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Abstract

Smart drugs, such as antibody-drug conjugates, for targeted therapy rely on the ability to deliver a
warhead to the desired location and to achieve activation at the same site. Thus, designing a smart
drug often requires proper linker chemistry for tethering the warhead with a vehicle in such a way
that either allows the active drug to retain its potency while being tethered or ensures release and
thus activation at the desired location. Recent years have seen much progress in the design of new
linker activation strategies. Herein, we review the recent development of chemical strategies used
for linking the warhead with a delivery vehicle for preferential cleavage at the desired sites.
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1. Introduction

In the world of drug discovery and development, the concept of “smart drugs” broadly refers
to those that can selectively affect disease-relevant target(s). However, to a certain degree,
essentially all drugs are already selective toward the desired target(s) whether they are
enzyme inhibitors, receptor ligands, ion channel blockers, inhibitors of protein-protein
interaction, or even genotoxins used for cancer chemotherapy, among others. They would
not have made through the various milestones of drug discovery and developmental
processes if they were not sufficiently selective for the intended target(s). However, once
administered into the human body, the highly complex living system often leads to many
unexpected off-target effects. Thus, various additional approaches have been studied and
employed to further enhance the level of selectivity to ensure efficacy with a minimal level
of off-target effects. Broadly speaking, synthetic lethality, conjugation of a drug to a
targeting moiety (e.g., antibody, receptor ligand), selective activation of a prodrug at the
desired site, suicide inhibitors, and selective trapping of a drug at the desired site are all
approaches aimed at adding an extra layer of selectivity to a drug that normally relies on
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single-target selectivity.! Among all these approaches, conjugation of a drug to a targeting
moiety is arguably the most commonly used method to further enhance selectivity.
Antibody-drug conjugates (ADCs) are excellent examples.2-8 There are other ligands that
have been extensively used for targeting purposes, including folate,”= integrin ligands,10-12
ligands for the prostate-specific antigen,13-15 to name a few. Ideally, such conjugates can
achieve two things: enrichment at the desired site because of the targeting vector and
selective release/activation of the parent drug molecule at the site of action. The second
aspect is where the linker chemistry comes into play. Earlier efforts often rely on linker
chemistry that offers limited selectivity in its cleavage, resulting in premature drug release or
inadequate release. In recent years, there has been some very impressive progress made in
the selective activation of a prodrug. The selective cleavage of such a linker affords a second
layer of selectivity; much of this has been achieved through the innovative use of linker
chemistry and triggering mechanism(s) for activation. In discussing the specific linker
chemistry, there are two key components: the chemistry needed to allow the linker to be
removed and the triggering mechanism. There are many different permutations and
combinations of the “trigger” and “linker” components. It should also be noted that there
have been several recent reviews about the application of chemical linkers in various
examples of prodrugs.16-18 Herein, we do not strive to be comprehensive and do not want to
unnecessarily duplicate what has already been elegantly described in these reviews. Instead,
we will use examples to show innovative combinations of linker chemistry and activation
mechanism to allow for improved performance of targeting strategies.

2. pH-sensitive linkers

There are two commonly seen scenarios that allow for the selective activation of pH-
sensitive linkers, both of which are developed for targeting cancer. First, it is well-known
that tumor tissues generally have lower pH (6-7) than normal tissues (pH 7.4), largely due to
elevated glycolysis known as the Warburg effect and poor lymphatic drainage. Second, in an
endocytic or exocytic process, pH inside the endosome and lysosome generally drops to
about 5.5~6.0 and 4.5-5.0, respectively.1® Therefore, pH-sensitive linkers take advantage of
this pH difference to trigger selective prodrug release in tumor tissue or release the payload
of a targeted therapeutic conjugate through an endocytosis or exocytosis process.

In most of the reported pH-sensitive linker applications, the enrichment effect is largely
achieved by the targeting moiety. The linker itself should be stable enough to avoid
premature release and sensitive enough to ensure efficient release upon being taken up
through endocytosis. There have been extensive reviews of this area,29-23 and yet it is well-
recognized that the choice of suitable linker chemistry in the context of the intended disease
target(s) is mostly based on intuition.24 On the other hand, the pH difference between
endosome and extracellular space is significant (ApH ~ 2); it would be easier to achieve
selective release by taking advantage of this mechanism than to utilize the minor difference
between cancerous and normal tissues. In this context, we focus on the chemistry that allows
for pH-dependent hydrolysis profiles; and also in the discussion of linker chemistry, we
would like to introduce the ratio between the release rates at lower and neutral pH as an
indicator for selectivity, as suggested by Wagner e/ a/.?* If data is available, release rates at
various pH will also be included for comparison.
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Imine/hydrazone/oxime linkers

The chemistry of acid-catalyzed hydrolysis of oxime and hydrazone has been extensively
used in pH-sensitive linker strategies, especially in the delivery of anticancer drugs through
the use of nanocarriers,2°> polymer-based carriers,19 and ADCs.26:27 For discussing the
various design principles, it is important to understand the basics of the hydrolysis chemistry
and reaction rate, especially in comparative studies of the hydrolytic cleavage of oxime and
hydrazone (C1=N1-X). In a 2008 study using NMR in a deuterated buffer, it was found that
the attack by a water molecule on C! is the rate-determining step and is subject to acid
catalysis through protonation of the N nitrogen atom (Figure 1A).28 Tethering an electron-
withdrawing X group reduces the propensity for N1 to be protonated, leading to an overall
decrease in the hydrolysis rate under physiological conditions. Therefore, the hydrolytic
stability at pH 7.0 is ranked in the order of trialkylhydrazonium ion (no detectable
hydrolysis) >> oxime >> acyl hydrazone > primary hydrazone > secondary hydrazone >
imine (Table 1).

For a pH-sensitive linker, it is very important to understand the effect of pH on the linker
stability. It can be seen from Table 1 that all these linkers are pH-sensitive to some degree.
However, the quaternary ammonium hydrazone (Entry 1) is too stable to be used as a linker
at pH 5. The remaining five all show substantial reaction rate differences between pH 7 and
5. Among all these, the acyl hydrazone linker (Entry 4) stands out as very unique. It is more
resistant to hydrolysis than alkylhydrazones at neutral pH but is more labile at lower pH (pH
5). Such properties of the acylhydrazone linker presumably reflect a delicate overall balance
between the need for electrophilicity of the imine carbon and the ability for an acid to
catalyze the hydrolysis reaction at pH 5 through protonation. The stability profile makes
acylhydrazone an excellent pH-responsive linker for anticancer drug delivery (Entry 4).
Indeed, the half-life of drug release at ~pH 5.0 for various acyl hydrazine-linked doxorubicin
ADCs was determined to be as short as 2.4 min. In contrast, the half-life was more than 2.0
h at pH 7.0.20.29.30 For its unique pH sensitivity, the acylhydrazone linker was employed in
the first generation of ADCs, including cBR96-Dox ADC (Figure 2A). Only a small amount
of pre-mature release of doxorubicin in the serum was found with cBR96-Dox ADC.31 In
phase I clinical trials, cBR96-Dox did not show myelosuppression and alopecia side-effects,
which are commonly associated with doxorubicin. Such results indicate that premature Dox
release was not pronounced. The most common side effect of the cBR96-Dox conjugate was
upper Gl toxicity, which could be attenuated by pretreating with anti-acid drug omeprazole.
32 However, cBR96-Dox was discontinued after observing promising efficacy in phase I
clinical trials,3334 presumably due to corporate business decisions.

For developing ADCs with improved effectiveness, extremely cytotoxic pay loads such as
calicheamicin (sub-nM cellular 1C5p) are often used. This requires reliable linkers with
improved stability under physiological conditions to avoid premature release of the payload.
Therefore, in the development of ADC targeting CD33* myeloid leukemia, a series of
aliphatic and aromatic aldehydes and ketones were assessed as part of the acylhydrazone
linker to search optimal results.3® Such aldehydes/ketones also contain a carboxylic acid
group for conjugation with the antibody as the targeting moiety. Among these acyl
hydrazone linkers, the one formed between 4-(4-acetylphenoxy) butanoic acid (AcBut) and
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acyl hydrazone (Figure 2B) showed the highest pH selectivity. The resulting ADC
gemtzumab ozogamicin (gem-0zo) was shown to be stable with only 6% hydrolysis at pH
7.4 after 24 h at 37 °C, and yet was able to release 97% of tethered calicheamicin after 24 h
at 37 °C and pH 4.5, which corresponds to the lysosomal pH. Such results are consistent
with the stabilization of the acyl hydrazone linker by the p-alkyloxyphenyl group, which
increases the electron density of the hydrazone carbon (as C! in Figure 1), leading to its
decreased propensity to be attacked by a nucleophilic water molecule. /n-vitro cytotoxicity
of the conjugate showed 78000-fold selectivity to CD33* HL-60 leukemia cells (ICsq = 0.46
pg cal/mL, equivalent of the weight of calicheamicin) versus CD33™ Raji human Burkitt
lymphoma cell (ICsq = 35.7 ng cal/mL). In an HL-60 xenograft mouse model, the gem-o0zo
treatment group showed complete tumor regression by day 28 with a dosage of 50 pg/kg
(calicheamicin equivalent) for a total of 3 doses.3® In 2000, gem-0zo became the first ADC
approved by the FDA for human use under the brand name of Mylotarg.

In 2010, Mylotarg was voluntarily withdrawn from the U.S. and European markets due to an
elevated fatality rate compared to the control group in a phase-3 clinical trial. There were
different opinions about the elevated fatality rate. Some retrospective reviews suggested that
the toxicity was due to payload release in the blood circulation.36-38 On the other hand,
there are others suggesting that the side effect should be attributed to target (CD33)
selection, not the linker.4041:42 Even in the context of these disagreement, the issues was not
about the pH-sensitive nature of the linker chemistry. As a matter of fact, a CD22-targeting
ADC, inotuzumab ozogamicin (Besponsa®, launched in 2017), utilizes the same hybridized
AcBut-acylhydrazone linker, which led to a half-life of 12.3 days, demonstrating stability.
The ADC was also shown to be well tolerated.*3 Furthermore, FDA approved Mylotarg
again in 2017 as an orphan drug for the treatment of CD33-positive acute myeloid leukemia,
after Pfizer revised the dosing regimen and confirmed the efficacy, which out-weighs the
harmful effects.4

With the aim of further improving the hydrazone linker, Zheng et a/. developed a safety-
catch strategy by combining an acyl hydrazone linker with a proteolytic bridge to form a
peptide-bridged twin-acylhydrazone (PTA) linker (Figure 3). A protease substrate was used
to join two acyl hydrazone linkers derived from a wishbone-like bis-aldehyde spacer.%® As a
proof of concept, two peptides, GGPLGLAGG and GGFLGG were assessed individually.
The first is a substrate for extracellular matrix metalloproteinase 2 (MMP-2) and the second
for chymotrypsin. In model studies, a fluorophore (Oregon Green 488)-quencher (Dabcyl)
pair was used to examine efficiency of the protease-mediated cleavage. As such, cleavage of
the linker and the subsequent hydrolysis of the hydrazone moiety would separate the
quencher from the fluorophore, leading to increased fluorescence. When incubated at both
pH 7.4 and 4.0 for 24 h, there was no appreciable increase of fluorescent intensity, indicating
the chemical stability of the linker. The study attributed this chemical stability of the
embedded hydrazone linkers to the cooperative effect brought upon by the spatial proximity
of the two hydrazone linkers, which facilitates the reformation of acylhydrazone upon partial
hydrolysis. On the other hand, incubation with the corresponding MMP-2 or chymaotrypsin
for 2 h followed by incubation in buffer for 24 h led to about 50% fluorescent recovery at pH
4.0 and about 10% fluorescent recovery at pH 7.4. The PTA linker with the same fluorescent
reporter system was then conjugated to an RGD targeting moiety for studies in U87 cells,
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which highly express the a3 integrin, a receptor for RGD. Fluorescence increase was
observed by confocal microscopy after 24 h incubation. Then the same system was used to
deliver a cytotoxic payload to cancer cells. The PTA linker was used to link the RGD
targeting moiety and cytotoxic monomethyl auristatin E (MMAE, 1Csq = 0.75 nM in U87
cell). MMP-2, chymotrypsin, or lysosomal cathepsin peptide substrates were separately
employed as the peptide bridge. The conjugated MMAE with different peptide bridges
showed cytotoxicity (ICsg) of 61.9 nM (MMP-2 substrate bridge), 140.9 nM (chymotrypsin
substrate bridge), and 623.1 nM (cathepsin substrate bridge) respectively in U87 cells. One
thing worth noting is that MMP-2 and chymotrypsin are extracellular enzymes. Thus,
cleavage of the peptide bridge before the entire delivery system gets into the lysosome is a
prerequisite. This safety-catch mechanism offers the advantage of payload release only
under the combined conditions of an acidic environment and the presence of an appropriate
protease. Even though the release profile in the /n-vitro studies led to some promising
results, the release rate was considerably slower and less efficient than the conventional acyl
hydrazone linker. Thus, this two-stage release mechanism should be further investigated in
animal models to assess its applicability.

Compared with the hydrazone linker, another example is the oxime linker. However, the
release rate for an oxime linker formed with terephthalaldehyde used in a PEG-Dox micelle
drug delivery system was shown to be slow at pH 5.0 (4 ~ 15 h) and yet the overall release
ratio at pH 7.4 is high (~ 20% after 12 h).#6 Such results indicate a smaller stability margin
than the acyl hydrazone linker. It should be noted that many of the reported oxime linkers
were actual imine chemistry, which is less stable at physiological pH than oxime, presenting
an even greater degree of premature release.#7+48

Overall, there are some very useful and interesting linker chemistries in the categories of
hydrazone, oxime, and imine. However, it is necessary to understand the detailed chemistry
before choosing a specific linker for a particular application.

2.2 Phosphoramidate linkers

Besides imine chemistry, phosphoramidate chemistry has also been used in pH-sensitive
linker design with tunable release rates.#® One such design takes advantage of general-acid
catalysis enabled by an appropriately positioned pyridinyl group (Figure 4). Specifically, the
pKa of a protonated pyridine is slightly below physiological pH, allowing the pyridine to
remain in the largely unprotonated form at pH 7.4. However, at a lower pH, the protonation
of the pyridinyl nitrogen allows for general acid catalysis as a way to facilitate the hydrolytic
cleavage of the phosphoramidate linker. As a result, both the pKa values of the amine in the
payload part and the pyridinyl group in the linker segment affect the release rate. The trend
for the hydrolysis rate of the various phosphoramidate analogs (n = 2) at pH 5.5 was
determined as follow: 1a (#o: 1.64 h) > 1b (#2: 2.13 h) > 1c (#/»: 16.2 h) > 1d (#0: 31.5
h). The position of the neighboring protonated pyridinium nitrogen also influences the
hydrolysis rate through intramolecular hydrogen bond formation. For example, in the
hydrolysis tests of various 2-pyridinyl phosphate conjugates, it was found that the release
rate for compound 1e (n = 1) was very fast and the half-life was reported as #, =0 h.
Presumably, hydrolysis happened instantly after mixing with the aqueous buffer. Hydrolysis
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of compound 1a (n = 2) at pH 5.5 was much slower with #,, of 1.64 h. Such results suggest
that the formation of an 8-membered ring in the transition state is more favorable than the
formation of a 9-membered ring in the process of accomplishing general-acid catalysis.
Along a similar line, for compounds with R! and R? being phenylethyl and methyl groups
respectively, changing the pyridine nitrogen from an ortho- (reported as ¢, = 0 h) to a meta-
position (#, = 4.33 h), led to an increase in half-life at pH 5.5. The pKa of the amine is
inversely related to linker stability. With the pyridine moiety being the same, an aliphatic
amine has a shorter half-life than an aryl amine (e.g., 1avs. 1b, 1cvs. 1d, levs. If). The
overall design of the phosphoramidate linker chemistry cleverly takes advantage of general-
acid catalysis and entropic control to achieve selectivity between different pHs.

2.3 Acetal-based linkers

As an acid-labile protecting group of the aldehyde group, acetal can readily undergo
hydrolysis under acidic conditions (Figure 5). Wagner et a/. assessed several simple
benzaldehyde acetals for their hydrolysis profiles and applicability as pH-sensitive linkers.24
It was found that the best selectivity and efficiency were achieved with ethoxybenzyl acetal
derivatives (Table 2). Therefore, R and R3 could be further modified to prepare pH-sensitive
linkers. Indeed, the imidazole derivative represented in Entry 4 of Table 2 was successfully
utilized to develop the NEBI linker as discussed later.

In the same study, they also compared the release profiles of the spiro-di-orthoester linker
(also known as SpiDo linker),%0 acylalkylhydrazone linker, and the acetal linker by
constructing a FRET-based fluorescent reporting system consisting of a
tetramethylrhodamine (TAMRA) fluorophore, a black hole quencher (BHQ-2), and the
linker that joins them together (Figure 6, the same approach was also reported in another
publication from the same group®l). By monitoring the fluorescent changes at different pH,
the study revealed that the spiro diorthoester conjugate 14 gave the highest pH-dependent
selectivity and efficiency. It was consistent in achieving instant and complete hydrolysis
below pH 3.0, whereas 1 h and 4.5 h were needed to achieve complete hydrolysis at pH 4.0
and 5.0, respectively. At pH 6.0 and 7.0, it showed 65% and 24% of hydrolysis after 15 h.
Therefore, the spiro diorthoester linker seemed to be more sensitive to low pH compared
with the acylalkylhydrazone linker.

2.4 An N-ethoxybenzylimidazole (NEBI) linker

The N-ethoxybenzylimidazole (NEBI) moiety was used by Yang ef 4/. as a tunable pH-
sensitive linker®2 and was applied later in the targeted delivery of indenoisoquinoline to
cancer via the folate receptor (Figure 7).53 It was based on the hydrolysis of “aminol” ether.
In this case, the prodrug used an imidazole nitrogen to form the aminol ether. After
protonation of the imidazole nitrogen under acidic conditions, the linker would
spontaneously collapse to release the imidazole-containing parent drug. By varying the
substitution (R group) on the phenyl ring, the release rate is tunable. For example, installing
an electron-donating groups (EDG) such as a methoxyl group on the benzaldehyde ring led
to a prodrug with a £, = 0.6 h at pH 5.5, whereas an electron-withdrawing group (EWG)
such as nitro group at the same position resulted in #,, = 6900 h at pH 5.5. In addition, the
half-life at pH 7.4 was found to be about 10-fold greater than that at pH 5.5, independent of
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the substitution group. This phenomenon is desirable for the rational design of linkers with
somewhat predictable pH-dependency and release efficiency. Targeted delivery and release
of the payload in 12 were verified through /n-vitro studies using folate receptor-positive KB
cells, which showed ICsq of 60 UM. In contrast, the 1C5q of the same conjugate in folate
receptor knockdown KB cells was 655 AM. Further, a compound with an uncleavable
poly(ethyleneglycol) (PEG) linker showed an ICsg of greater than 250 uM in folate receptor-
positive KB cells. The uptake of the conjugate was examined with fluorescence microscopy;,
which showed co-localization of the conjugate and Lysotracker blue (a lysosome fluorescent
dye) in the KB cells. The results suggest that the pH-sensitive NEBI linker is needed for the
conjugate to take effect through folate-receptor mediated endocytosis. However, the high
ICsq values for the prodrugs suggest there is room for improvement.

2.5 Maleic acid-derived linkers

Maleic acid derivatives (including cis-aconityl group) have been used as linkers based on the
intramolecular cyclization of maleoyl amide at pH less than the pKa of the free carboxylic
acid group (Figure 8). This linker chemistry was first reported in 1981 with a highly
desirable pH-sensitive release profile, allowing complete release within 3 hours at pH 4.0
while remaining stable at pH 7.0 without any detectable release for up to 96 h. It should be
noted that earlier research often uses cis-aconitic anhydride, which could lead to
regioisomers of the final conjugate. In addition, conjugation using c/s-aconitric acid often
leads to decarboxylation and/or trans-isomerization.>* This issue has been addressed by
Fletcher et a/>° by using protected 2-(5-aminopentyl)-maleoyl acid instead of c/s-aconitic
anhydride to form the linker between a sugar moiety and a lipid
dioleoylphosphatidylethanolamine (DOPE). This was used to develop a pH-sensitive
phospholipid for potential use in drug and gene delivery (Figure 9). The linker precursor 21
can be synthesized from Boc-e-aminocaproic acid via a four-step procedure and can be
introduced to the conjugate via a coupling reaction. Deprotection by tetra-/-butylammonium
hydroxide (TBAH) leads to /n situ cyclization product 25. Further hydrolysis allows for the
reopening of the imide to form the acid-labile linker conjugate. However, the formation of
a- and B-substituted regioisomers (26 and 27) in an equal ratio seems inevitable.

The release mechanism of the maleic amide linker remains speculative. Zhang et al.
summarized this aspect based on experimental findings and literature reports (Figure 10).%6
At pH below the pKa of the acid, 29 is the dominant specie, leading to at least three possible
pathways for subsequent reactions. Pathway A was considered to be the main mechanism by
Zhang and co-authors. It was proposed to involve intramolecular proton transfer from the
carboxylic acid to the amide group followed by ring closure, leading to the tetrahedral
intermediate 30. The subsequent collapse of the tetrahedral intermediate leads to the release
of the drug and maleic anhydride. In determining the rate-limiting step of this pathway,
Kirby et al. conducted detailed studies in the 1970s.%7 It was found that the rate of
hydrolysis was independent of the pH from pH 0 to 2. At pH higher than 2, reaction rate
decreases with increasing pH. At pH above the pKa, there was no detectable hydrolysis of
the amide. The intramolecular proton transfer that leads to the formation of the tetrahedral
intermediate 30 was found to be the key step that gave this unique hydrolysis profile of the
maleamic acid derivatives (including phthalamic amide). The pH dependence of the reaction
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indicates there is a component of specific-acid catalysis.>’ However, because there is a
second proton-transfer step in Pathway A, general-acid catalysis also plays a role. In
accordance with the findings by Kirby et al.,>” Zhang et /6 also found that double
substitution on maleamic acid led to a 700-fold increase in the amide hydrolysis rate. It was
presumably because the two alkyl groups impose entropic advantages for cyclization. The
rate-limiting step for the hydrolysis was confirmed to be the breakdown of 30.57 However, in
the case of the maleamic acid substitution being an isopropyl group, the proton transfer
process was found to become the rate-determining step, leading to strong general-acid
catalysis.”® There have not been thorough studies as to whether the reaction is under kinetic
or thermodynamic control. In Pathway B, attack by the amide oxygen leads to the
isomaleimide 31, which can undergo hydrolysis to 30. Subsequent collapse of the tetrahedral
intermediate to release the drug can follow a similar pathway as that of Pathway A. Pathway
C does not directly lead to drug release. However, it is possible that all reactions are fully
reversible under the conditions used and on a practical timescale. In one example,®8 a methyl
substituted maleamic acid derivative was used as the linker to tether glutathione (GSH) to
doxorubicin (Dox) (Figure 11). Due to the polar nature of the GSH moiety, the conjugate
was not cell-permeable and thus was inactive. The linker is able to respond to minor changes
in the pH of the tumor microenvironment and release Dox on site. The cleavage ratio
between pH 6.0 and 7.0 was found to be about 7 (70% Dox release at pH 6.0 vs. 10% release
at pH 7.0 at 5 h). This selectivity is higher than the previously discussed spiro diorthoester
linker with the pH 6/7 cleavage ratio being around 4 at 5 h. This advantage reaffirms why the
old maleamic acid linker strategy is still being actively studied in the field.

Due to the free amino group (pKa = 8.2) in Dox, it remains in the protonated form in the
slightly acidic microenvironment of the tumor tissue, which might impede the cellular
uptake of Dox and reduce its effectiveness. For example, in ES-2 ovarian cancer cells, the
ICsq of free Dox is higher (1.6 £ 0.1 uM) at pH 6.7 (extracellular pH) and lower (0.7 £ 0.1
UM) at pH 7.4. The pH-sensitive nature of the maleamic acid linker mitigates this pH-
dependency for Dox. For example, in ES-2 ovarian cancer cells, conjugate 33 was shown to
have an ICgp 0f 2.1 £ 0.3 uM at pH 6.7 and 3.2 £ 0.4 uM at pH 7.4. Although 33 is about 2-
fold less potent than free Dox, this prodrug mitigates pH dependency of Dox and may
benefit Dox chemotherapy by increasing Dox concentration in the tumor tissue and
circumvent the issue of the undesirable pH-profile of Dox. However, in employing this
strategy, the issue of disulfide stability /7 vivo (see disulfide linker part for detail) should be
emphasized and further studied.

To summarize, pH-sensitive linkers respond to pH changes in the microenvironment and
undergo acid-catalyzed cleavage. To target endosome/lysosome with a relatively low pH,
acylhydrazone linkers can achieve fast and selective release. To target solid tumor with only
a slight drop in pH (to 6.0-7.0), it might be desirable to use a spiro-di-orthoester linker
and/or a maleamic acid linker, which offers the advantages of being sensitive to subtle pH
changes. Even with all the progress, new chemistry for pH-sensitive linkers with tunable
release rate is still highly desirable for the development of prodrugs including ADC and
gene-delivery.
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3. Protease-sensitive linkers

One way to achieve targeted delivery is to take advantage of the differential expression

levels of enzymes at the desired sited of action. Along this line, protease is often considered
as a useful trigger. Thus, a linker of an appropriately designed peptide sequence should offer
the chance of selective cleavage at the site of action (Figure 12A). There have been examples
of using proteases and others for this purpose.>® Examples include cathepsin B
overexpression in invasive and metastatic cancer phenotypes® and aberrant levels of
kallikrein peptidase family (KLK1~15) in certain tumor types. Among them, the well-
characterized KLK3, also known as the prostate-specific antigen (PSA), has been used to for
designing prodrugs to treat prostate cancer with the first example dating back to 1998.61
Table 3 summarizes some examples.

In some cases, directly tethering a peptide linker serves the purpose (Figure 12A). In other
cases, directly linking the drug to a peptide may lead to interference with the proteolytic
cleavage due to steric hindrance.’ Therefore, especially in ADCs, a small self-immolation
spacer such as p-aminobenzyloxycarbonyl (PABC) is often used to form a hybridized
peptide linker (Figure 12B). One example of using a cleavable peptide linker to tether a
cytotoxic payload with a monoclonal antibody (mAb) is the FDA-approved ADC
brentuximab vedotin (Adcetris).”2 It uses a valine-citrulline (Val-Cit) moiety, a cathepsin B
substrate, as the peptide linker along with the PABC spacer. Upon antigen-targeted delivery
and internalization into cancer cells, cathepsin hydrolyzes the amide bond between Cit and
the PABC spacer, leading to the subsequent 1,6-elimination to release the cytotoxic
monomethyl auristatin E (MMAE). To study the stability of the linker as well as the entire
conjugate, 2, 4, or 8 equivalents of the MMAE payloads were attached to one monoclonal
antibody cAC10 through the Val-Cit linker.”3 It was found that a higher loading degree did
not alter the antigen-binding profile or the linker stability but decreased the stability of the
conjugated mAb. The 4-payloads species showed a drug release half-life comparable to that
of the parental cAC10 mAb (¢, about 14 days in mice). This was considered desirable for
extending the ADC exposure time to the tumor and also for reducing binding competition
between the ADC and the unmodified mAb.”3.74 It was reported that the /in-vivo half-life of
this linker was around 144 h (6 days) in mice and 230 h (9.6 days) in cynomolgus monkey,
which was significantly more stable than the acylhydrazone linker. Such results suggest that
this linker would be highly stable in human. In 2011, phase I trials of this ADC produced a
response rate (the percentage of patients whose cancer shrunk or disappeared after
treatment) of 75% in patients with Hodgkin lymphoma (n = 102) and 87% in patients with
anaplastic large cell lymphoma (n = 30).72 Subsequently, this drug was granted accelerated
approval for the treatment of relapsed Hodgkin lymphoma and systemic anaplastic large cell
lymphoma.”>:76

In addition to PABC, several other self-immolative spacers (Figure 13) have also been
employed.”’-"9 Before designing prodrugs with such linkers, several factors should be
considered, including proteolytic cleavage kinetics of the amide bond between the peptide
and self-immolative spacer, cyclization or elimination release rate of the spacer, and the
chemical stability the ester/amide bond between the spacer and the drug. For example, by
using a phenylacetamide moiety as the substrate of penicillin G acylase (PGA) and 7-
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hydroxyl coumarin as a fluorescent reporter, a study tested various self-immolative linkers to
compare the enzymatic release kinetics (Figure 13).89 Upon treating with PGA, the
combined PABC-cyclization spacer 38 was found to give the fastest cleavage rate, leading to
complete release within 10 min. On the other hand, the release rate for the compound (37)
with a single PABC spacer was slower than that of 38 with a half-life of 6 min (complete
release expected to be at least 36 min). One explanation is that the extended linker 38 is a
better substrate for the protease. Further the elimination of CO, from the carbamate linker
offers an additional thermodynamic driving force for the linker cleavage. Other more
sophisticated designs (39 and 40) with a dual-cyclization spacer gave slower release kinetics
than 37 with about one-fourth of the drug released within 30 min. The slower release of the
payload can be attributed to the cyclization reactions involving the thiol group attacking the
carbamate. The single cyclization linker in 41 failed to release the fluorophore, indicating
the inability for PGA to hydrolyze the A-methylated phenacetamide bond.

Substrate structure is an important determinant of the release kinetics in ADC design. One
can tune the release rate by selecting from different substrates for the same protease. For
example, a study using PEG-Onc112 (an anti-bacterial peptide) conjugates examined 20
different trypsin-like protease substrates as the peptide linker.81 It was found that the
LVRPLVPRLVPR linker was the most susceptible toward serum degradation with a half-life
of 1.5 h whereas the ADRG linker was the most stable with a half-life of about 42 h.

Dubowchik and co-workers conducted a comprehensive study on the enzymatic release
profiles of cathepsin B substrates as the peptide linker.”8 They compared ten different DOX
conjugates of dipeptide substrates with/without the PABC spacer (A-Chz-dipeptide-(PABC)-
Doxorubicin). In the /n-vitro enzymatic release assay, both Phe-Lys and Val-Lys with a
PABC linker showed fast release with #, of around 8 min. However, the same dipeptide
without the PABC spacer showed no hydrolysis over 6 h. A valine-citrulline (Val-Cit) linker
showed £/, = 240 min with a PABC spacer, but no hydrolysis was found without the PABC
spacer. An Ala-Lys-PABC linker gave a £, of 60 min, while other dipeptides such as Phe-
Cit, Leu-Cit, lle-Cit, Trp-Cit, Phe-Arg(NO,), and Phe-Arg(Ts) generally gave #,, > 500 min
even with a PABC spacer. It was further demonstrated that the Phe-Lys-PABC and Val-Cit-
PABC linkers were cleaved in rat liver lysosomes with £, of 29 min but were stable in
human plasma.

It should be noted that in many cases, metabolic kinetics of a peptide linker could vary
among difference species due to changes in the expression and distribution of the various
isozymes. This factor should be taken into consideration in the development of prodrugs or
ADCs using a peptide-based linker. For example, the most widely used Val-Cit linker was
found to be stable in human plasma but labile in mouse plasma. It turned out that mouse
blood contains an extracellular carboxylesterase 1c (Ceslc) that can cleave this linker.82
This phenomenon often poses challenges in the design and preclinical evaluation of ADCs
that rely on enzyme-mediated activation, and further states the importance of examining the
issue of human relevance early on.

Another key issue is substrate specificity for the target isoenzyme and interference by
isozymes of similar substrate specificity. A study showed that deletion or silencing the
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CTSB gene, which encoded cathepsin B, did not decrease the potency of ADC with the Val-
Cit linker between mAb and the cytotoxic MMAE payload. Subsequently, cathepsins K/L/S
were also found to be able to cleave the Val-Cit linker.83 Such results suggest that the
preferential expression of cathepsin B or other specific proteases in cancer may not
necessarily increase the therapeutic index of ADCs with a peptide linker. Therefore, one
should be very careful in extrapolating from results from biochemical and cell culture results
to animal models.

4. pB-D-Glucuronidase-sensitive linkers

B-D-Glucuronidase® is a non-circulating enzyme overexpressed in some tumor types.85.86
Therefore, it is also an enzyme that one can take advantage of in designing cancer-targeting
strategies. For the design of prodrugs, parent drugs are usually linked to B-glucuronide
through a self-immolative linker, such as a substituted para-hydroxylbenzyl carbamate. The
introduction of the glucuronic acid moiety makes the parent drug more specific since the
glucuronide-linked prodrug only gets hydrolyzed in the lysosome by the available p-D-
glucuronidase. It should be noted that the cleavage of the B-glucuronide glycosidic bond by
B-glucuronidase automatically triggers a 1,6-elimination of the substituted para-
hydroxylbenzyl spacer thereby releasing the free cytotoxic drug.

In 2006, Jeffrey er al. first reported the use of glucuronic acid as a linker in ADCs®” to take
advantage of the presence of lysosomal B-glucuronidase for drug activation. They reported
mADb conjugates of 43a and 43b (Figure 14). The 1Cgq of the conjugate between anti-CD30
mAb cAC10 and MMAE (43a) was determined to be 0.06 nM in CD30+ line Karpas 299. In
comparison, the nonbinding CD70 mAb-MMAE conjugate did not show any cytotoxicity at
up to 30 nM. The drug-linker conjugate is inactive in the systemic circulation as the linker
cleavage only happens in the presence of B-glucuronidase, which resides in the lysosome.84
Specifically, to test the stability of the linker itself in rat plasma, the reactive maleimide of
42b was reacted with excess DTT to afford dihydro-42b, which was then incubated in rat
plasma for 7 days. It was found that 89% of the drug-linker conjugate dihydro-42b was still
intact by LC-MS analysis. This puts the half-life of the linker at about 81 days as compared
to 6.25 days for the conjugate between valine-citrulline (Val-Cit) and monomethy! auristatin
F (MMAF). Then, the efficacy of 43a was further evaluated in nude mice with subcutaneous
Karpas 299 ALCL tumors. Mice treated with a single dose of 0.5, 1.0, or 3 mg/kg of 43a on
day 14 post tumor implantation all showed much-decreased tumor size (from ~100 mm?3to 0
mm?3) after 110 days. In comparison, the tumor of non-treated mice developed very fast,
reaching the size of 100 mm?3 to ~1000 mm? in one month after tumor implantation. The
maximume-tolerated dose of 43a was determined to be approximately 100 mg/kg, giving a
therapeutic index of more than 200. Incidentally, the hydrophilicity of the B-glucuronide
moiety also helps to enhance the solubility of the prodrug and reduces aggregation when
used as an ADC linker. Jeffrey’s group also demonstrated that p-glucuronide-linked
conjugates showed less than 5% aggregation as compared to 80% aggregation for the
comparable peptide-linked conjugates.88 Hence, the use of this water-soluble B-glucuronide
linker represents an excellent strategy for targeted delivery of drugs to tumor cells.8® The
excellent stability and desirable release profile of the glucuronide moiety significantly adds
to the value of its use as a linker for prodrugs and ADCs. Over the years, B-glucuronide has
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been widely applied in ADC designs along with cytotoxic agents such as duocarmycin,
auristatins, maytansines, y-calicheamicin, cyclopamine, and irciniastatin A .62:83.89-93

5. Thiol-sensitive linkers

In biological systems, free thiol species such as glutathione (GSH) generally serve as buffers
to maintain cellular redox homeostasis.?* It should be noted that the intracellular
concentration of GSH is in the range of 1-10 mM. However, in plasma and other
extracellular fluids, the concentration is at micromolar levels. Tumor cells were found to
contain a higher level of GSH than normal cells.% Thiol-sensitive linkers, commonly
disulfide bridges, have several advantages such as good biocompatibility, ease of synthesis,
and a high release ratio. Taking advantage of all these features, disulfide linkers have been
broadly explored in prodrug development. For targeted delivery, a disulfide linkage is
generally used as a connection between the payload and the targeting moiety.

For example, Perez and coworkers reported a conjugate of folate and doxorubicin by a
disulfide bond.®” Folate was used in targeting the high-affinity folate receptor, which is
commonly over-expressed in cancer cells. A disulfide linker was installed with two
carboxylic groups at its two ends, which was used to tether Dox and folate by forming amide
bonds. Upon conjugation, the fluorescence of Dox was quenched due to its proximity to the
folate moiety. In the presence of intracellular GSH or other reducing agents, the disulfide
bridge can be cleaved through thiol exchange reactions, leading to the release of Dox and
folate. Although the released Dox moiety (Dox-SH) is still a modified version, its
cytotoxicity and fluorescence are kept at the same level as Dox itself. For example, when 5
mM of the prodrug was treated with 5 mM GSH in PBS, a five-fold increase of the
fluorescence from Dox was observed within 3 h. After 3 h, almost 100% recovery of the
Dox-SH was observed with HPLC. To compare the cytotoxicity of Dox, Dox-SH, Dox-S-S-
Folate, and Dox-C-C-Folate (a non-cleavable conjugate), A549 (folate receptor positive) and
MCEF-7 (folate receptor negative) cell lines were used for the cell culture studies. A similar
time-dependent decrease in viability for A549 cells was observed from Dox-, Dox-SH- and
Dox-S-S-Folate-treated groups. After 48 h with 1.2 uM of each individual drug, almost 90%
of the cells were dead from these groups. However, the non-cleavable conjugate, Dox-C-C-
Folate, only caused 5% cell death at the same time point. Towards MCF-7 cells, only Dox
and Dox-SH maintained the same potency, while Dox-S-S-Folate and Dox-C-C-Folate failed
to induce cell death, presumably due to the absence of folate receptor-mediated
internalization. Dose-dependent experiments were also conducted on the A549 cell line, and
the ICgq values of Dox and Dox-S-S-Folate were determined to be 2.03 uM and 1.27 uM,
respectively. These results support the feasibility of the design strategy. Since the
improvement in potency for Dox-S-S-folate over Dox alone was small, it is hard to analyze
the true effect of folate conjugation in enhancing potency.

Mitochondria are known to be the energy producer and play a critical regulatory role in
apoptosis in mammalian cells. Many human diseases are related to mitochondrial
dysfunctions. Therefore, targeting and delivery of drugs to mitochondria have attracted
widespread interest. Kelly and coworkers developed a mitochondrial delivery system by
employing conjugates of a mitochondria-penetrating peptide (MPP) and a payload using a
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disulfide bond.8 In the intracellular environment, the concentration of GSH is much higher
than that in plasma, which may cause cleavage of the disulfide bond before entering the
mitochondria. Therefore, chemical modifications were applied to increase the stability of the
disulfide bond. As a model test, a fluorophore (TAMRA)-quencher (BHQ-2) pair was linked
through a disulfide bond. This pair was further tethered to a mitochondria penetrating
peptide (Figure 15). The alkyl group attached to the disulfide was modified with
substitutions that impose steric hindrance to provide stabilization effects. The breakage of
the disulfide bond can lead to an increase in fluorescent intensity from the fluorophore due
to detachment from the quencher. Such a reporter system was used to study the cleavage
kinetics of different disulfide linkers in PBS and in K562 cell culture. In the presence of 0.5
mM dithiothreitol in PBS, the unsubstituted analog 46 was fully cleaved within 10 min,
while the mono- and disubstituted analogs (47 and 48) required more than 45 min for
cleavage. In K562 cell culture, 10% cleavage from the unsubstituted analog was
immediately observed after the treatment and the maximum release ratio (around 80%) was
achieved in 20 h. The mono- and di-substituted linkers shown a much lower initial cleavage
(less than 10%), and the maximal release (around 70%) took about 48 h. For the studies in
living cells, during the incubation with different substituted disulfide linkers, fluorescent
images were taken at various time points (0.5, 8 and 24 h). Compared to non-and di-
substituted linkers, the conjugate with the mono-substituted linker in 47 exhibited low pre-
incubation cleavage and efficient release within 24 h, and therefore was chosen for further
development of the delivery system. Luminespib, an HSP90 inhibitor, was selected as the
cargo, which was connected to the mitochondria-penetrating peptide through a mono-
substituted disulfide linker. By design, the disulfide bond reduction is to be followed by the
self-immolation of the thiol-carbonate, which can lead to the release of Luminespib. The
localization of the delivery vehicle in mitochondria was affirmed by a fluorescently labeled
analog. However, no quantitative data to assess the release efficiency in cells was reported.
Compared to a low level of toxicity from the non-cleavable analog, the cleavable compound
showed a time-dependent increase in toxicity against K562 cells over 48 h. Through the
assessment of the mode of cell death, mitochondrial effects and mitochondrial
depolarization, its toxicity was deduced to be due to mitochondrial swelling-mediated
apoptosis. This thiol-sensitive linker has also been successfully used in the targeted delivery
of per-acetylated A-azidoacetylmannosamine (AcsManNAz) to tumor cells. Ac4AManNAz
incubation can lead to azidomannose incorporation into cell surface sialic acid. The azido
group can serve as a handle for further labeling for imaging and immune therapy
applications.?? In K562 cells, it took twice as much time for the mono- and disubstituted
analogs to complete the cleavage as compared to the unsubstituted one. By combining this
monosubstituted disulfide linker system and a mitochondria-penetrating peptide,
mitochondrial delivery of an HSP90 inhibitor was achieved.

In the field of ADCs, the disulfide bond is also used to link a mAb with various cytotoxic
agents. For example, Sliwkowski and coworkers reported a series of Trastuzumab-
Maytansinoid (DM) conjugates, by using a disulfide or a thioether bond as the linker.100 As
shown in Figure 16, disulfide linkers were constructed with different numbers of methyl
groups (49-52) and a thioether linker 53 was also developed. All conjugates showed
improved potency on HER2 -amplified breast cancer cell lines BT-474 and SK-BR-3 as
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compared to free DM. The IC5q of compound 50 (Figure 16) decreased to 0.24 nM and 2.71
nM compared to 1.00 nM and 4.52 nM of DM in SK-BR-3 and BT-474 cell lines,
respectively. In normal or HER2-negative cell lines such as MCF-7 and MDA-MB-468, the
cytotoxicity of the conjugate decreased. For example, in MCF-7 cell lines, free DM showed
an 1Csq of 2.92 nM, while the 1Csg of the disulfide-linked prodrugs 50 and 53 was over 100
nM. Pharmacokinetic analyses of the various conjugates were conducted in nude mice. The
least hindered disulfide conjugate (compound 49) was more easily degraded in plasma
compared to other conjugates, and the ADC level was undetectable after three days. With
increasing steric hindrance on the linker, the ADC clearance time in serum increased
accordingly. On day three, 60% of conjugate 50 and 20% of conjugate 51 were degraded.
The most hindered disulfide-containing analog 52 maintained 70% of the total conjugate
concentration after seven days, which was similar to the result of the non-reducible thioether
linker. An MMTV-HER2 Fo5 mammary tumor transplant (trastuzumab-resistant) model was
used for /n-vivo efficacy studies. By measuring the tumor volume after treatment with ADCs
of different linkers, a positive correlation between the linker stability and the anti-tumor
activity was obtained. The ADCS with the most stable disulfide linker and the non-reducible
thioether linker exhibited potent efficacy. The safety profiles indicated that conjugate 50
with a less stable disulfide linker led to a significant decrease in mouse body weight within 5
days of treatment, indicating significant gross toxicity. In contrast, the conjugate with a non-
reducible linker only induced a slight decrease in body weight and was thus chosen for
further experiments. Thus, the stability of the linker most likely affects the systemic toxicity
of the trastuzumab conjugate. Judged by the favorable efficacy, pharmacokinetic, and safety
profile, ADC 53 with a non-cleavable thioether linker was chosen to be further evaluated in
the clinical study.190 It is interesting to note that in this case, it is a non-cleavable linker that
afforded the desired properties. Such results further indicate the need to examine each
specific case and application very carefully in optimizing the conjugates.

Overall, thiol-sensitive linkers have been extensively studied, and have played important
roles in the development of ADCs. However, in using thiol-sensitive linkers, it is important
to balance the issue of stability during circulation and facile release inside cancer cells. This
is a challenging task and needs to be carefully analyzed for each application.

6. ROS sensitive linkers

Reactive oxygen species (ROS) include free radicals, singlet oxygen (10,), hydrogen
peroxide (H,05), and ions such as superoxide (O27), hypochlorite (OCI7), etc. ROS has been
shown to play a major role in various cellular signaling processes and in turn affects diverse
cellular events such as proliferation, differentiation, regulation of immune responses, etc.
The oxidative environment generated by ROS is also capable of causing post-translational
modifications of various proteins by oxidizing the thiol group in cysteine to reactive forms
such as sulfenic acid (-SOH). Further reaction of the -SOH group with nearby a cysteine
leads to disulfide bond formation and/or result in changes in the structure and function of
various proteins.101 Many pathogenic conditions, including cancer, are characterized by high
concentrations of ROS.192 Drug delivery systems can take advantage of the high ROS
concentration in cancer cells to achieve targeted drug delivery.193 Linkers containing
boronate/boronic ester, sulfide, selenide/telluride thioether, and ferrocene are commonly
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used to exploit the presence of ROS for targeted drug delivery. Several very recent studies in
this area are summarized below.

6.1 Aryl boronic acid and boronate-based linkers

Boronic acid and boronate groups have been widely used in designing ROS-sensitive
prodrugs to deliver anticancer drugs such as SAHA, SN-38, nitrogen mustard, NO donors,
etc. Boronic acids have been used in FDA-approved human medicine and the end product of
boronic acid oxidation, boric acid, is an ingredient in vegetables and plants. The selectivity
of this group towards ROS makes it a great choice for preparing ROS-sensitive prodrugs.104

Recently, Xue and co-workers designed boronic acid- and boronate-based prodrugs of 5-
fluorouracil (5-FU).195 5-FU is generally used to treat solid tumors of the breast, stomach,
colon, and pancreas. Though 5-FU acts as a potent anticancer agent, it suffers from major
side effects such as myelosuppression, gastrointestinal toxicity, and central neurotoxicity.
106,107 The more pressing problem with 5-FU is its metabolic instability and its conversion
to cardio- and neurotoxic a-fluoro-p-alanine (FBAL) through catabolism initiated by
dihydropyrimidine dehydrogenase (DPD). Only 1 to 3% of the original dose of 5-FU
mediates the cytotoxic effects on tumor cells and normal tissues through anabolic actions.107
To overcome such issues, a para-boronate benzyl group was introduced to impede metabolic
degradation by DPD at the N4 position of 5-FU. The arylboronate group was used as the
ROS-sensitive trigger for drug activation upon exposure to H,O via a phenol intermediate.
Instability of the phenolic intermediate would result in spontaneous disintegration to give 5-
FU and a reactive quinone methide byproduct that is quickly hydrolyzed in aqueous media
to yield nontoxic 4-(hydroxymethyl)phenol. Specifically, compounds 54a and 54b (100 uM)
(Figure 17) were activated efficiently in the presence of 5 equivalents of H,O, as monitored
using RP-UPLC-MS. Prodrug 54a was completely converted to 5-FU within 5 minutes,
while it took 250 minutes for 54b to complete the conversion. The ability for such prodrugs
to inhibit growth against 60 cancer cell lines (the Developmental Therapeutics Program of
NCI) was studied. Incubation with 54a (50 uM) for 48 h led to growth inhibition of over
50% for most of the cancer cell lines tested. The boronate prodrug 54a showed better
inhibition percentages (92% in lung NCI-H522, 96% in melanoma MDA-MB-435, 95% in
ovarian OVCAR-3 and 81 and 87% respectively in breast MCF-7 and MDA-MB-468 cancer
cell lines) in comparison to the boronic acid prodrug 54b (44% in lung NCI-H522, 65% in
melanoma MDA-MB-435, 30% in ovarian OVCAR-3 and 33 and 22% respectively in breast
MCF-7 and MDA-MB-468 cell lines). The difference in activity was attributed to the
improved permeability of the boronate prodrug. A comparative study of the prodrugs was
performed on breast cancer cell line MCF-7 and normal MEC1 cells. Compound 54a (70%
inhibition at 50 pM) showed less potent anti-proliferative activity in comparison to 5-FU
(70% inhibition at 10 uM); compound 54b (~65% inhibition at 100 pM) was found to have a
weaker effect in comparison to 54a. Presumably, the difference was again due to the
difference in permeability through the membrane. The toxicities of both prodrugs 54a and
54b to MEC1 normal cells (cell viability of > 95%) at up to 100 uM were found to be
reduced in comparison to 5-FU (cell viability of ~50% at 1uM conc.; ~10% at 100 uM
conc.). Though the design principle seems to suggest selectivity of the boronic acid-based
prodrugs, the concentrations used in all these in-vitro experiments were on the high side.
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Prodrug 54a was tested in wild-type C57BL/6 male mice for safety. 5-FU killed all the mice
on the twelfth day at a dose of 100 mg/kg, while prodrug 54a at the same dose did not cause
death or any abnormalities in the mice. Such results showed that 54a had an improved safety
profile when compared to 5-FU and also showed reduced toxicity in the normal tissues.

In summary, aryl boronic acids and esters are known for their relative stability and selective
reactivity towards H,O,. Boronic acid and ester prodrugs as well as the boric acid byproduct
formed after the release of the payload are known to be tolerated in human.198 All these
factors, along with the relatively fast in-vitro kinetics in the presence of physiologically
relevant H,O5 levels, make boronic acid/esters good structural moieties for use as a ROS-
sensitive trigger.109 Though the examples listed are technically not linkers, the concept of
prodrug activation is similar.

6.2 Thioketal-based linkers

Thioketals are another class of ROS-sensitive linkers, which can be cleaved by various ROS
species to give the corresponding thiol 57 and acetone (Figure 18).110 In 2012, Xia and
coworkers developed a ROS-responsive thioketal-based cationic polymeric system for
targeted gene transfection in prostate cancer cells.111 The polymer was synthesized by
Michael addition-based polymerization between thioketal 58 and TFA-protected N, /-
bis(2-aminoethyl)-1,3-propanediamin 59, followed by deprotection using TFA to yield
poly(amino thioketal) (PATK, 60) (Figure 18). The degradation kinetics of these polymers
were studied in the presence of ROS using IH NMR. Specifically, PATK was dissolved in
D,0 containing H,0, and a trace amount of CuCl, to induce radical production. The
degradation rate for the polymer was found to be proportional to the H,O, concentration.
The half-life of PATK was found to be 20 h in the presence of 100 mM H,0, and 11 h in the
presence of 200 mM H,0,. DNA was efficiently complexed by PATK, which was confirmed
by the size and the surface charge on the polyplex. A comparative study of gene transfection
efficiency by PATK in ROS-rich prostate cancer LNCaP cells and non-cancerous CHO cells
was performed. eGFP expression of the different types of cells incubated with PATK
complexing eGFP encoding plasmid DNA was found to be higher for LNCAP (32%
transfection rate) in comparison to CHO cells (25% transfection rate). This polymeric
system was further made cancer cell-selective by conjugating it with a GRP78 binding
peptide (GRP78 protein is overexpressed in various tumor cells). DNA/GRP78P-PATK
showed higher transfection (normalized change of about 2.2 folds) and cellular uptake (~ 3.5
folds) in comparison to DNA/GRP78P free-PATK (transfection ~1.0 fold and cellular uptake
of ~ 1.2 folds).

Given the relatively slow degradation profile of the thioketal linker under physiologically
relevant ROS concentrations in tumor, there is the question of whether there is a way to
provide an extra boost to ROS generation at the site of action. Along this line, Wang and co-
workers utilized such a thioketal linker to reduce off-site drug leakage in their nanoparticle
design.112 In this design, a ROS-sensitive thioketal linker (TK) was used to link a
polyphosphoester with anticancer drug doxorubicin to form PPE-TK-DOX. This drug-
loaded polymer was assembled into nanoparticle formulations with or without embedded
chlorin e6 (Ce6), namely PPE-TK-DOX NP and Ce6@PPE-TK-DOX NP, respectively.
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Here, Ce6 is a photosensitizer which could generate ROS upon red light irradiation.
Therefore, 660 nm red light was designed as a trigger to release DOX by inducing ROS and
hence cleaving the thioketal linker. Such a design was meant to reduce premature release of
DOX in the blood circulation and to afford light-controlled drug release. In an in-vitro
buffer-based study, 57% Dox was released from Ce6@PPE-TK-DOX NP upon exposure to
red light, while less than 10% of the drug was released from the plain mixture of Ce6 and
PPE-TK-DOX nanoparticles (Ce6+PPE-TK-DOX NP). Further, no DOX release was
observed in the absence of light exposure. Then the fluorescent intensity of MDA-MB-231
cancer cells after drug exposure was analyzed using flow cytometry. It was found that
treatment with Ce6@PPE-TK-DOX nanoparticles in the presence of red light gave much
higher intracellular DOX fluorescence in comparison to that of the non-illuminated controls.
The cells incubated with a mixture of Ce6+PPE-TK-DOX NP showed no significant DOX
fluorescence signal. However, the total intracellular DOX content was found to be similar
(~0.2 pg/ 108 cells) by HPLC for both formulations with and without light. Although the
reason was not completely clear, the authors attributed the lower fluorescence in the control
groups to fluorescence quenching caused by the encapsulation of the DOX in the
nanoparticles. Based on this assumption, it might indicate that the cellular uptake of the
DOX nanoparticles in both formulations is similar, but light induced ROS generation was
probably the reason for the enhanced intracellular release of the free DOX. Further, the
particles were examined in mouse models with implanted MDA-MD-231 cells. It was found
that in a 16-day experiment, twice a week treatment with Ce6@PPE-TK-DOX NP at a Dox-
equivalent dosage of 5.0 mg/kg followed by red light exposure on the tumor site (660 nm
laser at 0.1W/cm? for 30 min) resulted in significantly reduced tumor size compared with
the control groups including Ce6@PPE-TK-DOX NP without light exposure, plain mixture
of Ce6 and PPE-TK-DOX NP with or without light exposure, Free DOX, and Free Ce®6.
Thus, Ce6@PPE-TK-DOX NP was shown to allow controlled release the drug at tumor site
by using light exposure to initiate ROS generation. Further, thioketal-based drug delivery
systems are widely reported in ROS triggered drug releasel* and in hybridized PDT-
chemotherapy studies.114 The stability of the thioketal bond under physiological conditions
and its triggered cleavage only in the presence of ROS species could help to reduce off-
target release of the cytotoxic drug. Thus, such properties make the thioketal linker a good
choice for PDT-based chemotherapy. However, the slow release of this linker under
conventional conditions might be a reason why it is not generally utilized in small molecule-
based drug delivery systems.

6.3 Thioether-based linkers

Thioethers have been widely used in biomedical research as an ROS-sensitive group. In the
presence of an oxidative species, the hydrophobic thioether moiety is converted to a more
hydrophilic sulfoxide or sulfone. Once these polymeric systems are exposed to the ROS
trigger, the payload is released due to destabilization resulting from this change of polymer
properties.11® In 2015, Zhu and co-workers reported the design of a type of H,0,-responsive
polymeric micelles. The system consists of two parts. On the outside part is a polymer
HPG-2S-SN38 formed by tethering anticancer drug 7-ethyl-10-hydroxy-camptothecin
(SN138) with hyperbranched polyglycerol (HPG) via an ROS-sensitive thioether linker.116
This ROS sensitive polymer was then self-assembled into nanomicelles with
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cinnamaldehyde (CA) being encapsulated in the core. CA is said to have antitumor effects
by inducing ROS generation in the mitochondria of cancer cells.}1” However, CA’s clinical
application is hampered by its low water solubility, low bioavailability, low stability and lack
of selectivity toward tumor cells.116:117 |t was said that encapsulation of CA in nanoparticle
would not only potentially address these drawbacks, but also further increase ROS
generation through CA release and thus facilitate linker cleavage to release SN38. In the
presence of 1 mM H»0,, in-vitro studies of triggered release of CA from CA-loaded
HPG-2S-SN38 micelles showed 70% CA and 60% SN38 release in 12 h. In contrast, in the
absence of H,05, only less than 20% SN38 and less than 30% CA were released in the first
48 h of incubation. The release of conjugated SN38 was found to be slower than that of CA
from the micelles. It was assumed that breaking the covalent linkage between HPG and
SN38 was slower than the dissociation of CA from the destabilized micelles. Based on the
H»0, responsiveness of the nanomicelle system, the /in-vitro cytotoxic effect was studied in
MCF-7, HN-4, and HeLa cells. No cytotoxicity was observed with the unloaded pure HPG
micelles in tumor cells at a concentration of 2 mg/mL after 48 h. The physical mixture of
CA and SN38 showed more potent anticancer activity than free SN38, free CA, and
HPG-2S-S38, highlighting the synergistic or additive effect of the two drugs. Furthermore,
the CA loaded HPG-2S-SN38 nanomicelles showed more potent activity compared to the
physical mixture. The authors reasoned that this additive or synergistic anticancer activity
could be due to the higher intracellular uptake and endosomal escape of the nanomicelles.
As a result, it was concluded that this nanomicelle system improved the solubility and
stability of both drugs. The results were further interpreted as to indicate CA’s ability to
generate ROS, which in turn facilitates drug release from the nanomicelles. Aside from
aforementioned examples, thioether linkers have also found applications in various dual-
response-based systems such as thermal and ROS responsive prodrugs18 that could increase
the oxidative response of these prodrugs as well as NPs that are able to generate exogenous
ROS at the tumor site and thus accelerate payload release.119

In summary, several pathological states have now been shown to be associated with a high
ROS level. Drug delivery systems based on this particular stimulus are thus of importance to
the field of drug delivery. For a ROS-sensitive drug delivery system to work efficiently,
factors such as the type of linker used, its sensitivity to different types of ROS, the position
of the linker in the delivery system and the toxicity of the byproducts play a significant role
in affecting the viability of the drug delivery approach. ROS-sensitive linkers such as
thioether utilize the solubility switch concept (from hydrophobic to hydrophilic) for release
of payloads while other linkers such as boronates and thioketals are cleavage-based linkers.
A major challenge in this field is to avoid premature leakage of the drug to normal cells
containing low levels of ROS and thus to effectively deliver drugs to the desired site
containing increased levels of ROS. Since different disease states may involve various
elevated levels of ROS, the choice of linker used should be based on the application in hand.

Pre-targeting strategy-based linkers

As mentioned above, ADC is a widely used strategy for targeted delivery, especially in
cancer therapy. Despite the enormous success of this strategy, there are still areas where
improvements are needed. First, the limited number of cell surface receptors (~10° receptors
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per cell) and the low target-background ratio of mAb usually results in a low concentration
of the cytotoxic drug at the desired site.120.121 Second, it is difficult to achieve an optimal
balance between the needed stability of the linker during circulation and cleavability at the
desired site. To overcome such limitations, bioorthogonal chemistry-based22-125 pre-
targeting strategies have been used by using a click reaction to trigger release. Specifically,
the nontoxic targeting moiety can be conjugated with one click-handle such as an azido
group. This conjugate can be administered to achieve accumulation at the desired site. This
constitutes the pre-targeting step. Then, a prodrug conjugated with a trigger such as trans-
cyclooctene (TCO) is administered. One important aspect of such a design is the need for the
bimolecular click reaction to set up the cleavage of the linker that tethers the drug to the
targeting moiety. There has been some very significant development in this area in recent
years.126-128

One strategy that has been used for pre-targeting delivery is the “click and release” reaction
between an azido group and TCO. A cytotoxic drug can be caged in its inactive form, and
activated by a reagent from a click-reaction pair such as azido-TCO, leading to drug release.
128,129 A targeting ligand can be installed to direct the activator to the desired location for
release of the cytotoxic drug (Figure 19).

Specifically, as shown in Figure 19, the reaction between the azido group of 61 and TCO
would form an unstable 1, 2, 3-triazoline compound 62, leading to the release of molecular
nitrogen and formation of aldimine 63. The latter can be hydrolyzed to afford aldehyde 67
and amine 64. 1,6-Elimination of 64 would leads to the release of payload 65. Coumarin
prodrug 61a and TCO-OH were used to demonstrate the proof of concept. The second-
order rate constant of the 1,3-dipolar cycloaddition between 61a and the equatorial and axial
isomers of TCO-OH was determined to be 0.017 M~1S71 + 0.003 (equatorial isomer of
TCO-OH) and 0.027 M~1571 + 0.006 (axial isomers of TCO-OH) respectively in
CH3CN/PBS (1:1, 37 °C). The subsequent 1,6-elimination of the PABC intermediate 65a
was very fast; it is faster than what the NMR time scale allows. For 100 uM of Dox prodrug
61c, after 4 h incubation in serum/PBS (1:1) with 500 pM TCO-OH (equatorial isomer), the
yield of drug release was determined to be 51%, and the cytotoxicity of 61c (ICsy = 0.96
uM) was found to be comparable to that of its parent drug Dox (0.71 puM). However, the
azido prodrug was shown to have stability issues, leading to a recovery yield of only 68%
after 24 h incubation in mouse serum/PBS (1:1). To ensure sufficient drug release, much
faster kinetics of the bimolecular reaction was needed. The introduction of an electron-
withdrawing group such as fluoro substitution is known to facilitate such 1,3-dipolar
cycloaddition.130 Thus a tetrafluoro-substituted aryl azide was studied and was shown to
have a second-order rate constant of 0.110+ 0.036 M~1S~1 in CH3CN/PBS (1:1, 37 °C) with
TCO-OH, compared to 0.017 + 0.003 M~1S™1 for the counterpart without a fluoro
substitution. Although the fluoro-substitution accelerated the cycloaddition reaction, it led to
a slower overall payload release rate by stabilizing the intermediate aldimine. The chemical
feasibility of this targeted delivery approach has been demonstrated. However, further
application of this strategy is still hindered by the relative sluggish reaction kinetics, and the
application of such chemistry in pre-targeting delivery /n vivo has not yet been reported. In
addition, electron-deficient aryl azides have an increased tendency to undergo
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decomposition and nitrene-based side reactions, which could pose a problem for future
applications.13!

To achieve the goal of pre-targeting-based delivery, fast reaction kinetics are needed for drug
release. The reaction between TCO and tetrazine was found to possess fast kinetics, and the
reaction rates for this reaction can be tuned by modification of the tetrazine part. In 2013,
Robillard and co-workers designed a prodrug activation system based on this reaction
(Figure 20).132.133 A 1, 4-dihydropyridazine intermediate 69 was formed after reaction
between TCO-drug conjugate and tetrazine; further elimination led to the release of the
payload. The release yield was about 79% from the TCO-Dox conjugate (25 uM) after
incubation of 16 min at 37 °C with 10 equivalences of tetrazine 68b or 68c. Further
investigation into the relationship between reaction kinetics and substitutions on the tetrazine
moiety was reported by Chen and co-workers in 2016.134 It was found that substitutions by
an EWG on tetrazine accelerated the cycloaddition step, but lowered the rate of the decaging
reaction. In contrast, EDGs had the opposite effect. To balance these two effects, a series of
unsymmetric tetrazines bearing both an EWG at the 3-position and an alkyl group at the 6-
position were synthesized, leading to an optimized decaging efficiency of >90 % with 50 uM
68d within 4 min.

After demonstrating the promising release profiles by this click-based design /n vitro,
Robillard and co-workers further applied this strategy in ADC by conjugating the mAb
CC49 against anti-tumor-associated glycoprotein-72 (TAG72) and Dox via TCO (Figure 21).
133 Circulation of CC49-conjugated TCO 73 was similar to the native CC49, suggesting the
compatible nature of the conjugation chemistry used. Dox release was then tested from
conjugate 73 in mice bearing colon carcinoma xenografts. A 5 mg/kg dose of 73 achieved a
tumor uptake of 30-40% of injected dose per gram (ID/g) 30 h post-injection. In this case,
conjugate 73 was administered first to allow for accumulation in cancer cells for the pre-
targeting purpose and a tetrazine was applied as an activator to trigger the drug release as
shown in the previous mechanism. The extra conjugate 73 was removed 24 h after ADC
administration by an albumin-based clearing agent comprising a liver-directing galactose
moiety (designed for fast clearance) and tetrazine 68a (designed for click reaction with extra
TCO in blood without causing any drug release) to prevent any off-target Dox release in
blood. However, the fast clearance of activator 68b or 68c would lead to an incomplete on-
tumor reaction between TCO and activator. Thus, activators 74 and 75 conjugated with 10
kDa dextran were designed to increase the clearance time. Complete tumor blockage was
finally achieved without any acute toxicity after /vvadministration of 74 (10 x dosage, 0.335
mmol tetrazine/kg) and 75 (1 x dosage, 35 pmol tetrazine/kg) in mice.

The pre-targeting strategy utilizing a click reaction offers excellent complementation of the
traditional linker chemistry applied in prodrug activation. The bioorthogonality of click
reactions provides selectivity for linker activation/cleavage and thus is superior to the
traditional linker chemistry in some specific situations of prodrug activation. However, the
development of bioorthogonal reaction-based pre-targeting strategy is still in its infancy and
has many limitations. One major challenge is the difficulty in drug administration as it is
hard to control the pharmacokinetic (PK) profiles of two components and the stability issues
of such click partners may present extra difficulty in this field. Further, the extra pre-
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targeting components in circulation would consume activators and it must be removed by
clearing agents. Overall, this is a very innovative and promising approach with a few
remaining issues to work out.

8. Enrichment-triggered drug release

The idea of targeted delivery constitutes essentially two steps: enrichment and release/
activation of the drug moiety. If one can take advantage of the enrichment factor to trigger
drug activation, it would allow for maximal efficiency in targeted drug delivery while
minimizing pre-mature release and potential side effects. Along this line, Wang and co-
workers designed an “enrichment-triggered drug release” strategy.13® The rationale for this
design is to take advantage of the concentration-dependent nature of a bimolecular reaction
to achieve enrichment-triggered release. By conjugating with the same targeting moiety, the
concentrations of two partners of a bioorthogonal reaction can be enhanced greatly at the
desired sites. This should lead to a corresponding reaction rate increase to drive the release
of the drug. As proof of concept work, two systems using a triphenyl phosphonium (TPP)
moiety as the mitochondria-targeting group were designed.

This strategy was first examined using a bimolecular carbon monoxide (CO) prodrug system
by conjugating TPP with exo-BCN and cyclopentadienone, respectively (Figure 22A).
Briefly, carbon monoxide is a known endogenous signaling molecule with strong
cytoprotective and anti-inflammatory effects, among others. One key obstacle in developing
CO-based therapeutics is the difficulty in its controlled delivery because inhalation of
gaseous CO does not allow easy control of quantity and risk factors.136:137 Therefore, there
has been much interest in developing CO-releasing molecules (CO-RMs)137-139 and
recently CO prodrugs for controlled delivery via oral or parenteral administration,126.140
Aiming for developing controlled CO delivery methods, an enrichment-triggered method
was used to target the mitochondrion, which is the site of action for CO. Briefly, an inverse-
electron demand reaction between a substituted cyclopentadienone 77 and a strained alkyne
78 was used for the generation of a norbornadien-7-one intermediate, which is known to
undergo a facile cheletropic extrusion reaction to release CO and a fluorescent byproduct,
79.140 gpecifically, compounds 67b and 68b, each with a TPP moiety for mitochondrion-
targeting, were prepared. The design was based on prior literature reports that TPP-
conjugation enables enrichment in mitochondria by up to 1000-fold.141 Imaging studies of
compounds 77b and 78b at 5 pM in RAW 264.7 cells showed intense fluorescence of 79
after incubation for 4 h, while the control group without TPP conjugation (77a and 78a) at
the same concentration did not lead to any fluorescence increase. Such results are consistent
with the original design in that a second-order rate constant of 0.25 M~1S1 for the reaction
is expected to lead to a ty/, being over 100 h at 10 uM. However, even a modest 50-fold
enrichment would reduce the ty/, to around 2.2 h, which should enable CO release within a
time frame that allows for anti-inflammatory effects.142: 143 The prodrug approach was
examined in both cell culture and animal models for their effect on suppressing
inflammation and offering cytoprotection. For example, when tested in an acetaminophen-
induced liver injury model, the ECsg in suppressing ALT (a liver injury marker) level was
less than 0.4 mg/kg, while similar effects with other CO prodrugs were only seen at about 15
mg/kg.128143.144 The same strategy was used for the delivery of doxorubicin by using a
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click pair of tetrazine 80 and strained alkyne 81 for the click-based coupling (Figure 22B).
145 The second-order reaction constant can be tuned from 0.0075 M~1s71 to 2 M~1s71 by
modification of the alkyne and tetrazine components, allowing for easy control of the
reaction in such a way that minimizes the click reaction before enrichment and enhances the
bimolecular reaction rate to the point that enables doxorubicin release within a short period
of time. Between the two regioisomeric products of the click reaction, only 83 but not 82 is
expected to undergo the subsequent intramolecular lactonization to release doxorubicin and
to form byproduct 84. In cell culture studies, the ECsg of the click pairs was 1.2 uM, very
similar to that of doxorubicin itself (1.0 uM), while the control prodrug without TPP
conjugation did not show cytotoxicity at a much higher concentration (> 100 uM). These
two studies both demonstrate the general feasibility of the “enrichment triggered drug
release” approach. The same idea can be applicable in ADC. However, some additional
work in applying this method in enriching the components on cell surface is needed to
demonstrate general applicability if cell surface biomarkers are the targets.

9. CONCLUDING REMARKS

A wide range of drug conjugates/prodrugs with various triggering mechanisms including
activation by endogenous stimuli have been reported. In these applications, chemical linkers
have enabled the drugs to be “smarter” by further improving targeting selectivity through
preferential activation at the desired site of action. However, each approach still has its own
problems. For example, the mitochondria-targeted enrichment-triggered release example
from our lab relies on conjugation with a triphenylphosphonium (TPP) moiety, which is
large, hydrophobic, and may have toxicity problems depending on the application.141:146-148
In other cases, the needs for improvement may include stability and toxicity of the click
partners, reaction kinetics, and side reactions with other components commonly encountered
in a biological system. It is also worth noting that some very interesting work in developing
new bioorthogonal reactions has been reported.14%-152 Though these new reactions may not
have been used in targeted drug delivery, they offer additional opportunities in this area of
research. We hope that the publication of this review will provide researchers a good
reference for choosing a suitable chemical linker and chemical strategies for their prodrug
design, and more importantly will stimulate more research into overcoming obstacles that
this field still faces in developing smart drugs for clinical applications.
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Mechanism of hydrolytic cleavage of hydrazone/oxime linkers.
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Schematic view of gemtuzumab ozogamicin showing the AcBut-acyl hydrazone linker.
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Proteolytic unlocking of twin-acylhydrazone linkers for lysosomal acid-triggered release of

anticancer drugs.
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Phosphoramidate linker chemistry.
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Acid-catalyzed hydrolysis of acetals.
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Fluorescent probes used to assess the hydrolysis profile.
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Targeted delivery of indenoisoquinoline to cancer via the folate receptor.
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Prodrug with the di-substitute maleamic acid linker.
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Modifications on the disulfide linker to improve stability.
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ROS activated prodrugs.
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Synthesis of ROS-responsive PATK.
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Figure 19.
Mechanism of using azido and TCO as click-release tool.
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Table 1.

Summary of hydrolysis kinetics of different hydrazones in deuterated buffer.
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Entry Structure

typat pD 7.0

ty at pD 6.0

typ at pD 5.0

Ratio
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|

1 N~
EBUTRINT N
2 t-Bu/“\‘N’O\
e ,H NH
3 t-Bu” =N \g/
H
N

No hydrolysis in 22 d

25d

3.8+05h

20x0.2h

1.0+0.1h

32+ 3 min

Not determined

44+03d

36 £ 2 min

21.4+0.8 min

24.5+ 0.6 min

11.3+0.2 min

10.3% hydrolysis in 17 d

157+04h

8.5+ 0.4 min

2.4+ 0.4 min

9+ 1min

7.4+ 0.5 min

Not applicable  Not applicable

5.7

6.3

5.6
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2.8
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Table 2.

Summary of hydrolysis kinetics of different acetals

R’ R?

Page 57

tyo (h) Ratio (k
Entry R! R2 R3 aklo( p"35'5/
pH 55 pH 7.4 pH 7.4
1 H H OEt 0.8 12.2 15.3
2 OMe H OEt 0.1 5.3 53
3 H OMe OEt 0.1 19.9 199
NN
4 H OMe 1.1 28.8 31.7
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Table 3.
Prodrugs with a peptide linker.
Target ; Peptide linker : "

Entry Name tissue Proteasetrigger sequence Conjugate moiety Payload drug Ref
1 NTD Cancer Cathepsin B GFLG Tat cege;;et:ir:je;ratlon Doxorubicin (multiple) 62
2 PEG-VCcTNF-a Cancer Cathepsin B VCit PEG TNF-a 63

- : MED-A (duocarmycin =~ ¢,
3 BMS936561 Cancer Cathepsin B VCit CD70 mAb derivative)
: Breast . . L 65
4 Dendrimer-GEM cancer Cathepsin B GFLG PEG dendrimer Gemcitabine
DEVD-
Cysteamide- : Doxorubicin 66
5 EMCS- Cancer Caspase-3 RDEVD none (modified)
doxorubicin
6 UPA-CPPP Cancer pllzi;?rl:iir?ggsgn GSGRSAG Cyclopeptide template Photosensitizer 67
activator (UPA) c-KAAPGAKAPG Pheophorbide A
GKAFRR- Prostate Thapsigargin derivative g5
! L12ADT cancer KLK2 GKAFRR none L12ADT
S Fibroblast
8 Z-GP-EPI E?'the“a activation protein- Chz-GP none Epirubicin 69
umor
a (FAPa)
) : Cell-penetrating 69
9 ITLM-PEG Cancer MMP-2 PLGLAG PEG peptide-trichosanthin
BH3 domain, anti-
Prostate Tat cell penetration VEGF peptide (SP5.2), 70
10 BSD352 cancer KLK3 (PSA) HSSKLQ peptide anti-bFGF peptide
(DG2)
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