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Antibody–drug Conjugates (ADCs) are a powerful therapeutic modality for cancer treatment. ADCs are multi-

functional biologics in which a disease-targeting antibody is conjugated to an effector payload molecule via a linker.

The success of currently used ADCs has been largely attributed to the development of linker systems, which allow

for the targeted release of cytocidal payload drugs inside cancer cells.

antibody–drug conjugate  lysosome  cathepsin  legumain

1. Introduction

Clinical approvals of Antibody–Drug Conjugates (ADCs) have seen a big leap in the past several years. In fact, 12

out of 15 ADCs on the market were approved from 2017 to 2022 . More than 100 new ADCs are currently at

various stages of clinical development, which reflects the huge potential of this class of medicines in cancer

treatment. The mechanism of action of ADCs involves antibody binding to a specific antigen on cancerous cells

and subsequent internalization via receptor-mediated endocytosis. Once inside the cancer cell, degradation of the

antibody and/or cleavage of the linker in the endosomal–lysosomal compartments would release the drug payload,

which then exerts its cytocidal effects in the cytoplasm or nucleus. Researchers have taken advantage of two

important endosomal–lysosomal features in designing linker systems for drug release: (i) the acidic environment

inside lysosomes for the design of acid-labile linkers, and (ii) the over-expression of specific lysosomal proteases

for the design of protease-cleavable linkers (Figure 1A) . Eight out of the fifteen approved ADCs have

protease-recognizable peptide sequences in the linkers (Table 1), which are further attached to a self-immolated

moiety. Upon cleavage of the peptide sequence by the protease, the self-immolated moiety readily undergoes

elimination to release the free drug, which then defuses out of the lysosomal compartment. Linker–payload

optimization is one of the most critical tasks in ADC development. The lysosomal protease-cleavable Valine-

Citrulline-PABC (ValCitPABC) linker system is used in many of the approved ADCs , which is readily cleaved

at the amide bond linking Cit and PABC, leading to self-immolate payload release. Initially, it was thought that only

cathepsin B was responsible for the cleavage of ValCitPABC; however, later gene knockout studies have shown

that other cathepsins, like cathepsin S, cathepsin L, and cathepsin F, are also involved in the cleavage mechanism

. It has also been revealed that a variety of dipeptide sequences can act as substrates for these lysosomal

enzymes. After the initial development of the ValCitPABC linker, researchers have tested a plethora of

peptide/peptidomimetic sequences to further improve the linker system  for faster release of payloads
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and to discover more enzyme-specific peptide sequences, which led to the identification of new cathepsin-sensitive

dipeptide sequences such as ValAla, AlaAla, and cBuCit (cBu: cyclobutane-1,1-dicarboxamide).

Figure 1. (A) Fate of an ADC before and after internalization. Premature cleavage of the linker in extracellular

matrix is often associated with off-target toxicity. Antigen-mediated endocytosis delivers ADC in the endosomal–

lysosomal system and lysosomal linker cleavage releases the drug, which acts to exert its cytotoxicity. (B) Effect of

amino acid composition in the linker peptide and substitution on the benzene ring of PABC on linker stability in

mouse plasma.

Table 1. Clinically approved ADCs.

S.
No. ADC Linker System Cleavage

Mechanism Payload Company

1
Gemtuzumab
ozogamicin
(Mylotarg)

4-(4-acetylphenoxy)
butanoic acid

pH sensitive Calicheamicin Pfizer/Wyeth
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S.
No. ADC Linker System Cleavage

Mechanism Payload Company

2
Brentuximab
vedotin
(Adcetris)

mc-ValCitPABC Lysosomal MMAE Seattle/Takeda

3
Trastuzumab
emtansine
(Kadcyla)

MCC
Non-
cleavable

Maytansine
DM1

Genentech
Roche

4
Inotuzumab
ozogamicin
(Besponsa)

Hydrazone pH sensitive Calicheamicin Pfizer/Wyeth

5
Polatuzumab
vedotin
(Polivy)

mc-ValCitPABC
Lysosomal
degradation

MMAE
Genentech
Roche

6
Enfortumab
vedotin
(Padcev)

mc-ValCitPABC
Lysosomal
degradation

MMAE
Astellas/Seattle
Genetics

7
Trastuzumab
deruxtecan
(Enhertu)

mc-GGFG-
aminomethoxy

Lysosomal
degradation

Deruxtecan,
Dxd

Daiichi-
Sankyo/AstraZeneca

8
Sacituzumab
govitecan
(Trodelvy)

mc-PEG-carbonate pH SN-98 Immunomedics

9
Belantamab
mafodotin
(Blenerp) *

mc-MMAF
Non-
cleavable

MMAF GSK

10
Loncastuximab
tesirine
(Zynlonta)

mc-ValCitPABC
Lysosomal
degradation

SG3199, PDB
dimer

ADC Therapeutics

11
Tisotumab vedotin
(Tivdak)

mc-ValCitPABC
Lysosomal
degradation

MMAE
Genmab and Seattle
Genetics

12
Disitamab Vedotin
(Aidixi)

mc-ValCitPABC
Lysosomal
degradation

MMAE RemeGen

13
Moxetumomab
pasudotox
(Lumoxiti)

mc-ValCitPABC
Lysosomal
degradation

PE38 AstraZeneca

14
Cetuximab
sarotalocan
(Akalux)

NA NA IRDye700DX Rakuten Medical
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The ValCitPABC linker system has proven to have good stability in human serum, which is the utmost criterion for

ADCs to sustain enzymatic degradation in systemic circulation. However, many studies have shown that

ValCitPABC is susceptible in mouse plasma and that the degradation is caused by a protease called

Carboxylesterase C1 (Ces1C) . This instability in mouse plasma hampers the preclinical evaluation of the ADCs.

Therefore, the preclinical studies have to be conducted in transgenic mice with knock-out Ces1C. Target-

independent uptake toxicity , dose-limiting neutropenia, and thrombocytopenia  are major causes of

concern in ADC development. It has been shown that ADC treatment often leads to neutropenia in cancer patients

, especially when employing ValCitPABC-MMAE. Zhao et al.  employed purified neutrophil elastase, a serine

protease, to evaluate the in vitro stability of ADCs with a cleavable valine-citrulline linker (vc-MMAE), or a non-

cleavable maleimidocaproyl linker (mc-MMAF), and showed that the ValCit linker was readily cleaved by elastase

to release free MMAE, whereas the MC linker was not.

2. Adding a P3 Polar Acidic Residue to the ValCitPABC
Linker Increases Plasma Stability

The ValCitPABC linker is designed to be cleaved by cathepsin B at the amide bond between the P1 residue

citrulline and P1′ PABC (Figure 1B) . Cathepsin B, a cysteine protease primarily found in lysosomes, is first

synthesized as a pre-proenzyme in the endoplasmic reticulum. Upon removal of the N-terminal signal peptide, the

proenzyme is delivered to the Golgi apparatus, where it is modified via glycosylation. The glycosylated proenzyme

then translocates from the trans-Golgi network to endo/lysosome, where auto-proteolytic processing converts it into

the mature form composed of two disulfide-linked polypeptide chains . Like other lysosomal cathepsins,

cathepsin B is often upregulated in cancer cells , which makes the ValCitPABC linker particularly attractive for

ADC payload release. However, it has been shown that ValCitPABC can be cleaved by Ces1C in mouse plasma,

as verified with the purified Ces1C enzyme and the Ces1C knockout mouse as the positive and negative controls,

respectively . In the same study, the ValCit linker was found to be stable when co-incubated with Ces1C

inhibitors. After clearly establishing the Ces1C-mediated cleavage mechanism, the authors synthesized several

novel linker–payload molecules with a substitution at the P3 position and tested their stability (Figure 1B).

Interestingly, they observed increased mouse plasma stability when certain hydrophilic groups were introduced at

the P3 position; in particular, a 2-hydroxy acetamide group greatly increased the plasma stability. Inspired by these

results, Anami et al. introduced hydrophilic amino acids at the P3 position  and found that, while SerValCit

showed little improvement in stability, linkers with an acidic amino acid at the P3 position, GluValCit and AspValCit,

showed excellent stability in mouse plasma. In contrast, having a basic amino acid Lys at P3 made the LysValCit

linker more labile than the parent ValCit linker. This indicates that an acidic amino acid at the P3 position effectively

blocks the access by Ces1C, whereas a basic amino acid enhances the interaction between Ces1C and the linker.

Importantly, all the linker–payload designs discussed above were very stable in human serum and they remained

susceptible to the lysosomal enzyme cathepsin B, which is crucial for drug release inside the cancer cell,

suggesting that lysosomal cleavage enzymes do not have stringent sequence specificity. It is hypothesized that the

human homolog of the Ces1C enzyme in human liver has the active-site serine residue deep inside the substrate

S.
No. ADC Linker System Cleavage

Mechanism Payload Company

15
Mirvetuximab
Soravtansine
(ELAHERE)

Disulfide-containing
cleavable linker
sulfo-SPDB

Glutathione
cleavable

Maytansinoid
DM4

ImmunoGen
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binding cleft , whereas the active site of human cathepsin B is shallow; thus, substituents at the P3 site are well

tolerable.

3. Polar Basic Residue Substitution at the P1 Position of the
ValCit-PABC Linker Improves Lysosomal Cleavage Activity

Since its initial discovery, the ValCit-PABC linker system has been used in many ADC constructs with a variety of

antibodies and payloads. Researchers have designed a plethora of P2-P1 dipeptides via the substitution of P2-Val

and P1-Cit, aiming to increase the linker’s lysosomal cleavability and improve its stability in mouse plasma. Poudel

et al. synthesized various linkers with uncialamycin as the payload . When the polar citrulline was replaced with

alanine, the stability in plasma was further decreased, although payload release by cathepsin B was not affected.

When the polar negatively charged aspartic acid was introduced at the P1 position, there was no significant change

in mouse plasma stability; however, it showed a decreased release of the payload by cathepsin B. On the contrary,

another study on the effect of the P1 amino acid on cathepsin-mediated cleavage showed that an arginine residue

at the P1 position improved the cleavage by nine fold . These results suggest that a polar or basic P1 amino

acid is preferable for efficient payload release, whereas an acidic residue decreases the cleavage efficiency.

4. Peptidomimetic Substitution on the Cathepsin-Specific
Dipeptide-PABC Linker

In a structure-based study of novel peptidomimetic substitutions at the P2 position of the ValCit-PABC linker, Wei et

al.  took the key assumption that reducing the number of hydrolyzable peptide bonds would yield cathepsin B-

specific linkers with improved extracellular stability . They used simplified constructs where linkers were

attached to norfloxacin via PABC and the N-terminal was protected as benzyl carbamate. Cleavage efficiency was

evaluated using the Michaelis–Menten steady state V  and the K  data by keeping the cathepsin B

concentration constant. When they replaced the P2-P1 peptide bond with fluoroolefin and triazole, the cleavage

activity by cathespsin B was greatly reduced, which suggests hydrogen bond interactions are crucial for enzyme

binding. Based on computational shape similarity search, they identified cyclobutane-1,1-dicarboxamide as a

suitable P2 residue. This novel structural unit is able to provide three hydrogen bonding interactions and the

cyclobutyl group has an optimum size to fit in the S2 binding pocket. They synthesized various linkers with varying

sizes of cycloalkyl rings and side chains at the P1 site; however, none of these showed increased cleavage activity

compared to the ValCit counterpart. To address the discrepancies between the computational model and the

observed cleavage results, they obtained a crystal structure of human cathepsin B complexed with thiophen-

cBuCit-CN (Figure 2A), where the electrophilic CN group was introduced to capture the Cys thiol group at the

active site. Indeed, the crystal structure showed expected hydrogen bonding interactions and the key thioimidate

bond formed between the cysteine and C≡N and the cyclobutyl group perfectly sitting in the S2 binding pocket.

Encouraged from the crystal structure results, they went on to synthesize the ADCs, anti-Her2-mc-cBuCitPABC-

MMAE, and anti-Her2-mc-ValCitPABC-MMAE (Figure 3), using an engineered cysteine strategy with DAR between

1.8 and 2.0. When these ADCs were evaluated against Her-2-expressing SKBR-3 cells, both ADCs showed almost
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similar antigen dependent anti-cancer activity and were equally stable in the in vivo mouse models. When

incubating the ValCit and cBuCit ADCs with inhibitors of cathepsin B, they found that cBuCit cleavage activity was

reduced by 90% vs. 50% for ValCit, demonstrating the high specificity of the cBuCit linker towards cathepsin B.

Figure 2. Various Linker payload designs for faster lysosomal cleavage and improved plasma stability. (A)

Peptidomimetic linkers specifically cleaved by cathepsin B; (B) modifications to central PABC ring.

Figure 3. Various Linker payload designs for faster lysosomal cleavage and improved plasma stability. (A) Tandem

cleavable linkers’ glucuronide group masks the linker system to maintain stability in extracellular environment; (B)

Aryalsulfatase A (ARSA) and β-galactosidase dual cleavable 3-O-sulfo-β-galactose linker.

5. The Effect of Substitution on the PABC Benzene Ring
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Directly attaching Val-Cit to the payload leads to a less efficient payload release due to the steric factors of the

payload, which inhibits cathepsin binding to the ValCit dipeptide. This problem is partially solved when a spacer is

added between the payload and ValCit. PABC (para-aminobenzyl carbamate) not only improves cathepsin binding,

but it also undergoes self-immolative 1,6-elimination to release the payload in the unmodified form. Currently,

PABC is used with a variety of payloads and peptide linker systems. To improve the stability of the ValCit-PABC

linker system toward Ces1C in mouse plasma, Podule et al. synthesized several uncialamycin-linker conjugates 

 with substitutions on or the replacement of PABC, including replacement by heterocycles like thiazole. These

conjugates were prepared from the reaction of MC-peptide-PABC-uncialamycin linkers and N-acetyl cysteine. They

determined the percentage of the drug released after 24 h incubation with cathepsin B, human serum, and mouse

serum. Introducing a thiazole amide group in place of PABC decreased the cleavage in mouse serum; however,

cleavage in human serum was also observed. When an electron-withdrawing CF  group was introduced on the

thiazole ring, the cleavage in mouse serum was further decreased, and so was the cleavage in human serum.

Combining the CF -substituted thiazole with an aspartic acid at the P3 position generated a linker with only 6% and

4% cleavage in mouse and human serum after 24 h incubation. It is noteworthy that all of these PABC linker

analogues were cleaved 100% by cathepsin B, which indicates that the modifications are well tolerated by

cathepsin B. Next, they tried to see the impact of substitutions on the PABC benzene ring. When ValCit was

attached via ortho allylation to benzyl alcohol, another possible position for self-immolation, cathepsin cleavage

activity was completely lost due to the high steric hindrance of the ortho substitution. Furthermore, the linker did not

survive in mouse serum. Encouraging results were obtained when an N-methyl carboxyamide group was

introduced at the meta position. The resultant MA-PABC was only 3% cleaved in mouse serum after 24 h

incubation and its cathepsin-mediated release was not affected. When a glutamic acid was added at the P3

position to the same MA-PABC, the mouse serum cleavage was further reduced to 7% over 24 h. Adding a

glutamic acid not only improves the stability towards Ces1C but also the solubility, which is especially important

when hydrophobic payloads are used. The authors went further to increase the hydrophilicity of linkers by replacing

the methyl group with 2-aminoethyl and its amino-PEGylated form (Figure 2B). These new modifications provided

the linkers with excellent mouse and human serum stability without compromising the cathepsin B-mediated

cleavage. The ADCs generated from the above PEG-linker–payload using bacterial transglutaminase chemistry

showed antigen-dependent activity without problems of linker hydrolysis in mouse serum. The above study clearly

demonstrates that combining various attributes from structure–activity relationship studies can yield ideal linker–

payload systems with high stability in plasma while maintaining cathepsin susceptibility.
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