
Acta Pharmaceutica Sinica B 2021;11(12):3889e3907
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
REVIEW
Antibodyedrug conjugates: Recent advances in
linker chemistry
Zheng Sua,b,y, Dian Xiaob,y, Fei Xieb, Lianqi Liub, Yanming Wangb,
Shiyong Fanb,*, Xinbo Zhoub,*, Song Lia,b
aSchool of Pharmaceutical Engineering, Shenyang Pharmaceutical University, Shenyang 110016, China
bNational Engineering Research Center for the Emergency Drug, Beijing Institute of Pharmacology and
Toxicology, Beijing 100850, China
Received 18 January 2021; received in revised form 17 March 2021; accepted 26 March 2021
KEY WORDS

Antibodyedrug conjugate;

Linker;

Chemical trigger;

Linker‒antibody
*

y

Pee

http

221

by
attachment;

Linker‒payload

attachment
Corresponding author. Tel: þ86 10 66

E-mail addresses: fsyn1996@163.com

These authors made equal contribution

r review under responsibility of Chine

s://doi.org/10.1016/j.apsb.2021.03.042

1-3835 ª 2021 Chinese Pharmaceutic

Elsevier B.V. This is an open access a
Abstract Antibodyedrug conjugates (ADCs) are gradually revolutionizing clinical cancer therapy. The

antibodyedrug conjugate linker molecule determines both the efficacy and the adverse effects, and so has

a major influence on the fate of ADCs. An ideal linker should be stable in the circulatory system and

release the cytotoxic payload specifically in the tumor. However, existing linkers often release payloads

nonspecifically and inevitably lead to off-target toxicity. This defect is becoming an increasingly impor-

tant factor that restricts the development of ADCs. The pursuit of ADCs with optimal therapeutic win-

dows has resulted in remarkable progress in the discovery and development of novel linkers. The

present review summarizes the advance of the chemical trigger, linker‒antibody attachment and

linker‒payload attachment over the last 5 years, and describes the ADMET properties of ADCs. This

work also helps clarify future developmental directions for the linkers.
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1. Introduction

Antibodyedrug conjugate (ADC), comprising a monoclonal
antibody (mAb), the cytotoxic payload and the linker, has devel-
oped rapidly in recent years and is gradually revolutionizing
clinical cancer therapy. This technology appeared a century ago1,
but it is becoming mature in the past 5 years. Currently, 10 ADCs
have been approved and more than 80 ADCs are at different
phases of clinical trials2e8.

The linker connects the antibody and the cytotoxic payload
and is a key component in the function of ADCs. The linker
imparts the following characteristics to ADCs: (1) high stability
in the circulation, and (2) specific release of payload in the target
tissue. These seemingly contradictory requirements of stability
and release lead to the major challenge in the development of
linkers. To achieve the above requirement, various linkers have
been developed and can be divided into two types according to
their cleavage method. The first type is the cleavable linker,
which has a chemical trigger in its structure that can be effi-
ciently cleaved to release the cytotoxic payload in the tumor.
More than 80% of the clinically approved ADCs employ
cleavable linkers9, such as inotuzumab ozogamicin (Besponsa)
and brentuximab vedotin (Adcetris)10,11. The other type of linker
is noncleavable. In contrast to the cleavable linker, there are no
chemical triggers in this structure, and the linker is part of the
payload. This type of linker has been employed only in ado-
trastuzumab emtansine (Kadcyla, T-DM1) among the approved
ADCs12.

Although ADCs have achieved great success, future develop-
ment is increasingly constrained by the linkers. The defects of the
classical linkers employed in the marketed ADCs include the
following aspects: (1) the nonspecific release of payloads in non-
tumorous tissues, leading to off-target toxicity and a limited
therapeutic window. The most notable case is that of gemtuzumab
ozogamicin (Mylotarg) developed by Pfizer. It was withdrawn in
2010 for causing severe liver toxicity due to an unstable N-acyl-
hydrazone linker13. Although Mylotarg was approved again in
2017 after redesign, the U.S. Food and Drug Administration
(FDA) required a black-box warning for the potential of liver
toxicity. (2) The retro-Michael elimination reaction of the
commonly-used maleimide attachment leads to reduced efficacy
of ADCs. For instance, the classic succinimidyl 4-(N-mal-
eimidomethyl) cyclohexane-1-1carboxylate (SMCC) linker
Figure 1 The general structure of an ADC and the roles of the chem

attachment.
degrades to 38% after 120 h in mice plasma, and Kadcyla con-
taining an SMCC linker exhibited a 29% drug-to-antibody ratio
(DAR) decrease in mice after 7 days14e16. (3) The limited linker‒
payload attachment is insufficient for the rapid expansion of
payloads. Novel ADCs have developed rapidly to treat cancer,
microbial infection17, and immune modulation18. Many newly
designed payloads are awaiting appropriate linker‒payload
attachments.

To solve the above problems, there have been important de-
velopments in linker design in the past 5 years, which are as
follows (Fig. 1): (1) the optimization of the existing chemical
triggers and development of novel chemical triggers to generate
highly selective linkers; (2) the development of novel linker‒
antibody attachments to produce stable and homogeneous ADCs;
(3) the development of additional linker‒payload attachments to
allow the expansion of payloads; (4) the optimization of linkers to
improve the absorption, distribution, metabolism, and excretion
(ADME) of ADCs. Therefore, a literature review initially based
on the 3 components of linkers was carried out to provide a
comprehensive overview of the developments over the past 5 years
with regard to the above four aspects.

2. Chemical triggers of the linker

The chemical triggers, which control the release of the payloads,
are the most important part of linkers. The most serious challenge
in their development is the undesired nonspecific release of pay-
loads in normal tissues, which can lead to off-target toxicity. For
instance, the dipeptide triggers, which are classical chemical
triggers and employed in more than 40 ADCs in clinical use, can
be cleaved by cathepsin. Cathepsin is nonspecifically expressed in
all tissues, so when the ADCs are taken up into normal tissue with
the targeted antigen expression, the dipeptide triggers are activated
to release the toxic payloads, leading to adverse effects. To obtain
higher selectivity, many novel triggers have been developed over
the past 5 years. With current cleavage strategies the chemical
triggers can be divided into cathepsin-cleavable triggers, acid-
cleavable triggers, GSH-cleavable triggers, Fe(II)-cleavable
trigger, novel enzyme-cleavable triggers, photo-responsive-
cleavable triggers, and bioorthogonal cleavable triggers (Table
1). Among them, cathepsin-cleavable triggers, GSH-cleavable
triggers, and acid-cleavable triggers have been well studied and
employed in approved ADCs. Other novel cleavable triggers are
ical trigger, the linker‒antibody attachment and the linker‒payload



Table 1 Chemical triggers described in this review.

Chemical trigger Structure Mechanism Payload Ref.

Acid cleavable

triggers

Hydrazone trigger Linkers cleavage by low pH of tumor acidic microenvironment or

lysosomes

Calicheamicin 10

Carbonate trigger SN-38 27

Silyl ether trigger MMAE 28

GSH cleavable

trigger

Disulfide trigger Linkers cleavage by high level of GSH in cytoplasm DM1, DM3,

MMAE

30

PBD 31

Fe(II) cleavable

trigger

1,2,4-Trioxolane trigger Linker cleavage by elevating levels of ferrous iron MMAE 34

Cathepsin

cleavable

triggers

Dipeptide trigger Linkers cleavage by cathepsin in lysosomes MMAE, DM1 21

Triglycyl (CX) trigger DM1 22

cBu-Cit trigger MMAE, PBD 20

Glycosidase

cleavable

triggers

b-Glucuronide trigger Linkers cleavage by b-glucuronidase in lysosomes MMAE 35

b-Galactoside trigger Linkers cleavage by b-galactosidase in lysosomes MMAE 36

Phosphatase

cleavable

triggers

Pyrophosphate trigger Linkers cleavage by phosphatase and pyrophosphates in lysosomes Budesonide 18

Sulfatase

cleavable

trigger

Arylsulfate trigger Linkers cleavage by sulfatase in lysosomes MMAE 37

Photo-responsive

cleavable

triggers

Heptamethine cyanine

fluorophore trigger

Linkers cleavage by irradiation with NIR light (l Z 650e900 nm) CA-4 46

O-Nitrobenzyl trigger Linkers cleavage by irradiation with UV light (l Z 365 nm) MMAE 47

PC4AP trigger Linkers cleavage both by irradiation with near-infrared (NIR) light

(l Z 365 nm) and intramolecular addition reaction with nearby

amine

DOX 48

Bioorthogonal

cleavable

trigger

dsProc trigger Linkers cleavage by the bioorthogonal cleavage pair: Cu(I)-BTTAA/

dsProc

DOX 55

Non-cleavable

linkers

MD linker No linker cleavage, ADCs metabolizes amino acid appendage, a linker

and molecule cytotoxicity upon entry lysosome

TRMRA 14

PEG linkers with intermediates

of alkyne, triazole and

piperazine

PBD Dimer 58

Mal-PAB linker MMAE 59
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designed for selective cleavage in cancer cells to decrease their
off-target toxicity from nonspecific uptake. In addition, novel
noncleavable linkers also have been introduced.

2.1. Cathepsin cleavable triggers

In 2017 Caculitan et al.19 discovered that the valine-citrulline
(Val-Cit) linker exhibited widespread sensitivity to a variety of
cathepsins, including cathepsin B, cathepsin K, cathepsin L, etc.
This could be detrimental, as only cathepsin B is thought to be
highly expressed in cancer cells, and the widespread sensitivity to
other cathepsins could induce off-target toxicity in normal cells.
Wei et al.20 designed a linker that used a cyclobutane-1,1-
dicarboxamide (cBu) structure that was predominantly depen-
dent on cathepsin B (Fig. 2A). In intracellular cleavage studies,
drug release from cBu-Cit-containing linkers was efficiently
suppressed by a cathepsin B inhibitor (over 75%), while a
cathepsin K inhibitor did not have a significant effect. Conversely,
the traditional Val-Cit-containing linker appeared strongly resis-
tant to all single-protease inhibitors (inhibitors of cathepsins B, L,
and K, all less than 15%). Meanwhile the cBu-Cit-containing
linkers exhibited a maximum velocity/Michaelis constant (Vmax/
Km) like that of the Val-Cit containing linker. Compared with Val-
Cit linker-containing ADCs, cBu-Cit linker-containing ADCs
exhibited equally potent antiproliferation effects in vitro, and both
ADCs were efficacious in inhibiting tumor growth at the dose of
3 mg/kg, but the cBu-Cit linker-containing ADCs exhibited
greater tumor suppression.

In 2016 Dorywalska et al.21 confirmed that carboxylesterase
1C (Ces1C) is the enzyme that leads to the instability of Val-
containing peptide linkers in mouse plasma. The Val-Cit-
containing ADC was highly stable in Ces1C-knockout mice.
Based on the versatility and importance of xenograft mouse
models in ADC preclinical research, it is important to design
peptide linkers that are stable in mouse models. Singh et al.
designed a triglycyl peptide linker (CX) for ADCs with may-
tansinoid (DM1) as the payload (Fig. 2B)22. This linker consisted
of three glycyl residues and showed extremely high stability in
mouse plasma. In a pharmacokinetics study, the CX-DM1-
containing ADCs exhibited stability comparable to that of
SMCC-DM1-containing ADCs; for instance, half-life (t1/2) values
of 9.9 vs. 10.4 days, clearance (CL) values of 0.7 vs. 0.7 mL/h/kg,
and area under the curve (AUC0/N) values of 15,225 vs.
14,370 h$mg/mL, respectively. Furthermore, the in vitro cyto-
toxicity of the CX linker-containing ADCs was significantly
improved compared with that of the SMCC-DM1-based ADCs.
Similar data were obtained in the in vivo experiments; the CX-
DM1-containing ADCs, even at 3 mg/kg, were more active than a
15 mg/kg dose of the SMCC-DM1 ADCs. Surprisingly, the CX-
DM1-containing ADCs possessed higher in vivo activity and a 50-



Figure 2 Structures of cathepsin-cleavable triggers. (A) The structure of the cBu-Cit-PABC-containing ADCs. Adapted with modification from

Ref. 19 ª 2017 American Association for Cancer Research. (B) The structure of CX-containing ADCs and catabolites expected from lysosomal

proteolysis. Adapted with modification from Ref. 21 ª 2016 American Association for Cancer Research.

Figure 3 Approved acid-cleavable linker-containing ADCs and the structure of silyl ether-containing ADC. Adapted with modification from

Ref. 28 ª 2019 Multidisciplinary Digital Publishing Institute.
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Figure 4 Structures of GSH-cleavable triggers. (A) The structure and release mechanism of an ADC containing a disulfide linker and a

disulfide-carbamate linker. Adapted with modification from Ref. 30 ª 2017 Royal Society of Chemistry. (B) The structure and release mechanism

of an ADC containing a disulfide-carbamate linker with a PBD-dimer. Adapted with modification from Ref. 31 ª 2017 American Association for

Cancer Research.
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fold higher preclinical therapeutic index [maximum tolerated
dose/minimum effective dose (MTD/MED) ratio] than SMCC-
DM1-containing ADCs in both the EGFR and EpCAM xenograft
mouse models.

The optimization of peptide linkers is not limited to developing
novel structures. Peptide linkers can be optimized by minimal
structural changes, including the types and stereochemistry of the
amino acids. Our group demonstrated that valine-alanine (Val-
Ala) has better hydrophilicity and stability than Val-Cit23. While
the two ADCs had an average DAR of approximately 7, the Val-
Ala-based ADCs had no obvious increase in the dimeric peak.
However, the aggregation of Val-Cit-based ADCs increased to
1.80%. In stereochemical studies, Reid et al.24 and Salomon
et al.25 both indicated that ADCs containing an (L,L) dipeptide
linker showed higher antitumor activity in vitro and in vivo than
other amino acid configurations.

2.2. Acid-cleavable triggers

Acid-cleavable linkers utilize the pH difference between tumor
tissue (4.0e5.0) and plasma (w7.4) to selectively release pay-
loads into tumor tissues26. This strategy yielded the earliest clin-
ical success with Mylotarg and was later employed in
Besponsa2,10. However, the insufficient stability of acid-cleavable
linkers severely limits their application in ADCs, and a
phenylketone-derived hydrazone linker was hydrolyzed with a
t1/2 Z 2 days in human and mouse plasma. The serum stability of
the Sacituzumab govitecan (Trodelvy), which contains acid-
cleavable carbonate linkers, was also unsatisfactory with a
t1/2 Z 36 h27. Accordingly, acid-cleavable ADCs require more
stable linkers or must employ only moderately cytotoxic payloads.
In 2019, our group developed a novel silyl ether-based acid-
cleavable ADC carrying highly cytotoxic monomethyl auristatin E
(MMAE, Fig. 3)28. This design greatly improved the stability of
the acid-cleavable linker and should be sufficient to support acid-
cleavable ADCs containing highly cytotoxic payloads. Compared
with the traditional hydrazine linker (t1/2 Z 2 days) and carbonate
linker (t1/2 Z 36 h), the t1/2 of the novel silyl ether linker-MMAE
conjugate was more than 7 days in human plasma. This novel
ADC containing a silyl ether linker possessed strong cell inhibi-
tory activity (HER2þ cell lines, IC50 Z 0.028e0.170 nmol/L) and
exhibited a better therapeutic effect than monoclonal antibodies in
a mouse xenograft model.

2.3. Glutathione (GSH)-cleavable triggers

Glutathione (GSH)-cleavable triggers rely on the higher level of
glutathione in the cytoplasm (1e10 mmol/L) compared to the
blood plasma (w5 mmol/L)29. Disulfide bonds are most
commonly used in these triggers. However, the present disulfide
bond constructs cannot achieve a perfect combination of high
circulatory stability and efficient intracellular release. In 2017,
Thomas et al.30 tried to solve this problem by attaching the small
molecule drug directly to engineered cysteines in a THIOMAB
antibody (Fig. 4A). By connecting directly to the antibody, a steric
protection from the antibody would increase the circulatory sta-
bility. Firstly, by screening sites for conjugation, they identified
that LC-K149C as a stable conjugation site for disulfide. In vivo
stability study showed that when DM1 was attached through a
disulfide to K149C, more than 50% of the drug remained attached
even after seven days. An in vivo efficacy study showed that this
novel anti-CD22-DM1-ADC could induce tumor regression at a
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single dose of 3 mg/kg in a human lymphoma tumor xenograft
mouse model. Furthermore, this novel Cys-linked disulfide-
conjugation strategy could also be applied to non-thiol payloads,
such as MMAE, by inserting a self-cleaving disulfide linker. In the
same year, this novel strategy was used to prepare ADCs armed
with a PBD as a payload (Fig. 4B)31. Compared with the mal-
eimide peptide (Val-Cit)-PBD-ADC, the novel disulfide ADC
exhibited similar activity at several doses in a human non-
Hodgkin lymphoma tumor xenograft mouse model. At the same
time, this novel disulfide-ADC had a higher MTD than that of a
Val-Cit-ADC (10 vs. 2.5 mg/kg). In conclusion, these results
demonstrate the potential for novel linkers to improve the bio-
physical properties and increase the therapeutic index of ADCs.

2.4. Fe(II) cleavable trigger

Abnormal iron metabolism can elevate the levels of unbound
ferrous iron32. Based on this strategy, increasing the unbound
ferrous iron concentration has been utilized in prodrug design33. In
2018, Spangler et al.34 reported an Fe(II)-reactive 1,2,4-trioxolane
scaffold (TRX) linker and initially employed this cleavage method
with ADCs (Fig. 5A). The linker was cleaved by a Fenton reaction
between the OeO bond of TRX and Fe(II), affording a carbonyl
intermediate and releasing the payload via b-elimination
(Fig. 5B). In an in vitro cytotoxicity study, the TRX linker-
containing ADCs demonstrated activity in antigen positive cells
(EC50 Z 0.07 nmol/L) similar to that of classic Val-Cit linker-
containing ADCs. However, the TRX linker-containing ADCs still
showed significant toxicity (EC50 Z 0.61 nmol/L) in the antigen-
negative MDA-MB-468 cell lines. This instability was caused by
the nonspecific interaction between the adamantane moiety and
the nearby sites on the antibody, resulting in trioxolane heterolytic
ring cleavage. The researchers intended to avoid this reaction in
the ADCs by the addition of inert polyethylene glycol (PEG)
spacers between the antibody and adamantane.

2.5. Novel enzyme-cleavable triggers

In addition to the classic b-glucuronidase-cleavable linkers that
were developed for ADCs in 200635, b-galactosidase was
Figure 5 Structures of Fe(II)-cleavable trigger. (A) The structure of th

fication from Ref. 34 ª 2018 American Chemical Society. (B) Release m
discovered to be overexpressed in tumor cells and possess hy-
drolytic activity. In 2017, Kolodych et al.36 described a b-galac-
tosidase-cleavable linker-containing ADCs (Fig. 6A). The ADCs
containing this b-galactosidase-cleavable linker was rapidly hy-
drolyzed in vitro at 10 U/mL b-galactosidase (Fig. 6B). The ADC
comprising trastuzumab and MMAE via this linker exhibited a
lower IC50 (8.8 pmol/L) than that of ADC containing a Val-Cit
linker (14.3 pmol/L) and Kadcyla (33 pmol/L). Equivalent re-
sults were obtained with in vivo experiments; ADCs containing
the b-galactosidase-cleavable linker exhibited a 57% and 58%
reduction in tumor volumes in a xenograft mouse model at a
single dose of 1 mg/kg, but the efficiency of Kadcyla was not
statistically significant at the same dose. In addition, the novel
ADCs showed a higher reduction of tumor growth than Kadcyla
through a Principal Components Analysis (PCA).

In 2020, a sulfatase-cleavable linker was described by Bargh
et al.37 (Fig. 6C). Sulfatase, which is analogous to b-galactosidase,
is a hydrolytic enzyme overexpressed in tumor cells. The
sulfatase-cleavable linker exhibited definite susceptibility to sul-
fatase enzymes (t1/2 Z 24 min) in a release study. In mouse
plasma, compared with Val-Ala and Val-Cit linker conjugates
hydrolyzed within 1 h, sulfatase-cleavable linker conjugates
demonstrated high plasma stability (over 7 days). Compared
with the in vitro cytotoxicity of noncleavable ADCs (IC50 Z 609
pmol/L) and Val-Ala containing ADCs (IC50 Z 92 pmol/L),
sulfatase-linker-containing ADCs exhibited higher cytotoxicity
(IC50 Z 61 and 111 pmol/L) and a superior selectivity in HER2þ

cells.
Phosphate and pyrophosphate groups can markedly improve the

hydrophilicity of linkers and can be employed to load lipotropic
payloads. In 2016, Kern et al.38 employed a terminal phosphate/py-
rophosphate as both a leaving group and hydrophilic group for the
Val-Cit-p-aminobenzyloxycarbonyl (PAB) linker with the highly
lipophilic glucocorticoid budesonide (Fig. 7A). However, the t1/2 in
the plasma was less than 6 h, which failed to meet the stability
requirement of ADCs. Subsequently, budesonide phosphate could be
detected, suggesting that payload release may occur in two steps by
cathepsin and phosphatase. The double sensitivity to cathepsin and
phosphatasemaybe responsible for the instability of the linker.While
the specific hydrolysis mechanism was not confirmed, it was proven
e Fe(II)-reactive (TRX) linker-containing ADC. Adapted with modi-

echanism of Fe(II)-cleavable linker-containing ADCs.



Figure 6 Structures of glycosidase- and sulfatase-cleavable triggers. (A) The structure of a b-glucuronidase-cleavable, linker-containing ADC.

Adapted with modification from Ref. 36 ª 2017 Elsevier. (B) Release mechanism of b-glucuronidase and b-glucuronidase-cleavable linker-

containing ADCs. (C) The structure and release mechanism of sulfatase-cleavable linker-containing ADCs. Adapted with modification from

Ref. 37 ª 2020 The Royal Society of Chemistry.
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that the phosphate/pyrophosphate structure had the potential to be a
novel linker. In the same year, Kern et al.18 replaced the traditional
Val-Cit-PABlinkerwitha phosphate diester structure and synthesized
a series of linkers based on the structure of monophosphate, pyro-
phosphate and triphosphate diesters (Fig. 7B). Compared with the
previous linker, the pyrophosphate linker showed extremely high
stability over 7 days in mouse and human plasma stabilization ex-
periments. Moreover, the high hydrophilicity of the linker was
retained and was able to mitigate the aggregation potential of the
ADC with other lipophilic payloads (the solubility of the pyrophos-
phate diester linker drug is greater than 5 mg/mL). In an in vitro
evaluation, ADCs containing pyrophosphate and triphosphate diester
linkers are cleaved much more rapidly than monophosphate diesters.
According to the analysis of themetabolites of pyrophosphate diester
linkers, the ADCs were first hydrolyzed into a monophosphate-
payload metabolite and then rapidly produced a prototype drug.
The combination of two enzymes may lead to rapid payload release.

Additionally, the cleavable chemical trigger and payload are
connected via a self-eliminating leaving group, with the PAB
group as the current structure39,40. More recently, our group
developed a 7-amino-3-hydroxyethyl-coumarin (7-AHC) group as
a potent alternative to PAB, which has been employed in a



Figure 7 Structures of a pyrophosphate-cleavable trigger and novel leaving group. (A) The structure and release mechanism of Val-Cit-PAB-

pyrophosphate linker-containing ADCs. Adapted with modification from Ref. 38 ª 2016 American Chemical Society. (B) The structure and

release mechanism of pyrophosphate linker-containing ADCs. Adapted with modification from Ref. 39 ª 2016 American Chemical Society. (C)

The structure and release mechanism of Val-Ala-AHC cleavable linker-containing ADCs. Adapted with modification from Ref. 42 ª 2020

Ivyspring International.
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dipeptide linker (Fig. 7C)41. 7-AHC, as a bifunctional fluorescent
group, can allow self-elimination cleavage in the presence of
cathepsin B for payload release and fluorophore activation. Rapid
payload release was observed within 1 h by the 48-fold
enhancement in fluorescence. Importantly, the 7-AHC group
retained the traditional advantages of a self-eliminating leaving
group. ADCs containing a 7-AHC-based dipeptide linker exhibi-
ted good stability (t1/2 > 7 days) and high activity in vitro
(IC50 Z 0.09e3.74 nmol/L). In a classic breast cancer model, an
ADC containing the novel linker induced tumor regression at a
dose of 1.5 mg/kg and exhibited antitumor efficacy equivalent to
that of the marketed Kadcyla.

2.6. Photo-responsive cleavable triggers

The strategy of payload release based on photo-responsive
cleavable triggers has gradually emerged in recent years42e45.
Photo-responsive cleavable triggers have the following



Figure 8 Structures of photo-responsive cleavable triggers. (A) The structure and release of NIR-cleavable linker-containing ADCs. Adapted

with modification from Ref. 47 ª 2015 WILEY. (B) The structure and release mechanism of UV-cleavable linker-containing ADCs. Adapted with

modification from Ref. 48 ª 2020 Elsevier. (C) The structure and release mechanism of PC4AP-UV cleavable linker-containing ADCs. Adapted

with modification from Ref. 49 ª 2019 The Royal Society of Chemistry.
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advantages: (1) controlled drug release and effective reduction in
off-target toxicity and (2) determination of the cleavage mecha-
nism and no limitation on the intracellular release. Photo-
responsive cleavable triggers enjoy the following advantages,
including low toxicity, a rapid response, and high sensitivity and
specificity.

In 2015, Nani et al.46 firstly employed a near-infrared (NIR)
light photo-caging strategy for ADCs (Fig. 8A). The photo-
responsive cleavable trigger was based on a heptamethine
cyanine fluorophore scaffold. Upon irradiation with NIR light
(l Z 650e900 nm), the ADCs effectively released the small
molecule cytotoxin CA-4 in the irradiated tumor areas in a site-
specific manner. In a stability study, the linker without NIR
light in human plasma at 37 �C led to minimal release of CA-4
(<1%) after 72 h. In an in vitro cytotoxicity experiment, ADCs
containing the NIR light-cleavable linker exhibited activity
(IC50 Z 16 nmol/L) equivalent to CA-4 in an EGFRþ cell line
upon irradiation and low activity (IC50 Z 1.1 mmol/L) without
irradiation. However, the self-aggregation and photo-unstable
characteristics of this linker limit its applications in biological
research and further development as a drug.
More recently, our group initially reported a novel ultraviolet
(UV) light-controlled ADC (Fig. 8B)47. The linkers introduced a
UV light-controlled O-nitrobenzyl group as a chemical trigger. In
stability and release studies, this linker containing MMAE
released <1% under natural light over 6 days and showed the
rapid release of MMAE that reached the highest plateau within
10 min upon irradiation. In an in vitro cytotoxicity experiment,
after irradiation with 365 nm (40 W) UV light, the activities of the
O-nitrobenzyl linker-containing ADCs were greatly increased
(both EC50 Z 0.04 nmol/L), and were 50-fold higher than that of
unirradiated ADCs. From in vivo imaging experiments, it was
observed that the O-nitrobenzyl linker-containing ADCs have
half-lives almost equal to naked antibodies, maintaining the
advantage of a long half-life.

In 2019, Zang et al.48 reported a photo-responsive, self-
cleaving linker employing a photo-caged C40-oxidized abasic site
(PC4AP). Compared with the 2 ADCs mentioned, this linker has
“double insurance” within a single chemical trigger by design.
Upon irradiation at 365 nm, the hydroxyl group of PC4AP un-
dergoes an intramolecular addition reaction with a nearby amine
on its own antibody, and a subsequent elimination reaction leads
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to cleavage and payload release (Fig. 8C). In the release study, it
was confirmed that payloads can be completely released after
incubation for 1 h in the presence of both N-terminal amines and
light, and could not be released under a single light condition.
Furthermore, Mal-PC4AP-doxorubicin (DOX) exhibited no cyto-
toxicity under light conditions in the SK-BR-3 cell line, which
coincided with the results of the release study. The peptide-
PC4AP-DOX-containing ADC showed toxicity equivalent to the
payload DOX in positive cells and no cytotoxicity without
irradiation.

Near infrared light (l Z 650e900 nm)-controlled cleavage of
ADCs faces the problems of complex structure, self-aggregation,
photo-instability, and unfavorable pharmacokinetics in vivo49,50.
For UV (l Z 365 nm)-controlled ADCs, a high dosage of UV is
toxic and can lead to oxidative stress, photoaging and immuno-
suppression51,52. Moreover, UV blue light cannot penetrate patient
skin to reach deeply into the tumor area. Only depths of about
100 mm can be reached51,52.

2.7. Bioorthogonal cleavable triggers

Bioorthogonal chemistry refers to a chemical reaction that can
occur in the body without interfering with normal biological
processes, featuring high selectivity, fast and simple processing
and nontoxic byproducts. Therefore, bioorthogonal cleavage pairs
are suitable as cleavable triggers53,54. In 2019, Wang et al.55

developed a bioorthogonal cleavable linker that employed the
classical bioorthogonal cleavage pairs, Cu(I)-2-[4-[[bis[(1-tert-
butyltriazol-4-yl)methyl]amino]methyl]triazol-1-yl]acetic acid
(BTTAA) and dual-substituted propargyloxycarbonyl (dsProc).
The bioorthogonal cleavable trigger-containing ADCs release
payloads at the cancer cell surface (Fig. 9). Although free copper
ions are widely distributed, it has been confirmed that dsProc has
high selectivity and cleavage reactivity only to Cu(I)-BTTAA. In
the in vitro toxicity experiments, it was shown that the addition of
50 mmol/L Cu(I)-BTTAA decreased the IC50 of DOX-dsProc-
containing ADCs by 120-fold. While these linkers expanded the
cleavage mechanism, they may not be an optimal linker for pay-
loads with poor membrane permeability due to extracellular
release.

The study of bioorthogonal-cleavage triggers developed
recently and has focused on in vitro exploration. Problems
remain regarding reaction efficiency, reaction rate, substrate
stability, biocompatibility and operation convenience. At present,
they cannot be applied in vivo, and are far from clinical
application.
Figure 9 The structures and release mechanism of biorthogonal-cleavab

2019 American Chemical Society.
2.8. Novel noncleavable linkers

Differing from cleavable linkers, noncleavable linkers have no
structural chemical trigger for payload release. Therefore, the
active part of a noncleavable ADC is comprised of an amino acid
appendage, a linker and a cytotoxic payload56. A fundamental
requirement for noncleavable linkers is that they can not reduce
the activity of the payload.

SMCC is a classic noncleavable linker that has been employed
in Kadcyla. However, SMCC-based conjugates are still limited
due to their instability in the circulatory system and hydrophobic
properties12. In 2016, Igor Dovgan et al.14 presented 2-(mal-
eimidomethyl)-1,3-dioxane (MD) as a potent alternative to the
classical SMCC linker (Fig. 10A). Replacing the cyclohexane ring
with 1,3-dioxane, the two intracyclic oxygen atoms increased the
hydrophilicity of the novel noncleavable linker. Despite the
presence of an acetal moiety, the MD-based linker was remarkably
stable even at pH Z 0. In a human plasma stability study, MD-
linker fluorescence conjugates exhibited four times lower fluo-
rescence than the SMCC linker fluorescence conjugates at 72 h.
Different from the SMCC linker, the succinimidyl ring in the MD
linkers underwent fast self-stabilization by ring-opening hydro-
lysis to avoid a retro-Michael reaction. In another stability study,
the MD linker-containing ADCs showed only 3% degradation in
120 h compared to 38% degradation of the same SMCC-
containing ADCs. Subsequently, Tobaldi et al.57 further explored
this novel strategy. By changing the size of the acetal ring and the
length of the carbon chain between the acetal and succinimidyl
moieties, it was proven that increasing the size of the acetal ring
and the length of the carbon chain exhibited better succinimidyl
ring-opening kinetics. In general, the length of the carbon chain
was the major determinant for achieving self-stabilization.

In 2017, Gregson et al.58 demonstrated three highly hydro-
philic noncleavable linkers synthesized by iodoaryl intermediates
to connect pyrrolobenzodiazepine (PBD) dimers (Fig. 10B). This
noncleavable linker was constructed with hydrophilic PEG chains
including an alkyne, a triazole and a piperazine coupled to the
PBD dimer through aryl groups. In contrast to the other two
linkers, ADCs containing a triazole were completely inactive in
the HER2/3þ KPL-4 cell line in vitro. Equivalent results were also
reflected in the in vivo experiment. ADCs containing an alkyne
and a piperazine achieved tumor suppression in the WSUDLCL2
lymphoma xenograft model at similar doses (0.31 and 1 mg/kg,
respectively), while ADCs containing a triazole needed a dose of
36 mg/kg. Interestingly, these linkers were only distinguishable by
the three slightly different functional groups, but their activity was
le linker-containing ADCs. Adapted with modification from Ref. 56 ª



Figure 10 Structures of non-cleavable linkers. (A) The structure of MD non-cleavable linker-containing ADCs. Adapted with modification

from Ref. 14 ª 2016 Nature Publishing Group. (B) The structure of noncleavable ADCs containing an alkyne, a triazole and a piperazine group,

respectively. Adapted with modification from Ref. 59 ª 2017 American Chemical Society. (C) The structure of noncleavable linker-MMAE-

containing ADCs. Adapted with modification from Ref. 60 ª 2020 Multidisciplinary Digital Publishing Institute.
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very different. This research suggested that PEG linkers contain-
ing alkynes or piperazine would be noncleavable linkers with
potential applications.

Without bystander effects, an advantage of the noncleavable
linkers is to lower off-target toxicity in normal tissues. Based on
this, our group developed a noncleavable ADC with MMAE as the
payload, which could broaden the therapeutic window of MMAE-
based ADCs (Fig. 10C)59. The active part of the noncleavable
ADC (L-cysteine (Cys)-linker-MMAE) not only exhibited similar
cytotoxicity to that of MMAE (IC50: 10�11 mol/L), but also
reduced toxicity in the bystander effect test. We thought that the
low permeability (MlogP Z 2.093) helped to avoid off-target
toxicity. In the xenograft mouse model, the noncleavable ADC
showed significant antitumor activity at a dose of 2.5 mg/kg with a
MTD reaching 160 mg/kg, which is almost twofold that of the
Val-Ala linker containing ADC.
3. Linker‒antibody attachments of the linker

Linker‒antibody attachments act as a bridge connecting the linker
and antibody. At present, two main challenges remain for the
linker‒antibody attachment. The first one is the retro-Michael
elimination of the classical maleimide attachment, which can
eventually lead to off-target toxicity. The optimization in the
chemical structures over the last 5 years are reviewed here. The
second challenge is the heterogeneous DAR values. Essentially,
the approved ADCs are mixtures of different DAR values.
Developing a homogeneous ADC has always been the goal.
Currently there are 2 strategies: site-specific conjugation tech-
nology and chemical structural modification of the linker‒anti-
body attachment. Site-specific conjugation through antibody
engineering is extensively reviewed elsewhere60e62.
3.1. Maleimide attachment

Maleimide structure conjugation has been widely used in ADCs
and exhibits the inherent advantages of fast reaction kinetics and
excellent thiol specificity. However, thiol-maleimide coupling is
susceptible to retro-Michael reaction, which leads to the instability
of ADCs in the circulatory system and eventually a low thera-
peutic index63.

As early as 2014, Lyon et al.64 found that the problem of retro-
Michael elimination could be chemically solved by the self-
hydrolysis of thiosuccinimide. In 2015, Christie et al.65 and
Fontaine et al.66 developed several modified functional groups
attached to the maleimide ring to stabilize cysteine conjugation,
such as proximal amines and electron-withdrawing groups
(Fig. 11A). But we think the real breakthrough work might belong
to Christie et al.67 In 2017, their group described a N-phenyl
maleimide attachment containing linkers (noncleavable and Val-



Figure 11 Structures of the optimized maleimide attachment. (A) The structure and mechanism of optimized maleimide attachment by

proximal amines and electron-withdrawing groups.(B) The structure and mechanism of optimized maleimide attachment by N-phenyl maleimide.

Adapted with modification from Ref. 68 ª 2017 Multidisciplinary Digital Publishing Institute.
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Ala linkers, Fig. 11B), which could stabilize thiol conjugation
through rapid thiosuccinimide hydrolysis. Compared with N-alkyl
maleimide attachment employing the same linkers, the non-
cleavable ADCs containing N-phenyl maleimide exhibited higher
conjugation stability in mouse plasma over 7 days (payload
release 15% vs. 45%). Similarly for the N-phenyl maleimide-Val-
Cit linker, ADCs containing N-phenyl maleimide retain over 90%
conjugation. In contrast, ADCs containing N-alkyl maleimide
retain only 65% conjugation. N-phenyl maleimide-containing
ADCs exhibited toxicities equivalent to those of N-alkyl ADCs
in antigen positive cell lines in in vitro cytotoxicity analysis. In the
xenograft mouse model, ADCs containing a noncleavable linker
with N-phenyl maleimide attachment had better antitumor activity
in vivo than ADCs containing N-alkyl maleimide. The former
arrested tumor growth at a dose of 1 mg/kg, while the latter
exhibited no antitumor activity at the same dose67.
3.2. Bis(vinylsulfonyl)piperazine attachment

As early as 2006, Shaunak et al.68 developed a 3-carbon bridge
through bisulfones to cross-link two cysteine residues. Subse-
quently in 2014, Badescu et al.69 successfully applied this
attachment to design and synthesize a homogeneous and stable
ADC with a DAR Z 4. However, this method commonly led to
the production of half-antibodies by conjugation in hinge regions
of the monoclonal antibody (Fig. 12A). In 2020, Huang et al.70

continued to develop a novel bis(vinylsulfonyl)piperazine (BVP)
linker for the selective conjugation of disulfides mostly in the Fab
regions (Fig. 12A). Compared with previous work, this structure
could efficiently avoid the formation of a half-antibody71 and
facilitate the construction of highly homogeneous ADCs with a
DAR Z 2. In a stability experiment the BVP conjugates main-
tained high stability without a decrease in DAR after 7 days at
37 �C in human plasma. In an in vitro cytotoxicity study, a BVP
attachment-containing ADC in HER2 negative MDA-MB-
231 cells exhibited far lower toxicity than Kadcyla (>500 vs.
51.5 � 15.7 nmol/L), and these differences in toxicity in antigen-
negative cells suggested that the ADC containing BVP conjuga-
tion had a lower off-target toxicity.

3.3. N-methyl-N-phenylvinylsulfonamide attachment

In addition to modifying the existing maleimide conjugation,
Huang et al.72 introduced N-methyl-N-phenylvinylsulfonamide for
cysteine-selective conjugation to prevent the retro-Michael reac-
tion (Fig. 12B). N-Methyl-N-phenylvinylsulfonamide conjugation
exhibited high stability after 72 h in the presence of the thiol
nucleophile glutathione. ADCs containing this conjugation could
be defined as a DAR Z 8.

3.4. Pt(II)-based attachment

Waalboer et al.73 first proposed the conjugation of histidine onto
trastuzumab with platinum(II) in 2015 and explored the pre-
liminary stability of platinum(II) conjugates. Subsequently, in
2016, Sijbrandi et al.74 developed a metal-organic [ethylenedi-
amine platinum(II)]2þ linker, termed Lx�, and further constructed
trastuzumab-Lx-desferoxamine (DFO)/monomethyl auristatin F
(MMAF) ADCs (Fig. 12C). Because histidine is ubiquitous in
antibodies and the simple two-step operation, Lx� conjugation
has versatile applicability in ADCs. The advantages of this type of
conjugation are mainly exhibited in good manufacturability and



Figure 12 Structures of novel linker‒antibody attachments. (A) “Re-bridge” strategy and the structure of BVP conjugation-containing ADCs.

Adapted with modification from Ref. 71 ª 2020 Elsevier. (B) The structure of N-methyl-N-phenylvinylsulfonamides attachment-containing

ADCs. Adapted with modification from Ref. 73 ª 2018 American Chemical Society. (C) The structure and synthesis of Lx� attachment-

containing ADCs. Adapted with modification from Ref. 75 ª 2016 American Association for Cancer Research.
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high safety. The metabolite Lx-MMAF was supposed to be the
main candidate for the off-target toxicity for this ADC. Its toxicity
was 103- to 104-fold lower than the corresponding ADC and was
102- to 103-fold lower than Mal-MMAF in an in vitro toxicity
evaluation. Low off-target toxicity is also verified in in vivo ex-
periments, and trastuzumab-Lx-MMAF at a high dose of 60 mg/kg
exhibited good tolerance. Furthermore, trastuzumab-Lx-MMAF at
a dose of 15 mg/kg exhibited a better therapeutic effect than
Kadcyla in a mouse xenograft tumor model. While the conjuga-
tion efficiency with this metal-organic linker to histidines was
strongly improved recently75, the same linker can also be used for
site-specific coupling to cysteines76.

4. Linker‒payload attachments of the linker

Only limited linker‒payload attachments are employed in tradi-
tional ADCs, such as carbamate attachment and carbonate
attachment8,11. However, with the rapid expansion of payload
arsenal, the existing linker‒payload attachments can not meet the
requirements. There are two strategies that have been proposed to
solve this problem: (1) modification of the linker to adapt to the
payload and (2) adjustment of the payload to the linker. The first
strategy seems more reasonable. On the one hand, modification of
the payload runs the risk of decreasing activity. For instance,
transformation of the hydroxyl of tubulysin to carboxylic acid was
found to decrease the activity by 5‒23-fold77. On the other hand, a
modified linker has more versatile applicability.

In 2016, Burke et al.78 proposed a quaternary ammonium
attachment for connecting payloads with a tertiary amine structure
and applied this linker to glucuronide-auristatin E (glucQ-AE,
Fig. 13A). In a stability study, the quaternary ammonium-based
glucQ-AE linker remained stable in mouse plasma for 10 days,
which is equivalent to carbamate-based gluc-MMAE. In an
in vitro cell proliferation inhibition experiment, the glucQ-AE
conjugate had 1.5‒4-fold higher activity than the gluc-MMAE
conjugate. Therefore, the application of quaternary ammonium
attachment could effectively connect payloads with a tertiary
amine.

Hydroxyls, particularly phenols, are far more prevalent in
known payloads than amine moieties, such as a-amanitin, tubu-
lysin B, and PNU-15968279e81. In addition to the conversion of a
phenol functional group into an amine or other structure, there
have been developments in novel stable linker‒payload connect-
ing strategies. In 2019, Park et al.82 developed an ortho-hydroxy-
protected aryl sulfate (OHPAS) attachment for payloads contain-
ing an aromatic-OH based on highly stable diaryl sulfate struc-
tures (Fig. 13B). Structurally, one aryl was loaded with the
payload, and the other was equipped with a chemical trigger. In



Figure 13 Structures of novel linker‒payload attachments. (A) Structures of tertiary amine attachments. Adapted with modification from

Ref. 79 ª 2016 American Association for Cancer Research. (B) Structures of OHPAS attachments. Adapted with modification from Ref. 83 ª
2019 American Chemical Society.
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stability studies, the linker employing a chemical trigger of
b-galactoside showed stability for 7 days in both PBS and plasma.
To further confirm the versatile applications of the OHPAS
attachment-containing linker, the researchers synthesized
b-galactoside-OHPAS attachment-containing ADCs loaded with
8 payloads, and these ADCs were tested for their activity in vitro.
The ADCs exhibited IC50 values that were equivalent to or even
higher than that of Kadcyla in antigen-positive cell lines. Similar
results were also observed in in vivo studies; in the amanitin-
containing ADC treatment group, the tumor completely resolved
from Day 10 to Day 60 after administration (2 and 0.5 mg/kg). In
addition to containing different payloads, researchers have tried to
employ multiple triggering parts, such as b-galactosidase,
b-glucuronide, and levulinate esters, in OHPAS linkers to identify
the practical value of this attachment.

5. Absorption, distribution, metabolism, and excretion
(ADME) optimization of the linker

With the development of ADCs, hydrophilicity must be consid-
ered83. Low hydrophilicity of the linker shows the following
disadvantages: (1) low conjugate efficiency and DAR, (2) poly-
merization and sedimentation in human plasma, (3) off-target
toxicity by nonspecific uptake, and (4) undesirable
pharmacokinetics by rapid elimination from plasma84,85. There-
fore, the hydrophilicity of ADCs is crucial. Currently, strategies
for improving the hydrophilicity of ADCs are mainly divided into
two categories: (1) incorporating PEG or sulfonate moieties into
the linker of the ADC86e89; or (2) developing highly hydrophilic
linkers, such as phosphate-based linkers or charged linkers like
[ethylene diamine platinum II]2þ linkers mentioned at the begin-
ning of this review. In addition to linker hydrophilicity affecting
the plasma kinetics and off-target toxicity of ADCs, a series of
studies by Zhang et al. showed that linkers will also affect payload
kinetics in tumors, and thereby determine the in vivo efficacy of
ADCs.

5.1. Hydrophilicity optimization

There have been many studies on strategies to increase hydro-
philicity with PEG, and studies on the relationship between hy-
drophilicity and the off-target effects of ADCs have also been
conducted in recent years. In 2020, Simmons et al.90 described a
family of MMAE-based ADCs with linkers containing PEG
chains of 0, 4, 8 or 12 units. To investigate the relationship be-
tween off-target toxicity and hydrophilicity, the ADCs in this
study were linked with nontargeted antibodies. In the tolerance
experiments, all mice died in the PEG0 ADC group on the 5th day



Figure 14 The structure of PSAR-b-glucuronidase cleavable linker-containing ADCs. Adapted with modification from Ref. 92 ª 2019 Royal

Society of Chemistry.

Figure 15 Effects on payload kinetics in tumors of linkers. (A) The structure of PBD-dimer-containing ADCs. Adapted with modification from

Ref. 93 ª 2016 American Society for Pharmacology and Experimental Therapeutics. (B) The structure and in vivo evaluation of PBD-dimer-

containing ADCs. Adapted with modification from Ref. 94 ª 2018 American Association for Cancer Research. (C) The structural optimiza-

tion of MMAE-containing ADCs and the structure of DMx-containing ADCs. Adapted with modification from Ref. 95 ª 2019 American Society

for Pharmacology and Experimental Therapeutics.
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at the 20 mg/kg dose, but the survival rate of the PEG8 and PEG12
groups was 100% after 28 days. After immunohistochemical
(IHC) staining of the mouse livers, PEG0-containing ADCs
showed nonspecific uptake and released a large quantity of
MMAE after 2 h at a dose of 10 mg/kg. It was therefore proven
that the low dose tolerance of ADCs with low hydrophilicity
was caused by nonspecific liver absorption. Meanwhile the
ADCs containing PEG12 showed slower plasma clearance
(7.3 mL$kg/day) and longer plasma exposure than those con-
taining PEG0 (>46.3 mL$kg/day). In summary, ADCs with
relatively high hydrophilicity could improve the pharmacokinetic
parameters of ADCs, and significantly decrease the nonspecific
uptake and off-target toxicity.

In addition to incorporating short PEG chains into the linker,
numerous hydrophilic fragments have been tested to improve
linker properties. In 2019, Viricel et al.91 developed monodisperse
polysarcosine (PSAR) as a hydrophobic masking entity to
construct highly loaded (DAR Z 8) b-glucuronidase-responsive
ADCs (Fig. 14). PSAR is a polypeptoid composed of endogenous
sarcosine amino acids that is employed as a hydrophilic block. In
previous work, it was confirmed that PSAR provides slightly
better shielding properties than PEG at equal lengths. In this
pharmacokinetic study, PSAR more efficiently reduced clearance
rates than PEG (38.9 vs. 47.3 mL/day/kg). In a xenograft mouse
model, a single dose of the ADC containing PSAR12 at 3 mg/kg
induced complete tumor regression. At the same dose, Kadcyla
was only able to promote tumor growth delay.

5.2. Payload kinetics in tumors

In 2016, Zhang et al.92 found that anti-CD22 disulfide-PBD-ADC
containing methyl- and cyclobutyl-substituted disulfide linkers
exhibited strong efficacy in a WSU-DLCL2 xenograft mouse
model, whereas an ADC with a cyclopropyl linker was inactive
(Fig. 15A). This finding was very interesting because the cyclo-
butyl and cyclopropyl substitutions lead to a large difference in the
efficacy of ADCs. Further in vivo pharmacokinetic studies showed
that cyclobutyl-containing ADCs could effectively delivered the
PBD dimer (1.0e2.0 nmol/L) in tumors at both 24 and 96 h after
dosing. In contrast, cyclopropyl-containing ADC could only
release the ineffective cyclopropyl thiol catabolite in tumor
(4.3e7.5 nmol/L). In 2018, they carried out a further research on
the methyl-substituted disulfide linker (Fig. 15B)93. Results sug-
gested that the methyl-containing linker self-cleaved much more
efficiently and exhibited higher stability than the non-methyl-
containing linker. Payload release in tumor is a net result of di-
sulfide cleavage and subsequent self-cleavage.

In 2019, the delivery of other commonly used payloads, such
as maytansinoids (e.g., DMx), auristatins (e.g., MMAE) by
different linkers was studied (Fig. 15C)94. This study further
verified that intratumoral payload exposures directly related to the
structure of linker. Similar to PBD, MMAE could also be conju-
gated to the antibody through a self-cleavage disulfide linker. The
double-methyl-disulfide (DiMe-SS)-MMAE-ADC showed higher
tumor delivery (42.1 vs. 19.1 nmol/L) and tumor growth inhibition
(69% vs. 50%) than the methyl-disulfide (Me-SS)-MMAE-ADC.
Addition of PAB group to the Me-SS-MMAE-ADC could further
improve the MMAE delivery (87.1 nmol/L) in tumor, giving a
corresponding 30% tumor regression. The maytansinoids could be
directly conjugated to the THIOMAB antibody through the di-
sulfide bond. Direct conjugation of DM4 to light chain at K149C
resulted in a very stable ADC with no DAR loss at day 10 in vivo.
Their studies also suggested a threshold concentration and a
plateau effect for an ADC. A threshold concentration of intra-
tumor payload was required to support sustained efficacy, which
was approximately 1 PBD/106 bp for PBDeADCs and 50 nmol/L
for MMAEeADCs, and 13 nmol/L for DMxeADCs. A plateau
effect means that an ADC can deliver an excessive level of
payload to tumors that does not enhance efficacy.
6. Conclusions

There are numerous developments on the structural optimization
and mechanism expansion of ADCs over the past five years.
Firstly, and most importantly, novel chemical triggers have been
developed to obtain higher selectivity in delivery to tumors. For
instance, the cBu trigger, the silyl ether trigger, the TRX trigger
are valuable approaches. Particularly, novel photo-responsive
cleavable triggers and bioorthogonal cleavable triggers could
break the intracellular drug release restrictions for traditional
ADCs, and provide an opportunity for the use of nonendocytic
antibodies, but might not work for low membrane permeability
payloads, such as MMAF. Secondly, for linker‒antibody attach-
ment, there are two main problems that remain to be solved. The
first problem is the retro-Michael elimination of the classical
maleimide attachment. Fortunately, N-phenyl maleimide attach-
ment could significantly improve the stability of ADCs with minor
structural alterations, with promising prospects. The second
problem is the heterogeneity of the DAR values. Although site-
specific conjugation could solve this problem by modifying the
antibodies, developing new linker‒antibody attachments might be
another effective way. For instance, the BVP attachment could
help to produce highly homogeneous ADCs with a DAR Z 2.
Thirdly, the linker plays an important role in the pharmacokinetics
of ADCs. It can not only affect the plasma kinetics by adding
hydrophilic fragments, but also affect the kinetics of payload
release in tumors by structural optimization. Finally, with the
rapid expansion of the payload arsenal, more and more linker‒
payload attachments have been developed in recent years. In
particular, the quaternary ammonium attachment could connect all
payloads with a tertiary amine, such as Carfilzomib, Vinblastine,
Duocarmycin, Rifabutin, etc. In conclusion, additional studies are
needed to confirm the real effects of the novel linkers, despite their
encouraging initial data.
7. Challenges and outlook

An ADC is a precise drug delivery system formed by the combi-
nation of a highly targeted antibody, a well-designed linker and a
highly active payload. The complex composition of ADCs leads to
following challenges at present: (1) toxicity problems remain to be
solved. Although ADCs have greatly improved the targeting effi-
ciency (over 100-fold95) compared to traditional chemotherapeu-
tics, research has shown that less than 1% of the dosed ADCs
accumulate in the tumors96. The danger is that the payloads,
commonly 100-fold more toxic than conventional chemothera-
peutic drugs, could be non-specifically released in normal tissues by
the linkers. This eventually leads to systemic adverse effects and low
MTD of ADCs. For instance, the MTD of Adcetris and Kadcyla is
only 1.8 and 3.6 mg/kg respectively97,98. The limited MTD greatly
limits the therapeutic potential of ADCs. In the future, more se-
lective linkers can not only release payload rapidly in tumor tissues,
but also effectively reduce the off-target toxicity in normal tissues.
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This important scientific assumption is the guide for our present
work, and our unpublished data have initially supported this idea. (2)
Drug resistance is another challenge of ADCs. Although the
mechanisms of drug resistance for ADCs have not been determined,
research has shown that down-regulation of target antigen, reduc-
tion of internalization of ADCs and efflux of the active payload are
possible causes. For instance, the classic payloads, such as MMAE
and DM1, are easily transported by adenosine triphosphate (ATP)
binding proteins and lead to drug resistance. Therefore, SN-38, PBD
and other novel payloads have been employed in ADCs, such as the
Trodelvy. The discovery of new payloads requires the development
of new linkers. (3) Full-length antibodies employed in ADCs
inevitably face the problem of limited penetration of solid tumors
and limited endocytotic efficiency. Along with employing smaller
nano-antibodies to improve efficiency, this limitation may also be
solved by using linkers with extracellular release capacity. Our
group has made an initial attempt to design and synthesize photo-
responsive linkers for extracellular release, but the reliability and
validity needs further in vivo studies. (4) The relatively complex
structure of linkers leads to difficulties in preclinical studies and in
clinical applications. Therefore, the development of linkers with
simplified structures and integrated functions may be another
research direction. Our group attempted to integrate therapy and
imaging in a theranostic ADC, which would help promote the pre-
clinical study of ADCs. Thomas et al.30 simplified the linker by
directly connecting the payloads to the antibody through a disulfide
bond.We believe that with the development of antibody technology,
linker technology and novel payloads, ideal ADCs with disruptive
efficacy will be finally developed to promote the development of
personalized medicines.
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