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In this review glycosidase activated prodrugs that target cancer cells are discussed. Glycosylated
prodrugs undergo enzymatic bioconversion, cleaving the prodrug to release the anticancer drug at the
desired site of action, hence minimising the toxic side effects associated with many current anticancer
drugs. In addition, the presence of the carbohydrate moiety increases the aqueous solubility of the
drugs, allowing for a more effective treatment. In the past decade, significant advancements have been
made in this field that have led to the development of many novel carbohydrate-based prodrugs —
ranging from simple glycoconjugates to complex self-assemblies and materials, which are discussed in

rsc.li/chem-soc-rev detail herein.

1. Introduction

According to the World Health Organization (WHO), cancer was
the second leading cause of death in 2020 worldwide with
19.3 million cases and 10 million deaths." The National Insti-
tute for Health (NIH) has anticipated that this number will
increase up to 29.5 million and 16.4 million cases and deaths,
respectively, by 2040.> Many current therapeutic strategies,
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including the drugs used in chemotherapy, usually target cells
that are proliferating. Therefore, they are limited in their
specificity, targeting not only tumour cells but healthy cells as
well. Furthermore, most of the administered drugs remain
circulating in the bloodstream, increasing potential side effect
on healthy tissue.® In addition to those drawbacks, current
cancer treatments have high systemic toxicity which makes
them only applicable in low doses. Hence, there is an urgent
need to identify specific cancer-targeting therapies.

Prodrug therapy is one approach to overcome specificity
issues involved in chemotherapy and anticancer treatments.
Adrien Albert first coined the term ‘prodrug’ or ‘proagent’,* also
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referred to as ‘latentiated drugs’, ‘bioreversible derivatives’,
and ‘congeners’.>® This approach has improved cancer drug
therapy since the early 1970s.” Usually a prodrug consists of the
drug and a chemical moiety that are covalently linked to form
the inactive substrate. Upon activation with specific biological
media, such as stomach acid as in the case of Aspirin, or in a
more targeted way, by an enzyme that carries out a specific
biochemical transformation, the active drug is released in vivo
to exert its therapeutic effect.

Carbohydrates are the most abundant group of macromole-
cules found in the body, and play pivotal roles in many cellular
interactions such as signalling or cell surface receptors.® Due to
the rapid proliferation of cancer cells, there exists a high-energy
demand. Glucose transporters (GLUTS), which are found to be
overexpressed in cancer cells, solve the problem by increasing
the uptake of glucose at a higher rate than normal cells, a
phenomenon known as the “Warburg Effect”.” This effect
garnered attention by the science community for the design
and development of sugar-based targeted drug delivery.'® It has
also been extensively reported that various glycosidase enzymes
are overexpressed in different cancer types (see Table 1). For
example, B-glucosidase is upregulated in a number of cancers
including breast,"" gastric'® and liver."* This overexpression
may be exploited by using glycosidase activated prodrugs for
targeting many different cancers.

The vast majority of carbohydrate-based prodrugs are
designed to improve pharmacokinetic properties. They exhibit
high solubility in water, low toxicity, and high biocompatibility.
It has been shown that several cytotoxic agents e.g. glufosf-
amide, chlorambucil, docetaxel, 3-paclitaxel, etc., (Fig. 1) have
been glycosylated and found to be less toxic to noncancer cells
than the parental aglycons.*® Tumour-associated carbohydrate
antigens (TACAs) are specific targets and therefore considered
good biomarkers for cancer detection as well. They are essential
for carbohydrate-based cancer vaccines to improve immunological
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Table 1 Shows various glycosidase enzymes overexpressed in different
cancer types

Glycosidase Cancer type

Breast,'" gastric,'? liver'?

Lung,'* bladder,"® gastric,'® melanoma'”
Ovarian,'® liver," leukemia, thyroid,*
breast®

Liver,'® leukemia®®

B-Glucosidase
Glucosidase II
N-Acetyl-p-p-
glucosaminidase
a-Glucosidase

B-Galactosidase Liver,'® ovarian,?® prostate, colon,** breast,>*
gliomas®

B-Glucuronidase Lung,”® breast,”” ovarian,”® pancreatic,”
colorectal®

a-Mannosidase Breast,! cervical,*? clear cell renal
carcinoma®?

Liver,'® leukemia®®
Ovarian,'® gliomas,* colon,** pancreatic®*

B-Mannosidase
a-Fucosidase

response.”**” Also, the lysosomal enzyme B-galactosidase is over-
expressed in some cancers such as lung and ovarian cancers,**%*°
allowing for the application of galactosidase responsive prodrugs
suitable for the treatment of solid tumours. In prodrug mono-
therapy (PMT), a nontoxic prodrug is administered and cleaved to
release the cytotoxic drug upon enzymatic activation, where
such enzyme is already overexpressed at the site of action.®
Since in prodrug monotherapy the enzyme is not admini-
strated, the selectivity must be achieved through key differ-
ences in tumour environments compared to healthy tissue such
as the lower pH of cancer tissue, hypoxia or specific enzymes
overexpressed in the tumour environment.'®*® B-Glucuro-
nidase and B-galactosidase, for instance, are found in high
concentration in solid tumours, such as lung, breast or ovarian
cancer, which makes it the perfect target for the development of
drug carriers.”®*' Recent studies have also suggested that
mannosidase enzymes are overexpressed in various breast
tumors,*! cervical cancers®® and clear cell renal carcinoma
(ccRCC).** Since many glycosidase enzymes are upregulated
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Fig. 1 Examples of typical glycosylated anticancer drugs; (a) glufosfamide
(or p-glucose isophosphoramide mustard); (b) peracetylated 2-fluorode-
oxyglucose conjugated chlorambucil; (c) glucuronic acid conjugated
doxorubicin; (d) glucose conjugated paclitaxel.

in various cancers, they provide the perfect target to use in
glycosidase activated prodrugs for cancer. Extensive research
has been reported in the area of sensing glycosidase enzymes
intracellularly,*” using, for example, fluorescent probes,** near-
IR probes,** and AlE-based glycoclusters.”> This allows the
identification of glycosidase enzymes that are overexpressed
in cancer tissue and hence, allow for the development of
prodrugs that would utilise these enzymes for targeted cancer
therapy.

In contrast to PMT, directed enzyme prodrug therapies such
as ADEPT (antibody-directed enzyme prodrug therapy), GDEPT
(Gene-DEPT), MDEPT (Magnetically-DEPT) and VDEPT (Virus-
DEPT), all require the administration of an enzyme to the site
of action. For example, in ADEPT an enzyme-antibody (Ab)
conjugate is administrated to the patient. The antibody then
binds to the antigen expressed on the surface of the tumour cell
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and accumulates in the desired site of action. The second step
consists of the injection of a non-toxic prodrug, which will be
converted into the active drug once it reaches the tumour cell
by a catalyst reaction with the enzyme previously linked to
the cell. Thus, the concentration of drug within tumours is
higher than that which can be achieved through classical drug
therapies.*®

In this review, some of the most promising recent carbo-
hydrate-based prodrug approaches investigated, such as PMT
or DEPT, including ADEPT, GDEPT and VDEPT, will be dis-
cussed alongside examples that have been reported in the
literature over the past decade. There are many examples of
Pt-based cancer prodrugs in the literature, and as these have
already been discussed thoroughly in several reviews,*”° the
main focus herein will be on featuring “fully organic” pro-
drugs, that are activated by glycosidase enzymes to exert their
anticancer properties. The scope of the review also includes
recent developments in supramolecular assemblies and materials
as prodrugs.

2. Glycosidase activated prodrugs
2.1 Simple glycoconjugates

Most glycosidase activated prodrugs reported to date consist of
a known anticancer drug directly linked via a glycosidic bond to
a sugar unit, or in most cases a known anticancer drug joined
to a sugar unit via a linker (Scheme 1a). The linkers are usually
self-immolative, meaning they cleave the covalent bond with
the active drug after a stimulus.’®" In this case, a glycosidase
enzyme will hydrolyse the glycosidic bond, causing the self-
immolative linker to collapse, releasing the anticancer drug.
Commonly used sugar moieties used include glucose, glucuro-
nic acid and galactose, but other sugars such as rhamnose and
xylose have also been utilised. The most popular linkers are
based on a phenolic scaffold that upon glycosidic bond hydro-
lysis, eliminate from the carbamate-substituted benzyl system
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(a) Schematic showing the general structure of glycosidase activated prodrugs; (b) the structure of one of the first daunorubicin prodrugs 1
incorporating an a-galactoside trigger and a self-immolative phenolic linker, and the reaction with the galactosidase that releases the parent drug.
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with formation of a reactive methylene quinone moiety along
with an unstable carbamic acid which quickly decomposes to
give carbon dioxide and the corresponding amine, as shown in
the example in Scheme 1b. This system was first used by
Monnert, Koch and Gesson who prepared prodrugs of the
anticancer drug daunorubicin incorporating an o-galactoside
trigger (see prodrug 1 in Scheme 1b).>?

Since this first report in 1992, many examples of glycosylated
prodrugs have been reported and the topic has been thoroughly
reviewed.”*® Hence, this review will mainly focus on some of
the more recent developments in this field, which have taken
place over the past decade or so. With this in mind, the first
section of this overview will focus on the development of simple
glycoconjugates consisting of a sugar and an anticancer drug,
which have been ‘bioconjugated’ with and without the use of
covalent linkers between the two components. In the second
section, advanced glycoconjugates are discussed, which are
composed of a sugar, an anticancer drug, a self-immolative
linker and an additional component. Beyond the traditional
glycosylated prodrug systems, the third section of this review
will cover non-traditional supramolecular and macromolecular
systems, such as nanoparticles and gels wherein glycosidase
activity is required as a triggering step for the drug release.

2.1.1 Self-immolative linkers. Cyclophosphamide is an
alkylating agent that is widely used as an anticancer therapeutic.
This drug is biotransformed in vivo producing a toxic metabolite.
To avoid harmful side effects and to enable selective drug target-
ing, an enzymatically activated prodrug phosphorodiamidic mus-
tard 2 (Table 2) was designed. The prodrug contains a f-galactose
unit linked to the drug though a 4-hydroxybenzylcarbonyl moiety.
The level of B-galactosidase is often elevated in cancerous tissue
and galectins are often present for solid tumour activation. It was
confirmed that the prodrug was non-cytotoxic and was hydrolysed
by B-galactosidase to release the active drug.”®

Monomethylauristan E (MMAE) is a potent inhibitor of
tubulin polymerization. It is extremely cytotoxic with subnano-
molar activity against numerous cancer cell lines. A glucuronide
prodrug of MMAE 3 (Table 2) was developed containing a self-
immolative linker, which was found to be significantly less toxic
than the parent drug. f-Glucuronidase efficiently releases MMAE
with ICs, values of 0.16 to 0.52 nM in the presence of various
cancer cells - A549 (human lung carcinoma), KB (human
squamous carcinoma) and MDA-MB-231 (human breast adeno-
carcinoma). The antiproliferative activity of the prodrug was
also evaluated on primary cultures of patients possessing non-
small cell lung cancer. The findings showed that the prodrug
did not affect the cell viability when incubated alone at 0.5 or
1 nM, however, addition of the enzyme increased the cytotoxi-
city, killing about 76% of cells at 1 nM concentration. In vivo
experiments using C57BL/6 mice with a subcutaneous murine
Lewis Lung Carcinoma (LLC) showed that the prodrug caused
significant antitumour activity. The MMAE-prodrug 3 demon-
strated comparable efficacy to its doxorubicin analogue when
administered at a 237-fold lower dose.>”

Camptothecin is a topoisomerase inhibitor leading to
S-phase cell death. However, there are major limitations with

This journal is © The Royal Society of Chemistry 2022
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its use as an anticancer agent, including the toxicity, non-
selectivity, water insolubility and its inactivation by human
serum albumin (HSA). A camptothecin derivative, 5,6-dihydro-
4H-benzo[de]quinoline-camptothecin (BQC) was found to have
a greater cytotoxicity against cancer cells than other clinically
used camptothecin derivatives. A glucuronide prodrug of BQC 4
(Table 2) containing a self-immolative linker had 4000 times
greater water solubility and 20-40 times lower cytotoxicity then
BQC. Furthermore, the BQC-prodrug was efficiently hydrolysed
by B-glucuronidase, leading to release of cytotoxic BQC (ICsq =
13 nM), even in the presence of HSA. Treatment of mice bearing
human colon cancer xenografts with the BQC-prodrug 4 pro-
duced significant antitumour activity. Xenografts with naturally
or artificially elevated levels of B-glucuronidase both showed
significant reduction in the mean tumour size from day 2 or day
4 after initiation therapy, respectively.’®

Combretastatin A4 (CA4) is a potent tubulin polymeriza-
tion inhibitor. Microtubule disrupting agents are used for
ovarian cancer chemotherapy. Since B-galactosidase activity is
enhanced in ovarian cancer, prodrugs of C4A containing a
galactose moiety were developed. In one of the prodrugs the
galactose moiety was linked directly to C4A (structure not
shown), while in second prodrug there is a self-immolative
benzyl linker between the sugar and drug unit, prodrug 5
(Table 2). Enzymatic investigations confirmed that both pro-
drugs released the parent drug, however prodrug 5 did so at a
quicker rate. In cytotoxicity assays using two ovarian cell lines,
prodrug 5 exhibited similar toxicity to the parent drug, while
the other prodrug was significantly less cytotoxic. This may be
explained by the rapid transformation of prodrug 5 into C4A.
This was confirmed by inhibiting intracellular B-galactosidase
activity, the cytotoxicity levels of both prodrugs decreased
substantially. Using fluorescent dyes and fluorescence confocal
microscopy, it was confirmed that the cytotoxicity of these
prodrugs to ovarian cancer cells was the results of disruption
of the microtubule architecture and subsequent apoptosis.>®

A small-molecule theranostic prodrug 6 (Table 2) of doxo-
rubicin (DOX) was reported. This prodrug contained a galactose
moiety, which was utilised to target asialoglycoprotein recep-
tors on colon cancer cells and to enable enzyme-responsive
activation strategies. Following activation by B-galactosidase
enzymes in the colon, the parent drug is released leading to a
‘turn on’ of fluorescence, which allows the monitoring of both
localization and the site of action of the drug. The selectivity
was confirmed using HT-29, colon adenocarcinoma cell line,
and HepG2 cells, a well-known cancer cell line displaying ASGP
receptors. These cells showed fluorescence while the negative
control (HeLa cells) exhibited little fluorescence. Cytotoxicity
assays using HT-29 and HeLa cells showed that Gal-DOX 6
exhibited a 3-fold more potent therapeutic effect in the HT-29
cells than the HeLa cells, demonstrating that not only was
cellular uptake improved, but also the enhancement of the
anticancer effect. Using a fluorescence imaging system, the
tumour-targeting ability of Gal-DOX 6 was confirmed in HT-29
tumour-bearing mice (Fig. 2a and b), along with the therapeutic
efficacy (Fig. 2c and d).*°
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Table 2 Prodrugs and the corresponding active chemotherapeutic drugs containing self-immolative linker

Compound Prodrug Active anticancer drug Ref.
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Hydroxamic acid-based histone deacetylase inhibitors such as an anticancer agent due to its poor aqueous solubility.
as Vorinostat and Belinostat have been reported to exhibit To help overcome this problem, B-glucuronic acid-based pro-
antitumour effects, but there have been limitations to its use drugs of Vorinostat 7a and b and Belinostat 8a and b (Table 2)
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Fig. 2 The antitumour activity of prodrug 6 (Gal-DOX). (a) Fluorescence
imaging of Gal-DOX 6 treated mice with HT-29 cancer xenografts; (b)
fluorescence images of paraffin-embedded tumour tissue; (c) tumour
growth inhibition in mice with HT-29 cancer xenografts, injected with
saline, DOX, or Gal-DOX 6 at 3 mg kg™ ! four times every two days; (d)
tumour growth inhibition after treatment with DOX and Gal-DOX 6 after
36 days. Reprinted from ref. 60 with permission from Elsevier.

were developed, which were 400- to 750-fold more water soluble
than the parent drugs. Cytotoxicity assays were then conducted
on HT-29 and Hut-78 tumour cell lines. The ICs, values of the
Vorinostat derivatives 7a and b were >10 pM in the absence of
B-glucuronidase, however in the presence of the enzyme the
inhibitory effects of the prodrugs were comparable to the
parent drug, indicating the successful release of the drug upon
enzyme-mediated hydrolysis of the glycosidic bond. However,
for the Belinostat derivatives 8a and b, no change was observed
in the ICs, values, both in the absence or presence of
B-glucuronidase. Furthermore, the derivative with an amine
functional group on the linker 7b had relatively higher ICs,
values than those with a nitro functional group 7a.!

A 2-fluorodeoxyglucose conjugate of the anticancer drug
paclitaxel 9a (Table 2) was synthesised and compared to the
parent drug and the glucose conjugate (9b with no fluorine) in
terms of solubility, stability, cytotoxicity, and selectivity towards
cancer cells. A glucose conjugate was selected since most
cancers overexpress glucose transporters. The incorporation
of fluorine into drugs allows for adjustments of the electronic,
lipophilic and steric properties. In previous studies it was
found that the 2-deoxyfluoro glucosides had the slowest rate
of hydrolysis when compared to other deoxy-glucosides or
fluorinated glucosides. It was found that the aqueous solubility
of the glucose-prodrug 9b and the 2-deoxyfluoro glucoside 9a
was drastically improved compared to the parent drug. When
analysing the chemical stability of the prodrugs in the presence
of B-o-glucosidase, the 2-deoxyfluoro conjugate 9a exhibited
sustained release with less than 50% hydrolysis detected after
12 hours. The non-fluorinated glucose conjugate 9b, however,
was unstable and resulted in spontaneous release of the free
paclitaxel. In cytotoxicity assays, the fluorinated prodrug 9a
showed increased cytotoxicity compared to paclitaxel on carci-
noma cells of HepG2 and NCI-H460. Both prodrugs showed

This journal is © The Royal Society of Chemistry 2022

View Article Online

Chem Soc Rev

excellent nanomolar toxicity to breast cancer cells MCF7. Mean-
while, paclitaxel and the glucose analogue 9b showed similar
cytotoxicity to the normal cell line HUVEC, while the fluori-
nated analogue showed no obvious cytotoxicity up to 10 uM.
This demonstrated that the prodrug could reduce the cytotoxi-
city of paclitaxel while improving selectivity towards cancer
cells over normal cells.”?

More recently, we have reported theranostic prodrugs of
the toxic anticancer drug Amonafide 10a and b (Table 2).
Amonafide exhibited excellent activity in phase II breast cancer
clinical trials, however failed the phase III trials due to acute
side effects and bone marrow toxicity. Spectroscopic charac-
terization and time-dependent enzymatic release studies showed
that the enzyme mediated activation of 10a and b occurs rapidly
under physiological conditions. Cellular uptake and cell viability
of these glyconaphthalimide compounds showed that upon enzy-
matic treatment, Amonafide was released and taken up into cells
more rapidly than the glycosylated form. The ICs, values were
consistent across three cancer cell lines (HeLa, HCT-116 and
HepG2), with no cytotoxicity observed in the presence of 10a or
10b after 24 hours and low cytotoxicity values observed after
incubation with the enzyme. Importantly, release of the therapeu-
tic component was also triggered by the activity of endogenous
enzymes that selectively hydrolyse the glycosidic bond, a key
finding which was verified using confocal microscopy, whereby
emission of the naphthalimide unit was monitored in real-time.
This process facilitates selective delivery of the Amonafide to the
desired site of action and allows for real-time bioimaging in
cancer cell lines; this has also been verified by recording the
emission spectra within the cells after delivery, which was red
shifted due to enhanced internal charge transfer mechanism
in the delivered compounds vs. the prodrug.®® This develop-
ment was based on some prior work from our laboratory,
where in a related study we employed the same principle for
the delivery of naphthalimide imaging probes into cells. This
system, which we described as a pro-probe (e.g. vs. prodrug)
became activated only when a glycosidase activation of the
glycosylated naphthalimide occurred, which released the fluo-
rescent imaging agent into cancer cells in vitro, as was
observed using real-time imaging, as only minimal cellular
uptake was observed in the absence of the enzyme.®*

2.1.1.1 Enzyme directed immunostimulants. The glycosidase
mediated release strategy has also been widely utilised in the
development of enzyme directed immunostimulants. Immuno-
therapeutics have an ability to instruct the immune system to
develop an immune response to tumours. Imidazoquinoline
immunostimulants elicit an antitumour immune response
when applied to solid tumours. However, they cause severe
inflammatory toxicity after systemic administration. To over-
come this challenge, a directed enzyme prodrug therapy (DEPT)
approach may be utilised using an enzyme-directed imidazo-
quinoline pro-immunostimulant. Using this methodology, the
enzyme-enriched cancer cells generate the immunostimulant
and diffusion of this immunostimulant within the cancer micro-
environment enables activation of bystander immune cells.

Chem. Soc. Rev,, 2022, 51, 9694-9716 | 9699
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Fig. 3 Structure of enzyme-directed immunostimulants (11a and b and 12a—c) explored for cancer therapy.

Imidazoquinoline immunostimulants are agonists for
Toll-like receptors 7 and 8 present on innate immune cells,
and hence activation of these receptors within the tumour
microenvironment results in a robust innate and adaptive
antitumour immune response. The imidazoquinoline imiqui-
mod (Fig. 3) was appended with a galactose moiety via a
self-immolative linker (prodrug 11a), which yields imiquimod
following treatment with exogenous B-galactosidase or -galac-
tosidase-enriched B16 melanoma cells. The enzyme-directed
liberation of the immunostimulant resulted in activation of
RAW-Blue macrophage and JAWSII monocyte immune cell
lines.®®

Further work by the Neilsen and Mancini groups reported
the first imidazoquinoline-mannoside pro-immunostimulant
11b that was activated by a-mannosidase.®® AT3B-1 prostate
cancer cell lines were used since o-mannosidase is reportedly
upregulated in multidrug resistant prostate cancers. AT3B-1
cells convert the pro-immunostimulant to imiquimod, leading
to efflux of the drug into the extracellular space. Bystander
immune cells are subsequently activated.

The same group then synthesised an enzyme-directed immuno-
stimulant prodrug based on another imidazoquinoline, resi-
quimod (Fig. 3), covalently modified with B-glucuronic acid,
B-galactose and o-mannose.®” The metabolism of the three
prodrugs 12a-c were examined across three cancer cell lines
(B16 melanoma, TC2 prostate, and 4T1 breast cancer). It was
found that B16 cells elicited the highest immunogenicity,
however the immunogenicity was comparable for a given cell
type and independent of the glycosidase substrate in the
prodrug or differences in functional glycosidase activity
between cell lines. It was also found that the immunogenicity
was governed by the efflux potential of cancer cells; this efflux
occurring through P-glycoprotein-dependent and P-glyco-
protein-independent transport mechanisms.

2.1.2 Other linkers. In addition to self-immolative linkers,
other linker types have been explored in the development of
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glycosidase activated prodrugs for cancer therapy. These linkers
include a hydroxypropionic acid linker and succinate linkers
(Fig. 4). Adriamycin (generic name is doxorubicin) is an effec-
tive anticancer drug against solid tumours, however its use is
limited due to systemic toxicities and multidrug resistance.
Adriamycin conjugated with 2-amino-2-deoxy-p-glucose with a
succinic acid linker resulted in the formation of compound 13
(Fig. 4), which was designed to target tumour cells through
glucose transporter 1 (GLUT 1). Studies showed that this
compound had a better inhibition rate to tumour cells and
lower toxicity to normal cells.®® Although this compound is
referred to as a prodrug throughout the paper, no enzymatic
release studies were reported to confirm this property.

Docetaxel, an anticancer drug showing cytotoxicity against
leukaemia and other cancers such as ovarian, breast and lung,
has low water solubility and high toxicity to normal cells. Highly
water-soluble sugar conjugates of docetaxel 14a—c (Fig. 4) were
synthesised using a chem-enzymatic procedure, using the relevant
enzymes to stereoselectively install the carbohydrate unit onto the
hydroxypropionic acid linker, which was subsequently coupled to
the docetaxel. Conjugates of glucose, galactose and xylose were
synthesised with the glucose conjugate 14a being 52-fold more
water soluble than the parent drug. 7-Propionyldocetaxel 3”-O-f-p-
glucopyranoside 14a and 7-propionyldocetaxel 3”-O-B-p-xylo-
pyranoside 14c¢ were effectively hydrolysed by glycosidase enzymes
releasing docetaxel and showed in vitro cytotoxicity against human
cancer cells lines. However, the galactose derivative 14b was not
successfully hydrolysed by endogenous enzymes in the KB human
cancer cells and exerted low cytotoxicity.*

Paclitaxel is a chemotherapy drug used to treat different
cancers including breast, ovarian and non-small cell lung
cancer. However, due to its low aqueous solubility, the toxic
surfactant Cremophor EL (polyethoxylated castor oil) must be
used as a formulation vehicle in clinical practices. In this study,
two prodrugs of paclitaxel were reported; a single glucose-
conjugated paclitaxel 15a and a double glucose-conjugated

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Structure of prodrugs 13—15 containing hydroxypropionic acid and succinate linkers.

paclitaxel 15b (Fig. 4), where the glucose moieties were attached
via succinate linkers.”® Both prodrugs showed improved aqueous
solubility and drug-like lipophilicity over the parent drug. Of the
two, the single glucose conjugate 15a had a more efficient release
in serum, where a high percentage of the parent drug was
detected following hydrolysis with B-glucuronidase. This conju-
gate also exhibited good solubility in a low toxic formulation with
no ethanol and lower percentage of Cremophor EL. Both prodrugs
maintained effective cytotoxicity against breast cancer cells and
apoptosis inducing effect, with the single glucose conjugate 15a,
indeed performing better in both assays.

Gene-directed enzyme prodrug therapy (GDEPT) has also
been used to improve cancer drug localization. A recombinant
adeno-associated virus (rAAV) was utilised to deliver B-galacto-
sidase; a week later the treatment group received adenocarci-
noma cells in the same location of the initial injection (Fig. 5b).
Then 1 hour later an inactive prodrug of geldanamycin 16
(Fig. 5a) was administered. Prodrug 16 consists of geldanamy-
cin, a potent antitumour antibiotic from Streptomyces hygro-
scopicus, with a galactose moiety connected via an O-ethylene
linker. It was found that tumour growth was significantly
reduced in animals whose muscles were genetically modified
to express the enzyme B-galactosidase compared to the control,
indicating that the presence of the enzyme releases the parent
drug efficiently. Serum assays indicated that there was minimal
damage to non-target organs, demonstrating that using this
GDEPT technique allows for improved localized activation of
chemotherapeutic agents.”*

2.1.3 Carbohydrate-masked drugs. Prodrugs for cancer
therapy have also been developed that contain no linker, where
the sugar unit is directly bonded to the parent drug. In contrast
to the prodrugs containing self-immolative linkers, function-
alities such as phenol and amine groups are masked by
carbohydrate moieties, that are then exposed after activation

This journal is © The Royal Society of Chemistry 2022

Fig. 5 (a) Structure of galactosylated prodrug of geldanamycin 16;
(b) diagram depicting the GDEPT procedure used in this study. Diagram
adapted from ref. 71.

by glycosidase enzymes. The Tietze group, have been active
within this area of research, with particular emphasis on
developing glycosylated prodrugs and utilising the ADEPT
technique. They have previously reported several compounds
based on duocarmycin SA (Scheme 2a) that are suitable for
ADEPT and PMT.”*”7* Duocarmycin SA is a natural antibiotic
found in Streptomyces sp. that is highly potent towards different
cell lines (ICso = 10 pM), however due to its pronounced myelo-
toxicity it is not used in chemotherapy. Tietze and co-workers
investigated derivatives of the seco-analogue, seco-CBI (cyclopro-
pabenzoindole) and methyl-seco-CBI, as the pharmacophoric
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produce the cytotoxic drug.

units, which undergo rapid Winstein cyclization to produce the
final cytotoxic drugs (Scheme 2b). Novel disaccharide prodrugs
with a ManMan derivative 17b and a GalGal derivative 17a were
reported which contain the seco-CBI (cyclopropabenzoindole) as
the DNA binding unit. The ICs, values were found to be higher
than for the corresponding monoglycosidic prodrugs (17c and d),
but following enzymatic cleavage of the GalGal prodrug 17a, it
exhibited similar values. The GalGal prodrug 17a showed the best
selectivity with interacting with DNA.”

The group further explored the glucuronic acid derivative
17e as an enzyme prodrug mono-therapeutic. The activation of
the prodrug by intracellular and extracellular B-glucuronidase
was investigated. The cytotoxicity of the prodrug 17e was
measured against human cell lines that exhibited varying levels
of endogenous p-glucuronidase, including B-glucuronidase-
deficient fibroblasts and B-glucuronidase knockdown cancer
lines displaying low levels of the enzyme. The glucuronide
prodrug 17e was 1000-5000 times less cytotoxic than the parent
drug irrespective of the B-glucuronidase levels. Cancer cells
expressing membrane-tethered f-glucuronidase were more
sensitive to the prodrug indicating that extracellular B-glucuro-
nidase activity was more important than intracellular levels.
This glucuronide prodrug 17e (2.5 mg kg ') displayed less
systemic toxicity and greater antitumour activity than clinically
approved anticancer drug carboplatin (50 mg kg™ *).”®

Clioquinol (Scheme 3), a well-known 8-hydroxyquinoline
(OHQ), is widely used as an antibiotic. It was also reported as
a modulator of metal homeostasis in neurodegenerative dis-
orders such as Alzheimer’s disease. This compound also dis-
plays anticancer effect both in in vitro and in vivo preclinical
models. It and other 8-hydroxyquinolines must interact with
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Cu** ions to exert anticancer activity. Cu®>" ions are co-factors
required for tumour growth and angiogenesis, with high levels
of the cation found in many cancer types. To exploit the glucose
avidity, the elevated glycolysis of tumour cells, and the over-
expression of glucose transporter, new clioquinol glucoconju-
gates were synthesised (GluOHQA 18a and GluCQ 18b). These
prodrugs improved the aqueous solubility and since they do not
complex Cu** ions in their glycosylated form, side effects of
systemic chelation are prevented. Following hydrolysis with
B-glucosidase, the active aglycone is released. However, after
studying the antiproliferative activity of the parent compounds
and the glycosylated derivatives, the glycoconjugates are less

This journal is © The Royal Society of Chemistry 2022
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active than their parent compounds. It was hypothesised that
enzyme mediated release of the parent drugs remains
incomplete.”’

The same group then synthesised three new glycoconjugates
of OHQs 18c-e, which demonstrated that the glycosylated
compounds had similar activity to the parent compounds, with
the exception of the methyl derivative (GluMeHQ 18e). Compu-
tational docking studies of these compounds with human
cytosolic B-glucosidase indicate that GluMeHQ 18e had the
best affinity for the binding site, while GluCl,HQ 18c¢ showed
the lowest affinity. It is suggested that the compounds that are
tightly bound to the enzyme are more slowly hydrolysed, and
therefore release of the active compound occurs at a slower
rate, reducing the cytotoxicity. The presence of Cu®" ions
increases their antiproliferative activity by an order of magni-
tude and the pharmacological profile of the glycoconjugates are
dependent on the intracellular B-glycosidase activity.”®

In another study, galactose was conjugated to the fluores-
cent dye MPA to evaluate the tumour affinities and hence the
cancer targeting ability of galactose. An in vitro cell study
showed that the galactose-MPA conjugate had higher affinity
to tumour cells (HepG2, MCF-7 and A549) than normal liver
cells. They then conjugated galacturonic acid onto the anti-
cancer drug doxorubicin (DOX) for targeted tumour therapy.
This prodrug conjugate 19 (Fig. 6) had better therapeutic
results than DOX suggesting that galactosylated prodrugs may
have a potential use in tumour targeted therapy.”®

Curcumin is a natural polyphenol found in turmeric that
was been linked to a lower rate of cancer. However, there is low
bioavailability of curcumin due to elimination through faeces
and metabolism into inactive glucuronides. Although, the
mode of action is not known, it is proposed that curcumin
glucuronide 20 (Fig. 6) is an inflammation-responsive prodrug
that is hydrolysed back to curcumin at the site of action. It is
also known that levels of B-glucuronidase are elevated in some
cancers such as breast cancer. In mouse tumour models, high
levels of curcumin were generated at the tumour after both oral
and intravenous administration. Long-term daily dosing of
curcumin resulted in the accumulation of curcumin in tumour
tissue and led to the inhibition of tumour growth where high
levels of B-glucuronidase were expressed.®

The anticancer properties of curcumin were further explored
in another study. Colorectal cancer is typically treated with the
Pt-complex oxaliplatin. However, it is known that KRAS muta-
tion, common in colorectal cancer patients, hampers the effect
of oxaliplatin. NF-xB activation is an important step in oxali-
platin resistance. This NF-kB pathway may be inhibited with
curcumin. In this study a water-soluble injectable glucuronide-
prodrug of curcumin 20 (Fig. 6) was prepared, and its efficacy,
safety and pharmacokinetics in a mouse xenograft model was
investigated. KRAS/TP53 mutations increased the ICs, values of
oxaliplatin in HCT116 cells in vitro. The glucuronide-curcumin
prodrug 20 exhibited better anticancer effects compared to
oxaliplatin in an oxaliplatin-resistant xenograft model, with a
combination therapy exhibiting additive effects in these models
without increasing the toxicity. Importantly, pharmacokinetic

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Structure of prodrugs 19-23, where the carbohydrate unit is
bonded directly to the anticancer agent.

analysis showed high levels of free curcumin in tumour tissue
after 48 hours, but was not detected in other organs such as the
heart, liver and spleen.®!

In a novel approach to glycosyl prodrug synthesis, an
a-.-thamnosidase from Alternaria sp. L1 (RhaL1) was employed
to catalyse rhamnosylation through reverse hydrolysis reaction
of known anticancer drugs, namely 2’-deoxy-5-fluorouridine
(FUDR), cytosine arabinoside (Ara C), and hydroxyurea (Hyrea).
The rhamnosylated drugs 21-23 (Fig. 6) exhibited little cyto-
toxicity, with the toxicity restored only when incubated with
exogenous o-L-thamnosidase. This proves their potential use in
enzyme-activated prodrug systems. Also in the study, the
cancer-targeting ability of the rhamnose moiety was evaluated
by conjugating the monosaccharide to the fluorescent dye
rhodamine B. The fluorescent probe displayed higher cell
affinity and cellular internalization in oral cancer cell KB and
breast cancer cell MDA-MB-231 than that of normal epithelial
cells MCF 10A. This suggests that the rhamnose moiety could
play a key role in targeting the active therapeutic to cancer
cells.®

2.1.3.1 Targeting senescent cells. Senescent cells accumulate
during ageing and are associated with cancer, fibrosis and
many age-related pathologies. They display elevated activity of
the lysosomal f-galactosidase. Different galactose-modified
duocarmycin prodrugs preferentially kill senescent cells, in a
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lysosomal B-galactosidase-dependent manner. The effects of a
galactosylated seco-duocarmycin analogue dimer 24 (Fig. 7)
previously described by Tietze®® was analysed on the survival
of IMR90 ER:RAS cells (a model of oncogene-induced senes-
cence). This prodrug can selectively eliminate a wide range of
senescent cells, including bystander senescent cells. In an
adamantinomatous craniopharyngioma (ACP, a pituitary pae-
diatric tumour) mouse model, treatment with prodrug 24
selectively reduced the number of B-catenin-positive preneo-
plastic senescent cells.®*

Senescent cells were targeted in another report, where the
BCL-2 family inhibitor Navitoclax was conjugated with galac-
tose to exploit the lysosomal B-galactosidase activity of senes-
cent cells. Prodrug 25 (Fig. 7) selectively induces apoptosis of
senolytic cells. Interestingly, this prodrug enhances the cyto-
toxicity of standard cisplatin-induced senescent lung cancer
A5A9 cells. Concomitant treatment with cisplatin and prodrug
25 in vivo resulted in the elimination of senescent lung cancer
cells and the reduction of tumour growth. Furthermore, galac-
tose conjugation reduces Navitoclax-induced platelet apoptosis
in both human and mouse blood samples and reduces throm-
bocytopenia in mouse lung cancer models.*

In summary, numerous anticancer drugs have been conju-
gated with a carbohydrate moiety, with and without a linker.
The resulting ‘simple’ glycosylated prodrugs exhibit an improve-
ment of their aqueous solubility and their selectively towards
cancer cells with a reduction in the toxic side effects.

2.2 Advanced glycoconjugates

In this section, advanced glycosylated prodrugs are discussed.
These prodrugs are composed of a glycosidic trigger, a self-
immolative linker, an anticancer drug, and unlike that discussed
in the previous section, they all contain an additional component.
These additional components include extra drug molecules,
hydrophilic chains, targeting ligands and mechanically inter-
locked systems. The aim of these constructs is to increase the
potency, solubility and/or selectively of the anticancer drugs.
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2.2.1 Dual drug release. To increase the potency of these
glycosidase activated prodrug systems, Papot and co-workers
reported a dendritic glucuronide prodrug of doxorubicin,
where two drug units were released following one enzymatic
activation step. Prodrug 26 was composed of five units: the
enzymatic trigger (glucuronide moiety), a self-immolative linker
and a chemical amplifier connected to the two doxorubicin
units. Using this design, B-glucuronidase hydrolyses the glyco-
sidic bond resulting in a phenol intermediate, which induces
the release of aniline intermediate via a 1,6-elimination. The
chemical amplifier subsequently releases two doxorubicin
units through successive 1,4- and 1,6-eliminations (Scheme 4
shows the similar mechanism for prodrug 27). HPLC analysis
was used to confirm the release of the doxorubicin from the
dendritic prodrug in the presence of B-glucuronidase. Prodrug
26 was found to be twice as toxic as its monomeric counterpart,
as well as doxorubicin, at the same concentration in antiproli-
ferative assays against H661 lung cancer cell lines.®®

A similar heterodimeric system was also reported
(Scheme 4), where two different anticancer drugs were released
upon enzyme activation. The previously used doxorubicin and a
well-known histone deacetylase inhibitor MS-275 were incorpo-
rated into prodrug 27. Furthermore, in this study the role of the
chemical amplifier was investigated. As well as being respon-
sible for the signal amplification, the amplifier is converted
into a highly toxic species that, in combination with the two
other drugs, leads to potent cancer tritherapy. In antiprolifera-
tive assays against H290 lung mesothelioma cells, confocal
microscopy confirmed the P-glucuronidase-mediated release
of doxorubicin. Western blot analysis confirmed that enzymatic
activation of prodrug 27 also restored the ability of MS-275
to inhibit histone deacetylase. However, since the activated
heterodimer 27 was five-fold more toxic than the combination
of the two anticancer drugs, it was confirmed that the release of
the chemical amplifier as an azaquinone methide unit con-
tributed significantly in the cytotoxicity of prodrug 27.%”

2.2.2 Additional hydrophilic chain. Cyclopamine is a nat-
ural alkaloid isolated from Veratrum californicum which has
been identified as an inhibitor of the Hedgehog (Hh) signalling
pathway observed in a wide range of cancers such as prostate,
breast, lung, gastric and brain. However, cyclopamine can
cause serious side effects since somatic stem cells are also
Hh-dependent. With this in mind, Papot and co-workers devel-
oped a prodrug of cyclopamine incorporating a glucuronide
trigger and a self-immolative linker; compound 28a (Fig. 8).
After enzymatic release, it was observed that the resulting
phenol intermediate formed a precipitate, limiting the kinetics
of the drug release. To circumvent this inherent water insolu-
bility, prodrug 28b (Fig. 8) was developed containing an addi-
tional hydrophilic glycosylated poly(ethylene glycol) side chain.
It was confirmed that cyclopamine was released significantly
faster from prodrug 28b than the initial prodrug 28a. Prodrug
28b was tested for its antiproliferative activity on U87 glio-
blastoma cells and when incubated alone, prodrug 28b did not
affect cell viability. Addition of B-glucuronidase in the culture
medium induced a significant antiproliferative activity with an

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Structure of prodrugs 28a and b of cyclopamine. Prodrug 28b
contains an additional hydrophilic linker to enhance water solubility.

IC5, value (ICso = 24.5 pM) similar to that of the paternal drug
cyclopamine (ICs, = 16.5 uM).*® Prodrug 28b was then used
in vitro and in vivo toward glioblastoma-initiating cells (GIC).
Similarly to before, prodrug 28b was only active in the presence
of B-glucuronidase, which is present in high levels in necrotic
areas of glioblastomas, decreasing proliferation and inhibiting
the self-renewal of all GIC lines tested. 10 umol L™ " of prodrug
28b inhibited the Hh pathway, inducing a 99% inhibition of
clonogenicity on GICs, similar to the parent drug. Furthermore,
in a subcutaneous glioblastoma xenograft model, prodrug 28b
prevented tumour growth with 75% inhibition at 8 weeks,

This journal is © The Royal Society of Chemistry 2022
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with the inhibition still significant after 14 weeks. Importantly,
unlike the parent drug cyclopamine, prodrug 28b had no
detectable toxic side-effects in intestinal crypts.®

The cytotoxic properties of prodrug 28b were also analysed
in vitro, ex vivo and in vivo in C6 rat glioblastoma multiforme
(GBM) cells, an aggressive primary brain tumour where Hh
pathway activation is also observed. The B-glucuronidase acti-
vated prodrug was toxic and down regulated the expression of a
Hh target gene in cancer cells but not in normal rat astrocytes.
When the prodrug was administered to rats bearing fluorescent
Cé6-derived GBM, the tumour density was reduced more effi-
ciently than using cyclopamine alone.*

2.2.3 Targeting ligands. Using a similar system to previous
examples (prodrugs 3 and 6), Papot and co-workers reported
prodrugs incorporating a targeting ligand in addition to the
usual components; sugar, self-immolative liker and anticancer
drug. Prodrugs 29 and 30 (Fig. 9e), a galactoside triggered
doxorubicin® or MMAE,” also contain a folate targeting
moiety. These prodrugs were designed to be selectively acti-
vated by B-galactosidase present in the lysosomes of cancer
cells expressing folate receptors, which are overexpressed in
several cancer types, while being mainly undetectable in most
normal tissues. The principle of tumour targeting involves the
following steps: (1) targeting ligand present on the prodrug
recognises receptors on cancer cells; (2) receptor-mediated
endocytosis occurs; (3) p-galactosidase catalyses drug release;
(4) the drug diffuses into the nucleus or the cytoplasm of
receptor-positive and surrounding receptor-negative cancer
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Fig. 9 Proliferative activity of (a) HeLa and (b) A549 cells treated with DOX, prodrug 29 and prodrug 29 + B-galactosidase. (Reprinted from ref. 91 with
permission from John Wiley and Sons); (c) bioluminescence imaging of KB xenografts following treatment with vehicle (5% DMSO in PBS buffer), MMAE
and prodrug 30; (d) tumour growth inhibition in the presence of MMAE and prodrug 30. (Reprinted from ref. 92 with permission from John Wiley and

Sons); (e) structure of prodrugs 29 and 30.

cells, resulting in cell death. In HeLa cells, the targeting
prodrug 29 induced a significant antiproliferative effect, while
A549 cells were not sensitive to prodrug 29 and free DOX was
highly toxic (Fig. 9a and b).* Prodrug 30 exhibits a significant
antitumour effect when tested against folate receptor (FR)
expressing KB xenografts, while treatment with MMAE led to
only a moderate inhibition of tumour growth (Fig. 9¢ and d).*?

To advance this strategy, the concept of the dual drug
release was combined with the folate-targeting system, creating
novel prodrugs (structure not shown) that target the folate
receptors as before, and release two anticancer drugs after
one enzyme activation step ie. two MMAE molecules,” or
two DOX molecules.”® As expected, the dimer prodrugs had
superior cytotoxicity towards cancers cells than their mono-
meric counterparts, demonstrating the increased release of
MMAE or DOX within the tumour cells.

Gennari and co-workers have explored the conjugation of
different anticancer drugs to a peptidomimetic compound
cyclo(DKP-RDG), a low nanomolar ligand of integrin o,fs,
a transmembrane glycoprotein overexpressed in a variety
of cancers (e.g. melanoma, glioblastoma, lung, breast, ovary,
colon). Two integrin-targeting prodrugs of MMAE containing a

9706 | Chem. Soc. Rev,, 2022, 51, 9694-9716

glucuronide trigger and a self-immolative linker were reported.
The integrin-targeting ligand are connected to the self-
immolative linker via two different spacers: (1) a glutaric acid
derivative in prodrug 31a; (2) a triazole and PEG4 spacer in
prodrug 31b (Fig. 10). The cytotoxicity of prodrugs 31a and b
were examined by incubating the RDG-MMAE conjugates with
ayPs-expressing cancer cells, in the absence and presence of
B-glucuronidase. The anticancer activity of prodrug 31b
increased dramatically upon enzyme activation, with ICs,
values similar to MMAE in the low nanomolar range. On the
other hand, the enhanced anticancer activity of prodrug 31a
was not observed, regardless of B-glucuronidase addition.
In this study, the use of a long, hydrophilic PEG4 spacer,
connecting the integrin ligand to the linker moiety, was essen-
tial for the overall efficiency of the prodrug, which they suggest
is most likely due to reduced steric hinderance around the
cleavable glycosidic bond.”®

Antibodies have also been utilised in targeted cancer thera-
pies. Trastuzumab, a monoclonal antibody that recognises
growth factor receptors that are overexpressed in some breast
cancers, was functionalised using its cysteine residues onto
prodrugs of MMAE containing a galactoside trigger and a

This journal is © The Royal Society of Chemistry 2022
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self-immolative linker. Two derivatives were reported containing
different spacers between the antibody and the self-immolative
linker, both containing a decathylene glycol side chain terminated
by (1) a maleimidocaproyl functional group (prodrug 32a,
Fig. 9); and (2) an arylpropiolonitrile group (prodrug 32b).
These antibody-prodrug conjugates exhibited selective cytotoxi-
city against HER2+ cancer cell lines with ICs, values in the
picomolar range. Furthermore, prodrugs 32a and b exhibited a
significant antitumour effect in vivo after administration of a
single 1 mg kg™ dose, both displaying 57-58% reduction of
tumour volume 31 days post-injection, indicating that the
spacer group used was not significant.”®

2.2.4 Mechanically interlocked molecular systems. Mechani-
cally interlocked molecular systems designed to operate inde-
pendently in biological environments have found medicinal
applications in recent years. An enzyme-sensitive [2]-rotaxane
has been designed to release the potent anticancer drug,
paclitaxel, within tumour cells. The system contains a galacto-
side trigger, a self-immolative linker, a protective macrocyclic
ring, a hydrophilic stopper and an esterase-responsive spacer
linked to paclitaxel (prodrug 33, Scheme 5). The macrocyclic
ring prevents the untimely release of the drug into the plasma,
by shielding the ester bond from hydrolysis. When the system
enters the cancer cells, B-galactosidase initiates a sequence of
chemical reactions, leading to the opening of the protective
macrocyclic ring (Scheme 5). The ester bond becomes exposed

This journal is © The Royal Society of Chemistry 2022

allowing hydrolyses by intracellular esterases, releasing pacli-
taxel within the cancer cells. The concept was confirmed in rat
plasma, where the interlocked system was stable over 48 hours
without liberation of the drug. In comparison to the corres-
ponding system with no macrocyclic ring, prodrug 34 was
rapidly cleaved to release paclitaxel. Furthermore, the inter-
locked system increases the aqueous solubility of the inherently
insoluble drug, which as mentioned before must be adminis-
tered in a vehicle containing ethanol and Cremophor EL.
Confocal fluorescence microscopy imaging confirmed that
rotaxane 33 disturbed the microtubule network of KB tumour
cells, confirming the release of paclitaxel from the interlocked
system. Rotaxane 33 exhibited high cytotoxicity when incubated
with KB, H661 and MDA-MB-231 cells, however, paclitaxel was
approximately 4-fold more toxic on the same cancer cells.
Nevertheless, the lower antiproliferative properties of rotaxane
33 is reportedly outweighed by the improvement in selectivity
for cancer cells overexpressing B-galactosidase.®”

2.3 Macromolecular and multimolecular systems

In this section, multimolecular systems incorporating glycosi-
dase activated prodrugs are discussed. The main rationale for
the development of these multi molecular systems is the
enhanced permeability and retention (EPR) effect. EPR is a
property of solid tumours, whereby macromolecular drugs and
nanoparticles accumulate preferentially in tumour tissues than

Chem. Soc. Rev,, 2022, 51, 9694-9716 | 9707
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(a) The principle of drug delivery for the interlocked prodrug 33; (b) the structure of prodrug 33 and the paclitaxel release mechanism.

(Reproduced from ref. 97 with permission from the Royal Society of Chemistry.)

in normal tissue due to increased vascular permeability.”®°

To take advantage of the EPR effect, research has focused on
developing larger supramolecular and macromolecular systems
incorporating the prodrug concept. These include, but are
not limited to, polymers, micelles, nanoparticles and protein
conjugates.

9708 | Chem. Soc. Rev,, 2022, 51, 9694-9716

2.3.1 Polymers. Biodegradable and thermosensitive di-
block copolymers have been reported as efficient micelle-
forming building blocks for the delivery of hydrophobic drugs.
Poly(ethylene glycol)-b-poly[N-(2-hydroxypropyl)methacrylamide-
lactate] (mPEG-b-p(HPMAmLacn)) contains a hydrophilic compo-
nent (mPEG) and a thermosensitive component (p(HPMAmLac,,))

This journal is © The Royal Society of Chemistry 2022
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that forms polymeric micelles in aqueous solutions. Hennick and
co-workers reported a novel system for enzymatically responsive
anticancer therapy.'® They investigated the covalent coupling of
doxorubicin-glucuronide prodrug 35 (Scheme 6) to the micelle
core using ‘click chemistry’. It was confirmed that the coupling
was very efficient and that polymers were obtained at low con-
centrations. The micelles formed were small (50 nm) and mono-
disperse. In the presence of B-glucuronidase, 40% of the drug
payload was released after 5 days incubation at 37 °C, but less
then 5% was released in the absence of the glycosidase enzyme.
In vitro cytotoxicity experiments using carcinoma cells showed
the same cytotoxicity as free doxorubicin only in the presence of
B-glucuronidase, also indicating the release of the parent drug.
5-Fluorourical is a clinical anticancer drug that suffers from
poor bioavailability. Many chemically modified derivatives of
this drug have been reported, however there are still difficulties
in targeting particular cancers. Negi and co-workers have
reported a xylan-5-fluorourical-1-acetic acid conjugate 36 (Fig. 11)
as a colon specific prodrug.'®" Xylan was used since it remains
intact in the upper gastrointestinal tract and it degraded by
xylanases and p-xylosidase enzymes present in the colon.
In vitro drug release profiles in the presence of rat’s gastro-
intestinal contents, showed that small amounts of the drug
were released in the gastric and small intestine contents, while
53-61% were released in the cecum and colonic contents.

This journal is © The Royal Society of Chemistry 2022

36

Fig. 11 Structure of the xylan-5-fluorouracil-1-acetic acid conjugate 36.

The ester linkage of the conjugate is resistant to ester hydro-
lysing enzymes in the upper GI tract due to the steric hindrance
of the polymeric xylan chain. In a human colorectal cancer cell
line (HTC-15 and HT-29), the conjugates were more cytotoxic
than the parent drug.

2.3.2 Nanogels. To improve the pharmacokinetics and
selectivity of anticancer drugs, Deckers and co-workers have
developed a doxorubicin-glucuronide prodrug nanogel."*?
Nanogels are nano-sized hydrogels that are composed of hydro-
philic polymer chains that are cross-linked and can be loaded
with drugs or conjugated with pharmacologically active agents.
First, the doxorubicin-glucuronide prodrug was conjugated to a
polymer (p(HEMAm-co-AzZEMAm)-Gly-HEMAm) using copper-
catalysed ‘click chemistry’ (Scheme 7a). The polymer was
subsequently used to prepare the nanogels by mini-emulsion

Chem. Soc. Rev., 2022, 51, 9694-9716 | 9709
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photopolymerisation, where the methacrylamide side-chains of
the polymers were cross-linked under UV (Scheme 7b). 4T1
cells, a breast cancer cell-line, were then exposed to HIFU (high-
intensity focused ultrasound) and it was confirmed that the
supernatant contained large quantities of B-glucuronidase.
Microscopic images of untreated cells were round with a
smooth surface, however those that were exposed to HIFU
contained cell debris with no viable cells present. The super-
natant of the exposed 4T1 cells could convert the nanogels
completely into doxorubicin in less than 48 hours. In the
absence of either bovine B-glucuronidase or B-glucuronidase
liberated from cells exposed to HIFU, the nanogels showed
little cytotoxicity.

2.3.3 Albumin-binding. Another method that has been
used to utilise the EPR effect, is to conjugate the drug onto a
protein and hence increase the overall molecular weight of the
specimen. Albumin, the most abundant protein in the blood, is
most widely used for this approach. The first B-glucuronidase-
responsive albumin-binding prodrug consisted of a glucuronide
trigger, the anticancer drug doxorubicin and a self-immolative
linker bearing a poly(ethylene glycol) side chain terminated by a
maleimide functional group (compound 37, Fig. 11)."® In the
presence of albumin, the maleimide reacts via Michael addition
with the thiol of the cysteine at position 34. This forms the
macromolecular drug carrier, which prevents the rapid renal
clearance observed by other f-glucuronidase-responsive prodrugs.
Biological studies have shown that: (i) this conjugate did not affect
the cell viability even at high doses of 2 uM; (ii) addition of
B-glucuronidase induced antiproliferative effects similar to the
parent drug; (iii) this conjugate is 4-fold less toxic than the HMR-
1826 derivate (same with no PEG-maleimide function) in the

9710 | Chem. Soc. Rev, 2022, 51, 9694-9716

absence of B-glucuronidase; (iv) in vivo studies of a murine lung
carcinoma model proved the good antitumour response in the
presence of this conjugate (better than that with maleimide) and
(v) this conjugate does not exhibit nephrotoxicity like the parent
drug doxorubicin.

The protein-conjugate approach was next utilised to
administer another anticancer drug, monomethylauristatin E
(MMAE), a highly toxic anticancer therapeutic that can only be
administered when conjugated onto a monoclonal antibody
(compound 38, Fig. 12). Using the same design as the previous
example, this compound covalently binds to cysteinyl residues
on serum albumin through Michael addition, facilitating
the accumulation of the prodrug in tumours where extracellular
B-glucuronidase triggers the release of the drug. Once again,
it was confirmed that the parent drug was released in the
presence of the glycosidase, becoming cytotoxic only after the
drug was released. This prodrug had remarkable therapeutic
efficacy on orthotopic triple-negative mammary and pancreatic
tumours in mice, where there was a large reduction or dis-
appearance of tumours, e.g. 50% and 33% of mice with respec-
tive tumours, were cured. Importantly, treatment with this drug
delivery system did not induce any side effects."**

To increase the efficacy of the targeting strategy, a dimeric
B-glucuronidase-responsive albumin-binding prodrug of MMAE,
compound 39, was developed. Compared to the previously
mentioned monomeric MMAE conjugate, the dimeric prodrug
contained a chemical amplifier which upon enzymatic activa-
tion releases two molecules of the anticancer drug.'® This
study represented the first in vivo studies of drug delivery
systems containing these molecular constructs. The antitumour
efficacy of the dimeric prodrug was tested in Balb/c athymic mice

This journal is © The Royal Society of Chemistry 2022
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bearing subcutaneous LS174T colorectal adenocarcinoma
xenografts, a model known to exhibit reduced levels of
B-glucuronidase. Although the tumour volumes decreased,
the dimeric prodrug did not exhibit improved efficacy com-
pared to the monomeric prodrug 38.

To increase the potency of the monomeric conjugate 38,
a triple-loaded albumin conjugate (compound 40, Fig. 13)

View Article Online
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was investigated.'’® In line with previous studies, following
intravenous administration, the maleimide unit of the prodrug
reacted with the cysteine-34 of the plasmic albumin. The
albumin conjugate then accumulated in malignant tissue
where B-glucuronidase triggered the release of the drug. In this
case, the enzymatic processes release three MMAE molecules
into the extracellular space. The drugs then penetrate into
surrounding cancer cells where they exerted their cytotoxicity.
In the absence of B-glucuronidase, prodrug 40 was non-
cytotoxic. However, in the presence of B-glucuronidase, prodrug
40 was more cytotoxic than the previously reported MMAE
conjugate 38. This drug delivery system was then administered
to mice bearing intra-pancreatic MIA PaCa-2 tumours at
2.16, 4.32 or 6.48 mg kg~ ' (corresponding to 0.35, 0.7 or
1.1 pmol kg ') per injection. The tumour volumes were
recorded as a function of time by 3D echography. It was found
that this compound had antitumour activity at all tested doses,
without weight loss or side effects. A large reduction in tumour
size was observed in animals treated at the two higher doses,
with 1/8 and 3/8 mice, respectively, experiencing complete
remission. When compared to the previous MMAE conjugate,
the trimer 40 resulted in an 18-fold better reduction in tumour
size compared to the monomer 38."°°

Zelikin and co-workers also explored enzyme prodrug thera-
pies by exploiting the enzyme-rich microenvironment of the
tumour."®” They set out to maximize the prodrug delivery to the
tumour by engineering molecular, macromolecular, and supra-
molecular prodrugs of the anticancer drug monomethyl auris-
tatin E (MMAE). All prodrugs incorporated the o-substituted
p-hydroxybenzyl alcohol scaffold, since it contains three
suitable reactive sites at which to append the effector molecule
(MMAE), the trigger for drug release (glucuronic acid) and a
protraction arm. The protraction arm varied from PEG
groups, such as 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine (DSPE, compound 41, Fig. 14), 4-(p-iodophenyl)butyric
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Fig. 13

(a) Structure of the triple-loaded albumin target 40; (b) antitumour activity of the B-glucuronidase-responsive albumin-binding prodrug 40 on

MIA PaCa-2 orthotopic models. MIA PaCa-2 tumour growth inhibition under therapy with vehicle, 38 (2.16, 4.32 and 6.48 mg kg™ and 40 (2 mg kg™).
(c) MIA PaCa-2 tumour growth inhibition under therapy with 38 and 40. (d) Mean body weights of each group of mice bearing MIA PaCa-2 xenografts.
(e) Tumour volumes at day 84 of mice bearing MIA PaCa-2 xenografts treated with vehicle, 38 and 40. Reprinted from ref. 106 with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2022

Chem. Soc. Rev,, 2022, 51, 9694-9716 | 9711


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cs00379a

Open Access Article. Published on 09 November 2022. Downloaded on 4/3/2026 7:17:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

HOOC o
HO
N o
OH
OTMMAE
(0]
I 2
. O N _~~-P~ M/
Aoy ro oo,
! [¢]

Fig. 14 Structure of supramolecular
albumin-binding moieties.

prodrugs 30-32 containing

acid (AlbuTag, compound 43), and the trityl group (Tr, com-
pound 42). All of the reported prodrugs masked the toxicity of
the parent drug, which was released upon enzymatic bioconver-
sion. However, only one prodrug exhibited significant anti-
cancer effects in vivo. The Tr-PEG glucuronide prodrug 42
displayed statistically significant suppression of tumour
growth, while a close analogue without an albumin-binding
group did not. Conversely, prodrugs containing the other
albumin-binding groups (DSPE and AlbuTag, compounds 41
and 43) were not active; indicating the albumin affinity alone is
not sufficient for success. Pharmacokinetic studies revealed
that tumour accumulation was the only parameter that showed
correlation with the in vivo anticancer effects.

2.3.4 Nanoparticles. Magnetic nanoparticles (MNP) can
be utilized in magnetically directed enzyme/prodrug therapy
(MDEPT). Starch-coated magnetic nanoparticles were conjugated
with B-glucosidase (B-Glu) and polyethylene glycol (PEG). In these
surface functionalised systems the B-glucosidase can be used to
activate amygdalin (structure in Scheme 8), a natural cyanogenic
glycoside that releases a toxic cyanide ion'®® that can kill prostate
cancer cells. When the nanoparticles were subjected to an
external magnetic field, they accumulated in targeted tumour
tissue, preventing the accumulation in the liver and spleen,
which would in normal circumstances lead to dangerous side
effects. Using the combination therapy of PEG-B-Glu-MNP/
amygdalin targeted activation of amygdalin was achieved and
tumour growth in C57BL/6 mice bearing RM1 xenografts were
inhibited."*

To improve the activation of prodrugs in vivo, Guo and co-
workers developed an innovative strategy for synthesising ketal
glycoside prodrugs that have dual-activation properties. Gluco-
syl acetone-based ketal-linked glycoside prodrugs of etoposide
(ETP) 44a-d (Fig. 15a), a topoisomerase II inhibitor, underwent
self-assembly into glucose-decorated nanoparticles. These

9712 | Chem. Soc. Rev., 2022, 51, 9694-9716

View Article Online

Review Article

could then be internalized into tumour cells containing enzyme-
rich acidic organelles, where they could subsequently be activated
through hydrolysis of the glycosidic linkage by glycosidase activity
or through hydrolysis of the ketal linkage by acid. This triggers the
self-immolative hydrolysis of the other linkage, concomitantly
releasing the drug, with the formation of both glucose and
acetone as by-products (Fig. 15b). Four prodrugs were reported;
the two o-linked isomers 44a and b, and two B-linked isomers 44c
and d to the 2” and 3”-hydroxyl groups of the ETP molecule.
An A549 xenograft tumour model was used to assess the intratu-
moural accumulation and antitumour activity of the prodrugs.
It was found that the pH and B-glucosidase sensitivity depended
on the anomeric nature of the prodrugs, whereby the o-linked
prodrug NPs only underwent acid-activated hydrolysis, whereas
the B-linked prodrugs underwent hydrolysis by both acid and
B-glycosidase. In vivo biodistribution studies showed that prodrug
44c (3"-positional B-anomeric prodrug) NPs exhibited greater
tumour accumulation than free ETP. Also, the NPs were success-
fully hydrolysed in tumour tissue and exhibited better efficacy in
reducing tumour size than free ETP, which was confirmed using
hematoxylin and eosin (H&E) and Ki67 immunohistochemical
staining (Fig. 15¢).""°

As outlined earlier in Section 2.1.2, gene-directed enzyme
prodrug therapy (GDEPT) has been utilised in successful cancer
treatment to reduce harmful side effects and to improve
pharmacokinetics. Using this approach, cancer cells are trans-
fected with a plasmid containing the bacterial gene lacZ, which
promotes the expression of -galactosidase (Fig. 16). Dendrimer-
like mesoporous silica nanoparticles (DMSNs) were loaded with a
prodrug consisting of doxorubicin conjugated to a galactose
residue through a self-immolative linker (structure similar to
prodrug 6). The DMSNs were then capped with a disulfide-
containing polyethyleneglycol gatekeeper. It was confirmed that
the prodrug remained in the nanoparticles until after the addition
of glutathione (GSH), which cleaved the disulfide bonds and
released the prodrug, which could then be activated by B-galacto-
sidase. The combined treatment of B-galactosidase transfected
cells and the DMSNs-prodrugs resulted in a more effective therapy
than that observed for the prodrug alone."™
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Scheme 8 The formation of hydrogen cyanide from the hydrolysis of
amygdalin.&°
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(a) Structure of four prodrugs 44a—d; (b) dual glycosidase- and acid-catalyzed self-immolative hydrolysis of ketal glycoside prodrugs; hydrolysis

of the glycosidic or ketal linkage triggers hydrolysis of the other linkage, resulting in spontaneous self-immolation; (c) staining of cancer cells. Reprinted

from ref. 110 with permission from the American Chemical Society.
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Fig. 16 Mechanism of action of the GDEPT system. Reprinted from
ref. 111 with permission from MDPI.

3. Conclusion

The glycosidase activated prodrug approach has been utilised
in many ways in recent years, incorporating various sugars,
linkers and known anticancer drugs. The most common sugars

This journal is © The Royal Society of Chemistry 2022

used in this strategy are glucuronic acid and galactose residues,
as it is known that their corresponding glycosidases are highly
expressed in the tumour microenvironment, allowing the
release of the anticancer drugs are the desired site of action.
Additional functionality has been incorporated into the simple
glycoconjugates, including hydrophilic linkers and targeting
ligands to aid in their aqueous solubility and their selectively
for cancer cells. More sophisticated approaches are now being
developed that incorporate the prodrugs into supramolecular
and macromolecular systems such as gels and nanoparticles.
Also, to exploit the EPR effect, albumin-binding prodrugs have
been developed that are retained in solid tumours, exerting
their anti-cancerous effects in the desired site of action and
reducing cytotoxic side effects. Herein, we have featured some
select examples of such designs which demonstrate their
importance and potential applications. The future direction
of this area will undoubtedly continue to develop novel pro-
drugs incorporating more diverse anticancer agents. Utilising
the ADEPT concept, more complex glycosides will also be
incorporated into the prodrug design. New strategies will
certainly be developed to target cancers more effectively thereby
eliminating dangerous side effects.
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