding
state, affinity, or effectiveness of the compound to tubulin dimers.
Regeneron’s team40 studied the effects of nitrogen substitution in
N-methylalanine by changing the length of the upper side chains
of the ring and the linkers connected by primary amine and sec-
ondary amines. EGFRvIII targeted ADC was obtained using
compound 6 as payload, with IC50 of 0.3e0.4 nmol/L for
HEK293, U251, and MMT cell lines, and tumor regression was
achieved in U251/EGFRvIII and MMT/EGFRvIII mice models.

3.1.2. Auristatin
Dolastatin 10 (7), isolated from Dolabella auricularia in 1987, has
strong anti-proliferative activity against a variety of cancer cells
and can strongly inhibit microtubule assembly, leading to cell
cycle arrest and apoptosis, making it a promising anti-cancer
drug41 (Fig. 4-1A). Its water-soluble synthetic analogs are called
auristatin. Among them, the most widely used are monomethyl
auristatin E (MMAE) (8) and monomethyl auristatin F (MMAF)
(9). Each of them contains a functional handle capable of the
subsequent conjugation, further improving the efficacy in vivo42.
MMAE comprises four amino acids: monomethylvaline (MeVal),
valine (Val), dolaisoleuine (Dil) and dolaproine (Dap), and the
carboxy-terminal amine norephedrine. In MMAF, the C-terminus
of monomethylvaline is replaced by phenylalanine, and its cellular
activity is significantly reduced. Andrea E. Prota’s team43 found
that the binding affinity of MMAF to free tubulin increased nearly
5 times compared to MMAE, mainly due to the critical Arg278
residue on the b1 tubulin subunit, which is exposed to MMAF
through ordered water molecules. They also showed that detailed
structural interactions that extend the vinca domain to the peptide
site are not only functionally distinct by inhibiting nucleotide
exchange, but also indicate how peptide site antimitotics attain
increased potency over the vinca alkaloids. The analysis may
provide a structural explanation of why the cellular activity of
MMAF is reduced.

Jinliang Yang’s team44 defined an essential pharmacodynamic
group through a structural study of the binding domain of MMAE
and tubulin in the vinca domain. The pharmacophore consists of
two hydrophobic regions I and II and two hydrogen bonding re-
gions that interact with Asp179b and Asn329a, laying the foun-
dation for the rational design of ADC payloads with high
specificity, strong affinity, and high efficiency. In 2020, Christo-
pher J. O Donnell’s45 team designed and synthesized an auristatin
analog 10 with N-terminal modifications (IC50 Z 0.2 nmol/L) and
for the first time achieved a detailed study of its binding patterns
by having a higher resolution auristatin crystal structure. The
crystal structure shows that the N-terminal dimethyl of compound
10 fits well in the receptor pocket and does not affect the overall
binding affinity of the molecule (Fig. 4-1B). In addition, key polar
interactions were identified, including the hydrogen bond network
between terminal protonated amino groups and Asp b197 and Phe
a351 aminocarbonyl groups located on the T5 ring, bifocal
interaction between N-2 valine and Asn a329, and critical
hydrogen bond interaction between Tyr b224’s main chain amide
and the terminal carbonyl groups of Dap and Doe in compound
10. This latter hydrogen bond network arranges the aromatic ring
in Tyr b224 in a p-stacking interaction with the nucleobase of
GDP, preventing its dissociation from b-tubulin. The trapping of

http://ClinicalTrials.gov
http://ClinicalTrials.gov


Figure 4-1 Design and SAR analysis of auristatin analogs. (A) Chemical structures of auristatin analogs 7e10, 21e24; (B) Binding mode of

compound 10 in complex with tubulin (PDB code 4X1I).
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GDP is believed to be a key mechanism by which auristatins exert
their tubulin-interfering effect. In addition, all analyzed analogs
have a cis-configuration at the Val-Dil amide bond in their func-
tionally relevant tubulin-bound state, whereas in solution this bond
is exclusively in the trans-configuration. This reveals the preferred
binding mode of auristatin and provides a valuable tool for
structure-based drug design.

Most auristatin analogs studies have been focusing on C-ter-
minal or N-terminal modifications46. In the C-terminal modifica-
tion, Doronina et al.47 described MMAF analogs 11 and 12 where
the carboxylic acid of phenylalanine was replaced by tetrazoles
and phosphonates. Compound 11 had an IC50 of 6.0 nmol/L on
H3396 cells and compound 12 had an IC50 of 0.09 nmol/L on
HCT116 cells. Both 11 and 12 (free acid type) have already been
used to form active ADCs by binding to H1F6 antibody against
CD70 via the VC-linker, with potency similar to that of MMAF as
the payload (IC50: 4e10 nmol/L) (Fig. 4-2B). Pettit et al.48

designed auristatin analogs 13e15 modified with C-terminal ar-
omatic phosphate and quinoline, with an IC50 of 0.81, 0.19 and
6.35 nmol/L on McF-7 cells, respectively. Among them, 13 has
excellent water solubility (>236 mg/mL), two quinoline analogs
14 and 15 showed good activity, and 14 was significantly more
potent (Fig. 4-2A). Lerchen et al.49 further illustrates the degree of
modification allowed in the C-terminal binding domain of
auristatin. They obtained effective auristatin analogs 16e18 with
an IC50 of 0.5, 1.2, and 1.2 nmol/L on 768O cells by adding
substituents at the C-terminal (Fig. 4-2B). For N-terminal modi-
fication, Satomaa et al.50 demonstrated that proparyl alcohol and
azide derivatives 19 and 20 retained considerable cellular potency
despite the presence of hydrophilic side chains, respectively, with
an IC50 of 1.0 nmol/L and <1.0 nmol/L on SKOV3 cells for 19
and 20. Their azides and alkynes can be used in subsequent
cyclization reactions to form more complex hydrophilic "sugar
crosslinkers” that enable binding to various antibodies (lysine,
cysteine, glycan, and transglutaminase conjugates). Based on this,
trastuzumab and EGFR1 ADC were prepared, which performed
well in vivo with the potency of 1.5e10 mg/kg (DAR Z 3)
(Fig. 4-2A); Doronina obtained auristatin analogs 21 by
substituting p-aminobenzoic acid to N-terminal amino acids and
showed an IC50 of 0.12 nmol/L in Karpas 299 cells51. An ADC
with payload 21 reduced tumor volume in the Karpas 299 human
ALCL xenograft model at a dose of 1 mg/kg. However, this ADC
is not as effective as the related VC-MMAE ADC (Fig. 4-1A); In
2020, Svetlana O. Doronina’s team52 designed a series of alkyl-
MMAF analogs to investigate the possibility of developing auri-
statins with tunable membrane permeability, activity, and resis-
tance to efflux pumps. The ability of MMAF to tolerate
considerable substituents at the N-terminus provides a convenient



Figure 4-2 Chemical structures of auristatin analogs 11e20.
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way to modulate free drug hydrophobicity without significantly
affecting cell activity. They selected the branched and non-
branched aliphatic groups from C1 to C12 as substituents and
generated MMAF N-terminal alkyl derivatives 22. The cytotox-
icity of this series of derivatives increased with the increase of
alkyl chain length, and neither the spatial volume of substituents
nor the increase of hydrophobicity resulted in a decrease in the
activity. The novel analogs combine the characteristics of MMAE
and MMAF: high efficiency, bystander activity, and overcoming
MDR. These findings further expand the role of Auristatins as
ADC payloads. Agensys recently introduced the azide group to
the P2 and P4 subunits, resulting in a compound 23 with an IC50 of
0.057 nmol/L in MOLM13 cells. As the P2 or P4 sites serve as
conjugate sites for ADC drugs, this provides a new direction for
the next generation of auristatin derivatives53. Prof. Luke R.
Odell’s team54 developed azastatin (24), an auristatin derivative,
which was more cytotoxic (IC50: 0.13e3.0 nmol/L) than MMAE
(IC50: 0.47e6.5 nmol/L), suggesting that the N-terminal dime-
thylamine groups increased the potency of the compound. In
addition, the derivative contains a central amine side chain anti-
body binding site, suitable for ADC development.

3.1.3. Eribulin
The natural product of polyether macrolide, Halichondrin B (25),
originally isolated from Halichondraria Okadai et al.56, has been
proved to have good anti-proliferation activity55 (Fig. 5A). Its
structurally simplified novel non-taxane fully synthetic analog
eribulin mesylate (26), a microtubule dynamics inhibitor with
anti-mitotic effects, has been approved in 2010 for the treatment
of patients with locally advanced and metastatic breast cancer
(MBC). Michel O. Steinmetz’s team57 found through the crystal
structure that the binding site of eribulin to tubulin is shaped by
the hydrophobic and polar residues of helices H1, H6, H7, loops
H6eH7, S3eH3 (T3), and S5eH5 (T5) of b-tubulin (Fig. 5B). In
addition, the “cage” structure of eribulin is in contact with the
ribose moiety of the guanosine nucleotide. In the tubulin‒eribulin
complex, the ligand wraps around the side chain of Tyr224. When
eribulin binds in the context of two longitudinally aligned tubulin
dimers as found in microtubules, the strand S9, helix H10, and
loop T7 of a-tubulin from the neighboring tubulin dimer will clash
into the main body of the eribulin molecule. These results suggest
that eribulin can sequester tubulin dimers into assembling
incompetent tubulin‒eribulin complexes at high concentrations,
disturbing the extension of the primordial thread at the end of the
microtubule at low concentrations, which can destabilize the mi-
crotubules or inhibit microtubule dynamics.

Eribulin’‘s strong anti-mitotic activity in tumor biology makes
it promising as an ADC payload. Earl F. Albone’s team58 designed
an ADC with Eribulin as the payload by adding a linker to the C-
35 primary amine group, which had a strong effect on ovarian
cancer cell IGBOV1 (IC50 is 20 pmol/L). In a non-small cell lung
cancer cell NCI-H2110 xenograft model, a dose of 5 mg/kg ADC
induces complete tumor elimination, suggesting that the micro-
tubule targeting agent eribulin can be used as an ADC payload. In
addition, as early as 2011, Sridhar Narayan’s laboratory59 syn-
thesized and evaluated several second-generation eribulin analogs



Figure 5 Design and SAR analysis of eribulin analogs. (A) Chemical structures of eribulin analogs 25e27; (B) Binding mode of eribulin 26 in

complex with tubulin (PDB code 5JH7).
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with neutral C32 side chains. These side-chain-modified eribulin
analogs are significantly more potent on U-251 and SF-295 cells
than eribulin. By introducing low alkalinity amines into the C32
side chain or increasing the lipophilic activity of eribulin, the
obtained compound 27 has an inhibitory effect on a variety of
xenograft tumors in vitro and in vivo and has oral bioutilization
value. It can increase exposure in the cerebrospinal fluid and may
provide drug candidates for the treatment of a wider variety of
human cancers such as brain tumors (Fig. 5B).

3.1.4. Tubulysins
Tubulysins (28) is a natural anti-mitotic peptide isolated from the
culture medium of myxomycetes by Hofle et al. (Fig. 6A), which
is a linear tetrapeptide consisting of N-methyl-D-pipecolic acid
(Mep), Lisoleuine (L-Ile), Tubuvaline (Tuv) and Tububealanine
(Tup) or the microtubule hemolysin Tut (Tut)60. It can inhibit the
polymerization of tubulin and induce cell apoptosis and has a
strong anti-proliferation activity on cancer cells including multi-
drug resistant KB-V1 cells (IC50 Z 0.08 nmol/L), which has a
good prospect in the development of anti-cancer drugs. In 2018,
K. C. Nicolaou’s team61 synthesized highly potent tubulysins
analogs 29 and 30 with IC50 of 6 and 3 pmol/L, respectively, for
HEK293T cells. In 2021, the team conducted crystallographic
studies of compound 30 with T2R-TTL and found that compound
30 bound to the Vinca domain, forming an elongated conforma-
tion within the pocket of the b- and a-tubulin molecular interfaces
near the nucleotide-binding site, where the phenyl carbamate
moiety of the molecule localized on a hydrophobic bag of amino
acid residue L248 of the a2-tubulin subunit (Fig. 6B). According
to the combination mode, they designed an ADC with good sta-
bility in plasma and significant effectiveness on NCI-N87 mouse
tumor model, which has potential in the research of targeted
cancer therapy.

An SAR study of tubulysin demonstrated the feasibility of key
residue modifications in tubulysins: at the N-terminus, the 6-
membered ring of the Mep residue can be efficiently replaced by
5-membered and acyclic residues N-methyl-D-proline, N-
methylsarcosine, and N,N-dimethyl-D-alanine with minimal loss
of activity in most cases; C11-acetyl modification of the Tuv
moiety can have a significant effect on the activity: acetyl hy-
drolysis into secondary alcohols will result in a loss of activity up
to 1000 times, though it can tolerate a wide range of changes,
especially to N,O-acetal changes; In contrast, the Tup residue is a
commonly targeted dosing conjugate site that can be modified;
The substituent on C13 is not tolerant to change, and replacing the
isopropyl group into cyclohexyl or aryl (phenyl and p-methox-
ylphenyl) group will result in the loss of activity; The carboxylic
acid end is a common conjugate site and is therefore often
modified62. In order to overcome the instability caused by hy-
drolysis of tubulysin C-11 acetate, Patrick J. Burke63 designed a
C-11 alkoxy analog 31, which showed similar biological activity
to tubulysin M and significantly improved plasma stability
(Fig. 6A). Chakrapani Subramanyam64 identified a potent tubu-
lysin analog 32 which contains an a-methyl tertiary amine. The
resulting ADC showed good potency both in vivo and in vitro.
Heng Cheng65 prepared a carbamate-containing tubulysin analog
33, whose carbamate group is stable in vivo. Its IC50 on OVCAR3
and N87 cells is 0.20 and 0.23 nmol/L, respectively, and
0.01 mmol/L of an ADC formed by conjugating compound 33 and
anti-meso antibodies can induce a significant delay in tumor
growth. Derivative 34 containing non-hydrolysable N-substituents
on tubuvaline (Tuv), with an IC50 < 0.28 nmol/L in HT-29 cells,
also has the potential to act as ADC payloads66.

3.1.5. Cryptophycins
Cryptophycin is a natural macrocyclic polypeptide produced by
cyanobacteria with a 16-member ring. It contains two hydroxy
acids (A and D units) and two amino acids (B and C units).
Cryptophycin irreversibly inhibits b-tubulin polymerization dur-
ing mitosis, which can lead to cell cycle blockade in the G2/M
phase and activate the apoptosis pathway, thereby producing
picomolar antiproliferative capacity in vitro. The first synthetic
and evaluated cryptophycin analog, cryptophycin-1 (35), had an
IC50 of 4.58 pmol/L for KB cells and 7.63 pmol/L for LoVo



Figure 6 Design and SAR analysis of tubulysin analogs. (A) Chemical structures of tubulysin analogs 28e34; (B) Binding mode of compound

30 in complex with tubulin (PDB code 6Y4N).
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cells67(Fig. 7A). However, due to the instability of macrolide in
blood circulation, its in vivo antitumor activity is not significant.
After further structural modification, cryptophycin-52 (36) with
one methyl more than cryptophycin-1 at the a position of C unit
b-alanine was obtained, which increased steric hindrance and
significantly improved the in vivo stability. Very low concentra-
tions of cryptophycin-52 (36) inhibited cell proliferation during
mitosis (IC50 Z 11 pmol/L) without significant changes in
microtubule length or quality. The binding of cryptophycin-52
(36) to tubulin is very tight, and the affinity of the
cryptophycin-52 (36)-tubulin complex to microtubules is very
high (Kd Z 47 nmol/L). Although cryptophycin-52 is effective, it
was terminated in phase II due to dose-dependent toxicity. Using
this compound as the payload of the ADC may reduce its toxicity.
Recently, Paul T. Wingfield’s team68 identified the binding site of
cryptophycin-52 (36) and its parent compound cryptophycin-1
(35) on tubulin at the tubulin dimer interface, partially over-
lapping with maytansine (Fig. 7B). The conformations of both a-
tubulin and b-tubulin have changed, especially in helix H8 and
H10. There are significant differences between a,b monomers and
between cryptophycin-52 (36) bound, cryptophycin-1 bound
tubulin. Then, the suitable sites on cryptophycin were analyzed: In
unit A, para-substituted phenyls are more potent than ortho-
substituted or meta-substituted analogs, and the para-substituted
phenyl could be used as the conjugate point; Unit B is sensitive to
slight modifications, such as 5-fluoro substitution on benzene
rings. In unit C, large substituents such as benzyl or isopropyl at
the C6 position strongly reduce its potency; However, the activity
only slightly changes after modifications on unit D, and the iso-
butyl group in unit D can be used as the conjugate point. The
isobutyl conjugate site of unit D may be better than that of unit A.
This analysis provides a reference for the subsequent design of
ADC with cryptophycin as a payload to find suitable conjugation
sites.

The analog 37 of cryptophycin-52 (36) (IC50 Z 33 pmol/L) is
a very promising clinical drug candidate and has been patented by
Eli Lilly (Fig. 7A). The aromatic ring of unit A in cryptophycin-52
can be modified in place without significantly affecting its



Figure 7 Design and SAR analysis of cryptophycin analogs. (A) Chemical structures of cryptophycin analogs 35e40; (B) Binding mode of

cryptophycin-52 (36) in complex with tubulin (PDB code 7M20).
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biological activity. These modifications are used by Sanofi-
Aventis as conjugating points for antibody conjugation. Crypto-
phycin 52-chlorohydrin compounds such as cryptophycin-55 (38)
are 100e1000 times more bioactive in vivo. Cryptophycin-55
glycine (39) showed the highest cell activity in vitro.
Cryptophycin-55 glycine is conjugated to trastuzumab targeting
HER2 receptor via a cleavable linker, and the resulting ADC
exhibits nanomolar activity against SK-BR3 cells. Genentech
converts benzene from cryptophycin-52 to benzylamine to obtain
a payload 40 suitable for connection via carbamate bonds69. Jin-
liang Yang’s team70 conjugated cryptophycin-55, a prodrug of
cryptophycin-52 (CR55, which can be reincarnated into
cryptophycin-52 under physiological conditions), with trastuzu-
mab. Its IC50 were at low nanomolar levels (0.58e1.19 nmol/L) in
HER2-positive tumor cell lines, and 10 mg/kg of the corre-
sponding ADCs showed significant anti-tumor activity in xeno-
graft models of ovarian cancer (SKOV3) and gastric cancer
(NCIeN87). It provides ideas for the development of ADC anti-
neoplastic drugs based on cryptophycin-55 and cryptophycin-52.

3.1.6. EG5 inhibitors
Kinesin (KSP/EG5/KIF11) is an ATP-dependent protein that
participates in the isolation of centrosomes and the production of
bipolar spindles during the G2/M phase of the cell cycle, playing
an important role in mitosis. High expression of EG5 in blood
tumors (e.g., AML parent cell and diffuse large B-cell lymphoma
(DLBCL)) and solid tumors (e.g., breast cancer, bladder and
pancreatic cancers) is associated with their poor prognosis, mak-
ing it an attractive cancer treatment target71. Several EG5 in-
hibitors, such as SB-715992 (Ispinesib) (41) and Filanesib
(ARRY-520) (42), have already been in clinical trials (Fig. 8A).
However, the most common side effects of EG5 inhibitors, such as
neutropenia, mucositis, and stomatitis, as well as their narrow
treatment windows, limit their therapeutic effectiveness. By taking
advantage of ADCs however, healthy tissues can be protected
from exposure to cytotoxic compounds, potentially reducing their
overall toxic side effects and expanding the therapeutic window
for compounds. Dimitrios A. Skoufias’s team72 compared the
structure of the Eg5 Arry-520 complex with that of the Eg5
ispinesib complex (PDB ID:4AP0) (Fig. 8B). The superposition of
the two complexes shows that the quinazolinone of ispinesib oc-
cupies a similar position to the difluorophenyl ring of Arry-520
and has a similar interaction. In ispinesib, the two aromatic sub-
stituents p-toluene and benzyl are stacked on top of each other,
stabilizing the skeleton with Glu118, Arg119 and further stacking
of Arg119, Trp127 and Asp130 side chains. However, in the Eg5
Arry-520 complex, this skeleton stacking is much weaker. In
addition, for Arry-520, there is a direct hydrophobic stacking
interaction between difluorophenyl and isobutyl side chain resi-
dues, while in ispinesib complexes, the side chain moves 2 Å to
accommodate benzyl and p-toluene, thus completely weakening
or losing this interaction. Arry-520 and ispinesib form hydrogen
bond interactions between the primary amines of Gly117 and the
side chains of the main chain oxygen and Glu116. The oxygen of
the methoxy group in Arry-520 may interact weakly with the
hydroxyl groups of Tyr211 (3.63 Å). In addition, one fluorine in
the phenyl ring interacts with the main chain NH (3.03 Å) of
Gly217 and weakly interacts with the side chain of Arg221
(3.69 Å). In general, the tight binding of Arry-520 is achieved
through a series of strong or weak hydrogen bond interactions and
hydrophobic interactions with the amino acid side chains in the
inhibitor binding bag. In addition, both D130A and L214A mu-
tations in the allosteric binding site of Eg5 can make Array-520
resistant, while ispinesib is still sensitive to L214A mutant.
Based on this, subsequent modifications of the compounds may be
considered to avoid resistance to certain mutations that lead to



Figure 8 Design and SAR analysis of EG5 inhibitors. (A) Chemical structures of EG5 inhibitors 41e45; (B) Binding mode of ispinesib (41) in

complex with EG5 (PDB code 4AP0).
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reduced compound inhibition, producing new inhibitors that can
overcome these potential clinically relevant problems.

Novartis developed EG5 inhibitors 43, 44 as payloads conju-
gating with an antibody to target HER2 using non-lysable linkers
(Fig. 8A). In a HER2 expressing mouse xenograft model (SK-OV-
3ip), a single intravenous ADC dose (5 mg/kg) can cause tumor
growth to stop for 3 weeks, better than Kadcyla (5 mg/kg)73.
Using a non-cellular permeable EG5 pyridine inhibitor as a
payload, Anette Sommer74 developed a novel IL3RA targeting
ADC that demonstrated effective and selective antiproliferative
effects. Carsten Terjung75 investigated the applicability of a new
of EG5 pyrrole subclass inhibitor 45 as a novel payload for ADC.
In a xenograft model of urothelial cell carcinoma (UCC), this
ADC showed a high efficacy which results in complete tumor
eradication.

Disruption of microtubules can induce a cell cycle arrest in the
G2/M phase, which makes microtubules an attractive target for
drug discovery. In many cases, the narrow therapeutic window and
lack of tumor specificity can lead to the failure of potent tubulin
inhibitors as anticancer agents alone. However, using ADCs as
targeted therapies may be a promising way to address the limi-
tations of tubulin inhibitor monotherapy. More than half of the
ADCs currently in clinical development have tubulin inhibitors
(auristatins and maytansinoids) as payloads. While tubulin in-
hibitors have had some commercial success as ADC payloads,
they are limited by various shortcomings in the development
process. For example, it can only target the tumor cells in the
dividing phase, but not the cells in the non-dividing and static
phase. In addition, tubulin inhibitors in tumor cells have a higher
number of targets, which means that a larger dose of the drug is
required to stop tubulin. As a result, these ADCs with tubulin
inhibitors as payloads are still far from the ideal targeted thera-
peutic concept.

3.2. DNA targeting payloads

Compared to tubulin inhibitors, DNA inhibitors can act on the
whole cell cycle by destroying DNA through double-strand
breakage, alkylation, chimerism, crosslinking, etc., causing cyto-
toxic effects, and having a good therapeutic effect on solid tu-
mors76. In addition, DNA inhibitors have far fewer targets than
tubulin inhibitors, and DNA inhibitors can show a better killing
effect when ADCs carry the same amount of payloads into the
cells. Besides, ADCs with DNA inhibitors as payloads can target
tumor cells with low antigen expression, which explains why
DNA inhibitors have been chosen as payloads in many next-
generation ADCs.

3.2.1. Enediyne
Enediyne isolated from bacterial sources is one of the most
cytotoxic natural products found so far. The uptake of which will
result in cell death by breaking the single or double strands of
DNA in living cells, and it also has extremely strong activity
against various bacteria and tumor cells. Enediyne can be divided
into two subfamilies: Cal-like enediyne and anthraquinone fusion
enediyne. The highly toxic enediyne compounds are not suitable
for direct use as anticancer agents, but the potency and mechanism
of action of these antitumor antibiotics make them attractive ADC
payloads77. The most commonly used ADC payloads of natural
enediyne products are calciheamicin gI

1 (46) from the Cal ene-
diyne class and the anthraquinone fused enediyne Uncialamycin
(47) (Fig. 9A).

Calicheamicins target small grooves that bind to DNA and
specifically induce DNA double-strand breakage, leading to
apoptosis. Although the initial experiments showed strong activity,
the destruction of normal cell DNA by calicheamicins impeded
their clinical progression. Nonetheless, high cytotoxicity, small
molecule size, and a well-defined mechanism of action make
calicheamicins attractive ADC payloads78. Calicheamicin gI1 (46)
is currently the most studied calicheicins. Dinshaw J. Patel and his
team79 investigated the high-resolution structure of calicheamicin
gI
1-DNA double-stranded complex and found that the directional

alignment of the aryltetrasaccharide of calicheamicin deep in the
minor groove centered about the oligopyrimidine oligopurine
tract, in turn, orients the attached enediyne ring to span both
strands of the duplex in the intensity refined structures of the
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complex (Fig. 9B). The enediyne ring which is tilted relative to the
helix axis adopts an orientation deep in the minor groove which
allows abstraction of DNA sugar-phosphate backbone protons
following activation by the exposed trisulfide trigger and cyclo-
aromatization, which ultimately results in DNA strand cleavage.
There is a close complementarity at the interface between the drug
and the DNA minor groove which spans the entire binding site in
the refined structures of the complex. The study provides a data-
base to address two issues in the field associated with the identi-
fication and cutting of DNA of the calicheamicin class.
Calicheamicin gI

1 (46) has a strong cellular effect, and the emer-
gence of ADCs represented by Mylotarg largely depends on the
discovery of calicheamicin gI

1 (46), whose N-acetyl derivative
becomes the payload of Mylotarg. Nicolaou et al.80 synthesized
Calicheamicin qI1 (48), an analog of calicheamicin gI

1, which has
an IC50 value of <1 pmol/L for a variety of tumor cells and is also
suitable for use as an ADC payload. In addition, the FDA-
approved Inotuzumab Ozogamicin (Besponsa) also has cal-
icheamicin as a payload.

Uncialamycin is a natural enediyne product isolated from li-
chens, which can cause DNA cleavage and shows strong cellular
activity. One of the common structural features of the potent an-
alogs of uncialamycin is the presence of a primary or secondary
phenylamine group on the A ring. If the amine is converted to the
corresponding benzoamide and the terminal arylamine is intro-
duced, the instability problem can be solved and the activity re-
mains81. Sanjeev Gangwar82 used the phenol alkylation method
and designed a highly potent and chemically stable uncialamycin
analog 49 (Fig. 9A). The resulting ADC by binding the payload
with the anti-mesothelin (meso) antibody has an IC50 of 0.2 nmol/
L in H226 cells, exhibiting specific and lasting tumor growth in-
hibition at tolerated doses. Julia Gavrilyuk et al.83 selected the
methylamine analog 50 as the uncialamycin ADC payload, and
ADCs targeting TL and CD46 exhibited low picomole potency in
HEK293T cells. Emmanuel N. Pitsinos84 modified uncialamycin
to remove a carbon from the aromatic part of the molecule to
obtain the compound 51 (the cell line under test: IC50

(H226 cell) Z 28 pmol/L; IC50 (N87 cell) Z 11 pmol/L; IC50
Figure 9 Design and SAR analysis of enediyne. (A) Chemical structur

complex with DNA (PDB code 2PIK).
(OVCAR3 cell) Z 316 pmol/L; IC50 (Adr cell) Z 20 pmol/L).
Sanjeev Gangwar85 conjugated the uncialamycin analog 52 to an
anti-mesothelin (meso) antibody. The resulting ADC showed an
IC50 value of 0.98 nmol/L and an IC50 value of 0.88 nmol/L in
H226 lung cancer cells.

3.2.2. Topoisomerase I inhibitors
Topoisomerase I (TOPO-I), an important ribozyme for genomic
stability and DNA structure preservation, has become a popular
target for ADCs. TOPO-I inhibitors are associated with innate and
adaptive immune responses, suggesting that ADCs targeting
TOPO-I may also contribute to antitumor immunotherapy86.
Lance Stewart et al.87 reported the X-ray crystal structure of
TOPO-I covalently linked to double-stranded DNA in combina-
tion with the clinically approved anticancer drug topotecan (53)
(Fig. 10A). Topotecan (53) and the human TOPO I-DNA covalent
complex suggest that topotecan is a non-competitive inhibitor that
binds to an enzymeesubstrate complex by inserting bases between
the two strands of DNA at an enzyme-induced notch. The binding
mode of topotecan is stacking interactions with the DNA, a
hydrogen bond contacting Asp-533, and water-bridged contacts to
the active site between phosphotyrosine and Asn-722. The natural
pentacyclic product camptothecin (CPT) (54) (Fig. 10B), an
analog of topotecan (53), is a particularly attractive class of ADC
payloads that induce double-stranded DNA breakage in cells in
the S phase by binding to TOPO-I and DNA to form a stable
complex, causing apoptosis. However, the extremely low solubi-
lity of camptothecin prevents its widespread use as a cancer
treatment drug. SN-38 (56), the active ingredient of irinotecan
CPT-11 (55), is a semisynthetic camptothecin. Although SN-38
has the desired potency, the preparation of active conjugates is
challenging due to its highly hydrophobic nature and the limited
number of conjugation sites available. Still, SN-38 has been
conjugated to a humanized antibody against trophoblast cell-
surface antigen 2 (Trop-2), resulting in the ADC sacituzumab
govitecan, which is in clinical investigation. Exatecan mesylate
(DX-8951f) (57) is a water-soluble CPT derivative with stronger
TOPO-I inhibitory and antitumor activity than other CPT analogs.
es of enediyne 46e52; (B) Binding mode of calicheamicin gI1 (46) in



Figure 10 Design and SAR analysis of Topoisomerase I inhibitors. (A) Binding mode of Topotecan (53) in complex with TOPO I-DNA (PDB

code 1K4T); (B) Chemical structures of Topoisomerase I inhibitors 53e60.
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DXd (DX-8951 derivative) (58) is a novel, highly membrane-
permeable topoisomerase I inhibitor with a cell IC50 of
2.05e17.88 nmol/L, which can overcome P-glycoprotein-medi-
ated multidrug resistance and has stronger efficacy for various
tumor transplant models, including in vivo CPT-11 resistant
tumors88.

DXd (58) has an F ring that contains a second chiral center,
complicating its synthesis and derivatization. To simplify its
structure, Wayne C. Widdison’s89 SAR study showed that fluorine
substitution at the C11 position usually increases cytotoxicity
several times, and the C20 center must be in S configuration for
the molecule to remain active. The improved stability of exatecan
lactone is attributed to the action of the C11 fluorine substituent
and the F ring. ADCs derived from camptothecin derivatives 58
and 59 can effectively release part of the metabolites of campto-
thecin containing sulfide or mercaptan. These metabolites have a
strong inhibitory effect on targeted Ag þ cells and show similar
dose-dependent antitumor activity in both HSC-2 and H1703
EGFR þ xenotransplantation models. There is no F ring in
payload 59, but its conjugates have similar efficacy in vitro and
in vivo as those containing DXd. This simplification makes the
derivatization of camptothecin A and B rings easier to use for
structure‒activity relationship studies and payload optimization.
Dongke Yu90 obtained a novel HER2-targeting ADC DS-8201a by
conjugating DXd to trastuzumab. The SAR showed that hydroxyl
substitution of C-10 could enhance the anti-tumor activity of CPT,
and the dissubstitution of C-7 and C-10 could stabilize the lactone
ring and improve the molecular biological activity. DXd is
cyclized at the C-7 and C-9 sites, thereby increasing the inhibitory
activity. DS-8201a avoids drug resistance and is very effective in
treating heterogeneous tumors through the bystander killing effect.
Scott C. Jeffrey91 developed a novel hydrophilic and protease lytic
glutlysine tripeptide ligand, using a highly cytotoxic 7-
aminomethyl-10,11-methylene dioxygen CPT analog 60 as the
payload. The conjugated ADC showed effective antitumor activity
in both CD30 highly expressed strains and MDR-positive 786-O
renal cell carcinoma nude mice.

3.2.3. PBD
Pyrrolo[2,1-c][1,4] benzodiazepines (PBD) (61) found in Strep-
tomyces are a class of natural products with antitumor activity
(Fig. 11). Such compounds consist of an aromatic A ring, a 1-4-
diaza-5-1 B ring, and a pyrrolidine C ring. Their mode of action
is selective alkylation in small grooves in DNA, where N2 of
guanine forms a covalent bond with the electrophilic N10/C11
imine of PBD. Continuous DNA damage is caused by cross-
linking between DNA chains, which leads to cell cycle arrest in
the G2/M phase and cell apoptosis, thus exhibiting a powerful
cytotoxic effect92. NMR structural data from Klaus Weisz’s
team93 confirmed the strong binding of PBD heterozygotes to
small grooves of DNA double strands, forming covalent bonds
between the PBD moiety and the outer ring guanine amino group.

PBD dimers have the potential to be used as ADC payloads,
such as the ROR1-targeting ADC CS5001 designed with PBD as a
payload, which has shown strong selectivity in a variety of ROR1-
expressing tumor cell lines and has shown significant in vivo anti-



Figure 11 Design and SAR analysis of PBD analogs 61e72.
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tumor activity in blood and solid tumor xenograft mouse models.
Clinical trials are currently underway. To further expand more
PBD-like compounds as ADC payloads, Rahman and colleagues
modified the C8 position of PBD to obtain compound 62, whose
conjugates have preclinical activity. Based on compound 62,
Khondaker Miraz. Rahman94 synthesized PBD core and con-
structed C8 hybrid 63 using the combination of benzofuran and N-
methylpyrrole (Fig. 11). Subsequently, a series of compounds
were obtained by systematically shortening the C8 linked mono-
mer containing the pyrrole benzofuran motif (e.g., the C8 linked
monomer of compound 64 was shortened by removing of amide).
It was found that a relatively short side chain at the C8 position of
PBD was sufficient to confer cytotoxicity. Therefore, the short-
ened PBD monomer could be used as a new ADC payload. The
dihydrobenzofuran compound 64 was highly toxic in primary
CLL cells and opening the furan ring also maintained low nano-
molar activity in primary CLL cells and JN-3 cell lines. The
change of benzene element in benzofuran had a more significant
effect on cytotoxicity, and the cytotoxicity was significantly
reduced after removing the aromatic properties of the ring. Jagath
R. Junutula95 identified an isoquinoline benzodiazepines (IQB)
payload 65 whose (S,S ) stereochemistry at the C6a position is
critical for optimal IQB activity. This is a new class of PBD dimer
DNA damage payloads, showing high activity in HEPG2
A704 cell line. Cytotoxic pyrrolobenzodiazepine (PBD)-dimer
molecules are frequently utilized as payloads for ADCs. In order
to further explore this ADC payload class, Peter S. Dragovich96

modified their physicochemical properties by the systematic
introduction of acidic and basic moieties into their chemical
structures. The results suggested that the PBD-dimer payloads
containing acidic functional groups (including highly ionizable
moieties such as the sulfonic acid present in compound 66) were
able to efficiently transport from the cellular lysosome to the
cytosol and/or nucleus following antibody-mediated delivery. The
modified PBD dimer compound 66 was conjugated with CD22
antibody to obtain an ADC with an IC50 of 12 nmol/L against
BJAB cells, significantly improving the anti-proliferation activity
of the unconjugated PBD dimer. The PBD dimer payload 66 will
contribute to the design of new ADCs with higher therapeutic
potential. Peter S. Dragovich explored the dimer of PBD con-
taining disulphin prodrugs as the payload of antibody-drug con-
jugates and found that many PBD monomers containing disulfide
prodrugs exhibit strong antiproliferative activity against cells
(such as KPL-4 cells) with relatively high intracellular GSH
levels. Multiple disulfide precursors are stable in physiological
concentrations of Cys, but unstable in the presence of GSH in
tumor cells. Increasing the terminal space volume of compounds
67 and 68 can significantly improve their stability. For example,
the obtained compounds 69 and 70 containing two methyl groups
are highly stable to both GSH and Cys. The stability of thiophene-
derived disulfide was improved in vivo97. In these common PBD
payloads, the conjugate sites on PBD dimers are divided into two
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categories: C2 and N10. An example of a C2 conjugation is
payload 71, which contains a phenyl ring attached to the PBD C2
position. The payload SG3199 (72) of the CD19-targeting ADCT-
402 is conjugated through its N10 position98. Since the N10 site
on the PBD B ring is involved in covalent binding to DNA, the
conjugate of the linker to the N10 site is safer than that to the C2
site99. In the subsequent work of PBD payloads, its conjugate sites
can also be considered as a factor affecting the direction of
modification.

3.2.4. Duocarmycins
Duocarmycin A (73) is a strong DNA alkylation agent isolated
from Streptomyces, consisting of a DNA alkylation portion and a
binding portion (Fig. 12A). The first discovered natural member of
duocarmycins, CC-1065 (74), binds to the DNA microgroove
through its highly active propane ring and alkylates adenine at the
N3 position, ultimately leading to cell death. Although CC-1065
(74) is highly potent in vitro, it has shown only moderate
in vivo activity and irreversible hepatotoxicity in animal models.
To improve the biological characteristics of these compounds,
using them in ADCs may be a viable choice100. Walter J. Chazin
et al.101 described the structure of unnatural enantiomers and DNA
adducts of duocarmycin SA and found that both enantiomers of
duocarmycin SA can share the same binding site and the same
orientation of binding on the AATTA duplex yet alkylate different
sites (Fig. 12B). Alkylation of the complementary strands by the
two enantiomers occurs from the same bound orientation but is
offset by one base-pair for the unnatural enantiomers. This
Figure 12 Design and SAR analysis of duocarmycins analogs. (A) Chem

Duocarmycins A (73) in complex with DNA (PDB code 1DSM).
difference has important implications for the structures of the two
adducts, which as a result, will affect their relative alkylation ef-
ficiencies. Analysis of this new structure, bound to the same
AATTA duplex explains the observed similarities and differences
in DNA site selectivity for natural versus unnatural enantiomers.
Inter-subunit twist has been observed in all structures of DNA
adducts of the duocarmycin/CC-1065 family. Since DNA has a
left-handed helical twist, the natural tendency for the trimethox-
yindole subunit of DSA is to twist in a counterclockwise fashion
relative to the alkylation subunit when bound in the minor groove.
Thus, the handedness of the DNA molecule itself imposes an
important constraint on the (þ) enantiomer agent that is not pre-
sent for the (�) enantiomer agent. The bulky C24 methoxy group
of both DSA enantiomers is located in approximately the same
position on the floor of the minor groove, in the cleft between the
A16 and T17 bases. This research provides a new understanding
of the factors controlling DNA alkylation rates by these com-
pounds and the importance of DNA-binding-induced activation of
the alkylation reaction.

Patrick H. Beusker102 developed a novel payload for reducing
interchain disulfide based on duocarmycins. It was combined with
trastuzumab, an anti-HER2 antibody, to produce ADC SYD985
with favorable properties in vitro and in vivo. Duocarmycins
DUBA (75) with imidazole [1,2-a] pyridinyl is incorporated into
the conjugated drug in its inactive prodrug form, seco-DIBA (76)
(75, formed through spontaneous spirocyclization of 76)
(Fig. 12A). Compound 76 contains two hydroxyl groups, each of
which can be conjugated to the antibody via a linker. Moana
ical structures of duocarmycins analogs 73e80; (B) Binding mode of
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Tercel used a Pd-catalyzed amination method to convert seco-CBI
(seco-1,2,9,9a-tetrahydrocyclopropa[c]benz[e]indol-4-one), a
synthetic analog of the alkylating subunit of the duocarmycin
natural products, from the phenol to amino form. Then obtain
phenol CBI analogs 77, 78 and amino CBI analogs 79, 80.
Compound 77 has an IC50 in the range of 0.1e2 pmol/L for six
human tumor cell lines. Replacing compound 77 or 78 phenol CBI
with corresponding compounds 79 and 80 amino CBI results in a
significant reduction in potency and a greater sensitivity to P-gp
overexpression. Nevertheless, compound 79 maintained signifi-
cantly low picomolar cytotoxicity in most of the cell lines tested,
and, like compounds 77, 78 and 80, completely inhibited prolif-
eration of all cell lines at sufficiently high concentrations103.

A clear trend in the ADC field is that the therapeutic target is
moving from hematological tumors to solid tumors. This trend
may shift the choice of payload from a microtubule-targeted in-
hibitor to a DNA damaging agent, which typically exhibits higher
potency and meets the criteria that the new generation of payloads
requires a higher therapeutic index than the current payloads. In
addition, using DNA-damaging agents as payloads can target
tumor-specific/associated surface receptors at relatively low levels
of expression. The use of DNA-damaging agents as payloads for
ADCs is well established. However, since DNA damage is diffi-
cult to repair, this may lead to potential toxic side effects.
Currently, only one ADC with PDB as the payload is in clinical
use. Therefore, their safety/drug resistance issues still require
further study, and more new generations of ADC payloads need to
be developed in the future.

3.3. RNA targeting payloads

There are still many tumors that do not respond to ADCs or
develop resistance to drugs. Slow-growing tumor cells, typically
do not rely on tubulin-mediated cellular processes as much as
rapidly dividing cells. Therefore, in order to further expand the
range of ADC payloads and identify other types of ADC payloads
that are effective in both fast and slow-proliferating cells and can
escape MDR-mediated resistance, attention has turned to small
Figure 13 Design and SAR analys
molecular payloads targeting RNA. Small molecule inhibitors that
target RNA can kill both dividing and dormant tumor cells, and
being used as an ADC payload is expected to solve the problem of
tumor drug resistance and tumor recurrence and spread caused by
ineffective tumor dormant cells104. There are currently two main
types of RNA inhibitors available for ADC payloads: RNA
splicing inhibitors (Thailanstatin and its analogs) and RNA po-
lymerase II inhibitors (Amatoxins).

3.3.1. Thailanstatin
RNA splicing controls metabolism, angiogenesis, cancer cell
proliferation and metastasis mainly by excision of introns and
exons that are responsible for the complex cellular mechanism of
transforming RNA to mRNA. They can also directly control the
initiation, elongation, and termination of transcription, which is
the biological target of cancer inhibition. Abdel-Wahab et al.105

found that under the interference of RNA splicing regulatory
drugs, tumor cells can produce neoantigens, which could be pre-
sented as neoantigen epitopes through MHC I, thereby stimulating
anti-tumor immunity. It showed that RNA splicing regulation can
be used as a potential source of tumor antigens, with the potential
to be applied to tumor immune checkpoint therapy. Spliceosome
inhibitors are potent antiproliferative drugs capable of targeting
cells that are actively dividing and quiescent. RNA spliceosome
inhibitors are therefore a promising class of ADC payloads.
Thailanstatin is a natural product originally isolated from Brucella
Thailand msmb43 and activated by binding to the SF3b subunit of
the spliceosome U2 snRNA subcomplex. The thailanstatin family
has a strong binding and inhibitory effect on spliceosomes by
inhibiting the eukaryotic mRNA splicing pathway, resulting in low
nanomolar IC50 values for a variety of cancer cell lines, which can
be used as a potential payload for ADCs106.

Yi-Qiang Cheng106 reported three new thailanstatin com-
pounds isolated from MSMB43: thailanstatin A (81), thailanstatin
B (82), and thailanstatin C (83) (Fig. 13). Thailanstatin A (81) is a
potential natural anti-cancer drug candidate. The overall structure
of the thailanstatin drug is similar to that of the spliceosome in-
hibitor candidate FR901464 (84), except that the C1 position of
is of thailanstatin analogs 81e87.
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thailanstatin lacks an unstable hydroxyl group, while the C17
position has an additional carboxyl moiety, so thailanstatin has
better stability. The highly active epoxides at thailanstatin A (81)
and FR901464 (84) C3 sites are essential in inhibiting pre-mRNA
splicing and cancer cell proliferation. The biological activity of
the compound is reduced by halogenation modifications thailan-
statin B (82) and thailanstatin C (83) on epoxides. The addition of
methyl to thailanstatin C (83) (as compared to thailanstatin B (82))
had no significant effect on the bioactivity of the compound.
Stephan Rigol107 has synthesized the thailanstatin analogs 85 and
86, which have the IC50 value of picomoles. Pfizer conducted the
first exploration of RNA splicing inhibitors as antibody drug
conjugate payloads. The carboxylic acid-containing thailanstatin
semi-synthetic analog 87 was directly coupled to trastuzumab
surface lysine to obtain a very effective thailanstatin ADC.
Compound 87 and its corresponding ADCs are effective in both
HER2 highly expressed gastric cancer cell line N87 and MDR1
overexpressed cell lines (compound 87 in N87 cells IC50 is
1.8 nmol/L). In addition, the exposure of the ADCs was sufficient
to result in excellent potency in a gastric cancer xenograft model
at doses as low as 1.5 mg/kg, which was superior to the clinically
approved ADC T-DM1108.

3.3.2. Amatoxins
Amatoxins were first isolated by Heinrich Wieland and Rudolf
Hallermayer in 1941. Amatoxins is a toxic dicyclic octapeptides
synthesized by ribosomes and is a selective inhibitor of eukaryotic
RNA polymerase II that can lead to apoptosis. Amatoxins contain
a large ring of eight L-configuration amino acids, connected be-
tween tryptophan and cysteine residues through the sulfoxide
moiety, whose three side chains are hydroxylated and thus have
good water solubility. The most in-depth studies of amatoxins are
the a-amanitin (88) containing 6-hydroxytryptophan (Htp), trans-
4-hydroxyproline (Hyp), and (3R,4R)-4,5-dihydroxyloleucine
(Dhil), which is the most effective and specific RNA polymerase
II inhibitor known to date, with the potential to break through drug
resistance or destroy silent phase tumor cells, effectively pre-
venting tumor metastasis and recurrence109 (Fig. 14A). Roger D.
Kornberg’s team110 analyzed the crystal structure of RNA poly-
merase II-a-amanitin and found that the position of the inhibitor is
adjacent to the Bridge Helix and the Trigger Loo is predominantly
in a stable conformation away from the addition site (Fig. 14B).
The a-amanitin cyclic peptide backbone forms a pocket that al-
lows specific complementary hydrogen bonds to the Rpb1
His1085 side chain imidazole ring, creating a point of restraint for
the Trigger Loo. The specificity for imidazole by the a-amanitin
pocket is achieved primarily through the interaction of amide NH
Figure 14 Design and SAR analysis of amatoxins. (A) Chemical struc

complex with RNA (PDB code 3CQZ).
of Gly7 to Rpb1 His1085 N (D1) and the carbonyl of Asn1 to
Rpb1 His1085 NH (E2). The study showed that a-amanitin in-
hibits the extension of RNA polymerase II by directly interfering
with the Trigger Loo of RNA polymerase II and exhibits slowly
decreased substrate selectivity.

Toxicity such as apoptosis and necrosis caused by amatoxins
has hindered its clinical application. But due to its small molecular
weight, good solubility in aqueous solutions, and inhibition of
RNA polymerase II, it has received increasing attention in cancer
studies in recent years as an antibody‒drug conjugate payload. a-
Amanitin ADC is highly likely to act on both proliferating and
quiescent tumor cells111. In the ADC field, the use of amanitin as a
payload is a relatively new approach. HDP-101 (ClinicalTrials.gov
identifier: NCT04879043), a B cell maturation antigen (BCMA)-
targeted ADC developed by Heidelberg Pharma with amatoxins as
payloads, is currently in phase I/IIa clinical trials for the treatment
of relapsed/refractory multiple myeloma, and the first patient
administration was completed on February 15, 2022. HDP-102 is
an ADC drug that targets CD37 and is targeted for non-Hodgkin
lymphoma (NHL). HDP-103 targets prostate-specific membrane
antigen (PSMA) with the target indication for metastatic
castration-resistant prostate cancer (mCRPC)112. Steffen Goletz113

conjugated the carboxyl group of b-amanitin (89) to the amino
group of IgG lysine, resulting in an ADC with good plasma sta-
bility and high cytotoxicity (Fig. 14A).

ADCs with thailanstatin and amatoxins as payloads are able to
avoid treatment resistance and be effective against dormant tumor
cells, whereas existing standard therapies rarely achieve this effect
and often lead to tumor recurrence and drug resistance. Therefore,
in addition to tubulin inhibitors and DNA damage agents as
payloads, the new generation of RNA inhibitors as payloads of
ADCs has received more and more attention. Although there are
no RNA-payload ADCs on the market, their great potential war-
rants further explorations.

3.4. Immune ADC payloads

Initially, ADCs were limited to oncology. However, their clinical
success has encouraged the application of ADCs in other thera-
peutic areas, most notably immunology. Tumor immunity involves
T cells, macrophages, dendritic cells, etc., which transform cold
tumors into hot tumors through immunomodulation, and ultimately
enhance the effect of immunotherapy. Immune checkpoint in-
hibitors enhance the anti-cancer immune response of T cells by
eliminating tumor inhibition of T cells. However, for cancer pa-
tients (whose tumors are commonly known as cold tumors) who do
not have a spontaneous T cell response and T cell infiltration
tures of amatoxins 88, 89; (B) Binding mode of a-Amanitin (88) in

http://ClinicalTrials.gov
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around the tumor, immune checkpoint inhibitors do not work well.
Therefore, one of the focuses of immunotherapy research and
development is to develop anti-cancer therapies that can stimulate
the patients’ innate immune response and promote tumor-specific T
cell recruitment114. Unlike traditional ADCs, immune-stimulating
antibody conjugates (ISACs) combine the precision of antibody
navigated targeting and the power of small molecule-based mod-
ulation of the innate and adaptive immune systems. On the one
hand, antibodies conjugate small molecules of the immuno-agonist
type and play a role in enhancing the immune response. Tumor
targeting of antibodies, on the other hand, reduces the toxicity of
small molecule immuno agonists. In terms of target selection,
traditional ADCs must strictly limit tumor-specific antigens due to
payload toxicity, while immune-modulating ADCs can expand
more tumor-related antigens. In terms of endocytosis, traditional
ADCs are targeted antigen-mediated endocytosis, which directly
kills cancer cells. Immune-modulating ADCs activate immune
cells through endocytosis mediated by FcgR on the surface
of immune cells21. At present, a variety of immune-modulating
ADC drugs are under development, the new payloads mainly
include Toll-like receptor (TLR) agonists and interferon gene
stimulators (STING) agonists, and this field has great potential for
development.

3.4.1. Toll-like receptor agonists
Toll-like receptors (TLRs) are an important class of protein
molecules involved in innate immunity and are the first barrier for
the body to resist infectious diseases. Activation of TLR receptors
is able to improve antigen presentation of dendritic cells and
macrophages in the tumor microenvironment and promote the
proliferation of CD8þ T cells. Toll-like receptor agonists act as an
immune enhancer that induces an enhanced anti-tumor immune
response in lung cancer, melanoma, leukemia, and glioma,
directly or indirectly, thereby effectively inhibiting tumor growth.
Therefore, the application of TLR agonists to tumor immuno-
therapy is expected to activate the innate immune response,
mediate the acquired immune response, make cold tumors hot,
solve the problem of low response rate of single immune check-
point inhibitors, improve the effectiveness of immunotherapy, and
achieve the purpose of reshaping the tumor microenvironment. At
present, TLR has become one of the research hotspots in the field
of immunotherapy, and among the members of the TLR family,
researchers pay more attention to TLR7, TLR8, and TLR9. TLR8
agonists (90) (91) activate DC cells and enhance the killing of
tumor cells by T cells (Fig. 15). However, immunotherapy is often
accompanied by side effects, such as cytokine release syndrome, a
common condition that causes systemic inflammation. Systemic
administration of TLR8 agonists also presents associated toxicity,
limiting the amount of TLR8 agonists that patients can take.
Therefore, the application of TLR8 agonists to ADC can simul-
taneously combine the targeting effect of antibodies and the
Figure 15 Design and SAR ana
immune regulatory effect of TLR8 to reduce toxic and side ef-
fects115. Toshiyuki Shimizu’s team116 found that the TLR7 TM
helix is aligned with the TLR7-TLR signal conditioner
(UNC93B1) TM3 and TM6 helices and the juxtamembrane re-
gion, and the LRR-CT motif interact with the luminal side of the
UNC93B1 N-terminal six-helix bundle. The dimerization of the
TLR7eUNC93B1 complex is mediated by both TLR7‒TLR7 and
UNC93B1‒UNC93B1 interactions, which occur at the top and
bottom regions of the 2:2 complex, respectively. The protruding
loop region of LRR11 from the middle region of the TLR7 ECD
mainly contributes to the dimerization of TLR7, while the intra-
cellular helices in the regions connecting the TM6 and TM7 from
the two protomers of UNC93B1 interact with each other in an
antiparallel manner. This study elucidated the structural basis of
TLR’s interaction with UNC93B1 and facilitated the subsequent
design of compounds against autoimmune diseases.

Silverback’s SBT6050 is an anti-HER2 antibody conjugate
with TLR8 agonist 91 (Fig. 15) as its payload, which drives a
variety of anti-tumor immune mechanisms in a HER2-dependent
manner in vitro and has shown good anti-tumor effects in mouse
tumor models117 (Fig. 15). A new class of TLR7/8 dual agonists
has been reported to promote tumor response to immune check-
point antibodies, especially in cold tumors. Although the small
molecules found by the team have significant anti-tumor effects,
and significant synergistic effects can be observed in combination
with PD-1 and PD-L1 antibodies, similar to other reported TLR
agonists, small molecules are still overexposed in the peripheral
blood, resulting in more obvious immune-related adverse re-
actions (irAEs), such as weight loss and influenza-like symp-
toms118. In order to avoid the adverse reactions that can be caused
by direct administration of TLR7/8 agonists, the team began
experimenting with antibody conjugate drug strategies in 2015.
After several years of exploration, a new class of immunomodu-
latory antibody conjugate drug HE-S2 was successfully con-
structed with TLR7 agonist (92) as the payload. Animal
experiment results showed that HE-S2 (150 mg/per mouse) had a
very significant anti-tumor effect, most colon cancer mice’s
tumors basically disappeared after administration, and in the
melanin tumor model, the HE-S2 treatment effect is also better
than the control group. Importantly, there was no significant
weight loss in the HE-S2 treatment group. In addition, although
the tumor of mice was shrinking after administration, the
expression of PD-L1 on the surface of tumor cells and immune
cells in the tumor microenvironment was significantly increased,
which may be conducive to improving the targeting of subsequent
HE-S2 administration. The novel ADC HE-S2 not only induces a
powerful anti-tumor immune response by blocking the PD-1/PD-
L1 interaction and activating the TLR7/8 signaling pathway, but
also induces upregulation of its targeted antigen PD-L1 through
epigenetic regulation and IFN-g, thereby endows PD-1/PD-L1
blockade with more sensitivity119. Michael N. Alonso’s120 team
lysis of TLR agonists 90e92.
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conjugated a TLR7/8 agonist with HER2 antibody, resulting in an
ADC drug that recognizes Fcg receptor-dependent phagocytosis
and TLR-mediated activation through tumor antigens, driving
myeloid cell tumor killing and subsequent T-cell-mediated anti-
tumor immunity, suitable for systemic administration, safe and
effective. In addition, more and more companies are beginning to
use TLR agonists for antibody drug conjugation: Bolt’s BCC-1001
(ClinicalTrials.gov identifier: NCT04278144), which is used for
the treatment of HER2þ positive solid tumors, derived from
TLR7/8 agonist conjugation of HER2 has entered clinical studies.
Sutro’s IADC technology can be used to conjugate antibodies with
TLR agonists. Tallac’s TRAAC technique was used for site-
specific antibody conjugation with TLR9 agonist. ALX Oncol-
ogy’s SIRPa antibody, developed in collaboration with Tallac, can
be conjugated with TLR9 agonists. Hengrui Pharmaceutical uses
TLR7 agonist, BeiGene uses TLR7/8 agonist, Innovent Bio in-
troduces Bolt technology and uses TLR7/8 agonist for conju-
gating. Silverback’s ImmunoTAC technology selects TLR8
agonist as the payload. These studies provide a novel ADC
strategy that enhances the anti-tumor immune response of immune
checkpoint blockade therapy. At the same time, this strategy also
provides an idea to solve the problem of poor drug quality in the
direct use of immuno-agonists.

3.4.2. STING agonists
The stimulator of interferon genes (STING) is a key regulator in
the natural immune signaling pathway and has the function of
initiating the body’s natural immune defense response and pro-
moting the formation of adaptive immunity by T cells. The
STING-mediated type I interferon signaling pathway is a major
discovery in the field of natural immunity, providing a new target
for tumor immunotherapy. Activating the STING pathway can
induce the expression and secretion of type I interferons and a
variety of other cytokines, activate the natural immune response,
promote the anti-tumor immune response, and achieve the purpose
of treating tumors. STING agonists are widely used in a variety of
research fields. In addition to inducing natural immune responses,
they play roles in other DNA or RNA sensor signaling pathways,
autophagy, ER stress and apoptosis. With the characteristics of
antitumor and immunogenicity, STING agonists have also become
a new immunotherapy test drug and vaccine adjuvant. The exist-
ing clinical research data have preliminarily proved that the
Figure 16 Design and SAR analysis of STING agonists. (A) Chemical s

complex with STING (PDB code 6A05).
combination of STING agonists and immune checkpoint in-
hibitors can significantly enhance the efficacy of immunotherapy
and is expected to become an innovative therapy121. Non-
nucleoside small molecule STING agonists had good stability
and could be given orally or by injection in animal models and
showed promising anticancer activity. However, since STING
proteins are also present in healthy cells, one of the problems that
systemic STING agonists need to solve is how to stimulate the
anti-tumor immune response without causing an excessive in-
flammatory response in healthy cells. If these agonists can be
further optimized, they have the potential to revolutionize the field
of immunotherapy122.

Given that systemic administration of free STING agonists
may be limited by toxicity and widespread biological distribution
may not be ideal, it can be considered to achieve tumor-targeted
delivery of STING agonists through ADC to reduce toxicity. The
cyclic dinucleotides (CDNs) (93) have been extensively studied as
natural ligands of STING proteins (Fig. 16A). Lichuan Gu’s team
determined the CBD (CDN binding site) of the porcine STING
complex with four CDNs: 2,3 cGAMP; 3,3 cGAMP; c-di-GMP
and c-di-AMP. Among them, the asymmetric ligand 2,3 cGAMP
has the highest binding affinity with STING (Fig. 16B). Structural
analysis of porcine STING CBD 20,30-cGAMP complex was
carried out and found that the asymmetric unit contains two
STING CBD molecules (protomer A and B) that form the dimer.
The individual protomers make extensive interactions with each
other through the a1, a2, a3, and central b-sheet region, which
forms a deep U-shaped cleft. The 20,30-cGAMP ligand is located at
the cleft using its purines pointing upward and the ribose ring
sticking in the downward position (relevant to the membrane). The
base, phosphate, and ribose groups all contribute to binding to
STING. The purine rings of 20,30-cGAMP stack against Tyr167
and Arg238 from two promoters. The phosphate moieties of 20,30-
cGAMP are recognized by Arg238 through electrostatic in-
teractions and hydrogen bonds. Arg238 also forms hydrogen
bonds at the Hoogsteen edge of the nucleoside moieties. Besides
the stacking interactions, the adenosine and guanosine moieties
have different interaction modes with STING. For both, the in-
teractions involve their Watson‒Crick, Hoogsteen, and sugar
edges. All the nitrogen atoms (except the position-9 amino) and
the oxygen atom in the purines interact directly or indirectly
(water-mediated) with the STING protein. These extensive
tructures of STING agonists 93e96; (B) Binding mode of CDN (93) in
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interactions are consistent with the high binding affinity between
ligands and porcine STING CBD. A strikingly distinctive feature
of the porcine STING CBD-20,30-cGAMP complex is that the two
protomers adopt different conformations, resulting in an asym-
metric ligand-binding pocket. Consequently, 20,30-cGAMP, which
is also asymmetric, is held in one well-defined conformation in the
ligand-binding pocket. This unique binding mode is in sharp
contrast with that seen in previous structures involving STING
proteins from other species, where 20,30-cGAMP binds the sym-
metric STING dimer in two alternative modes with the adenosine
and guanosine moieties switching positions. In conclusion, the
study found that porcine STING uses asymmetrical conformations
to bind CDNs. Analysis of this asymmetric conformation reveals
the mechanisms of ligand recognition and identification of
STING123.

With CDN as ADC payload, CDN and antibody can be con-
jugated through phosphate ester, sugar ring, and base. SPEROVIE
(WO2021046426A1, 2021.03.11) formed ADC drugs by conju-
gating thiophosphate or formate esters in CDN with PD-1 or
CTLA-4 antibodies; Immunesensor (WO2021016204A1,
2021.01.28) elicited amino or mercapto from the ribose of the
CDN at position 30 and then forms an ADC drug by conjugating
carbamate or disulfide bond to the antibody; MIT and Millennium
(WO2021216572A1, 2021.10.28) innovatively conjured phos-
pholipid molecules to phosphate esters of CDN. The resulting
conjugates can also further form liposome structures to improve
their ability to fuse with cell membranes. Beijing Xuanyi Phar-
maceutical (WO2021178818A2, 2021.09.10) connected the TLR9
agonist CpG-DNA with the CDN to form a fusion molecule that
could activate both TLR and STING immune signaling pathways
to enhance immune activity. However, diphosphate esters in the
CDN structure will cause low bioavailability of drugs. Therefore,
with the discovery of benzimidazole compounds, research on
STING agonists with non-nucleic acid structure has been started.
ADC drugs based on dipolybenzimidazole have also been
designed and synthesized. The ADC candidate XMT-2056 ob-
tained by Mersana using STING agonist 94 as the payload is
already in preclinical studies (Fig. 16A). It aims to activate the
innate immune system by stimulating STING signals in tumor
tissue immune cells and tumor cells. The potency of XMT-2056
Figure 17 Design and SAR analysis of glucocorticoid receptor modula

mode of compound 97 in complex with GR (PDB code 4UDC); (C) Bind
was increased by more than 100-fold compared to the STING
agonist payload. In preclinical models, XMT-2056 showed potent
antitumor activity as a single agent in models with both high and
low HER2 expression, and its efficacy was enhanced when it was
used in combination with multiple approved agents, including
trastuzumab, pertuzumab, anti-PD-1 mAb, or DS-8201. Preclini-
cal data suggested that XMT-2056 has the potential to achieve
immunologic memory to prolong antitumor activity. In May, the
FDA granted the drug orphan drug designation for the treatment of
stomach cancer. Mersana plans to initiate a phase I clinical trial of
XMT-2056 later this year to investigate its therapeutic potential in
a range of HER2-positive tumors, such as breast cancer, gastric
cancer, and non-small cell lung cancer; Ono Pharmaceutical of
Japan developed a non-nucleic acid STING agonist 95 as the
payload, which was conjugated with the linker through the pyr-
azole ring in the structure of the drug. RYVU is based on the
company’s development of a class of nitroheterocyclic amines
STING agonists 96 that form ADC drugs with antibodies.

3.4.3. Glucocorticoid receptor modulators
Glucocorticoid receptor modulators (GRMs) are commonly used
to treat inflammation associated with various diseases. It is
possible to minimize the GR reverse transcription effect (consid-
ered to be the cause of undesirable side effects) while still
maintaining the GR reverse transcription effect (thought to be the
cause of the expected anti-inflammatory effect). However, GRM
can also cause musculoskeletal, endocrine, and gastrointestinal
side effects and other toxicities, limiting their therapeutic effects
(especially in long-term use). Using GRM as a payload for
immune-type ADCs may be an ideal option, as targeted admin-
istration will minimize systemic exposure to the GRM payload,
which can provide significant efficacy at doses that do not cause
harmful side effects and enable chronic dosing. Such an ADC
would combine the efficacy of a monoclonal antibody (targeting
an inflammatory target) with a selective glucocorticoid receptor
modulator124. Glucocorticoid payloads contain amine functional
groups that can be used to bind to lysosomal cleavable antibody
linkers. The first reports of GRMs as ADC payloads used the
known dexamethasone (97) (Fig. 17A), the GRM ADC antibody
component selected a-TNF, and the linker was linked to the C21
tors (GRMs). (A) Chemical structures of GRMs 97e102; (B) Binding

ing mode of compound 98 in complex with GR (PDB code 4UDD).
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hydroxyl group of dexamethasone. ABBV-3373, which AbbVie is
developing, is also an ADC drug composed of a-TNF and GRM,
that can precisely target the regulation of activated immune cells,
modulate TNF-mediated inflammatory signaling pathways,
significantly reduce glucocorticoid-related systemic side effects,
and potentially treat rheumatoid arthritis (RA). Recently, Adrian
D. Hobson125 initiated the a-TNF-GRM ADC project and ob-
tained an a-TNF-GRM ADC with a DAR of 4 using maleimide-
Gly-Ala-ALA as the linker. Analysis of P1NP and corticoste-
rone biomarkers showed that the ADC had an adequate thera-
peutic window between efficacy and adverse effects. In chronic
mouse arthritis models, a-TNF-GRM ADCs are more effective
than a-TNF monoclonal antibodies and homotype controls with
the same GRM payload.

The group of Victor Gualla126 determined the crystal structure
of GR with dexamethasone (97) and 98 (the active metabolite of
the prodrug ciclesonide). The structure of GR and dexamethasone
(97) used an open conformation, and GR exhibited a higher mu-
tation frequency in the H6eH7 region. An evaluation of PDB
cocrystal structures, where ligands are complexed in the ligand-
binding domain of the GR (residues 500e777), revealed the
structure of desisobutyrylciclesonide complexed with GR (PDB
code 4UDC, 4UDD) (Fig. 17B and C). Peter S. Dragovich127

synthetically tested a variety of analogs containing different
amine substituent acetal groups. Among them, piperazine com-
pound 99 exhibits cellular activity like dexamethasone (97) and
compound 98 (GRE cell, þ mTNF, IC50 Z 33 nmol/L). However,
compound 99 was poorly permeable, which might be due to the
presence of alkaline amines in the chemical structure and thus
weakens its cell efficacy. Compound 99 is conjugated to the anti-
TNF mAb using a dipeptide-based protease (AlaeAla) cleavable
linker, and the resulting conjugate is only weakly active in cell-
based evaluation (IC50 Z 8.1 mmol/L). Further exploration iden-
tified aniline-containing compound 100 that was more potent than
compound 99 and had GR binding and cell activity similar to or
better than dexamethasone (97) and compound 98 (GRE cell, þ
mTNF, IC50 Z 4.0 nmol/L). Subsequently, by conjugating com-
pound 100 to the anti-TNF monoclonal antibody by a linker
containing a protease cleavable dipeptide moiety but lacking an
aminobenzyloxycarbonyl spacer group, the resulting conjugate
showed strong GR activity in cells containing membrane-bound
TNF, while exhibited minimal activity in cells externally lacking
this protein (GRE cell, þ mTNF, IC50 Z 0.44 mmol/L; GRE cell,
mTNF, IC50 >50 mmol/L). Intraperitoneal injections of the con-
jugate at doses of 1, 3, and 10 mg/kg in mice in a collagen-induced
Figure 18 Design and SAR analysis of Bcl-xL inhibitors. (A) Chemica

737 (103) in complex with Bcl-xL (PDB code 2YXJ).
arthritis (CIA) model showed a dose-dependent decrease in the
degree of paw swelling within 21 days. Importantly, this conjugate
has lower toxic side effects. Therefore, the delivery of glucocor-
ticoids by antibody conjugate targeting can minimize unwanted
side effects while improving the anti-inflammatory activity of
unbound compounds.

William Olson’s128 team described the new glucocorticoid
class. Their strategy for developing GC conjugates (GC‒ADCs) is
to identify the regions in budesonide that can be modified to
improve the stability and titer of the conjugates for new free loads.
Two modification methods of busonide were then evaluated: First,
the substitution of C21 hydroxyl groups with amines or anilines,
and second, the substitution of C9 and C6 hydrogen with fluorine.
Payloads containing amines and anilines can be conjugated to the
antibody via carbamate bonds, which are more stable than car-
bonate or phosphate bonds provided by hydroxyl groups. The
team obtained two lead compounds 101 and 102, by SAR analysis
of Budesonide molecules and molecular simulation. Efficacy
testing of compounds 101, 102 found that the two compounds
were more selective to glucocorticoid receptors (GR) than other
nuclear hormone receptors, had better or the same potency as
busesonide in cell-based assays, had no cardiotoxicity in hERG,
no genotoxicity in Ames, and showed potency in in vivo pro-
inflammatory mouse models. In lipopolysaccharide (LPS)-stimu-
lated mice, the release of tumor necrosis factor-a (TNF-a) was
significantly reduced. The GCeADC obtained afterward by his-
tase cleavable linker is highly stable in plasma and specifically
releases GCs in antigen-positive cells, suggesting that these novel
GCs can act as ADC payloads to treat autoimmune and inflam-
matory diseases.

Immuno-agonists activate non-specific immune responses
when administered systemically, and, in severe cases, can trigger a
deadly storm of cytokines. Conjugating immuno-agonists to
tumor-targeting antibodies can deliver immune-agonists to the
tumor microenvironment and release them locally, alleviating the
serious toxicity of systemic administration of immunostimulants
and helping to avoid systemic side effects in anti-tumor therapy.
However, although the idea of immune-stimulating ADC drugs to
achieve an anti-tumor effect by inducing immune mechanisms is
very clear, and the preclinical data are relatively good, it is
difficult to solve the problem of dose-dependent toxicity in clin-
ical trials. At the same time as the efficacy of the agonists in-
creases, the toxicity will also increase, which makes it difficult to
ensure that the efficacy can be improved in a safe and reliable
manner. For example, SBT6050, which exhibits good anti-tumor
l structures of Bcl-xL inhibitors 103, 104; (B) Binding mode of ABT-
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effects in mouse tumor models, is currently not working well in
clinical studies due to its toxicity problems. Therefore, the most
important consideration in subsequent studies is the balance be-
tween toxicity and efficacy. A redesign to weaken the toxicity and
improve the delivery window is also highly favorable.

3.5. Novel potential ADC payloads

3.5.1. Bcl-xL inhibitors
Bcl-xL is an anti-apoptotic protein that plays an important role in
tumor formation, metastasis, and drug resistance. Apoptosis of
cancer cells can theoretically be triggered by drugs blocking the
BH3 binding domain on Bcl-xL. However, Bcl-xL is critical for
platelet survival, and pan-inhibitors of Bcl-xL may produce platelet
toxicity129. Considering Bcl-xL as a target of payloads of ADC
drugs may retain the activity of Bcl-xL inhibitors while reducing
their toxicity to platelets. Tomoyasu Ishikawa performed a crystal
structure analysis of Bcl-xL inhibitors ABT-737 (103) co-
crystalized with Bcl-xL, and the results showed that the com-
pound’s biphenyl moiety (unit W) was forming lipophilic in-
teractions in a pocket consist of Phe146, Leu130, Leu108, and
Phe105 (western region; h1H2), while the alkylsulfonamidemoiety
(unit E) of the compound was forming lipophilic interactions in
another pocket composed of Phe97, Tyr195, and Tyr101 (eastern
region; h4) (Fig. 18). In unit E, three aromatic rings form intra-
molecular p‒p interactions, forming a unique rigid U-shaped
conformation. This conformation may enhance the intermolecular
binding of ABT-737 (103) to Bcl-xL. In addition, the structure‒
activity relationship of a series of small molecule inhibitors was
studied, and it was found that the inhibitory effect of unit E on Bcl-
xL was more important than unit W, especially ring B. The analysis
of crystal structure and structure‒activity relationship will provide
the basis for designing more efficient inhibitors for ADC payload
identification130 In 2017, AbbVie first conjugated Bcl-xL inhibitor
104 as a payload to an anti-B7H3 antibody in the form of an ADC to
Figure 19 Design and SAR analysis of NAMPT inhibitors. (A) Chemic

1293201 (106) in complex with NAMPT (PDB code 5U2M).
obtain ABBV-155 (ClinicalTrials.gov identifier: NCT03595059)
targeting EGFR, which is still in clinical trials (WO2017214301A1,
WO2017214282Al).
3.5.2. NAMPT inhibitors
Niacinamide phosphate ribose transferase (NAMPT), which
converts nicotinamide into nicotinamide mononucleotide, is a
rate-limiting enzyme that controls the concentration of NADþ
within cells. When NAMPT is suppressed, NAD þ levels drop
below the level required for metabolism, leading to an energy
crisis and eventually, cell death. Although NAMPT inhibitors are
potent cytotoxic molecules, their use as chemotherapeutic drugs
in cancer treatment is hampered by their toxicity. Several NAMPT
inhibitors such as FK-866 (105) (Fig. 19A) have discontinued the
clinical trials due to dose-dependent toxicity. However, NAMPT
inhibitors have a simple structure and high potency, and their
activation mechanism is different from the current ADC payloads,
so NAMPT inhibitors can be used as ADC payloads with good
activity and tolerance, which is expected to improve the treatment
window of NAMPT inhibitors and then be applied to the clinical
environment131. Chris Tse and his teams19 identified novel non-
substrate NAMPT inhibitors with robust preclinical efficacy and
pharmacokinetics properties that enable oral dosing. The lead
molecule in this series, A-1293201 (106), contains an isoindoline
“head group”, which can effectively inhibit recombinant human
NAMPT. Examination of the interactions between A-1293201 and
NAMPT by X-ray crystallography revealed several distinct sites
for cooperative interactions (Fig. 19B). The sites include the
PRPP-binding subsite A, which is hydrophilic in nature and un-
occupied by nicotinamide, the nicotinamide binding subsite B,
where important pi-stacking and hydrogen bond interactions with
nicotinamide are made, the tether subsite C, which is narrow,
lipophilic, and not occupied by bound nicotinamide, and the distal
opening subsite D, which widens and provides several bound
water molecules and hydrophobic surfaces. Similar to FK866, the
al structures of NAMPT inhibitors 105e113; (B) Binding mode of A-

http://ClinicalTrials.gov
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isoindoline urea portion of A-1293201 is engaged in important pi-
stacking interactions in subsite B as well as hydrogen bonds and
hydrophobic interaction in subsite C. In contrast to FK866 as well
as recent second-generation NAMPT inhibitors, the isoindoline
urea compounds are the first known as potent non-
phosphoribosylated NAMPT inhibitors. The novel NAMPT
inhibitor 107 designed by Carl Uli Bialucha132 is effective in the
nmol/L range for multiple cell lines including NCI-H526,
MDA-MB453, and NCI-N87. The structure‒activity relationship
shows that pyridine nitrogen can be phosphorylated by NAMPT
enzyme and is an important part of the pharmacophore. In addi-
tion, the whole 3-pyridine (S,S ) cyclopropyl carboxamide group
is essential for high levels of cellular activity. The R3 region can
tolerate a variety of substituents, and the ethyl substituent
compound 108 is obtained by replacing a more rigid unsubstituted
phenyl ring, which has a similar effect on A2780 and
CORL23 cell lines to compound 107. Benzene rings can be
further derived in positions to provide the best carrier for ligation,
and the addition of piperazine substituents to the phenyl ring’s
para position is well-tolerated compound 109. The free secondary
amines on the piperazine group can bind to the antibody as the
conjugation point of the linker. Phenyl piperazine substitution at
R3 and substitution of R1 and R2 to F and H, respectively,
resulted in a slightly improved analog 110 that was effective
against C-Kit and HER2-expressing cell lines at nmol/L con-
centration. The anti-C-Kit conjugates obtained using non-
cleavable linkers with payloads 110 not only have low aggrega-
tion, but also have optimal anti-CKIT activity (IC50 is 9 and
40 pmol/L, respectively), and are shown to be targeted in the
Figure 20 Design of carmap
GIST-T1 xenograft model of c-Kit-positive gastrointestinal stro-
mal tumors. The payload for ADCs needs to contain active het-
eroatoms to bind the cleavable linker, while FK-866 lacks an
amino, hydroxy, or mercapto functional group. To obtain a
payload that can be easily integrated and retain potency, Peter D.
Senter133 prepared a series of FK-866 analogs with aniline sub-
stitution at different locations on the aromatic tail. The com-
pounds were further evaluated for cytotoxicity against L540cy,
A549, and HepG2 cell lines. Compound 111 displayed similar
potency to FK-866 in both assays. The crystals of NAMPT and
compound 111 showed that the newly incorporated aniline group
interacts with the backbone amide of Glu376 via a hydrogen
bond, potentially offsetting any desolvation penalty for the addi-
tion of a polar functional group. Compound 112 prepared with a
potent inhibitor chs-828 found in the pyridyl cyanoguanidine
group and compound 113 prepared with pyridyl square amide
groups retain a strong binding to NAMPT and have strong cyto-
toxicity. These compounds have been advanced into the evalua-
tion as ADC drug payloads. At well-tolerated doses, significant
levels of activity were shown in several tumor models.

3.5.3. Carmaphycins
Proteasome activity inhibitors are an emerging class of anticancer
drugs that are super cytotoxic to certain cancer cells, and the
epoxyketone proteasome inhibitor carmaphycins is a representa-
tive of this class. Carmaphycins A (114) and B (115) isolated and
are identified from marine cyanobacteria Symploca sp., and their
a,b-epoxyone are directly attached to methylthionine sulfoxide or
methylthionine sulfone, inhibiting the b5 subunit of the
hycins analogs 114e122.
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proteasome at low nanomolar concentrations, effective against
many cancer cell lines (Fig. 20). However, due to their poor
selectivity, they often exhibit toxic side effects. Using a highly
toxic carmaphycins derivative as an ADC payload maintains the
desired potency and achieves better tolerance134. Carmaphycins
can be divided into four distinct parts (P1eP4). William H. Ger-
wick20 synthesized the first generation analog 116 with amine
groups at the distal end of P4 by substituting 6-amino hexanoic
acid chain, which significantly reduced the killing effect on NCI-
H460 cells (IC50 Z 860 nmol/L). The second-generation carma-
phycins analogs contain a 2-aminoethyl homocysteine residue at
P2. The straight-chain alkyl chain is substituted with an aromatic
phenyl or pyridine ring to give an analog 117, which has a lower
cell-killing effect on HCT116 and NCI-H460 than carmaphycins
B (115), because the fatty amine of P2 is alkaline and positively
charged at physiological pH, reducing its cell permeability. To
reduce the alkalinity at P2, the team replaced the P2 methyl sul-
fone moiety of carmaphycin B (115) with 4-thioaniline or 4-
sulfonylaniline to obtain compounds 118 or 119. Compound 119
is more effective than 118, which means less alkaline amine po-
tency is better. After that, an analog 120 containing two leucine-
epoxyketone drug clusters at P1 and P2 was synthesized, and its
IC50 in HCT116 and NCI-H460 cell lines was 0.2 and 5.4 nmol/L,
respectively. The epoxyketones at P1 were critical to the potent
cytotoxic activity of compound 120. Analog 121 contains aniline-
containing side chains of P3, and the IC50 for SKBR3 cells is
21 nmol/L. Placing the aniline functional group in the P4 position
in the analog 122 is more effective for cell growth inhibition
compared to compound 121. Compound 119 in the series of an-
alogs maintained high cellular potency, but its current conjugated
ADC did not show superior cell-killing ability for the cancer cell
lines tested compared to free antibodies.

3.6. New strategy guided ADC payloads

3.6.1. ADC with PROTAC molecules as payloads
The main challenge in the development of ADCs is related to
dose-limiting toxicity (DLT), which indicates the difficulties to
balance the efficacy of drug therapy with off-target toxicity. The
dose of the drug that ADC actually delivers to the tumor is very
small, which means that the drug molecule must be extremely
cytotoxic, although this can lead to toxic side effects. PROTACs
are a group of bifunctional compounds consisting of a ligand
targeting a protein of interest (POI), a ligand of the E3 ligase and a
linker. PROTACs bring the POI and E3 ligase closer together,
labeling the POI with ubiquitination which will then be degraded
by the proteasome. PROTAC is catalytic and therefore effectively
degrades the protein of interest at lower doses135. PROTACs may
be ideal payloads for ADCs. The antibody PROTAC conjugations
formed by conjugating antibodies and PROTAC molecules can
specifically degrade target proteins in specific cells, realizing the
selectivity of PROTAC technology at the cell or tissue level.
Antibody‒PROTAC conjugates combine the catalytic properties
of PROTAC with the tissue specificity of ADCs, thereby over-
coming the traditional limitations of targeted degraders and
ADCs, with great potential for targeting novel targets.

Connecting a PROTAC molecule 123 that targets BRD4 pro-
tein to a HER2 antibody can form an antibody PROTAC conjugate
with a molecular weight of about 150 kD, with an average of 4
PROTAC molecules on each antibody molecule (Fig. 21). The
antibody PROTAC conjugate can effectively degrade the BRD4
protein in HER2 high-expression cells SK-BR-3 and has no
degradation effect on the BRD4 protein in HER2 low-expression
cells MCF-723. BRD4 inhibitors 124 are conjugated to inter-
chain Cys residues of mAb targeting HER2 using maleimide-
based conjugation, resulting in ADC conjugates that reduce
BRD4 levels in BT-474 (HER2-positive) cell lines. Two ADCs
degrading ERa have also recently been described in the patent
literature. The first is to attach the VHL-based PROTAC molecule
125 to the mAb targeting HER2 via the carbonate section; The
second ADC is connected to the VHL-binding region of the same
PROTAC using an enzyme-containing cleavable pyrophosphate
linker. In MCF7-neo/HER2 cells, both conjugates exhibited effi-
cient antigen-dependent ERa degradation, and both conjugates
showed acceptable results in mouse stability and pharmacokinetic
tests. PROTAC molecule 126, which has a CRBN as E3 ligase and
targets the TGFbR2 protein, can be conjugated to an anti-HER2
antibody via a non-cleavable linker. In HEK293 cells transfected
with HER2 receptors, ADCs of 0.5 and 1.0 mmol/L degraded the
TGFbR2 protein after 24 and 48 h. In addition, a single IV in-
jection of 1 mg/kg of ADC using PROTAC molecule 127, a VHL-
based degradable BRM protein, as a payload achieved a strong,
antigen-dependent reduction of BRM protein in BJAB lymphoma
xenograft tumors known to express high CD22 surface receptors.
This conjugate exhibits the desired biological activity in vivo and
further diversifies the target protein that can be successfully
modulated by ADC mode, expanding the possibility of targeting
PROTAC to cells expressing this surface protein136.

Although the antibody‒PROTAC conjugate field is still in its
infancy, a diverse group of such entities has already been created
and its members subsequently have shown to exhibit meaningful
in vitro and/or in vivo biological activities. Many of these new
entities employed higher payload loadings (DAR values of six)
relative to the majority of known cytotoxic ADCs (DAR Z two to
four), but it remains to be determined whether such increases are
generally required for typical antibodyePROTAC conjugate ap-
plications. Multiple examples of antigen-dependent activity were
achieved both in vivo and in vitro with the described conjugates,
and these outcomes demonstrated the ability of the antibody‒
PROTAC conjugate modalities to deliver their respective PRO-
TAC payloads to specific tumors and/or cells of interest. Given
these promising initial results, antibody‒PROTAC conjugates
appear well-positioned for future growth and application. It is
expected that in the future, antibodyePROTAC conjugates will be
applied to tissues or living organisms, providing new ideas for
drug therapy or biological research.

3.6.2. ADC with NIR-PIT drugs as payloads
Near-infrared photoimmunotherapy (NIR-PIT) drugs are generally
composed of tumor-specific monoclonal antibodies that target
tumors and a photoactivating chemical through connecting linkers,
which are essentially ADC drugs. NIR-PIT drugs can form a new
targeted anti-cancer platform with devices that irradiate infrared
light to tumor sites. The platform enables antibody-mediated tar-
geted delivery to achieve a high degree of tumor specificity, while
using infrared light to activate the biophysical mechanism of the
drug to accurately induce rapid death of cancer cells without
harming the surrounding normal tissues. The NIR-PIT drug-
induced polyclonal immune response can eliminate tumor cells
that survive the first step of NIR-PIT drugs, even if the NIR-PIT
drugs are insufficient, unevenly delivered, or dosed insufficiently
due to the uneven expression of target antigens, as the subsequent



Figure 21 Chemical structures of PROTAC molecules 123e127.
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second-step polyclonal immune response will also kill residual
tumor cells. In addition, NIR-PIT drugs can also be used as a
useful supplement to pre-existing PD-1 monoclonal antibodies,
PD-L1 monoclonal antibodies, or CTLA-4 monoclonal antibodies,
enhancing their tumor immune response137. The payload in NIR-
PIT drugs is not a cytotoxic substance, but a water-soluble
phthalocyanine derivative (e.g., the silicon phthalocyanine deriv-
ative IR700 (IRDye700DX) (128)) (Fig. 22A). IR700 is a small,
photoactivated molecule that can be excited by near-infrared light
and has no phototoxicity or biotoxicity. When the antibody binds
to the tumor surface antigen, under the stimulation of near-
infrared light, IR700 undergoes a photo-induced ligand release
reaction, releasing the hydrophilic side chains, resulting in a sig-
nificant increase in the hydrophobicity of the remaining part. This,
in turn, destroys cell membranes, triggering rapid and highly se-
lective immunogenic cell death (ICD) that targets cancer cells
(Fig. 22B). While directly killing cancer cells, NIR-PIT-induced
ICD can lead to rapid maturation of immature dendritic cells
nearing death of cancer cells, initiate the host anti-cancer immune
response, promote the re-formation of CD8-positive T cells
against antigens released by dead cancer cells, and further amplify
the therapeutic effect of NIR-PIT138.

Approved by PMDA acceleration in 2020 under the trade name
Akalux, Rakuten Medical’s Cetuximab Sarotalocan is an
antibodyeconjugated drug composed of cetuximab and the water-
soluble silicon phthalocyanine derivative IRDye700DX, which
targets epidermal growth factor receptors for the treatment of
unresectable locally advanced or locally recurrent head and neck
cancer, making it the world’s first approved light immunotherapy
drug. After 24 h of administration, the drug can be specifically
aggregated on the surface of EGFR-positive tumor cells. The use
of 690 nm wavelength near-infrared light to illuminate the tumor
site induces Cetuximab sarotalocan to kill cancer cells and acti-
vate the immune response22. The fastest progress in researching
NIR-PIT drugs is Rakuten Medical’s ASP-1929 (also known as
RM-1929). ASP-1929 is a conjugated drug of cetuximab and
IR700 that targets the epidermal growth factor receptor EGFR and
can be used to treat unresectable locally advanced or recurrent
head and neck cancer. In addition to ASP-1929, Rakuten Medical
also had a NIR-PIT drug that demonstrated excellent antitumor
activity in preclinical studies in combination with PD-1 mono-
clonal antibody in advanced tumor animal models. A few of
other NIR-PIT drug studies, including 131I (PcMAb) (CD38
monoclonal conjugated NIR-PIT drug), TROP-2-IR700,
ramucirumab-IR700, conjugate AvIR-mediated PIT, anti-TF
antibody 1849-ICG conjugate, MN-14-700DX, Avelumab-IR700
and the like are all taking IR700 as payloads.

As an “unpopular track” in the field of ADC, the clinical and
market prospects of optoimmune ADCs still need to undergo the
test of time. However, the development of new targets and new
photoactivated effector molecules based on relevant principles
may become a new breakthrough point in the ADC track.

3.6.3. ADC with dual payloads
With the advent of ADC therapy resistance, binding one antibody
to two or even more different cytotoxic payloads provides an
attractive option for the development of next-generation ADCs. To
demonstrate the possible benefits of the dual-payloads drug ADC,
Levengood et al.24 prepared a class of ADCs containing two
different tubulin polymerization inhibitors in 2017. The team
linked MMAE and MMAF, which have different physical and
chemical properties, to the same anti-CD30 antibody to perform
complementary anticancer activities. This work clearly demon-
strates a potentially effective approach to the construction of a
potent two-drug ADC and how delivery of multiple cytotoxic
payloads improves ADC activity. Later, Kumar et al.139 developed
a heterogeneous trifunctional linker that conjugated MMAE and
PBD dimer payloads to produce a dual-payload drug ADC. Nil-
chan et al.140 used a dual antibody conjugating method to generate
a dual-payload ADC containing the targeted tubulin payload
MMAF and DNA topoisomerase II inhibitor PNU-159682 by
specific conjugation of HER2 antibodies at the engineering sele-
nized cysteine and cysteine residue sites. PNU-159682 caused S-
phase cell cycle arrest due to its DNA-damaging activity, while



Figure 22 Design and analysis of IRDye700DX (128). (A) Chemical structures of IRDye700DX (128); (B) The mechanism of NIR-PIT ADC.

Figure 23 The mode pattern of dual-payloads drug ADC (The red

and green shapes mean different payloads).
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MMAF simultaneously inhibited tubulin polymerization and
caused G2/M-phase cell cycle arrest. The dual-drug ADC showed
selective and potent cytotoxicity against HER2-expressing cell
lines and exhibited dual mechanisms of action consistent with the
attached drugs.

ADC drugs often encounter problems associated with hetero-
geneity within tumors. Breast cancer, for example, is usually made
up of multiple cells with different gene expression profiles, and its
heterogeneity is a major factor in drug resistance, recurrence, and
metastasis after chemotherapy. To solve this problem, Kyoji
Tsuchikama efficiently constructed a series of dual-payload ADCs
with a clear drug‒antibody ratio (DAR) (DAR combinations of
2þ2, 4þ2, and 2þ4, respectively) by chemical enzyme linking
method, and the flexibility of DAR adjustment is conducive to
fine-adjustment of the physicochemical properties, efficacy and
toxicity of the ADC according to the disease target and payload
combination (Fig. 23). Among them, the MMAE/MMAF dual-
payload ADC with DAR of (4þ2) is more effective than the
MMAE single-drug ADCs with DAR of 4 or 6, and has specific
HER2 cell killing ability, ideal pharmacokinetic properties, min-
imal inflammatory response, and marginal toxicity at therapeutic
doses. In addition, in the mouse model of JIMT-1/MDA-MB-231
mixed xenograft with HER2 heterogeneity and increased resis-
tance to TDM1, dual-payload ADCs had greater therapeutic ef-
fects and survival benefits than the two single-agent combinations.
The reason may be that the stronger MMAF molecules kill JIMT-
1 cells, helping the conjugated MMAE molecules to effectively
exert a bystander effect on neighboring MDA-MB-231 cells.
Importantly, this significant efficacy cannot be achieved through a
1:1 combination of MMAF ADC and MMAE ADC alone. The
enhanced efficacy of the dual-payload ADC was also demon-
strated in a hCC1954-TDR xenograft mouse model of another
type of breast cancer with low HER2, intra-tumor heterogeneity,
and T-DM1 resistance. The results highlight the potential of dual-
payload ADCs to overcome breast cancer heterogeneity and drug
resistance, suggesting that simultaneous delivery of two payloads
with different drug properties is a promising approach for ADC-
based treatment of other refractory cancers with heterogeneity
and drug resistance141. Using their Synthemer platform, the
Cambridge researchers designed a dual-payload ADC that
combines both auristatin F hydroxypropylamide (AF-HPA) and
DNA monoalkyllating agent (I-BiP), exhibiting strong cytotox-
icity and can exert both mechanisms of action. However, while
multi-payload ADC drugs can improve efficacy and reduce the
possibility of drug resistance, the side effects caused by their
treatment are also worth considering. For example, Upifitamab
Rilsodotin (UpRi, XMT-1536), a novel ADC drug developed by
Mersana that targets NaPi2b, is conjugated to the auristatin F-
hydroxypropyl amide cytotoxic drug through a cleaved linker of
the anti-HER2 monoclonal antibody HT-19, DAR to 12. XMT-
1536 has extremely strong anti-tumor activity, especially for
cancers with low expression of HER2. However, the interim phase
1 clinical data of ovarian cancer showed that XMT-1536 could
cause serious treatment-related side effects, with an incidence of
up to 48% (47/97). The most common side effects were gastro-
intestinal obstruction (7%), and the incidence of fever, pneumonia,
and abdominal pain was 5%. Although Mersana tries to reduce the
dose, the range of treatment window options is narrow, and the
future is not optimistic. Therefore, for multi-payload ADC, safety
control is an important issue that needs to be paid attention to
when multi-class payload assembly is carried out. The key is to
find and deal with the cause of the narrow treatment window.
Future research should also continue to move towards a balance
between efficacy and toxic side effects.
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3.6.4. Payloads of PDC
Peptide drug conjugates (PDCs) are a novel targeted therapy
consisting of the linker, homing peptide, and cell-toxic pay-
loads142. Compared to ADC drugs, PDC drugs have advantages
such as small molecular weight, strong tumor penetration, low
immunogenicity, large-scale synthesis by solid-phase synthesis,
low production cost, relatively good pharmacokinetics, and rela-
tively uniform batch products. They are the next generation of
targeted anti-tumor drugs after small molecule targeted drugs,
monoclonal antibodies, and ADCs. However, the application of
Figure 24 Key structures and mechanisms of action of PDCs. (A) The

common PDC payloads.
PDC as a therapeutic drug also has certain limitations, such as low
oral bioavailability, short half-life, incomplete cleavage of some
payloads leading to significantly reduced bioactivity compared to
the prototype drug, and possibly inferior targeting compared to
ADCs143e145. The mechanism of action of PDC varies depending
on the linker and homing peptide. One is that PDC is internalized
and releases the payload inside the cell. The other is that PDC is
cleaved in the tumor microenvironment and the payloads are
internalized to exert its effect (Fig. 24A). Most payloads can not
only kill tumor cells with high expression of the target but also kill
general mechanism of action of PDCs; (B) Chemical structures of the
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surrounding tumor cells with low expression or no expression of
the target through bystander effects in the tumor microenviron-
ment146,147. Peptides can affect the efficiency of PDC internali-
zation. The ideal PDC peptide should have strong target binding
affinity, high stability, low immunogenicity, high internalization
rate, and a relatively long plasma half-life. The choice of linker is
one of the key factors in PDC design. The linker needs to balance
stability and release efficiency. Cleavable linkers have higher
release efficiency, while non-cleavable linkers are more stable.
The toxicity and physicochemical properties of the payload can
directly affect the drug’s ability to kill tumors and thus affect its
efficacy. The ideal payload should have high cell toxicity (usually
low IC50), low immunogenicity, high stability, appropriate hy-
drophobicity, and good solubility148e150.

The PDC payloads can be divided into chemical drugs
(Fig. 24B), protein drugs, and peptide drugs. Among them,
chemical drugs and protein drugs are more common. Chemical
drugs represented by DM1(2), MMAE (8), KSP inhibitors (45),
camptothecin (54), doxorubicin (129), paclitaxel (130), metho-
trexate (131), daunorubicin (132), and gemcitabine (133) are
commonly used. Protein drugs mainly include interferon and
tumor necrosis factor151e154. Radioisotopes are also commonly
used as payloads for PDCs155. When PDCs are used for cancer
diagnosis, they can be labeled with positron-emitting radioiso-
topes (fluorine-18 (18F), copper-64 (64Cu), and gallium-68
(68Ga)) to generate PET imaging. By binding to targeted re-
ceptors on tumor cells, malignant tissues can be accurately
located. Radioisotope-labeled PDCs can also be used for treat-
ment. Peptide receptor radionuclide therapy (PRRT) targets and
tissue-specific radiation of tumor cells based on their overex-
pressed receptors. The most commonly used radioisotopes are
indium-111 (111In), yttrium-90 (90Y), and lutetium-177 (177Lu).

As of April 2023, there are only two PDC drugs approved for
marketing worldwide, Lutathera� and Pepaxto�156,157.
Lutathera� is a PDC targeting the growth hormone-inhibiting
hormone receptor developed by Advanced Accelerator Applica-
tions S.A, a subsidiary of Novartis. After entering the cell, it re-
leases the radioisotope 177Lu to damage tumor cells through
radiation. It was first approved by the European Medicines
Agency (EMA) in September 2017. In patients with advanced
neuroendocrine tumors, Lutathera� has a longer progression-free
survival and higher response rate compared to high-dose long-
acting octreotide. It was approved by the FDA on January 26,
2018. Pepaxto� is a PDC targeting aminopeptidase developed by
Oncopeptides, consisting of the DNA alkylating agent Melflufen
(134) covalently linked to a targeting peptide of aminopeptidase.
Melflufen has high lipophilicity and can be rapidly absorbed by
myeloma cells. Once inside the cell, the conjugated peptide of
Melflufen is immediately cleaved by aminopeptidase, releasing
the hydrophilic alkylating agent Melphalan (135), causing DNA
damage in tumor cells and leading to tumor cell death. Pepaxto�
was first approved by the FDA in February 2021, in combination
with dexamethasone, for the treatment of adult relapsed or re-
fractory multiple myeloma. However, in October of the same year,
Oncopeptides announced that it would withdraw Pepaxto� from
the US market mainly due to an increased mortality rate in the
confirmatory OCEAN study. In August 2022, Pepaxto� was
approved by the EMA. Currently, there are a total of 17 PDC
drugs in clinical development worldwide, with 3 in phase III, 9 in
phase II, and 5 in phase I158. The main targets are tubulin and
CA9, with MMAE (8) being the main payload. PDC is an
equivalent antibodyedrug conjugate that overcomes some of the
limitations of ADC and has many unique advantages. Although
there are currently few PDC drugs on the market, there have been
cases of withdrawal due to serious safety issues. However, with
the resolution of related technical issues and breakthroughs in
supporting technologies, it is believed that PDC drugs will also
become a hot spot for research and investment in the crowded
racetrack in the next decade.

4. Conclusions

ADC drug development has broad prospects, since they integrate
specific antibodies for selective tumor cell targeting, conjugate a
wide range of potent cytotoxic payloads, and employ diverse linker
technologies to generate effective cancer therapeutics. From a tech-
nical point of view, ADC drugs have undergone three generations of
changes so far, and there have been breakthroughs in antibodies, drug
carriers, connectors, etc., especially in the use of payloads.

Although the specificity and cytotoxicity of the new generation
ADC payloads have shown significantly improved characteristics
than those in the early stages, the current payloads still have some
limitations. First, they generally have limited solid tumor
permeability and toxicity, which limits their applications to solid
tumors. Second, some tumors are insensitive to current ADC
drugs. Third, the complexity of payload pharmacokinetics, tumor
targeting, and insufficient release can all affect the efficacy of
ADC drugs. Fourth, like other antitumor drugs, ADC drugs can
also develop resistance. Finally, earlier payload selection tends to
be toxic but effective drugs, but their higher toxicity limits the
systematic application of the payload. Although the
antibodyedrug conjugates show effectiveness in treatment, the
combination with highly toxic payloads is not necessarily excel-
lent. Therefore, other types of payloads such as RNA inhibitors,
immuno-agonists, and apoptosis-promoting Bcl-xL inhibitors are
being developed. Especially with the approval of the FDA for
immune checkpoint blockade therapy, the era of tumor immuno-
therapy began. Immuno-agonist ADCs have also been developed,
which can use antibodies to deliver immune agonists to the tumor
microenvironment and release them locally, alleviating the serious
toxicity problem with the systemic administration of immune
agonists. Immuno-agonists (such as Toll-like receptors, STING
agonists, etc.) are also becoming more and more popular in ADCs
as new payloads, and immune-modulating ADCs are expected to
further enhance the anti-tumor immune response of immune
checkpoint blocking therapy. Although the immune ADC is still in
the initial stage of development and has not yet achieved satis-
factory clinical results, the immune-modulating ADC has the
potential to greatly broaden the treatment window of the ADC,
improve its anti-tumor activity, and have ideal safety and efficacy.
It is believed that the design of ADCs that target the tumor
microenvironment through immunomodulatory payload modifi-
cation is still a hot topic in the field of future research, especially
the use of payloads that are not directly toxic to cells (such as
payloads that can guide the immune system to attack cancer cells).
In addition, using PROTAC molecules as ADC payload can fully
combine the catalytic properties of PROTAC with the tissue-
specific advantages of ADC, and overcome the traditional limi-
tations of targeted degradation agents and ADC (such as drug
resistance, toxic side effects, etc.). Given the promising results,
PROTAC‒ADC is an important direction for future ADC drug
development. The antibody binding payloads also include protein-
derived enzymes from plants (e.g., saponin, ricin A chain) or
bacterial toxins (PE, pseudomonas exotoxin, DT, diphtheria toxin)
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that induce cell death by catalytically irreversibly inhibiting pro-
tein synthesis159e162. Novel payload categories also include oli-
gonucleotides, siRNA, proteins, and more. In order to solve the
shortcomings of traditional ADC payloads, in addition to devel-
oping and modifying traditional and novel potential payloads,
many new strategies are emerging for ADC design. For example,
the design of ADC drugs by combining the same antibody with
different payloads that have unrelated mechanisms can achieve
synergetic effects by minimizing the possibility of resistance, and
simultaneously targeting different targets, which opens a new
approach for the treatment of other refractory cancers with het-
erogeneity and drug resistance, which is particularly important for
solid tumors. Also, when designing hybrid payloads, the balance
between efficacy and toxicity should be emphasized. In addition,
by using antibody-mediated targeted delivery, the ADCs
composed of photoactivating chemicals as payloads and specific
monoclonal antibodies can achieve high tumor specificity and can
accurately induce the rapid death of cancer cells, avoid harming
the surrounding normal tissues by using the laser-activated bio-
physical mechanism, and realize the requirements of precise
treatment, which is also a development direction worth exploring
and looking forward to in the future.

Although ADCs have evolved to date, the types of payload
skeletons available to them have not increased, and most cytotoxic
drugs are derivatives of the precore backbone. Only a limited
number of highly cytotoxic natural compounds, derivatives, or
synthetic analogs currently have the potential to be used as payloads
for ADCs and enter the clinic. Although novel ADC payloads and
new strategies to guide the construction of ADCs continue to
emerge, these are still in the initial stage of development, and the
future direction needs to be verified by more experiments. There-
fore, in the next generation of ADCs, it is necessary to develop
structurally novel high-efficiency payloads (e.g., NAMPT inhibitors
with simple structure, high activity, and special mechanism of ac-
tion) with multiple mechanisms of action, higher efficacy, and
fewer side effects by screening natural product libraries, chemical
synthesis, and direct derivatization of natural products to improve
the activity and its tolerance. However, new scaffold discoveries are
challenging and require a lot of work in areas such as natural
product identification, high-throughput screening, or structure-
based drug design. In contrast, structural modifications to
approved or well-studied payloads can identify novel payloads
more quickly. After obtaining the parent nuclear compound, the
structureeactivity relationship and crystallographic techniques
should be fully utilized to explore the binding mode of the target
with the parent nuclear compound, and the effective action site and
the effective functional group of the compound. Only then will the
subsequent optimization and transformation of the parent nuclear
compound be efficiently carried out. When modifying the payload,
adjusting its physicochemical properties, especially its polarity, can
overcome some problems faced in the preparation and application
of ADCs. Connecting too many hydrophobic payloads can alter the
conformational stability of the antibody, increase its tendency to
aggregate and precipitate, and ultimately affect its maximum DAR,
plasma stability, bystander effect, and more. Hydrophobic payloads
can easily penetrate the cell membrane and kill surrounding
antigen-negative tumor cells through the bystander effect while
hydrophilic payloads diffuse out of cancer cells at a slower rate. In
addition, a major problem faced by most ADCs is the large toxic
side effects, among which the toxic side effects caused by the
payload are mainly reflected in the damage to rapidly proliferating
healthy cells, such as the reduction of lymphocytes and
gastrointestinal reactions. Therefore, the payload with small mo-
lecular weight, good tissue penetration, and a short half-life can be
selected, which can be rapidly enriched at the target position after
release and quickly perform the function of killing cancer cells. At
the same time, the drug molecules in the blood can be rapidly
removed, which is conducive to reducing the systemic toxic side
effects. It is also possible to mutate important sites of the target, and
then modify and screen out more well-tolerated compounds.

In summary, there are some differences between novel ADC
payloads and traditional payloads: 1) The traditional ADC pay-
loads mostly choose small molecules with strong pharmacological
effects but also have relatively large toxic side effects, such as
PBD, while the novel payloads tend to choose small molecules
with moderate pharmacological effects and toxic side effects, such
as Dxd. 2) The traditional ADC payloads mainly consist of
microtubule inhibitors and DNA damaging agents, while the novel
ADC payloads have a richer variety of target types, more choices,
and different mechanisms of action compared to traditional pay-
loads. For example, using immune stimulants as ADC payloads. 3)
The structure of traditional ADC small molecule payloads is
generally complex and difficult to synthesize. The novel ADC
payloads tend to choose small molecules with simple structures
and low molecular weights, greatly reducing the difficulty of
synthesis and expanding the application market of ADC payloads.
4) The traditional ADC payloads generally use a single type of
small molecule compound directly linked to the antibody through
a linker, while the new type of ADC can combine different types
of payloads, achieving a 1þ1>2 effect. In addition to traditional
small molecule compounds, the novel payloads also select novel
types such as PROTAC and photoactivated molecules as effective
payloads. Although ADC drug has been developed so far and their
efficacy has been greatly improved, there are still some problems
such as drug resistance, adverse reactions, and insufficient sta-
bility in the blood waiting to be solved. The payload occupies an
important position in the efficacy of ADC drugs, so we summa-
rized the ADC small molecule payloads and its future trend in
combination with the relevant crystal structure and structure‒ac-
tivity relationship research, in order to provide more new refer-
ences for the future development directions of ADC drug payloads
and the subsequent optimization and transformation, so as to
construct more ADC drugs to improve their therapeutic effect,
overcome drug resistance, reduce adverse reactions, and promote
the development of ADC drug research.
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