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Recently, antibody-drug conjugates (ADCs) are used to deliver efficient cytotoxic payloads selectively in cancer
cells. In the designing of an ADC, the antibody is connected to a toxic payload via a covalent linker, which helps to
solubilizes the typical hydrophobic payload as well as stabilizes the linkage over circulation. The development of
the linkers for the antibody drug conjugate is still in demand. Initially, the acid, disulfide, and cathepsin-sensitive
ADCs attracted considerable attention for the delivery of a potent cytotoxic payload but suffer from instability
in human and mouse plasma with a short half-life. In addition, It also suffer from a solubility issue that induces
aggregation, which is the major problem in their development. ADCs associated with sulfatase and phosphatase
cleavable linker are highly soluble due to the anionic nature of sulfate and phosphate groups. The ADCs also
showed high stability in human and mouse plasma. Therefore, to overcome these limitations, sulfatase and
phosphatase cleavable linkers were developed. This review focuses on the recently reported advantages of
sulfatase and phosphatase cleavable linkers for ADCs.
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Introduction modifiable part and play important role providing high

plasma stability, water solubility, and long circulatory

Recently, antibody—drug conjugates (ADCs) ther-
apeutic techniques are being developed for cancer
treatment [1]. To date, there are nine food and drug
administration-approved ADC medicines, whereas
more than 80 are being studied [2]. An ADC comprises
three components—an antibody, a linker (cleavable or
noncleavable), and a toxic payload. The antibody pro-
vides cell selectivity and recognizes antigens with less or
no countenance on healthy cells. The bonding between
the antibody and linker expresses the drug-to-antibody
ratio (DAR). In the ADC, the linker would be the easily

lifetimes. Importantly, it also avoids off-target payload
release and ADC aggregation [3].

Initially, acid sensitive cleavable linker were devel-
oped for the successful delivery of drug in targeted
cells. The purpose of development of acid cleavable
linker was to utilize the acidity of lysosomes (pH 4.5
—5.0) and endosomes (pH 5.5 — 6.2). But this linker
suffered with instability in plasma and leading to
premature release of drug in plasma circulation. Fur-
ther, the reducible disulfide linker was susceptible to

nucleophilic attack by thiols [4, 5]. To overcome with
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these limitaions, enzyme cleavable linker are used for
the development of ADCs. Enzyme cleavable ADC
linkers included protease [6], glycosidase (7], sulfatase
cleavable motifs [8, 9], pyrophosphatase [10], and acid
phosphatase [11]. At present, most ADCs which are
under clinical trials are based on cathepsin-cleavable
dipeptides. The ADCs containing dipeptide linkage
tends to show similar shortcomings such as mouse
plasma instability and ADC aggregation caused due
the the hydrophobic nature of dipeptides, limiting the
preclinical evaluation [12]. Despite this limitation, di-
peptides are still employed in the development of ADC
for the delivery of pyrrolobenzodiazepine dimer and
monomethyl auristatin E (MMAE) payloads. Further,
some nonpeptidic linkers containing ADCs, which are
susceptible to cleavage with lysosomal B-galactosidase
and B-glucuronidase enzymes, have been developed.
These ADCs mitigate the problem associated with
mouse plasma instability and linker payload hydro-
phobicity [13, 14]. However, their stereochemical
complication and craving on other lysosomal enzymes
may reduce the expression of ADCs for clinical studies.
Overall, to overcome these common limitations, the
attention of researchers has been paid to develope nov-
el phosphatase and sulfatase enzyme based cleavable

linkers which are proved to be effective in both human

and rat plasma, increasing the stability and solubility.

Sulfatase cleavable linkers

Sulfatases are enzymes involved in the cleavage of the
sulfate ester bond in biological systems; they play an es-
sential role in monitoring the functions of many phys-
iological molecules. They are concerned with many
biological processes, such as bacterial pathogenesis, cell
signaling development, and hormone regulation [15].
Moreover, Sulfatases are overexpressed in several types
of cancers cells that give additional selectivity for can-
cer targeting ADCs [16]. Further, the sulfatase cleav-
able linker exhibit high stability in human and mouse
plasma, but is reactive within a lysosomes that offer
an additional opportunity for arylsulfate-containing
ADCs toward a tumor for selective release of payloads
(Figure 1).

In 2020, Bargh et al. used a sulfatase-based cleavable
linker to develop a new class of ADCs [8]. The sulfatase
cleavable linker were found highly soluble in water and
showed high stability in human and mouse plasma.
This linker exhibited high reactivity within the lyso-
somes.

Further, the stability of the linker was tested under
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Figure 1. Model presentation for (A) arylsulfatase-based cleavable linker; (B) sulfatase and galactosidase-based

cleavable linker. Reproduced from [8] and [9].
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typical condition of the lysosomal compartment and
blood plasma. The two different linkers, ortho am-
ide-linked arylsulfate (ADC 1) and a benzyl-linked
arylsulfate (ADC 2)—underwent 1, 6-elimination after
interaction with sulfatase to release the payload. The
rate of hydrolysis by sulfatase was found to be superior
for benzyl linked arylsulfatase cleavable linker (ti2 = 24
min) compared with orthoamide linked arylsulfatase
cleavable linker (ti2 > 12 h) under similar conditions.
Therefore, the benzyl linked ADC would release the
payload more efficiently when compared to ortho
amide linker. Further, when the both the linkers were
tested for stability in human and mouse plasma, found
stable upto 7 days. However, other dipeptide linkers
(ADC 3 and 5) underwent fast hydrolysis in mouse
plasma (#12 < 1 h). The linker payload were conju-
gated to transtuzumab to achieved ADC 1-5 (Figure
2A). The cytotoxicity of all ADCs was examined for
HER2-positive (BT474) and HER2-negative (MCF7)
cells (Figure 2B, and C). ADC 5—a cleavable dipeptide
linker-based ADC—showed high cytotoxicity for the
HER2-positive (BT474) cell, whereas ADC 4—the non-

cleavable dipeptide linker-based ADC—was nontoxic

Journal of Radiopharmaceuticals and Molecular Probes

(Figure 2B). However, ADC 2 and 3—benzyl-linked
arylsulfate ADCs—showed cytotoxicity analogous to
the dipeptide linker-based ADC; thus, the linker sensi-
tive to arylsulfatase enzyme could also deliver payloads
in cells followed by ADC internalization. Moreover,
ADC 1 exhibited a nontoxic nature for HER2-positive
cells. The nontoxic nature of ADC 1 revealed that, in
vitro, the rate of cleavage of arylsulfate linker is insuffi-
cient and the anionic nature of the sulfate group near
MMAE payloads restricts tubulin-binding affinity.
However, all the five ADC 1-5 showed non toxic na-
ture towards HER2-negative MCF?7 cells (Figure 2C).
In 2021, the same group used a new dual-enzyme
cleavable linker susceptible to arylsulfatase A and 3-ga-
lactosidase for developing ADCs [9]. They employed
a 3-O-sulfo-B-galactose linker to develop ADCs; this
linker was sequentially cleaved by two different en-
zymes—arylsulfatase A and f-galactosidase—to de-
liver the potent payload in targeted cells. These two
functional groups, anionic sulfate and pyranose, dis-
played high hydrophilicity that reduced the possibility
of aggregation of ADC. The extracellular stability of

the 3-O-sulfo-B-galactose linker was tested in human
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Figure 2. (A) Antibody-drug conjugates ADC 1-5. In vitro

BT474 cells and (C) HER2-negative cells. Reproduced from [8

biological evaluation of ADC 1-5 in (B) HER2-positive
.
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Figure 3. Releasing pattern of 7-amino-4-methyl
coumarin after incubation with arylsulfatase and (3-gal
enzymes. Ae = 350 nm, Aem = 460 nm (Fluorometric
response). Reproduced from [9].

and mouse plasma, and found stable for more than
20 h. Further, this linker was found sensitive with
both the enzymes simultaneously, whereas individual
enzymes arylsulfatase A and [-galactosidase did not
participate in cleavage of the linker (Figure 3). This
result proposed the dual-enzyme catalysis nature of the
3-O-sulfo-B-galactose linked ADC for hydrolysis.
Further, the 3-O-sulfo-galactose linked ADC showed
excessive cytotoxicity for HER2-positive SKBR3 cells,
which is comparable to arylsulfate ADC analog [8], as

mentioned above.

Phosphatase cleavable linkers

Phosphatases (pyrophosphatase and acid phospha-
tase) are another class of enzymes engaged in the cleav-
age of pyrophosphate and terminal monophosphate
to their parent alcohols, respectively, in a biological

medium. Phosphatases are of interest in pharmaceu-
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tical research because of their importance in cellular
signaling and activity regulation [17]. The pyrophos-
phate linker is highly soluble in water, which facilitates
the aqueous bioconjugation to antibodies and reduced
the possibility of aggregation of ADC. In 2016, Kern et
al. developed a series of phosphate diester linker (mo-
nophosphate, diphosphate, and triphosphate diester)
under the assumption that if the drug linkers exhibited
high stability in blood and showed high reactivity in
the lysosomal environment, then they will retain their
properties after bioconjugation with antibody [10].
They linked all phosphate diester series with dexa-
methasone payload and found all phosphate diester
were stable in human and mouse plasma for more than
6 h. However, the releasing rate of dexamethasone pay-
load with monophosphate in lysosomal extracts was
sluggish compared with pyrophosphate and triphos-
phate diester. A similar result was observed with the
budesonide payload, but that of fluticasone propionate
was poor due to its bulky nature. When the bulkier
fluticasone payload was modified with acetal spacer,
its releasing rate increased and was found similar to
releasing rate of dexamethasone and budesonide pyro-
phosphate linker in the lysosomal lysate (Figure 4A).

The ADCs bearing two linker payload, budesonide
pyrophosphate and acetal fluticasone pyrophosphate
diester were found stable in human and mouse plasma,
no loss of budesonide and fluticasone observed up to
7 days. Further, these ADCs were incubated in lyso-
somal lysates for 6 h. The budesonide ADC showed
the release of budesonide monophosphate first and
then rapidly degraded to free budesonide (Figure 4B).
Similarly, the fluticasone ADC first released fluticasone
propionate acetal monophosphate and then rapidly
changed to fluticasone propionate (Figure 4C).

In 2016, the same group established a new strat-
egy for developing ADCs by employing a terminal
monophosphate and pyrophosphate cleavable linker
in a well-established cathepsin-cleavable dipeptide
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Figure 4. (A) Conversion of fluticasone propionate pyrophosphate linker to fluticasone propionate in lysosomal
lysate. Stability profile of (B) budesonide ADC and (C) acetal fluticasone ADC in lysosomal lysates for 6 h.

Reproduced from [10].

system—Val-Cit-p-aminobenzyl alcohol (PAB) [11].
Designing such type of linker increased the solubility
of ADC:s to avoid aggregation. In such a system, phos-
phate-linked budesonide initially released phosphate of
budesonide when cleaved with cathepsin B by the con-
secutive loss of PAB. Compare to this, they developed
two different linker. First, a carbonate bridged linker
in which budesonide linked to cathepsin B cleavable
linker via PAB spacer and another in which budesonide
was connected to PAB through an ethylene diamine
spacer as shown in Figure 5A. The ethylene diamine
spacer, did not undergo intramolecular cyclization to
release the budesonide payload because the aliphatic
alcohols are less efficient leaving group compared with

phenols (Figure 5A).

Moreover, considerable aggregation was observed
when the carbonate brigded linker conjugated to
-human CD70 antibody, whereas no aggregation ob-
served in the case of Cat-phos (monophosphate and
pyrophosphate) diester linkers. This results clearly
suggested that the addition of phosphate group to the
linker increased the solubility and reduced the possi-
bility of aggregation despite of a lipophilic steroid pay-
load. Furthermore, the Cat-phos diester and carbonate
bridged linkers were found stable for 6 h when tested
for stability in human plasma. However, the releasing
rate of budesonide payload in lysosomal extracts of rats
was found superior for both Cat-phos (monophos-
phate and pyrophosphate) diester linkers (Figure 5B).
Initially the monophosphate of budesonide payload
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Figure 5. (A) Carbonate bridged, ethylene diamine spacer, and phosphate bridged cleavable linker. (B) Conversion
of budesonide Cat-phos linkers to budesonide in rat lysosomal lysate. Reproduced from [11].

was released when cleavage occurred with cathepsin B
and monophosphate of budesonide underwent rapid
degradation in the presence of phosphatase to deliver
free budesonide payload. Therefore, it was an overall
dual-enzyme process.

Chimeric molecules can affect the intracellular di-
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lapidation of the targeted protein, but these chimeric
moieties are relatively large molecules that may suffer
from solubility in an aqueous medium. To increase the
aqueous solubility, Dragovich et al. [18] developed a
new ADC in which a chimeric BRD4 degrader mole-
cule was linked to an antibody through pyrophosphate



diester. This pyrophosphate diester-containing ADC
showed high solubility in water and was consecutive-
ly hydrolyzed by phosphatase to release the chimeric
BRD4 degrader. The ADC showed excellent dilapi-
dation of chimeric BRD4 when it was examined in a
PC3-S1 cell line.

Conclusions

In this article, we have reviewed the recently reported
cleavable linkers based on two enzymes phosphatase
and sulfatase. These linkers are evident to overcome
shortcomings associated with traditional linkers such
as acid cleavable, reducible disulfide. Although, the
development of these linkers in the ADC is limited and
not clinically validated, this cleavable linkers associ-
ated with ADCs shows high solubility in an aqueous
medium due to the anionic nature of the sulfate and
phosphate group. Consequently, ADCs offer high sta-
bility in human and mouse plasma as well as a reduced
possibility of aggregation. Therefore we belive the role
of enzymatic sulfatase and phosphatase cleavable linker
will play a potential role in the future ADC based diag-

nosis and therapeutic field.
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