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Papain-like cysteine proteases bear an enormous potential as drug discovery targets for
both infectious and systemic human diseases. The considerable progress in this field
over the last two decades has also raised interest in the visualization of these enzymes
in their native context, especially with regard to tumor imaging. After a short introduction
to structure and general functions of human cysteine cathepsins, we highlight their
importance for drug discovery and development and provide a critical update on the
current state of knowledge toward their involvement in tumor progression, with a special
emphasis on their role in therapy response. In accordance with a radiopharmaceutical
point of view, the main focus of this review article will be the discussion of recently
developed fluorescence and radiotracer-based imaging agents together with related
molecular probes.

Keywords: cancer, carcinogenesis, extracellular enzymes, fluorescence-based probes, lysosomal cysteine
proteases, metastasis, molecular imaging, radiotracers

Introduction: Structural and Biochemical Considerations

The term cathepsins was introduced by the famous chemist Richard Willstitter (1872-1942)
and his PhD student Eugen Bamann (1900-1981) for the entirety of the intracellular proteases
referring to their protein-degrading activity (greek kafeyrelv = to digest, to boil) in the first half
of the last century (Figure 1) (Willstitter and Bamann, 1929). In this sense, their physiological
functions were for long time considered to be restricted to cellular protein catabolism. The
class of proteases referred to as cathepsins represents a structurally heterogeneous group of
enzymes. However, in humans the majority of them belong to the mechanistic class of the
cysteine proteases as they contain a highly conserved cysteine residue in their active sites. Because
they share a high degree of homology to the plant enzyme papain, the cysteine cathepsins
are included in the CI family of clan CA according to the MEROPS protease classification
system (Rawlings et al., 2014)L. In addition to the 11 papain-like cathepsins B, C, E H, K,
L, O, S, V, W, and X, four non-cysteine cathepsins are present in humans, ie., the serine
proteases cathepsins A (also referred to as serine carboxypeptidase A) and G and the aspartic
proteases cathepsins D and E (Kirschke, 2008). With the exception of cathepsin C, which is
present as a homotetramer, all cysteine cathepsins are monomeric single domain enzymes with

Thttp://merops.sanger.ac.uk/cgi-bin/clansum?clan=CA.
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Leopoldina, M1 3416 and M1 4898.

FIGURE 1 | Richard Willstétter (left) and Eugen Bamann (right), the coiners of term cathepsin. © Archive of Deutsche Akademie der Naturforscher

molar masses ranging between 24 and 28kDa for the mature
enzymes. As characteristic for all papain-like enzymes, their
structure is composed of two subdomains referred to as the
L (left)- and the R (right)-domains. The N-terminal L-domain
is dominated by a-helical structures among which a long N-
terminal o-helix that harbors the active-site cysteine residue
at its beginning is the most striking element. The R-domain
is located toward the C-terminus and is characterized by a p-
barrel motif. The V-shaped active-site cleft is situated between
the two subdomains with the residues cysteine 25, histidine
159, asparagine 175, and glutamine 19 (papain numbering)
constituting the catalytic center. The binding sites that recognize
the amino acid side chains on the peptidic substrates are located
in alternating sequence on the L- and R-subdomains which
requires the substrate to be present in the extended conformation
for productive binding (McGrath, 1999; Bromme, 2001; Grzonka
et al,, 2001; Turk et al., 2001b, 2003, 2012; Lecaille et al., 2002;
Stoka et al., 2005). Figure 2 explains the structure of papain-like
cysteine proteases exemplarily for human cathepsin B. Within the
S2to SV binding sites (see Figure 3 for explanation) the contacts
to the substrate comprise non-covalent interactions to the side-
chain entities and hydrogen bonds to the peptidic backbone.
The enzyme-substrate contacts beyond these sites, i.e., $* and $%
in the N- and C-terminal direction, respectively, are devoid of
hydrogen bonds and less well-defined (Turk et al., 1997; Turk and
Guncar, 2003). Regarding the mechanism of catalysis, instructive
insights have been gained from investigations on papain, which
in principle can be translated to the other members of the clan
CA proteases including the cysteine cathepsins. A catalytic triad
is formed by cysteine 25, histidine 159, and asparagine 175.
Due to the formation of a thiolate-imidazolium ion pair, the
active-site cysteine is present as a permanent negatively charged
nucleophile. The ion pair is stabilized by the asparagine 175
whose side chain carbonyl oxygen acts as an H-bond acceptor
toward the imidazole NH of histidine 159, which results in an
increased basicity of this imidazole moiety (Vernet et al., 1995).

Further, stabilization of the thiolate arises by the fact that the
active-site cysteine is located at the beginning of the N-terminal
a-helix mentioned before, which enables the negative charge to
be stabilized by the helix macrodipole (Rullmann et al., 1989).
In addition, the thiolate-imidazolium ion pair is shielded from
solvent by the side chain of tryptophan 177 (Gul et al., 2008).
The stabilized negative charge renders the active-site cysteine
capable of nucleophilic attack toward the peptide bond in the
substrate resulting in the formation of a transient thiol ester.
During this step, a tetrahedral intermediate is passed, whose
oxygen-centered negative charge is stabilized by H-bond contacts
to one of the side chain amide proton of glutamine 19 and the
backbone NH of cysteine 25, the so called oxyanion hole. Upon
collapse of this tetrahedral intermediate, a proton is transferred
from the imidazolium moiety of histidine 159 to the nitrogen
of the cleaved peptide bond which results in the release of the
C-terminal cleavage product from the enzyme. In the following
step, the neutral imidazole ring of the histidine acts as general
base upon nucleophilic attack of the thiol ester by water under
the formation of a second tetrahedral intermediate. The collapse
of this intermediate releases the N-terminal cleavage product and
restores the thiolate-imidazolium ion pair ready for another cycle
of catalysis.

The majority of the human cysteine cathepsins act as
endopeptidases. Exopeptidase activity is exhibited by the
cathepsins B, C, H, and X. Several structural characteristics
determine their action as endopeptidases (Turk and Guncar,
2003; Novinec and Lenarc¢i¢, 2013b). For example, in the case
of cathepsin B two histidines are located in an insertion that
comprises 20 amino acids in the L subdomain referred to as
occluding loop. These two residues engage the C-terminus of
the peptidic substrate in hydrogen bond/salt bridge contacts,
which results in carboxydipeptidase activity by blocking the
access of the substrate beyond the s¥ binding sites (Figure 2).
Owing to the flexibility of the occluding loop and the variable
protonation state of the histidine side chains, cathepsin B can
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FIGURE 2 | Crystal structures of human cathepsin B. (A) View from
“front,” (B) view from “top”; the occluding loop is highlighted in yellow,
residues Cys29, His199, GiIn 23, and Trp221 correspond to Cys25, His159,
GIn19 and Trp177 in papain, respectively, (C,D) cathepsin B (shown in gray

surface) in complex with CAO74 (9a, shown in sticks). Pictures were
prepared with PyMOL (DelLano, W. L. The PyMOL Molecular Graphics
System. Version 1.5.0.3 Schrédinger, LLC) using the PDB file 1QDQ (2.2 A)
(Yamamoto et al., 2000).

protease
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FIGURE 3 | Annotation of binding sites and amino acid residues for the
description of the protease-substrate interaction.

act both as exo- and endopeptidase. Typically for papain-like
proteases, the endopeptidase specificity of the cysteine cathepsins
is mainly governed by the S>~P? interactions. Investigations on
oligopeptides have revealed that the substrate specificity strongly
overlaps and differs only subtly between the individual members
(Choe et al, 2006). However, regarding protein substrates,
the specificity seems to be more distinct among the different
cathepsins (Biniossek et al., 2011) and several protein substrates
are selectively cleaved in the presence of other proteins. This
selectivity might arise from the fact that the cathepsins, as the
majority of proteolytic enzymes, recognize their substrates in
an extended conformation that in proteins can only be adopted
within flexible loops (Madala et al,, 2010). Furthermore, the
sterical accessibility of the recognition sequences will certainly

determine their substrate properties in addition to the primary
structure and conformational properties. The distinctive action
on protein substrates enables the specialized roles of the
cysteine cathepsins in the molecular wheelwork of crucial cellular
processes. In this regard, it is interesting to point out that many
cathepsins are able to hydrolyze components of the extracellular
matrix, such as various types of collagen, elastin, proteoglycans,
and fibronectin. The particular matrix proteins that are subject
to cysteine cathepsin-mediated proteolysis have been reviewed in
detail recently (Bromme and Wilson, 2011; Fonovi¢ and Turk,
2014a). All cysteine cathepsins are synthesized as preproenzymes.
The short N-terminal presequences direct the translated proteins
into the endoplasmic reticulum, where this sequence is removed
by the action of the signal peptidase. The resulting proenzymes,
also known as zymogenes, are catalytically inactive as the
proregions (propeptides) block the active sites. Notably, isolated
propeptides act as potent inhibitors toward the mature cysteine
cathepsins (Fox et al., 1992; Kreusch et al., 2000). The lengths of
the proregions vary from 36 amino acids in the case of cathepsin
X to 251 amino acids for cathepsin F. The parts of the propeptides
which are directly attached to the N-termini of the mature
enzymes adopt an extended conformation and block the access
to the active sites by binding in reverse orientation compared to
the substrates. The propeptides can be removed autocatalytically
in the acidic environment of the lysosome or catalyzed by
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other proteases. In addition to preventing a premature activation
of the zymogenes, the proregions act as templates for the
folding of the catalytic domains and direct the enzymes into
endosomal-lysosomal cell compartments (Wiederanders et al.,
2003). Besides the propeptide-catalytic domain interaction the
activity of the cysteine cathepsins is strictly regulated by a
variety of endogenous proteinaceous inhibitors. Among them,
the largest group is represented by the proteins of the cystatin
superfamily, which can be subdivided into the actual cystatins
and the stefins as well as the kininogens. The cystatins consist
of 110-120 amino acids, contain two disulfide bridges and are
mainly present outside the cells. In contrast, the stefines are
intracellular proteins of similar size without disulfide bonds,
whereas the kininogens represent blood plasma proteins with
molar masses of 50-120kDa. In addition to act as cysteine
cathepsin inhibitors, the kininogens are implicated in blood
pressure regulation as they can be converted to kinines upon
limited proteolysis mediated by the kallikrein serine proteases.
The cystatin-like proteins inhibit cysteine cathepsins more or less
unselectively with inhibition constants in the picomolar range
(Turk et al., 2001a). A further group of proteinaceous inhibitors
is represented by the thyropins, which are proteins that exhibit
homology to thyroglobulin I. Interestingly, the p41 fragment of
the MHC II-associated invariant chain has been identified as a
selective inhibitor of cathepsin L (Turk et al.,, 2001b). Serpins,
proteinaceous inhibitors which inhibit serine proteases by the
formation of covalent complexes, can also act on papain-like
cysteine proteases in a similar manner (Schick et al., 1998).
Details about the proteinaceous cysteine protease inhibitors are
discussed by several review articles, covering both structural
as well as physiological aspects (Otto and Schirmeister, 1997;
Grzonka et al., 2001; Turk et al., 2002; Rzychon et al., 2004).

Physiological regulation/modulation of cysteine
cathepsin activity can furthermore occur in the presence of
glycosaminoglycans (Novinec et al., 2014). The phenomenon
has been studied in detail for the modulation of cathepsin
K’s collagenolytic activity by chondroitin sulfate (Li et al,
2002). An X-ray crystal structure of the enzyme in complex
with chondroitin-4-sulfate has been solved (Li et al., 2008).
Furthermore, it has been demonstrated that both chondroitin-
4-sulfate and dermatan sulfate bind to cathepsin K with weak
affinity (Kp-values 33 and 9.2 uM, respectively) resulting in
a decrease of the apparent K,,-value for low-molecular-mass
substrates (Novinec et al., 2010). In contrast, the hydrolytic
activity of cathepsin S is weakly inhibited upon interaction with
chondroitin-4-sulfate (Sage et al., 2013). Similar observations
have been made with cathepsin B in the presence of heparin
and heparin sulfate, while the enzyme experiences stabilization
when being complexed with these glycosaminoglycans at slightly
alkaline pH (Almeida et al., 2001).

Inhibitor Design and Importance of
Cysteine Cathepsins as Drug Discovery
Targets

Inhibitors based on small molecules that target papain-
like cysteine proteases have contributed substantially to the

understanding of the catalytic mechanisms, enzyme-substrate
recognition and the biological functions of this class of
proteolytic enzymes. Most of the known low molecular weight
inhibitors of papain-like proteases are containing electrophilic
entities, referred to as warheads, which give rise to irreversible
or reversible covalent interactions with the active-site cysteine.
The field of small-molecule based inhibitors has been surveyed
by several excellent and comprehensive review articles that
appeared in the recent years (Otto and Schirmeister, 1997;
Leung et al, 2000; Lecaille et al, 2002; Powers et al,
2002; Abbenante and Fairlie, 2005; Frizler et al, 2010).
Therefore, only a brief discussion of those inhibitor classes
that served as lead structures for the design of imaging probes
reviewed in the next section or those which were used as
molecular tools for their biological evaluation will be given
herein (Figure 4). Compound classes that exert inhibition by
irreversible covalent modification of the active-site cysteine
residue are peptide-derived halomethylketones, diazoketones,
acyloxymethylketones, O-acyl hydroxamates, vinyl sulfones
and epoxides, among other inhibitor chemotypes. Irreversible
inhibitors of cysteine proteases have been reviewed in detail by
Powers et al. The following remarks are mainly extracted from
this reference and also kinetic data on the inhibition by some
of the compounds in Figure4 can be found therein (Powers
et al,, 2002). Peptidic chloromethyl ketones have been developed
as inactivators of serine proteases but they are also potent
cysteine protease inhibitors due to S-alkylation of the active-site
cysteine. Their strong intrinsic reactivity results in modification
of other biological thiols such as glutathione, even though in
slower rates than their interaction with the targeted cysteine
proteases. This drawback renders such inhibitors unsuitable for
the application in cell-based and animal experiments. In contrast,
fluoromethyl ketones such as compounds 1a and b are much
less reactive toward thiols, due to the low energy of the carbon-
fluorine bond. Despite their low inherent reactivity they are
potent inactivators of cysteine proteases and show selectivity
over serine proteases. Similarly, diazomethyl ketones can be
considered to be selective for cysteine proteases, even though
inactivation of serine proteases by this inhibitor chemotype has
been reported for some instances. Their reactivity toward thiols
of low molecular weight is negligible and some radiotracers have
been developed on the basis of this inhibitor class (see Section
1251_labeled Compounds). Acyloxymethyl ketones (AOMK’s; see
compound 2 in Figure4 for example) have been developed
with the intention to create deactivated versions of chloromethyl
ketones. This inhibitor chemotype has been shown to inactivate
cysteine proteases selectively over other classes of proteolytic
enzymes. In addition to the other reactive methyl ketones, they
provide the opportunity of kinetic tuning upon varying the
acyloxy leaving group. However, their potential susceptibility
toward esterase-catalyzed degradation might compromise their
applicability in vivo (Verdoes et al., 2013). Formal isoelectronic
replacement of the methylene group in the latter inhibitor class
leads to O-acyl hydroxamates, as represented by compound
3. This chemotype forms covalent complexes with the active-
site cysteine in analogy to acyloxymethyl ketones. In contrast,
peptide-derived O-acyl hydroxamates are capable to inactivate
serine proteases, even though their mechanism of interaction
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FIGURE 4 | Inhibitors that were used as experimental tools in studies that are referred to in this article.
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may differ between these two classes of proteases (Bromme and
Demuth, 1994). Mechanistically related to the aforementioned
inhibitor classes are peptide-derived epoxides, among which
the epoxysuccinyl peptides constitute the most important
subclass. Differently to reactive methyl ketones, no nucleofuge
is leaving the enzyme-inhibitor complex, as the attack of the
active-site thiol results in epoxide opening. Their prototype is
represented by the fungal secondary metabolite E64 (6), which
has been shown to inactivate a broad spectrum of papain-like
cysteine proteases. Replacement of the guanidinobutyl moiety
by hydroxyphenyl and isobutyl led to JPM-565 (7a) and E64c
(8a), respectively, without significant changes in the inhibitory
potential. Replacement of the leucine residue in E64 (6) by
isoleucine, C-terminal extension by proline and amidation of
the carboxylic group results in CA074 (9a; Figure 4), which
inactivates cathepsin B selectively over other cysteine cathepsins.
Notably, epoxysuccinyl peptides can bind to the active site
in the same or inverse orientation compared to the substrate
binding mode. Esterification of the carboxylic groups in JPM-
565, CA074, and E64 with simple alcohols renders these highly
polar molecules membrane permeable (compounds 7b, 8b, and

9b in Figure 4). Despite the actual inhibitors can be released by
the action of cellular esterases, the corresponding “prodrugs” still
bear inhibitory potential but altered selectivity profiles compared
to their “active” progenies, and cysteine cathepsin inactivation
may occur faster than ester hydrolysis (Bogyo et al., 2000).
Therefore, the results of cell-based experiments in which these
esterified epoxysuccinyl peptides are used for pharmacological
inhibition should be interpreted with care in terms of selectivity
toward individual cysteine cathepsins. E64d (8b) has been
demonstrated to be bioavailable upon oral administration. The
spontaneous reactivity of epoxide inhibitors toward thiols has
been shown to be low. A couple of radiotracers have been
developed starting from epoxysuccinyl peptides (see Section 12°I-
labeled Compounds). Besides epoxysuccinyl peptides, peptidic
inhibitors with epoxide warheads have been also created by
replacing formally the terminal carboxylic group of N-terminal
cleavage products by an oxirane ring, resulting in N-peptidyl-a-
aminoalkyl epoxides. They interact with the active site by epoxide
opening upon attack of the active-site sulthydryl group at the
methylene carbon. Concerning the two possible configurations
at the methine carbon, the erythro diastereomers are more active

Frontiers in Chemistry | www.frontiersin.org

June 2015 | Volume 3 | Article 37


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

L6ser and Pietzsch

Imaging agents for cysteine cathepsins

than their threo-configured counterparts. In agreement with the
altered electronic situation of the oxirane moiety, N-peptidyl-
a-aminoalkyl epoxides are less potent inactivators of cysteine
proteases compared to epoxysuccinyl derivatives. A tritium-
labeled N-peptidyl-a-aminoalkyl epoxide has been reported
(see Section Radiotracers Based on Fluorine-18, Radiocarbon
Isotopes, and Tritium; and compound [*H]39 in Figure 11)
(Albeck, 2000; Powers et al., 2002). Vinyl sulfones are cysteine-
reactive moieties that give rise to nucleophilic addition instead
of substitution. Their incorporation at the C-terminus of small
peptides can lead to highly potent inactivators of cysteine
proteases such as compounds 4 and 5 with limited inherent
thiol reactivity. Compound 5 has been used as lead structure
for radiotracer design (see Section !'2°I-labeled Compounds).
Despite vinyl sulfones inactivate cysteine proteases selectively
over serine proteases, the introduction of three leucine residues
into position P! ~P? renders them capable of ether formation with
the active-site threonine residue in proteasomes.

In contrast to vinyl sulfone warheads for which attack by
the active-site thiol is irreversible, addition to some electrophilic
functional groups can be reversible, which allows the enzyme-
inhibitor complex to dissociate. This holds true for peptide-
derived aldehydes and ketones as well as nitriles, which give
rise to the formation of thiohemiacetals (Otto and Schirmeister,
1997; Shokhen et al., 2011) and thioimidates (Frizler et al,,
2010), respectively. Peptide aldehydes such as compounds 10-12
are highly potent inhibitors for cysteine proteases (Lecaille
et al., 2002). They potentially can also inhibit serine proteases
by interactions analogous to cysteine proteases (Ruiz-Gdémez
et al., 2009). For example, the naturally occurring aldehyde
antipain (12) potently inhibits serine proteases such as trypsin
and thrombin, in addition to its inhibitory activity toward
a variety of cysteine proteases’. Amino acid and peptide-
derived aldehydes bear furthermore the potential to inhibit
metallopeptidases, because the oxygen atoms of the hydrate
forms can mediate coordinative interactions with the Zn?*
ion in the active site (Striter and Lipscomb, 1995). In
contrast, cyano groups are less reactive electrophiles, which
is the reason why peptide-derived nitriles can interact quite
selectively with cysteine over serine proteases (Frizler et al.,
2010). Exceptions are known for the serine protease dipeptidyl
peptidase IV, for which dipeptide nitrile inhibitors have been
developed as the antidiabetic drugs vildagliptin and saxagliptin
(Nabeno et al., 2013).

Partly due to the employment of the aforementioned
inhibitors as experimental tools, the perception about the
biological functions of cysteine proteases, especially those of the
cathepsins, has changed dramatically over the last 20 years and
until today the involvement in a plethora of individual cellular
processes has been revealed for almost every individual cathepsin
(Brix et al., 2008; Reiser et al., 2010). An increased activity of the
cysteine cathepsins, which can result from increased expression
or a reduced level of their endogenous protein inhibitors,
has implications in several pathologies (Katunuma, 2011).
Consequently, the cysteine cathepsins became highly attractive

2http://merops.sanger.ac.uk/cgi-bin/smi_summary?mid=J10.011.

targets to develop drugs for the treatment of systemic human
diseases (Turk et al., 2003). These diseases include autoimmune
and allergic disorders (Reiser et al., 2010; Loser, 2011; Perisic
Nanut et al,, 2014), cardiovascular diseases, osteoporosis and
cancer. In light of the pivotal role of cathepsin K in the
degradation of osseous collagen, inhibitors directed against this
protease have been developed to treat osteoporosis (Novinec and
Lenarci¢, 2013a). These efforts will probably lead to the first
cathepsin inhibitor, named odanacatib, that can be launched to
the drug market (13; Figure 5). Odanacatib is a dipeptide-derived
nitrile which targets selectively cathepsin K. This compound is
currently in phase III clinical studies for osteoporosis treatment,
e.g., the Long-Term Odanacatib Fracture Trial (LOFT) (Bone
etal, 2015), and in various phase II and III clinical trials targeting
metastatic bone disease in advanced-stage breast and prostate
cancer (Onishi et al., 2010; Sturge et al., 201 1)345 TIts discovery
has been summarized in Gauthier et al. (2008). The most salient
structural features of odanacatib are the replacement of the P
carbonyl oxygen by a trifluoromethyl group, fluorination at C, in
the P? leucine side chain and a cyclopropyl group that integrates
the C, atom in P!. The advantages of peptide bond replacement
by trifluoroethylamines have been outlined in Bigotti et al. (2009).
Side-chain fluorination intended to block oxidative metabolism
at the methine group and introduction of the cyclopropyl group
stabilizes the P2-P! amide against metabolic hydrolysis (Gauthier
et al., 2008).

Furthermore, clinical studies associated with targeting
cysteine cathepsins by small organic molecules have been
reported in the context of cathepsin S inhibitors for the treatment
of rheumatoid arthritis, psoriasis and neuropathic pain (Fonovi¢
and Turk, 2014b). Generally, cathepsin S inhibition has a high
potential to treat autoimmune-related disorders due to its pivotal
role in MHC II-dependent antigen presentation (Gupta et al.,
2008). Dysregulated antigen presentation in keratinocytes has

O//S\\

FIGURE 5 | Odanacatib, probably the first cysteine protease inhibitor
that will enter the drug market.

3 A Study to Examine the Effects of an Experimental Drug on Women With Breast
Cancer and Metastatic Bone Disease (MBD)(0822-016)(COMPLETED), https://
clinicaltrials.gov/ct2/show/NCT00399802.

4 A Study to Assess the Effects of MK0822 in Reducing the Risk of Bone Metastasis
in Women With Breast Cancer (0822-029), https://clinicaltrials.gov/ct2/show/
NCT00692458.

SA Phase III Study to Assess the Safety, Tolerability, and Efficacy of
MKO0822 (Odanacatib) in Prolonging Time to First Bone Metastasis in Men
With Castration-Resistant Prostate Cancer, http://adisinsight.springer.com/trials/
700034934.
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been linked to the pathogenesis of psoriasis (Schonefufl et al.,
2010). Moreover, cathepsin S has been demonstrated to elicit
pruritus by activating the protease-activated receptors PAR-2
and PAR-4 in cutaneous nerve fibers (Reddy et al., 2010). These
results contribute to the rationale for developing cathepsin S
inhibitors as antipsoriatic agents. Treatment of neuropathic
pain by inhibiting cathepsin S is mainly deduced from the
enzyme’s ability to liberate the CX3C chemokine fractalkine from
a precursor bound to the surface of dorsal horn neurons, which
triggers inflammatory signaling in microglial cells (Clark and
Malcangio, 2012).

Functions of Cysteine Cathepsins in Tumor
Progression and their Influence on Therapy
Response

For neoplastic diseases, accumulating evidence confirms the
crucial role of several cysteine cathepsins in the progression,
invasion and metastasis of solid tumors. They furthermore seem
to be influencing the response of tumor cells to ionizing radiation
and cytostatic agents (Gocheva and Joyce, 2007; Palermo and
Joyce, 2008; Lankelma et al, 2010; Mason and Joyce, 2011;
Reinheckel et al., 2012; Kos et al, 2014). Despite increasing
evidence for pro-tumorigenic functions of cysteine cathepsins,
individual roles for individual members are difficult to define,
which is partly due to the heterogeneous nature of tumor biology.
Generally, the fatality of neoplastic diseases mainly arises due
to the dissemination of primary tumor cells from their initial
location to colonize distant organs. Even though the range of
target tissues varies among different tumor entities, neoplasms of
the same origin often share the organ pattern of metastasis. For
example, breast and lung adenocarcinomas tend to metastasise to
organs such as bone, lung, liver and brain (Nguyen et al., 2009).
For being able to disseminate from their original location, tumor
cells need to acquire an invasive phenotype. Therefore, they have
to undergo a process of de-differentiation called epithelial-to-
mesenchymal transition (EMT). During this process, which is
initiated by certain growth factors, cells undergo a variety of
functional and morphological changes such as impairment of
cell-cell contacts, loss of apical-basolateral polarity, increased
cellular motility and enhanced extracellular proteolysis (Thiery,
2002; Joyce and Pollard, 2009; Box et al., 2010).

Regarding the EMT hallmark of increased extracellular
proteolysis, the cathepsins are considered to be key players in
this process, in addition to the proteolytic activities that are
exhibited by the matrix metalloproteinases, the uPA/plasmin
system and the aspartic proteases cathepsins D and E, and,
furthermore, serine proteases of the kallikrein family (Schmitt
etal., 1992; Borgoio and Diamandis, 2004; Lee et al., 2004; Affara
and Coussens, 2008; Frohlich, 2010; Sevenich and Joyce, 2014;
Theocharis et al., 2014). Partial degradation of the extracellular
matrix results in its remodeling, which creates niches and trails
for cell migration and uncovers binding epitopes at matrix
proteins that can be recognized by receptors involved in cell-
matrix interactions such as integrins (Friedl and Alexander,
2011). The functional contribution of the cysteine cathepsins to

tumor invasion and metastasis is manifold. While the potential
implication in tumor progression has been proposed for all of the
11 cysteine cathepsins (Mohamed and Sloane, 2006), the most
striking evidence exists for the cathepsins B, L, S, K, and X (Joyce
et al.,, 2004).

Besides the degradation of matrix proteins, cysteine
cathepsins are capable of shedding cell surface molecules
that are important for cell adhesion such as cadherin E. This
cell surface protein mediates cell-cell contacts by homophilic
interactions and the attenuation of its expression on malignant
cells correlates with a more invasive tumor phenotype. It has
been demonstrated that cadherin E can be specifically cleaved
by the cathepsins B, L and S and thereby removed from the cell
surface by these proteases (Gocheva et al., 2006).

Not only extracellular but also intracellular protein hydrolysis
catalyzed by cathepsins can contribute to tumor progression.
This has been concluded from experiments in which inhibition
of intracellular cathepsins by E64d (8b) reduces the TGFp-
1 stimulated invasive capacity of the malignant epithelial cell
lines iPL32 and A549. Because cell migration was impeded even
one day after treatment with 8b had been stopped, a direct
inhibition of extracellular proteolysis during the invasion assay
is unlikely to explain this effect. Furthermore, the effect was
accompanied by the accumulation of enlarged lysosomes in these
cells, which indicates lysosomal protein storage upon inhibition
of cysteine cathepsins (Kern et al., 2015). The work by Kern
et al. confirms similar results that have been obtained by exposing
neuroblastoma cells to compound dideiodo-26b (see Figure 10
for structure), a diazoketone which is a potent inactivator of
the cathepsin B and L (Colella et al, 2010; Cartledge et al,
2013). In line with these results, exposure of tumor-associated
macrophages to acyloxymethyl ketone 2, which is capable of
inactivating the cathepsins S, L and B, causes oxidative stress
and subsequent apoptosis. These effects were attributed to the
influence of 2 on intracellular proteolysis. The impact of 2 on
tumor growth in vivo has been investigated in the syngeneic
murine 4T1 model. Compound 2 was administered in a dose
of 40 mg/kg once a day for 3 days. At day 4 the tumors of
the sacrificed mice were investigated for apoptosis markers
by FACS analysis, which revealed increased programmed cell
death throughout the tumor. Accordingly, the tumor size was
significantly reduced compared to the untreated control. Of note,
2 did not affect the growth of 4T1 tumor cells in vitro, which
indicates the importance of tumor-associated macrophages for
cancer growth (Salpeter et al,, 2015).

The member of the cysteine cathepsin family that has been
most intensively discussed in the context of cancer is cathepsin B
(Sloane et al., 2005; Gondi and Rao, 2013; Aggarwal and Sloane,
2014; Kos et al.,, 2014; Lampe and Gondi, 2014). The enzyme
can be located at the surface of invasive tumor cells in areas
such as focal adhesions and invadopodia where it associates
with the peripheral membrane protein annexin A2. It can be
also present in membrane invaginations rich in cholesterol and
sphingolipids called caveolae by forming complexes with the
protein caveolin-1. Membrane association of cathepsin B seems
to support proteolytic processing of extracellular substrates such
as plasminogen and tissue-type plasminogen activator (tPA),
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tenascin C and type I and IV collagens (Werner et al., 2012).
Elevated activity of cathepsin B has been shown to increase the
malignancy of various neoplasia such as breast cancer (Withana
etal., 2012), glioma (Gole et al., 2009), and melanoma (Matarrese
et al., 2010).

The involvement of cathepsin L in tumor progression is
less evident than for cathepsin B but its contribution to the
invasive and metastatic potential of malignant cells such as
oncogenically transformed fibroblasts and melanoma cells has
been demonstrated (Ravanko et al., 2004; Rousselet et al., 2004).
Furthermore, higher levels of cathepsin L in primary malignant
melanomas have been correlated to poor prognosis (Stabuc
et al., 2005). Taken together, these results render this protease a
potential target in anti-tumor therapy (Lankelma et al., 2010).

The functions of cathepsin S in neoplastic progression are
manifold (Chang et al.,, 2007). Recent results provide evidence
that secretion of this cysteine protease from tumor-associated
macrophages and endothelial cells is important for tumor
angiogenesis, which is in agreement with findings from earlier
studies (Small et al., 2013). Nidogen-1, a constituent of the
basement membrane, has been shown to be subject of limited
proteolysis catalyzed by cathepsin S (Sage et al., 2012). This
finding provides potential evidence that this enzyme might be
actively involved in tumor invasion. Very recently, the function
of cathepsin S in brain metastasis of primary mamma tumors
has been investigated in detail (Sevenich et al., 2014). In this
study, both genetic ablation and pharmacological inhibition of
cathepsin S with a compound of undisclosed structure has been
demonstrated to result in suppression of the metastatic spread
of human MDA-MB-231 breast cancer cells to the brain in a
mouse model. In particular, cathepsin S facilitates blood-brain
barrier passage of tumor cells by specific proteolytic cleavage of
the junctional adhesion molecule JAM-B. Interestingly, cathepsin
S is contributed by both tumor and stroma cells with higher
expression of tumor-derived cathepsin S in early brain metastases
compared to late stage while the expression pattern of stromal
cathepsin S was inversed. These results highlight the potential
of this cysteine protease to drive colonization of distant organs
during tumor metastasis.

The tumor-promoting functions of cathepsin K have been
mainly discussed in the context of bone metastasis (Podgorski
et al., 2007). This issue was briefly mentioned in the previous
section. Apart from its well-confirmed involvement in metastatic
bone disease, cathepsin K seems to have a more general role in
tumor progression. For example, immunoreactivity against this
cysteine cathepsin correlates with increased invasive potential of
lung adenocarcinoma (Rapa et al., 2006).

Accumulating evidence indicates that cathepsin X is a
key protease in tumor invasion. Unique among the cysteine
cathepsins, the enzyme exhibits a strict carboxymonopeptidase
and—dipeptidase activity without acting as endopeptidase
(Négler et al., 1999; Klemencic et al., 2000). However, the action
of cathepsin X in tumor invasion seems to be mainly independent
of its catalytic properties. This is attributed to the presence of
an RGD motif in its proregion in a conformation very similar
to cyclic RGD-pentapeptides. This enables procathepsin X to
interact with the integrin subtype a,f3 (Lechner et al., 2006).

It has been shown that cathepsin X acts as a promoter of T-
lymphocyte migration along ECM-mimicking Matrigel, which is
partly independent of its proteolytic activity due to stimulation
of integrin signaling (Jevnikar et al., 2008). Accordingly, detailed
investigations in a mouse model of pancreatic neuroendocrine
tumors have revealed that cathepsin X expressed by both tumor
cells and tumor-associated macrophages drives malignancy via
integrin signaling without involving its proteolytic activity.
Interestingly, procathepsin X secreted from tumor-associated
macrophages was capable of stimulating the invasive potential of
the cancer cells while their proliferation could only be stimulated
by procathepsin X expressed by the cancer cells themselves.
This phenomenon probably originates from interactions between
procathepsin X and the intracellular domain of the integrin
chain (Akkari et al., 2014).

The findings mentioned above highlight the manifold
functions of cysteine cathepsins in general tumor development.
In the following subsection we will discuss their role in the
response of tumors to cytostatic therapies.

Considerations on Cysteine Cathepsin Inhibitors
as Adjuvant Radiosensitizers and
Chemosensitizers

The improved methods for prevention and early detection of
cancer, as well as recent advances in cancer treatment, have
served to substantially decrease cancer-related mortality. The
most obvious advances have been made by combining improved
surgical techniques with cytotoxic ionizing radiation and
chemotherapy. Although radiation- and drug-based therapeutic
modalities provide large therapeutic benefit for cancer patients,
physicians are concerned with their adverse side effects. Most
prominent is the risk that patients may develop neoplastic
disorders as a consequence of radio- or chemotherapy. But also
non-neoplastic disorders, such as development of organ failure,
fibrosis or atherosclerosis, are serious health consequences of
cancer therapy. Moreover, development of tumor resistance to
therapy will affect the overall individual outcome of each patient.
One may mitigate these risks by adjusting doses and frequency
of treatment, but this often leads to lower therapy effectiveness
and, consequently, insufficient tumor control. Hence, there is a
growing area for new drug development in the field of supportive
or facilitating agents used in adjuvant therapies, which are
intended to intensify tumor-targeted effects and/or to avert or
minimize treatment-limiting toxicity to normal tissue.

As mentioned above there is experimental and preclinical
evidence that various cysteine cathepsins, particularly, the
cathepsins B, L, and S, are important mediators of cancer therapy
response and outcome in various cancer entities. In this regard,
the modulation of processes that induce cancer cell senescence,
apoptosis or necrosis by cysteine cathepsins in an activating or
inhibiting manner seems to be of particular importance (Cesen
et al,, 2012; Aits and Jadtteld, 2013). Logically, targeted selective
or multiple inhibitors of cysteine cathepsin activity have been
proposed as promising adjuvant therapeutics forcing cancer cell
death in combined therapeutic regimen (Turk et al., 2012).

This gains importance for internal radionuclide-based or
external radiation therapy as well as for chemotherapeutic
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approaches. Exemplarily, Seo et al. (2009) demonstrated that
irradiation with y-rays induced overexpression of cathepsin S
both on RNA and protein level in human breast cancer cells
in a dose-dependent manner. This modulation of expression is
mediated by reactive oxygen species (ROS)-interferon-y (IFN-
y) pathways. These authors also found the expression of other
cathepsins, in detail cathepsin D, cathepsin L and cathepsin B,
to be induced as a response to ionizing radiation. However, in
their study they focused in particular on cathepsin S functions.
Cathepsin S promoter activity is mediated by the interferon
regulatory factor-1 (IRF1), which binds to a single interferon-
stimulated response element (ISRE) site. This ISRE site is located
100 bp upstream from the transcriptional start site of the
cathepsin S promoter. In an earlier investigation Storm van’s
Gravesande et al. (2002) showed that IFN-y treatment enhanced
the affinity of IRF1 to cathepsin S IRSE oligonucleotides.
Consistently, Seo et al. demonstrated that radiation-induced
IEN-y induces IRF1 and, subsequently, increases cathepsin
S promoter activity. As a consequence, high expression of
cathepsin S enhanced the radioresistance of tumor cells and
transfection with cathepsin S-siRNA blocked this effect. These
results are in line with the observation of high cathepsin S
expression in other radioresistent tumors, e.g., glioblastoma
(Flannery et al, 2003, 2006). Notably, radiation response of
cathepsin S also occurred in non-tumorigenic cells (Seo et al.,
2009). The role of cathepsin S in radiation-induced adverse
effects in normal tissues is still unclear. However, it can be
hypothesized that targeted inhibition of cathepsin S as adjuvant
therapy possibly results in both radiosensitization of tumors
and protection of normal tissues. More recently, Malla et al.
demonstrated that cathepsin B increased with X-ray radiation
in a dose-dependent manner in human glioblastoma cells,
thus likewise contributing to radioresistance. Transfection of
these cells with cathepsin B-siRNA resulted in downregulation
of the enzyme and higher radiosensitivity. Of interest, in
this case cathepsin B downregulation contributed to increased
apoptosis rate in the irradiated glioblastoma cells (Malla et al.,
2012). Furthermore, genetic predisposition of tumors can result
in cysteine cathepsin overexpression, thereby contributing to
intrinsic radioresistance or resistance to genotoxic drugs. In
this regard, Grotsky et al. (2013) recently demonstrated that
loss of the tumor suppressor BRCAIL activates cathepsin L-
mediated degradation of the DNA repair factor 53BP1 in human
breast tumor cells. In this study depletion or inhibition of
cathepsin L with vitamin D or the broad-spectrum cysteine
cathepsin inhibitor E64 (6) stabilized 53BP1, which results
in higher genomic instability in response to both radiation
and genotoxic drugs. Consistent with the in vitro experiments,
analysis of human breast tumor samples identified cathepsin L
as a biomarker which inversely correlates with 53BP1 (Grotsky
etal., 2013). This observation is potentially of predictive value for
therapy response of individual patients.

These and also other observations contribute to recent
findings which indicate a potential antiapoptotic function of
cysteine cathepsins in tumor cells. In this regard, enhanced
expression of cathepsin B has been shown to rescue rat
pheochromocytoma cells from apoptosis induced by serum

deprivation (Shibata et al., 1998). On the other hand,
downregulation of cathepsin B using antisense phosphorothioate
oligonucleotides induced apotosis in these cells (Isahara et al.,
1999). Moreover, chemical inhibition of cathepsin B using the
selective dipeptide-derived O-benzoyl hydroxamate 3 in various
highly genotoxic drug- and radiation-resistant human tumor
cells likewise induced apoptosis, which is also contributing to
the hypothesis on antiapoptotic survival-promoting functions
of cysteine cathepsins in human cancer (Zhu and Uckun, 2000).
Accordingly, a study published by Wadhawan et al. (2014)
explains that E64 significantly inhibits filarial cathepsin B activity
followed by generation of oxidative stress and induction of a
mitochondrial mediated apoptosis in filarial parasites (Setaria
cervi). These results suggest that antiapoptotic function of
cysteine cathepsins is not limited to human tissue.

The findings mentioned above are in apparent contradiction
with reports suggesting cysteine cathepsins being mediators of
lysosomal-mediated cell death (Colletti et al., 2012). Exemplarily,
Gores and coworkers demonstrated that cathepsin B contributes
to bile salt-induced apoptosis in rat hepatocytes and rat hepatoma
cells. Both chemical inhibition of cathepsin B using the highly
selective cathepsin B inhibitor CA074 (9a) and expression
of cystatin A prevented cathepsin B activation and apoptosis
during treatment with glycochenodeoxycholate, a toxic bile
salt (Roberts et al., 1997). However, in the context of the
investigation of these authors, the used hepatocyte-derived cell
line McNtcp.24, which is stably transfected with a bile salt
transporter, is more likely a model of hepatocyte injury than of
liver cancer. Consequently, these specific pro-apoptotic functions
of cathepsin B could be interpreted as part of normal tissue
homeostasis. This interpretation is consistent with observations
of the contribution of another cysteine cathepsin, cathepsin L, to
ultraviolet-induced apoptosis in epidermal keratinocytes (Welss
et al.,, 2003). On the other hand, the observation of increased
glioblastoma cell death in cells transfected with parvovirus H-
1 showing an accumulation of cathepsins B and L in the
cytosol or reduced levels of cystatin B and C, suggests pro-
apoptotic function of cysteine cathepsins also in tumor cells (Di
Piazza et al., 2007). Taken together, it is important to note that
the roles of cysteine cathepsins in cell senescence, lysosomal-
mediated cell death/apoptosis, and necrosis are still not fully
understood. In this regard, various factors that could affect the
suitability of cysteine cathepsin targeting in adjuvant therapeutic
settings must be considered in advance. Particularly, these
factors comprise intracellular localization, such as lysosomal
or cytosolic and extracellular localization, the tissue type as
well as the tumor entity, localization, and microenvironmental
influences.

However, based on the considerations above, inhibition
of cysteine cathepsins also is hypothesized to be a strategy
for chemosensitization or chemopotentiation in a standard or
targeted chemotherapy regimen. Exemplarily, a combination
of doxorubicin and the fluoromethylketone-based cathepsin L
inhibitor 1a enabled the induction of senescence in various
murine and human drug-resistent cancer cell lines (Zheng
et al., 2004). More evidence for chemosensitizing effects due
to cathepsin inhibition has been provided by the same group
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more recently by showing that the cathepsin L-selective aldehyde
inhibitor iCL (compound 11) led to a reversal of resistance
to doxorubicin in human neuroblastoma and osteosarcoma
cells in vitro and in nude mice xenografted with doxorubicin-
resistant human neuroblastoma cells in vivo (Zheng et al., 2009).
With respect to the mechanism of the chemosensitizing action
of this inhibitor, Zheng and coworkers demonstrated that its
use stabilizes and enhances the availability of cytoplasmic and
nuclear proteinaceous drug targets including estrogen receptor-
alpha, Bcr-Abl, topoisomerase-Ila, histone deacetylase 1, and
the androgen receptor. Furthermore, these authors demonstrated
that compound 11 also enhanced the cellular response to
tamoxifen, etoposide, imatinib, vinblastine, and trichostatin A
(Zheng et al.,, 2009). Of note, this investigation revealed no
chemosensitizing action of 11 on cisplatin. In contrast, there
is experimental evidence that inhibition of cysteine cathepsins
also seems to affect in a positive manner platinum resistance
mechanisms. In this regard, Jacquemont et al. (2012) identified
various compounds that were able to sensitize ovarian cancer
cells to cisplatin. Among them, the tripeptide aldehyde 10 and
the selective irreversible cell-permeable inhibitor CA074Me (9b)
substantially synergized with cisplatin. Of note, the platinum
resistance mechanisms investigated was monoubiquitination and
nuclear foci formation of FANCD2, a crucial step in the so-
called Fanconi anemia pathway. In addition to the in vitro data,
a combination regimen of “chemo-switch” cyclophosphamide, a
DNA-alkylating agent, and cysteine cathepsin inhibition using
the cell-permeable broad-spectrum inhibitor JPM-OEt (7b) was
demonstrated to be very effective in preclinical trials, as it
reduced the tumor burden and extended the survival in a
RIP1-Tag2 mouse model of pancreatic islet cell carcinogenesis
(Bell-McGuinn et al., 2007). Conversely, combined treatment
of mouse lymphosarcoma using cyclophosphamide and E64c
(8a) stimulated tumor growth and reduced the antitumor
effect of cyclophosphamide (Zhanaeva et al, 2005). These
again contradictory results contribute to a critical analysis of
the benefit of combining cysteine cathepsin inhibitors with
chemotherapeutics. However, such adjuvant therapeutic settings
targeting cysteine cathepsins will not only affect tumor cells but
also stromal cells and microenvironment-supplied factors. In
this regard, stromal cells such as tumor-associated macrophages
become an important target. Tumor-associated macrophages are
abundant suppliers of cysteine proteases, which are important
for enhancement of tumor growth and invasion (Small et al,
2013; Bengsch et al., 2014). Furthermore, macrophages provide
survival signals to tumor cells in a cathepsin-dependent manner,
which abrogates tumor cell death induced by various stimuli.
Such “chemoprotective” effects of cathepsins were identified
for taxol, etoposide, and doxorubicin. Logically, inhibition of
cathepsin activity is sufficient to minimize or abrogate this
protective effect, as demonstrated in breast cancer, for example
(Shree et al, 2011). Of interest, therapeutical approaches that
exert effects on activity and localization of cysteine cathepsins in
an indirect manner also may result in chemosensitization. This
has been demonstrated very recently in human hepatocellular
carcinoma cells for which suppression of CD47 by a morpholino
approach exerted a chemosensitization effect through blockade of

cathepsin S/protease-activated receptor 2 (PAR2) signaling (Lee
etal, 2014).

On the other hand, inhibition of cysteine cathepsins in
cancer patients may not always be desirable and will strongly
depend on the type of chemotherapeutic drug. Exemplarily,
to overcome dose-limiting side effects of doxorubicin-like
cardiotoxicity, an intensive effort has been undertaken to
develop promising doxorubicin peptide prodrugs targeted to,
e.g., cysteine cathepsins that are specifically activated at the tumor
site (see Section Substrate-based Probes). The addressed cysteine
cathepsins, particularly, cathepsin B, then catalyze the activation
of these prodrugs, and hence, the regulation of this enzyme by
antitumor agents could influence the efficacy of these peptide
prodrugs (Bien et al., 2004; Zhong et al., 2013).

Potential adverse or side effects that may accompany
inhibition of cysteine cathepsins are more generally to be
regarded as limiting criteria. Exemplarily, inhibition of cathepsin
B and L results in lysosomal dysfunction and consequent cell
death in pancreatic B-cells (Jung et al., 2015), but it is beyond the
scope of this review to discuss this in more detail.

Recent Trends in the Development of
Cysteine Cathepsin-targeting Imaging
Probes and Related Molecular Tools

The increasing insight into the functions of the cathepsins has
also raised interest to follow their actions in living systems by
molecular imaging and both fields have mutually stimulated
each other. The most relevant imaging modalities that can
provide information on the molecular level are optical imaging
(OI), single photon emission computed tomography (SPECT),
positron emission tomography (PET) and magnetic resonance
imaging (MRI) (Quillard et al., 2011; James and Gambhir, 2012;
Cunha et al., 2014). The principles of optical imaging will be
briefly outlined below, those of SPECT and PET in Section
Radiotracers.

Because MRI relies on the phenomenon of nuclear magnetic
resonance (NMR), it bears a great potential to obtain biochemical
information. One approach to generate molecular contrast in
MRI is based on chemical exchange saturation transfer (CEST).
This method relies on proton exchange between acidic or basic
functionalities and bulk water. Provided that the rate constant
of exchange does not exceed the difference in the resonance
frequencies of the chemical entity and water, presaturation of the
respective protons in the solute by an appropriate radiofrequency
pulse will result in saturation transfer to bulk water (Woods
et al., 2006; van Zijl and Yadav, 2011). In consequence, the
NMR signal of the water protons will be attenuated and thus
negative contrast is generated. Very recently, this principle
has been applied to image the tumor-associated cathepsin B
activity in a rat brain tumor model using poly-L-glutamate as
contrast-generating agent (Haris et al., 2014). This syngeneic
orthotopic tumor model is derived from 9L rat gliosarcoma cells,
which express active cathepsin B. Because hydrolysis of poly-L-
glutamate catalyzed by cathepsin B releases exchangeable amine
protons, the CEST contrast will increase upon enzymatic action.
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Ninety minutes after injection of poly-L-glutamate the CEST
signal in the tumor region increased by 19%. Despite the potential
to detect chemical changes and high spatial resolution, MRI
lacks sensitivity compared to the other imaging modalities. For
example, a dose of poly-L-glutamate as high as 160 mg/kg had to
be injected into rats for CEST imaging of cathepsin B.

In general, the field of molecular imaging depends on the
development of compounds consisting of moieties that can
generate detectable signals in addition to the entity that mediates
biological targeting. Such molecular probes are not restricted to
be used in whole-animal imaging but are also valuable tools for
in vitro and in cellulo investigations.

Fluorescent Probes

OI relies on the detection of low-energy photons that can be
emitted by processes of fluorescence, chemiluminescence and
bioluminescence and, furthermore, by Cerenkov radiation (see
Section Radiotracers). Concerning OI of cysteine cathepsins, the
reported probes are based on fluorescently labeled substrates
and inhibitors. The instrumental setup for fluorescence imaging
basically consists of a light source for illumination and a
charged coupled device (CCD) camera for detection of the
emitted light. Therefore, the required instrumentation is rather
inexpensive compared to other imaging modalities. Because the
penetration depth of visible light in tissue is limited to only a few
centimeters, whole-body OI is restricted to small animals such
as mice and rats. Penetration depths are highest for fluorophores
that emit photons in the near-infrared region (650-900 nm) of
the electromagnetic spectrum. Concerning clinical translation,
issues related to penetration depth can be circumvented by
applying endoscopic imaging systems (James and Gambhir,
2012). Generally, the advancement in the field of OI is dependent
on the engineering of fluorophores with favorable photophysical
properties and the development of methods for their chemical
conjugation (Kim and Park, 2010; Grimm et al., 2013).

Because cysteine cathepsin-targeting fluorescent probes are
covered by other review articles, only recently reported molecular
probes of this category will be discussed herein (Blum, 2008;
Edgington et al, 2011; Hu et al,, 2014b; Sanman and Bogyo,
2014).

Activity-based Probes

Particular attention has been devoted to the development of
probes based on inhibitors which form stable covalent bonds
with the active-site cysteine. These molecular probes are referred
to as activity-based probes (ABPs) (Schmidinger et al., 2006;
Paulick and Bogyo, 2008; Willems et al., 2014). Besides the
electrophilic warhead that enables covalent targeting of the active
site, these probes consist of a tag containing the reporter group,
which allows the detection of the enzyme-inhibitor complex,
and a linker. The linker not only connects the warhead with
the reporter tag but also confers selectivity by giving rise to
non-covalent interactions in the enzyme’s binding pockets. Apart
from fluorophores that enable fluorescence imaging, reporter
groups may be built of affinity tags such as biotin, radionuclide-
containing groups (see Section Radiotracers) or moieties

modified with non-abundant stable isotopes (Sadaghiani et al.,
2007; Serim et al., 2012).

More than for in vivo imaging, ABPs have been used to detect
active proteases in cell lysates by incubating the crude protein
mixtures with the labeled probes and subsequent electrophoretic
separation followed by label-specific detection. This approach
is called activity-based or chemical proteomics and offers the
advantage of coupling the detection signal to enzyme activity
and therefore provides more accurate information about the
functions of the enzyme of interest in the biological process
to be studied (Fonovi¢ and Bogyo, 2008; Deu et al, 2012).
A recently developed ABP to target cathepsin K is compound
14 (Figure 6) (Frizler et al, 2013). This probe is based on
the vinyl sulfone warhead and equipped with an innovative
tricyclic luminescent group which represents a conformationally
restricted analog of the 4-(4-hydroxybenzylidene)-1H-imidazol-
5(4H)-one fluorophore in green fluorescent protein (Baranov
et al., 2012). Compound 14 proved to be an irreversible
inactivator of the cathepsins S, K, L, and B with a slight
selectivity toward S and K over L and B, while it showed
the strongest potency against cathepsin S. Its suitability to
visualize cathepsin K ex vivo by in-gel fluorescence imaging
after electrophoretic separation of the cathepsin K-14 complex
has been demonstrated. Labeling of cathepsin K by 14 could
be prevented upon preincubation with a reversible azadipeptide
nitrile inhibitor that is highly selective for this cathepsin. The
probe enabled the detection of external cathepsin K among
the proteins present in HEK cell lysate. A linear correlation
between the fluorescence intensity of the electrophoretic spots
and the amount of enzyme was observed over a range of 17—
280 ng of cathepsin K and the detection limit was found to be
superior to Western blot. The ABP 15 is of very similar design
as 14 (Mertens et al, 2014). In contrast, it is equipped with
an alternative fluorophore on the basis of a novel coumarin-
tetrahydroquinoline hybrid. This fluorophore can be considered
as a conformationally locked 7-N,N-diethylaminocoumarin and
shows improved photophysical properties over its non-rigidified
counterpart such as bathochromically shifted absorption and
emission maxima (Frizler et al., 2012; Mertens et al., 2014).
Among the cathepsins S, K, L, and B, inactivation by 15 was
strongest for cathepsin S with approximately threefold increased
kinact/Ky-values for this cathepsin compared to compound 14.
Probe 15 is more than 50-fold less potent for cathepsin K than
for S. This result has been explained on the basis of docking
studies, which revealed that the coumarin-tetrahydroquinoline
moiety of 15 partially occupies the S> pocket of cathepsin S and
its position is probably stabilized by hydrogen bond interactions
between its two carbonyl groups and the side chain of Argl4l
and the backbone NH of Vall62. This aptly illustrates that
also the fluorophore may interact with the enzyme and thus
can contribute to the selectivity of the probe. Compound 15
was evaluated for in-gel detection of cathepsin S in a similar
fashion as 14 for cathepsin K. The fluorescent cathepsin S-15
complex enabled to visualize enzyme amounts as low as 0.5 ng.
Preincubation of cathepsin S with the broad-spectrum cysteine
protease inhibitor E64 (6) abolished its labeling by 15, which
shows that inactivation is dependent on the catalytic activity
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FIGURE 6 | Fluorogenic ABPs targeting cysteine cathepsins. Emitting fluorophoric moieties are shown in red, chromophoric moieties that act as quencher are

and labeling does not occur due to indiscriminate reaction with
nucleophiles on the protein surface. In addition, ABP 15 has been
shown to be capable of detecting cathepsin S specifically in a
protein extract derived from human placental tissue.

The fluorophores employed in the ABPs 14 and 15
compromise their application for in vivo imaging, because
their emission wavelengths are too short to ensure a sufficient
light penetration from deeper tissues (James and Gambhir,
2012). Significant progress toward optical imaging of cysteine
cathepsins has been achieved by using ABPs based on
acyloxymethyl ketones. As this class of irreversible inhibitors
interacts with the active-site thiol by nucleophilic substitution,
they offer the opportunity to combine the fluorescence donor
with a quencher that can be attached to the leaving group. Forster
resonance energy transfer (FRET) in the unreacted probe will
result in a strongly attenuated fluorescence of the unreacted
probe, while the quencher leaves the enzyme-inhibitor complex
upon inactivation which leads to enhanced luminescence of
the donor. Consequently, target binding is coupled to signal
amplification, which may account for good signal-to-noise ratios.
Recently described probes of this type are compounds 16a
and 16b. In 16a, the commonly employed 2,6-dimethylbenzoyl
moiety has been replaced by an electron-deficient 2,3,5,6-
tetrafluorophenyl moiety in order to eliminate the potentially

metabolically unstable ester linkage and to increase electronically
and sterically the reactivity against the active-site cysteine
(Verdoes et al, 2013). Both ABPs are equipped with a Cy5-
derived fluorescence donor attached to the P1 position and Sulfo-
QSY21 as quencher, which is tethered via an amide group and
ethylene diamine or hexamethylene diamine linker to the para
position of the tetrafluorophenyl or 2,6-dimethylbenzoyl group,
respectively. The in vitro evaluation of 16a was performed in
RAW 264.7 cells, a mouse leukemic monocyte macrophage cell
line, on the basis of in-gel fluorescence readouts in comparison
to seven analogs that varied in the sulfonation of the QSY moiety,
the chain length of the diamine linker and/or contained a 2,6-
dimethylbenzoyl instead of the 2,3,5,6-tetrafluorophenyl moiety.
It was observed that the presence of the sulfonic acid function at
the QSY chromophore accounts for superior performance with
regard to labeling of cysteine cathepsins in intact cells, while the
change of the ethylene spacer to hexamethylene in the diamine
linker impairs the probe’s performance only to a minor extent.
Furthermore, more hydrophobic analogs showed low level in-
gel fluorescence signals that reached a maximum intensity
at concentrations of 0.5-1.0 uM, which has been interpreted
in terms of probe aggregation due to limited solubility. In
contrast, 16a showed brighter signals for the different cysteine
cathepsins that increased up to a concentration of 5 M. When
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the 2,3,5,6-tetrafluorophenyloxymethyl ketones were compared
to their 2,6-dimethylbenzoyl-based counterparts it was obvious
that the former type of probe led to a more uniform labeling
of the cathepsins L, S, and B while the acyloxymethylketones
reacted preferentially with cathepsin S and L. Surprisingly, the
2,3,5,6-tetrafluorophenyloxymethyl ketones were even capable of
labeling cathepsin X, a papain-like cysteine protease which is
generally difficult to target with inhibitors. It has been shown
that concentrations of 16a as low as 5nM are sufficient to
detect cathepsins L, S, B, and X in RAW 264.7 cell lysates.
According to the authors, this phenomenon probably reflects
the cellular localisation of the various cathepsins rather than
differences in molecular recognition between the probe and the
enzymes, as cathepsin X is supposed to reside on the cell surface.
The investigation of the time course of cathepsin labeling by
16a in live RAW 264.7 cells indicated that a rapid labeling
of cathepsin X occurred, followed by cathepsins S, L, and B.
Pretreatment of the RAW 264.7 cells with an excess of JPM-
OEt (7b), a cell permeable “prodrug” of an irreversible inhibitor
of the epoxysuccinyl chemotype, resulted in reduction of the
in-gel fluorescence to 10% of the original signal. Preexposure
of 16a to serum for 4h retained 80% of the cathepsin-
targeting potential. In contrast, the identical treatment of the
corresponding AOMK-based probe diminished the fluorescence
signals associated with electrophoretic bands by 70%, which
might due to hydrolytic cleavage of the ester linkage catalyzed
by serum esterases. ABP 16a was also investigated toward
human monocyte-derived macrophages and a similar labeling
profile was observed as in the murine cell line. Fluorescence
microscopy studies with the human macrophages and 16a led
to red fluorescence in cell regions that have been identified as
lysosomes. This signal was completely blocked in the presence of
JPM-OEt (7b). The potential of 16a for in vivo imaging of tumor-
associated cysteine cathepsins was evaluated in a syngeneic
orthotopic mouse model of breast cancer derived from murine
4T1 cells. Already 1h post injectionem (p.i.) the margins of
the tumor were visible with substantial contrast. Compound
16a gives rise to a fluorescence signal in the tumor region
whose intensity at 8 h p.i. was approximately 20-fold higher than
that of its desulfo-hexamethylene-2,6-dimethylbenzoyl-based
counterpart. This result was confirmed by ex vivo fluorescence
measurements and reflects the in vitro performance of this
probe. The in vivo targeting of cathepsins L, S, B, and X has
been demonstrated by SDS-PAGE of the tumor homogenates.
Interestingly, immunofluorescence staining for the macrophage
marker CD68 in tissue sections from tumors pretreated with 16a
has revealed that labeling by the probe occurs almost exclusively
in tumor-associated macrophages.

Furthermore, ABP 16a has been evaluated in orthotopic
mouse models of familial adenomatous polyposis and colitis-
associated colorectal cancer (Segal et al., 2015). Upon intravenous
injection of the probes, fluorescence accumulated in the
malignant polyps but not in the surrounding benign intestinal
tissue. The signal correlated well with the polyp diameter and
was significantly lower under pre-treatment with compound 4.
For the colitis-related model of colon cancer the contrast between
malignant and normal tissue was higher upon intra-rectal

administration compared to intravenous injection. In this model
of colon cancer, mainly cathepsin S was targeted by 16a, as
revealed by SDS-PAGE. Fluorescence microscopy on murine
colon tissue sections indicated the colocalization of the probe
with the immune cell marker CD45. Fluorescence micrographs
obtained in immunohistochemical analyses of tissue sections
derived from human colon polyps confirmed these results.

The motivation behind the design of compound 16b was
to achieve selective imaging of cathepsin S in the presence of
other cysteine cathepsins. To this end, a fragment consisting
of a 3-thenoyl cap and a trans-4-methylcyclohexyl residue to
address the S* pocket of cathepsin S have been employed in
this compound (Oresic Bender et al., 2015). The peptide bond
that connects the P? and P! moieties is replaced by a 1,4-
disubstiuted triazole. This dipeptide-mimicking fragment has
been identified to confer excellent selectivity to cathepsin S over
the cathepsins B, K, and L (Patterson et al., 2006). Because
the tetrafluorophenoxymethyl ketone warhead was found to
be unfavorable regarding the selectivity toward cathepsin S,
the 2,6-dimethylbenzoyl leaving group in combination with a
hexamethylene diamine linker was employed. Incubation of
RAW 264.7 cells with 16b and subsequent analysis of cell
lysates by SDS-PAGE confirmed its selectivity for cathepsin S
over cathepsins B, L, and X. The probe was evaluated in the
4T1 murine breast cancer model. Tumor-associated fluorescence
was clearly detectable 8 h p.i. but the intensity was 6 times
reduced compared to 16a, which reflects the selectivity of 16b for
cathepsin S. The probe’s cathepsin S selectivity has been exploited
for dual-color live cell cysteine cathepsin activity imaging in
bone marrow-derived macrophages and dendritic cells. For this
purpose, a pan-reactive green-emitting probe was prepared in
which the Cy5 and Sulfo-QSY21 moieties of 16a were replaced
by BODIPY FL and BHQ-10, respectively. The immune cell
lines were simultaneously incubated with this probe and 16b
at optimized concentrations for 2h. Dual-color fluorescence
microscopy revealed that cathepsin S colocalized with other
cysteine cathepsins in the macrophage line while compartments
that exclusively harbor cathepsin S seem to exist in dendritic cells
(Oresic Bender et al., 2015).

Substrate-based Probes

The concept of activatable fluorescence is easy to realize in
substrates as hydrolysis of the peptide bond will lead to two
cleavage products which will dissociate from each other. The
advantages and disadvantages that are associated with the use
of activity- or substrate-based probes for non-invasive optical
imaging of the tumor-associated cysteine cathepsins have been
exemplarily compared. It was concluded from this study that
fluorescent ABPs exhibit more rapid and selective uptake into
tumors as well as stronger signal contrast compared to substrate-
based probes (Blum et al., 2009).

However, the latter-type of imaging agents offer the potential
advantage of enzyme-mediated signal amplification. A recently
reported substrate-based probe is compound 17, which has
been developed for the imaging of tumor-associated cathepsin
S (Figure7) (Hu et al., 2014a). The compound has been
designed on the basis of a potent cathepsin S inhibitor bearing

Frontiers in Chemistry | www.frontiersin.org

13

June 2015 | Volume 3 | Article 37


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

L6ser and Pietzsch

Imaging agents for cysteine cathepsins

FIGURE 7 | Quenched substrate-based probes for optical imaging of cysteine cathepsins. Emitting fluorophoric moieties are shown in red, chromophoric
moieties that act as quencher are highlighted in green and additional targeting moieties are shown in blue.

cyclohexylalanine in P? and a cyclic ketone in the P! position.
The ketone moiety gives rise to a reversible covalent interaction
with the active-site cysteine by thiohemiketal formation. The N-
terminal amino group of this dipeptide derivative is connected
to a morpholine moiety via a urea linkage. A morpholino group
in this position will be engaged in favorable interactions with the
side-chain of Lys64 in the S3 region of cathepsin S via its oxygen
atom (Pauly et al., 2003). Furthermore, cyclohexylalanine has
been identified to be optimal to address the S? pocket of cathepsin
S (Ward et al.,, 2002). The combination of these two favorable

moieties makes this inhibitor highly selective for cathepsin
S (Link and Zipfel, 2006). In order to convert the inhibitor
into a substrate and to allow the attachment of fluorophores
and further targeting elements, the cyclic ketone in the P!
position was replaced by diaminobutyric acid. Such a strategy
to design selective protease substrates starting from covalent
inhibitors is termed reverse design. This concept seems to be
promising because small peptide-derived inhibitors very often
were structurally optimized using non-proteinogenic amino
acids to achieve optimal targeting of protease subsites. It has been
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successfully applied for the design of optical imaging probes for
cathepsin K and cathepsin S (Watzke et al., 2008). By employing
lysine with orthogonally protected amino groups a Cy5.5 as
NIR fluorophore and a palmitoyl group was attached to the
diaminobutyric acid in the P! position. Palmitoylation of the
probe was done with the intention to facilitate its localisation
to the cell surface, because the secreted cathepsin S will remain
in proximity to the cellular membrane. Via an ethylenediamine
linker the chromophore of black hole quencher 3 (BHQ-3)
was attached as dark quencher to silence the Cy5.5 reporter.
The kinetic characterisation of the substrate-based probe 17
toward hydrolysis catalyzed by the cathepsins B, K, L, S, and
V has revealed that it is selectively cleaved by cathepsin S with
a specificity constant ke, /Ky of 2700 M~!s™!. Interestingly,
the cathepsin S-catalyzed hydrolysis of 17 was significantly
enhanced in the presence of liposomes as membrane model.
Microscopic evaluation of compound 17 together with its non-
lipidated counterpart containing a maleimidylhexanoyl group
instead of palmitoyl was done toward human THP-1 cell-
derived macrophages. The studies indicated that both probes
were cleaved rapidly by the cells and associated with them.
Preincubation with cell-impermeable E64 (6) resulted in blocking
of the cleavage of 17 only, whereas that of the non-lipidated
probe was not influenced. In contrast, treatment with E64d
(8b), a cell-permeable analog of E64 prevented the hydrolysis
of both probes, which indicates that they are not recognized as
substrates by other proteases. These results have been interpreted
to indicate that the palmitoylated probe undergoes hydrolysis
catalyzed by surface-located cathepsin S, whereas the non-
lipidated probe is subjected to internalization before it is cleaved.
Because compound 8b inhibited the activation of both probes,
they are probably not recognized as substrates by other proteases,
and thus, cleaved by cathepsin S in a highly specific manner.
Performing the experiment at 4°C did not lead to activation of the
non-lipidated probe, whereas the signal from activation of 17 was
restricted to the cell membrane due to attenuated endocytosis.
In vivo evaluation in 4T1 tumor-carrying mice revealed that for
both probes a significant fluorescence signal was observable in
the tumor 30 min p.i. that did not vanish up to 24h p.i. At his
time the signal caused by 17 was as twice as high compared
to its non-lipidated counterpart. The tumor-muscle ratio of 17
reached a maximum of 18 after 5 d p.i. The non-lipidated
probe was also detectable in the kidneys, whereas the uptake
in other organs was very low. Compound 17 is taken up by
the kidneys to a similar extent as its non-lipidated counterpart,
whereas lipidation resulted in a significantly higher uptake in all
other investigated organs (lung, liver, spleen), but the levels were
greatest for the tumor. The significantly increased tumor uptake
of 17 compared to the non-lipidated probe was confirmed in ex
vivo investigations of tumor sections by fluorescence microscopy
(Hu et al., 2014a).

A probe of similar composition as 17 is compound 18, which
has been described by Tian et al. (2014). The similarity is
due to the fact that 18 contains a pteroyl group as targeting
unit additional to the cathepsin cleavage site, in analogy to
the palmitoyl residue of 17. In difference, probe 18 has
been designed to primarily target the folate receptor by the

pteroylglutamyl group. The cellular uptake of folic acid and its
derivatives is mediated by two transport systems, the reduced-
folate carrier (SLC19A1) and the glycosyl phosphatidylinositol
(GPI)-anchored membrane folate receptors o (FOLR1) and
B (FOLR2). While the former is expressed ubiquitously and
facilitates bidirectional diffusion of folates across the plasma
membrane, the latter affect the unidirectional uptake of folic acid
by receptor-mediated endocytosis via the endosomal recycling
pathway (Shen et al., 1997; Matherly et al., 2007). Folate receptor
expression in homeostasis is restricted to the lung, kidneys and
placenta. An overexpression of the folate receptor can occur in
neoplastic tissue, especially epithelial cancers such as ovarian,
colorectal, and pancreatic carcinoma (Assaraf et al., 2014).

The design of probe 18 aims at coupling the targeting of
folate receptor to activation by intracellular cathepsin B upon
receptor-mediated internalization. Compound 18 is constituted
by the peptidic cathepsin-responsive core moiety harboring
valine and citrulline to target the S? and S! subsites of cathepsin
B, respectively. To target the primed binding regions, ornithine is
employed, which is connected to citrulline via its 8-amino group.
Notably, ornithine can be considered as dipeptide mimetic in this
context, as its carboxy group might be able to target the histidine
residues in the occluding loop. Equipped with fluoresceine
conjugated to a lysine side chain, the probe is quenched in the
uncleaved state by Forster resonance energy transfer to a dabcyl
group, which is attached at the a-amino group of ornithine.
The folate group has been linked to the N-terminus via the
side chain of its glutamate moiety. Exposure of 18 to cathepsin
B (400 nM) resulted in a 10-fold increase in fluorescence due
to dequenching upon cleavage within 250 min. The compound
has been characterized to be stable in blood plasma for at least
24 h, which favors its in vivo application. The cell uptake of 18
has been studied with KB cells, a human epidermoid carcinoma
cell line expressing the folate receptor, using FACS analysis.
The uptake has been confirmed to be concentration-dependent
and the cellular fluorescence was much lower when the folate
group of 18 was replaced by an acetyl residue. Furthermore,
preincubation of the KB cells with 50 uM folic acid reduced
the fluorescence by approximately 70%. In accordance with this
result, the uptake of 18 was clearly reduced when cells expressing
low levels of the folate receptor such as MCF-7 breast cancer
cells and mouse embryonic fibroblasts were used instead of KB
cells. The intracellular activation of the probe was demonstrated
by repeating the FACS analysis at 0°C together with the analog
lacking the dabcyl group. The fluorescence intensity of the
cells incubated with 18 was articulately reduced over the ones
treated with its unquenched counterpart, because the ATP-
consuming internalization of the probe-folate receptor complex
is attenuated at this temperature. The intracellular activation of
18 was furthermore confirmed by microscopic studies in KB
cells, as after 30 min green fluorescence at the cell surface was
only observable for the unquenched counterpart and not for
compound 18. The microscopic investigations also revealed an
unspecific binding for the folate lacking analogs of 18 at higher
concentrations (200 nM). This finding has been attributed to the
hydrophobic character of the fluoresceine and dabcyl groups and
indicates a general drawback of optical imaging probes, because
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the bulkiness and hydrophobicity of the required chromophores
may negatively influence their behavior in biosystems (Tian et al.,
2014).

Despite quenched substrates offer the advantage of enzyme-
catalyzed signal amplification, substrate-based imaging is also
possible with probes that contain a fluorogenic leaving group
in the absence of a quencher. This principle is based on the
deactivation of substituents that exert a +M effect on the
aromatic core of fluorophoric entities by the attachment of acyl
groups to these substituents. Cleavage of those acyl groups by the
action of enzymes will result in unblocked electron donation to
the fluorophore and thus increased fluorescence. This principle
has been used extensively for the activity determination of
proteases and other enzymes that catalyze acyl transfer reactions
(Grimm et al., 2013) while reports concerning their application

for imaging purposes are scarce. Probes of this type that have
been recently developed for cellular imaging are compounds
19 and 20 (Figure 8). Development of compound 19 started
from the established dipeptidic fluorogenic substrate Z-Arg-
Arg-AMC, which is sensitive and selective for the fluorimetric
detection of cathepsin B activity. For the sake of better synthetic
accessibility, its two arginine residues were replaced by lysines.
This structural change had almost no influence on the ke,t/Kn-
values (148 and 167mM~!s™! for Z-Lys-Lys-AMC and Z-
Arg-Arg-AMC, respectively). To increase the stability toward
degradation by other proteases and the affinity toward cathepsin
B a para-aminobenzyloxycarbonyl (PABA) linker was placed
between the peptidic and AMC moiety, as this will enable a more
effective targeting of the primed binding sites (presumably st
and S?) of cathepsin B (Chowdhury et al,, 2014). PABA is a

FIGURE 8 | Fluorogenic substrate-based probes for targeting of cysteine cathepsins containing only one luminophor. Emitting fluorophoric moieties are
shown in red, moieties that act as spacer are highlighted in green and additional targeting moieties are shown in blue.
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self-destructive linker, as release of its amino group will result
in spontaneous fragmentation due to imino-quinone methide
formation, which has been successfully used for prodrug design
(Carletal., 1981). Indeed, 19 showed a slightly increased kcat/ K-
value (231 mM~!s™!) than Z-Lys-Lys-AMC, which seems to be
due to a decrease in Kp,. Noteworthy, the introduction of the
PABA linker was not tolerated by cathepsin L as the analog of
19 containing Phe instead of Lys in P? (Z-Phe-Lys-PABA-AMC)
was not converted by this enzyme. Therefore, the combination of
the two Lys residues with the self-destructive PABA linker makes
19 to a substrate which is cleaved by cathepsin B with excellent
selectivity over cathepsins L and S. Probe 19 was also effectively
cleaved by lysates of HeLa cervical tumor cells. Pretreatment
of HeLa cells by the cell-permeable pro-inhibitors E64d (8b)
or CA074Me (9b), which inhibit several cysteine cathepsins or
selectively cathepsin B, respectively, after intracellular activation
by esterases, resulted in a complete blocking of the conversion of
19. Fluorescence microscopic observation of live HeLa cells in the
presence of Z-Arg-Arg-AMC or Z-Phe-Arg-AMC did not result
in the detection of any cellular fluorescence. Contrary to this,
the three-component probe 19 containing the PABA linker led to
blue fluorescent cells, while no intracellular fluorescence could be
visualized in the presence of CA074Me (9b) or E64d (8b). Similar
results were obtained when the HeLa cells were replaced by the
Her2-positive breast cancer cell line MDA-MB-231-H2N. These
results clearly indicate that 19 undergoes cathepsin B-dependent
activation inside the cells and that the PABA linker obviously
facilitates membrane permeation of the peptidic probe. When
Z-Phe-Lys-PABA-AMC was investigated in the same manner,
it was revealed that its cellular activation was only completely
blocked by treatment with E64d, while the presence of CA074Me
resulted in considerable residual cellular fluorescence. These
observations suggest that the latter probe is activated by cathepsin
B and other cysteine cathepsins, which is in accordance to
results from kinetic investigations and cell lysate experiments.
Furthermore, Z-Phe-Lys-PABA-AMC compromises cell viability
in both cell lines as assessed by the MTT assay, while 19 and
the ordinary two-component probe Z-Arg-Arg-AMC are well-
tolerated (Chowdhury et al., 2014).

While 7-amino-4-methylcoumarin is an advantageous
fluorophore for protease activatable probes due to its small size,
its blue fluorescence and rather short excitation wavelength are
adverse properties. Alternatives can be found by rhodamine
derivatives, which exhibit two amino groups attached to the
xanthenyl system and offer the opportunity of longer wavelength
excitation/emission together with high quantum yields for
fluorescence. Peptidic moieties can be attached to the two
amino groups of rhodamines which will result in fluorescence
attenuation and illumination upon protease-mediated cleavage
(Leytus et al., 1983; Rothe et al., 1992). However, a drawback
of such probes is that consecutive removal of two peptide
residues will result in mono-acylated and completely deacylated
rhodamine species which will differ in their fluorescence
properties. To tackle that problem, Fujii et al. (2014) developed
activatable probes based on “reduced” rhodamine green
(rhodamine green is also known as rhodamine 110), in which
the carboxy group is replaced by a hydroxymethyl residue.

Typical for xanthene dyes, this hydroxymethyl rhodamine
green (HMRG) exists in solution in a ring-chain tautomeric
equilibrium between a non-fluorescent spirocyclic form and
a highly fluorescent quinoid open form. At physiological pH,
the equilibrium lies on the side of the open form, which is
characterized by favorable photophysical properties such as high
fluorescence quantum yield (®q = 0.81) and long fluorescence
lifetime (Tt = 3.8 ns) (Sakabe et al., 2013). Mono-acylation of one
of the amino groups will stabilize the non-fluorescent spirocyclic
form and thus result in strong attenuation of fluorescence. Fujii
et al. aimed to exploit this principle for the design of cathepsin
B-activatable probes in the context of optical tumor imaging. To
this end, they attached the Z-Phe-Arg (as realized in compound
20) and Z-Arg-Arg moiety to HMRG. The extinction coeflicient
of free HMRG is more than 400 times higher than that of 20 (at
Amax = 501 and 497 nm, respectively). The kinetic evaluation
toward the cathepsins L, B, S and K was done at pH 5.5 and pH
7.4, to simulate intralysosomal and cytosolic/extracellular pH-
values, at a single substrate concentration of 3 wM. Cathepsin
B rapidly converted 20 at both pH-values, whereas the cleavage
of Z-Arg-Arg-HMRG was only effective at pH 5.5. At this
pH conversion of 20 by cathepsin L was slower than that by
B, whereas Z-Arg-Arg-HMRG was cleaved with much lower
velocity. The cleavage of 20 catalyzed by cathepsin L at pH 7.4 was
very slow, probably due to the fact that cathepsin L undergoes
irreversible inactivation at pH-values greater than 6.5 (Bromme
et al., 1993). Compound 20 was also converted by cathepsin K
at both pH-values but was no effective substrate of cathepsin
S. Incubation of 20 with SK-OV-3 human ovarian tumor cells
resulted in microscopically visible cell-associated fluorescence,
which was attenuable by treatment with the broad-spectrum
cell-permeable fluoromethylketone inhibitior Z-Phe-Phe-FMK
(1a). It was concluded that cleavage of 20 occurs intracellularly,
because the treatment with membrane-impermeable inhibitor
CA074 (9a) was of negligible influence. Intraperitoneal injection
of 20 into mice bearing peritoneally implanted SK-OV-3
tumors, a model for human ovarian cancer, resulted in a clear
visualization of the tumor nodules with a tumor-to-background
ratio of 4.2 The stability of 20 in peritoneal liquid has been
confirmed independently and the green HMRG fluorescence
colocalized with the tumor nodules when SK-OV-3 cells
transformed with red fluorescent protein (RFP) were implanted.

The disadvantages of the discussed non-quenched cathepsin-
responsive probes are due to the fact that the emission
wavelengths of their fluorophores are too short for in vivo
imaging. Fluorophores with emission wavelengths in the near
infrared (NIR) range can be found within the class of
cyanine dyes, which are employed in the FRET-based probes
16 and 17 discussed above. Despite these fluorophores are
characterized by high extinction coefficients, acylation-based
attenuation of fluorescence is difficult to realize, in contrast
to luminescent groups on the basis of aromatic amines such
as AMC and HMRG. To overcome this drawback, Kisin-
Finfer and Shabat (2013) set out to develop fluorophores where
three consecutive carbons of the polymethine chain of cyanine
dyes are part of a napthalene ring. To this end, they reacted
4-hydroxynaphthalene-1,3-dicarbaldehyde with two equivalents
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of 3-(2,3,3-trimethyl-3H-indol-1-ium-1-yl)propane-1-sulfonate
in a Knoevenagel-type condensation. The obtained product is a
representative of the so called “donor-two-acceptor” NIR dyes,
referring to the electron-donating hydroxyl group and the two
indolium acceptor moieties (Karton-Lifshin et al., 2012), and
shows a pH-dependent fluorescence with an emission wavelength
of 740 nm and a large Stokes shift of 80 nm. Notably, only the
deprotonated phenolate form is fluorescent. In consequence,
acylation of the OH group will lead to strongly attenuated
fluorescence, which can be exploited to design hydrolase-
sensitive probes as it has been realized in compound 21 for
imaging of cathepsin B (Kisin-Finfer et al., 2014). Considering
the steric demand of the fluorophore, its conjugation to the
cathepsin-responsive Z-Phe-Lys moiety was done via a self-
immolative linker which resembles in part the PABA linker
contained in 19 (Chowdhury et al., 2014). In difference, a N,N’-
dimethylethylenediamine-carbonyl spacer follows the PABA
element (Shabat et al., 2004). Analogously to 19, cathepsin
B-mediated release of the aromatic amine will result in the
formation of imino quinone methide and carbon dioxide. This
reaction step triggers in turn the release of the phenolic hydroxyl
group via cyclisation by attack of the secondary amine nitrogen
to the carbamate carbon under concomitant formation of a five-
membered cyclic urea. Apart from creating space between the
fluorophore and the cleavage site, this strategy ensures that the
two functional entities are joined by sufficiently stabile amide
and carbamate linkages instead of a labile aryl ester bond.
Based on visual inspection, incubation of 21 with rather high
concentrations of cathepsin B led to a strong red fluorescent
solution after 4 h upon excitation at 661 nm, while no background
luminescence was observable in the absence of the enzyme. This
result is in contrast to the analogous quenched (FRET-based)
probe, which has been designed to contain a Cy5 fluorophore
in place of the Z group and a heptamethine-cyanine dye as
quencher attached via the PABA linker. In consequence, the
in vivo performance of 21 upon intratumoral injection into 4T1
tumor-bearing mice was more favorable over the corresponding
quenched probe as it exhibited a considerably enhanced signal-
to-noise ratio.

A further type of fluorescent probe whose optical properties
can be triggered upon cathepsin-catalyzed cleavage in the
absence of a quencher is compound 22 (Yuan et al., 2015).
Of note, the enhancement in fluorescence in this probe is not
mediated by electronic changes due to bond cleavage, but by a
change in solubility. Aggregation of fluorophores usually leads to
attenuation in the fluorescence intensity, a phenomenon which
is called concentration quenching (Chaudhuri, 1959). Under
certain circumstances, the contrary phenomenon of aggregation-
induced emission (AIE) can occur (Ding et al., 2013; Mei et al.,
2014). This can be observed for fluorophores based on the
tetraphenylethylene scaffold. Free in solution, the quantum yield
is low because the energy of the excited state is dissipated into
the rotation of the phenyl groups. In the aggregated state these
rotations are restricted due to intermolecular interactions and
thus the fluorescence quantum yield increases. To exploit this
principle for tumor imaging, the tetraphenylethylene scaffold has
been functionalized with a recognition sequence for cathepsin

B-catalyzed cleavage. This has been achieved by attaching
azidopropyl groups to the luminophoric core. The required
dihydroxy derivative has been accessed by a crossed McMurry
reaction from the corresponding benzophenone building blocks.
The fluorogenic core has been conjugated to a peptidic construct
consisting of the GF|LG tetrapeptide unit, which serves as
the recognition site for cleavage by cathepsin B (Rejmanova
etal., 1983). The N-terminal propargylglycine allows conjugation
to the azido-functionalized fluorophore by azide-alkine 342
cycloaddition. Via a C-terminal linker consisting of three
aspartic residues, which confer hydrophilicity to the probe, the
cyclopentapeptide c[fKRGD] is attached via its lysine side chain.
The latter unit is intended to target the a,Ps3 integrin type
receptor, which is overexpressed in several tumor cells. Thus,
compound 22 represents a dual-targeted probe similar to the
folate conjugate 18 with the cyclic RGD unit corresponding
functionally to the folate moiety. The azido-functionalized
tetraphenylethylene derivative has been characterized regarding
their media-dependent luminescence and has been found to
be almost non-fluorescent dissolved in DMSO. Upon addition
of water, the fluorescence steadily increased and at a mole
fraction of 99% water the emission intensity was 105-fold higher
than in pure DMSO. The emission spectra are characterized
by maxima at 615nm upon excitation at 365 nm. Notably, the
emission is independent of pH in the range of 7.4 to 5.0. Due
to its hydrophilicity, probe 22 is virtually non-fluorescent in
aqueous solution in the uncleaved state. Incubation of 22 (5 uM)
with cathepsin B (1 wg/mL) for 60 min at a pH 5.0 and 37°C
resulted in a 35-fold increase of fluorescence. The performance
constant of 22 toward cathepsin B has been determined to
be 142 M~!s7!. RP-HPLC analysis of cathepsin B-incubated
22 indicated elution at considerably higher retention times
and thus higher hydrophobicity than in the uncleaved state.
Hydrophobic clustering upon cleavage has been confirmed by
laser light scattering and atomic force microscopy investigations.
Activation of 22 can also be achieved by lysates derived from
the human mammary carcinoma cell lines MDA-MB-231 and
MCEF-7, while the increase in fluorescence with lysates of human
embryonic kidney cells 293T and tumor cells that have been
preincubated with CA074Me (9b) is considerably less strong.
Fluorescence microscopic analysis indicated that cell uptake of
22 occurs to a substantial extent only in the a,B3 positive
MDA-MB-231 cells. Cell-associated red fluorescence in these
cells declines upon preincubation with either or both free RGD
cyclopentapeptide and compound 9b, which has been confirmed
quantitatively by FACS analysis. Fluorescent molecules can
potentially act as photosensitizers for photodynamic therapy
because transition from the excited triplet state to the ground
state can be coupled to conversion of triplet oxygen into highly
reactive singlet oxygen. To evaluate the probe’s potential toward
this application, Yuan et al. monitored the release of reactive
oxygen species in the presence of 22 and cathepsin B with 1,3-
diphenylisobenzofuran (DBPF) as indicator. The cleaved probe
exhibited a photosensitizing activity which was abolished in the
presence of ascorbic acid. Investigation of the light-mediated
cytotoxicity of 22 toward MDA-MB-231 cells has revealed that
under irradiation a concentration of 5uM can reduce cell
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viability by more than 50%, while in the dark the toxic effects
are minimal. The phototoxicity has been demonstrated to be
receptor-mediated, as the a,p3 negative MCF-7 and 293T cells
are viable in the presence of 22 under irradiation at 365 nm.
Based on these in vitro results, 22 can be considered as a potential
theranostic agent, because it combines functional imaging with
targeted photodynamic ablation. To exert photodynamic effects
in vivo, excitation wavelengths above 600 nm are desirable, which
limits the applicability of 22 for therapeutic purposes.

The development of imaging probes is not restricted to
compounds of low molecular weight and a few polymeric and
particulate probes for the in vivo detection of cathepsin B have
been described. Among the first macromolecular probes for this
purpose is a poly-L-lysine-based polymer, whose amino groups
were partially functionalized with Cy5.5. The spatial proximity
of the fluorophores led to internal fluorescence quenching and
unmodified lysines served as recognition sites for cathepsin
B-catalyzed cleavage, resulting in enhanced fluorescence. In
vivo, probe activation within a mouse model of human
breast cancer correlated with the tumor-associated cathepsin
B activity (Bremer et al., 2002). In a different approach, a
nanoparticle consisting of 0°-hydroxyethylchitosane (chitosane
= deacetylchitin) has been functionalized with the heptapeptidic
cathepsin B recognition sequence GRR| GKGG to a substitution
degree of 21 peptide chains per 1 molecule of chitosane-
based nanoparticle (Figure 9, compound 23) (Ryu et al., 2011).
The particles exhibited a molecular weight of 345kDa and a
spherical shape with a diameter of 280 nm. The hexapeptide
was equipped with Cy5.5 at the N-terminus and BHQ-3 at
the side chain of Lys as fluorescence emitter and quencher,
respectively. Exposure of the nanoprobe to 1.5nM of cathepsin
B resulted in an approximately 15-fold increase in fluorescence,
while no significant dequenching was observed with cathepsin
L, the aspartic protease cathepsin D or cathepsin B in the
presence of Z-Phe-Lys-FMK (1b) as inhibitor. The uptake
of the cathepsin B-responsive nanoparticle in SCC7 murine
squamous cell carcinoma was accompanied by increasing red
fluorescence, which colocalized with the green fluorescence for
immunohistochemical detection of cellular cathepsin B. The
cell-associated Cy5.5 fluorescence signal could be blocked by
treatment with 1b and the particulate probe resulted in stronger
NIR fluorescence than the isolated, soluble quenched peptide.
The in vivo evaluation of the nanoprobe 23 was performed in
mice bearing SCC7 tumors. The tumor-associated fluorescence
increased up to 6h p.i. Regarding the influence of inhibitor
treatment and the comparison with the non-particulate probe the
results obtained in cellulo could be confirmed. The fluorescence
in non-target organs was more than twice as low as in the tumor.
In a further study, this probe was re-evaluated in mice bearing
tumors derived from HT29 human colorectal carcinoma cells
(Ryu et al., 2014). Intravenous injection of the nanoprobe into
these animals resulted in NIR fluorescence signals that were
17-fold higher than in the control animal where the tumor-
associated cathepsin B activity has been blocked by intratumoral
injection of 1b. Furthermore, the probe’s capability to image
the metastasis-associated cathepsin B activity in three different
mouse models of metastatic tumors was evaluated. The first

model concerned metastasis to the liver of 4T1-luc2 cells
injected into spleen. Liver metastases were detectable 10-14
days after tumor cell injection into the spleen by luciferase-
based bioluminescence imaging. Systemic administration of
the cathepsin B-responsive nanoparticle resulted in a NIR
fluorescence that matched the bioluminescence signal, while
only minimal fluorescence was detectable upon injecting the
probe into normal mice. The increased expression of cathepsin
B in liver metastases has been confirmed by Western blot
analysis. Similar results were obtained when murine red-
fluorescent-protein-expressing RFP-B16F10 melanoma cells or
highly malignant HT1080 cells were injected into the tail vein
and into the peritoneum, respectively. The former experiment
models the process of metastasis to the lung and the latter that of
peritoneal metastasis. The uptake of the cathepsin B-responsive
nanoprobe has been investigated in all these four tumor cell
lines by fluorescence microscopy. A strong cell-associated Cy5.5-
derived fluorescence was observable for the tumor cells, whereas
only faint signals were detectable for the cathepsin B-negative
NIH3T3 mouse embryo fibroblasts.

The design of cathepsin-sensitive nanoprobes not only offers
the opportunity of functional tumor imaging, but also the
selective delivery of chemotherapeutic agents into the tumor. The
creation of such a cathepsin-responsive particulate nanocarrier
was the motivation behind the work of Li et al. (2014). The
nanoparticle has been composed of a quantum dot (QD) core
structure based on cadmium telluride (CdTe). Compared to
classical organic fluorophores, QD’s exhibit broad absorption
and narrow emission spectra and enhanced brightness. Their
emission maxima can be tuned between 450 and 850nm
by changing their size (Lakowicz, 2010; Barreto et al, 2011;
Wegner and Hildebrandt, 2015). The CdTe core was coated
with mesoporous SiO;. The mesoporous silica shell bears the
potential to adopt doxorubicin, a member of the anthracycline
class of DNA-targeting antitumor antibiotics, which is intended
to be delivered to the site of action in the cell nucleus with the
help of the nanocarrier. A maleimido group was conjugated to
the amino-functionalized surface of the silica shell via a 4,7-
dioxanonanoyl linker. The maleimido group served as an adapter
for the attachment of the 20 mer peptide H-CRRRQRRKKR-
PGFK| -EEEEEE-OH via Michael addition of its N-terminal
cysteine residue (Figure9, compound 24). The peptide chain
consists of an N-terminal cell-penetrating sequence which is
attenuated by the C-terminal polyanionic hexaglutamate chain.
Both elements are linked by the PGFK tetrapeptide which serves
as recognition site for cathepsin B-mediated cleavage. Scanning
and transmission electron microscopy indicated a confined size
distribution of the nanoparticles with an overall diameter of
40nm, which was considered as a suitable size to achieve
effective cell penetration and targeted nuclear delivery. The
fluorescence of the particle due to the CdTe QD core is around
560 nm. The empty nanocarrier was evaluated using confocal
laser scanning microscopy toward human A549 adenocarcinoma
cells as cathepsin B positive cell line and NTH3T3 mouse embryo
fibroblasts as negative control. After 24h of incubation, the
yellow QD fluorescence is mainly located inside the nucleus of
A549 cells, whereas in the cathepsin B negative NIH3T3 cells the
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fluorescence is restricted to the cytoplasm. A similar distribution
of the nanoparticle can be observed in A549 in the presence of
the broad-spectrum cysteine cathepsin inhibitor antipain (12).
These results suggest a cathepsin B-mediated direction to the
cell nucleus for the nanoparticle. Loading of doxorubicin to the
nanocarrier can be achieved to a degree of 10.7%. Release of
doxorubicin from the nanocontainer is clearly accelerated at pH
5.5 in the presence of cathepsin B.

In accordance with the above results, after 24 h of incubation
with the loaded nanocarrier, red doxorubicin fluorescence in the
nucleus was only detectable in the A549 cells and not in the
NIH3TS3 cells. In contrast, upon incubation with free doxorubicin
over the same time, red fluorescence was detectable in the nuclei
of both cell lines. Exposure of the tumor cell lines A549 and
A2780 to the doxorubicin-loaded particles at a concentration
of 10pg/mL led to compromised cell viabilities that were
lower than under equal concentrations of free doxorubicin.
This difference was especially noticeable for the doxorubicin-
resistant cell line A2780/Adr, where free doxorubicin elicits only
minimal effects, due to the mechanisms of multidrug resistance,
which actively transport chemotherapeutic agents out of the
tumor cell. For comparison, the empty nanocarrier displays only
minimal toxicity toward the investigated cell lines. These results
allow concluding that the enzyme-responsive nanocarrier has the
potential to considerably improve chemotherapy by selectively
delivering cytostatic drugs to the nucleus of cathepsin B positive
tumor cells and circumventing mechanisms of drug resistance.

Radiotracers
Compared to fluorescence-based methods, detection on the
basis of ionizing radiation emitted by nuclides that undergo

radioactive transformations is generally more sensitive.
Therefore, probes consisting of molecules labeled with
radionuclides, so called radiotracers, offer the possibility of
sensitive detection both for in vitro investigations and imaging
applications with very often minimal structural changes
compared to the unlabeled ligand. The scope of application for
radiotracers is determined by the nuclear-physical properties
of the radionuclides they are labeled with. Table 1 summarizes
the properties of radionuclides that have been employed for the
design of cysteine cathepsin-targeting radiotracers. Long-lived
radionuclides that exhibit low particle energy such as tritium and
carbon-14 offer the possibility of sensitive detection of enzyme
inhibitor complexes and provide the possibility to study the
biodistribution and biotransformation of cathepsin inhibitors
of potential therapeutic interest by radio-HPLC and ex vivo
autoradiography (Solon, 2012; Uhl et al., 2015). Their use for
imaging is not possible because the B~ particles are difficult to
measure outside the organism. For this purpose, short-lived
radionuclides that undergo transformations accompanied by
the emission of y-ray photons can be applied for single-photon
computed tomography (SPECT). The other modality of nuclear
imaging, positron emission tomography (PET), depends on
the use of tracers labeled with neutron-deficient radionuclides
that stabilize by the transformation of a proton into a neutron
under the emission of a positron. Because positrons are the
anti-particles to electrons, the emitted positron will undergo
annihilation upon collision with an electron under the emission
of two y-ray photons of 511 keV in the angle of nearly 180° to
each other. This physical phenomenon allows the construction
of images and time-activity curves by coincidence detection of
the two photons using a circular array of scintillation detectors
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TABLE 1 | Properties of radionuclides used in cysteine cathepsin-targeting radiotracers.

Radio-nuclide T4 /2 Decay mode Particle/radiation energy Production Modality Labeling
(abundance)* (Emean in keV)*™* (nuclear reaction) chemistry

3H 12.32a B~ 5.7 Reactor (Li(n, o)) In vitro Covalent

11¢c 20.4 min gt (99.8%) 386 Cyclotron (14N(p, a)) PET Covalent, mostly electrophilic
14¢ 5730 a B~ 49.5 Reactor (4N(n, p)) In vitro Covalent

18 109.8 min Bt (97%) 249 Cyclotron (mostly 180(p, n)) PET Covalent, mostly nucleophilic
B4cu 12.7h BT (18%) 278 Cyclotron 84Zn(p, ) PET Coordinative

125 59.4d EC 26.4 Reactor (124Xe(n, y)125Xe(EC))  In vitro (SPECT)  Covalent, mostly electrophilic
1771y 6.7 d B,y 133 (87), 208 (y) Reactor (mostly 176Lu(n, y)) SPECT, therapy ~ Coordinative

"For clarity, only those nuclear transformations that are relevant for the imaging process are shown.

" Data have been retrieved from the Brookhaven National Nuclear Data Center®.

(James and Gambhir, 2012). This makes PET to a unique
method for quantitative tracing compounds in living organisms
(Bergmann and Pietzsch, 2005). Of note, far reaching progress
in clinical PET technology has also led to the design and
development of dedicated small animal PET systems that now
are abundantly prevalent in biomedical and pharmaceutical
research. This enables researchers to perform preclinical PET
studies on pharmacokinetics of novel radiotracers with high
spatial and temporal resolution, in living subjects such as in
rodent laboratory models (Brust et al., 2014).

Furthermore, the short half-lives of the most employed
PET nuclides imply that the administered amounts of labeled
substances are usually far below target saturation so that a
biochemical influence of the studied process does not occur
(McCarthy et al., 1994). Despite higher sensitivity of radiotracer-
based imaging, luminescence-based imaging offers the advantage
of higher spatial resolution. To take advantage of both imaging
modalities, fluorophores and radiolabels can be combined in one
molecule. Even exclusively radiolabeled compounds can be used
for OI, because the movement of high-energetic charged particles
through matter is accompanied by the emission of UV and visible
light known as Cerenkov radiation. The Cerenkov photons can
be detected by a CCD camera, provided that the energy of
the charged particle emitted upon radioactive transformation is
greater than 219keV (Thorek et al., 2012). Therefore, optical
and nuclear imaging modalities are considered complementary
to each other (James and Gambhir, 2012; Chin et al.,, 2013;
Nordstrom et al., 2013; Seibold et al., 2014).

125|_|abeled Compounds

The development of radiotracers which target cysteine
cathepsins started three decades ago with a tetrapeptide-
derived chloromethylketone-based inhibitor labeled with
iodine-125 (['2°1]25a, Figure 10). Iodine-125 is one of four
biomedically relevant iodine radioisotopes (Wilbur, 1992; Mier
and Eisenhut, 2011). It stabilizes by electron capture, where a
proton combines with an electron of the inner shells, usually the
K-shell. The formed electron gap is filled under the emission
of X-ray photons. While iodine-125-based radiotracers are

®http://www.nndc.bnl.gov/.

typically employed for in vitro investigations, this radionuclide
also offers the possibility of small-animal SPECT imaging.
Radioiodination of biologically relevant compounds is very
often achieved by reacting a hydroxyphenyl moiety with an
iodine—+1 species which is generated from radioactive iodide
and a mild oxidizing agent such as iodogen. This principle has
been used to introduce iodine-125 into compounds [1251]25,
['2°1]26 and [!°1]28-33 (Figure 10), which are all irreversible
inhibitors that covalently target different cysteine proteases.
Compounds ['2°T]25a and b seem to be the first described
radiotracers to target cysteine cathepsins (Docherty et al,
1983, 1984). They have been used to identify a protease of
31.5kDa of the granule fraction of rat Langerhans islets as
cathepsin B by immunoprecipatation and SDS-PAGE. It is
known that peptide-derived chloromethylketones can also
interact covalently with the active site of serine proteases and
Docherty et al. (1983) demonstrated the reactivity of [!2°1]25a
toward trypsin. Therefore, doubts in the selectivity and the
high intrinsic reactivity of this radiotracer motivated Mason
et al. (1989b) to prepare [!2°T]26a as a 12°I-labeled diazoketone.
The specific activity of [!2°1]26a was determined to be 222
MBq/pmol. Deiodo-26a has been shown to be an effective
inactivator of cathepsins L and B with selectivity over calpain,
a cytosolic Ca?*-dependent cysteine protease. Iodination to
non-radioactive 26a even improves the inhibitory properties
(Crawford et al., 1988). The radiotracer ['2°I]26a has been used
to identify cathepsin L and B in Kirsten-virus-transformed
NIH3T3 cells by SDS-PAGE. Electrophoretic separation of
trichloroacetic acid precipitates derived from extracts of cells
that were incubated with [2°I]26a indicated the presence of
one active cathepsin B species of 33-35kDa and two active
forms of cathepsin L of 30 and 23kDa. For comparison,
immunoprecipitates of labeled proteins obtained by pulse-chase
incubation with [3°S]methionine were separated by SDS-PAGE.
This resulted in the detection of a 39 and a 36 kDa species which
have been assigned to the intracellular precursors of cathepsin
B and L, respectively. Radiotracer [12°1]26a was furthermore
applied to investigate the presence of active cathepsins B and
L in homogenates of human post mortem tissues of heart and
skeletal muscle, brain, kidney, pancreas, and spleen (Mason et al.,
1989a). Hence, [12°1]26a represents an early example of an ABP.
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Further investigations by Mason et al. led to the development
of radiotracer ['2°1]26b, in which the Z group of [!%°I]26a
has been replaced by Fmoc and a second iodo-substituent has
been attached ortho to the hydroxyl group in the tyrosine side
chain (Xing et al., 1998). Notably, the non-radioactive reference
compound 26b showed an inhibitory potential toward cathepsin
B that was 15-fold higher than that of its deiodinated counterpart
and more than twice as strong compared to the corresponding

monoiodinated derivative. Considering inhibition of cathepsin
L, the influence of iodination was inverse compared to cathepsin
B, while inhibition of cathepsin L by 26b was still faster than
that of cathepsin B. 26b was devoid of inhibitory potency toward
cathepsin S. Radioiodination of deiodo-26b in the presence
of non-radioactive sodium iodide resulted in the formation of
[12°1]26b. Thus, [12°1]26b represents a carrier-added radiotracer
in contrast to non-carrier-added ['2°I]26a. This is reflected by
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the specific activity of [12°1]25b, which is with 8.3 MBq/jLmol
considerably lower than that of [2°1]26a. Incubation of ['2°1]26b
with a panel of human breast tumor cells and subsequent cell
lysis and electrophoretic protein separation by SDS-PAGE
showed that these cells contain up to four different molecular
species of cathepsin L and two different forms of cathepsin B.
The knowledge of the radiotracer’s specific activity enabled the
calculation of quantitative amounts of the different cathepsin
B and L species in these cells in pmol/mg of cellular protein.
Interestingly, these studies have revealed that higher levels of
active cathepsins B and L are expressed in invasive breast tumor
cells (MDA-MB-231, MDA-MB-435S and HS-578T), compared
with those that are not invasive (MCF7 and SK-BR-3).

A diazoketone warhead is also contained in the activity-based
probe [12°1]27 (Falgueyret et al., 2004). Its labeling with iodine-
125 has been done in a manner that is independent of the
presence of hydroxyphenyl groups, which will be explained more
in detail below. Non-radioactive 27 has been characterized as a
potent inactivator of the cathepsins B, K, L and S. Its potency is
ranked in the order K>L~S>B. This inhibition profile allowed
to use radiolabeled [12°1]27 for the identification of the pairs of
cathepsins B/L and B/K in human HepG2 hepatoma cells and
rabbit HIG82 synoviocytes, respectively, and cathepsin S in the
Ramos B lymphoma (human Burkitt’s lymphoma) cell line, which
has been done by incubating the probe with the corresponding
cell lysates and subsequent electrophoretic separation by one
and two-dimensional SDS-PAGE. The !?°I-labeled enzyme-
inhibitor complexes were detected autoradiographically and the
results have been verified by Western blotting using specific
antibodies for the individual cathepsins. [12°1]27 was also used
to determine the in cellulo efficiency of cathepsin inhibitors in
so called whole-cell enzyme occupancy assays. In such assays,
cells are preincubated with the inhibitor of interest at varying
concentrations for a defined time followed by incubation with
the radiolabeled probe. Subsequent cell lysis and separation as
outlined above followed by measuring the radiographic density
of the electrophoretic spots and data analysis provide the cellular
ICsp-values for distinct cathepsins. As the authors noted, to
obtain meaningful values for reversible inhibitors, the assay has
to be performed under conditions in which the irreversibly
binding probe does not displace the inhibitor from the enzyme.
Therefore, careful optimization of the incubation time with the
radiolabeled probe is required. By applying the methodology
outlined above, radiotracer ['2°1]27 has been also used to identify
cathepsin S in blood in vitro and to determine the occupancy
of cathepsin S by a dipeptide-derived nitrile closely related to
odanacatib in blood of rhesus monkeys ex vivo (Veilleux et al.,
2011).

The development of !%°I-labeled radiotracers for cysteine
cathepsins based on irreversible inhibitors different from
diazoketones was pursued by Bogyo et al. (2000). The lead
structures for tracer design were the epoxysuccinyl derivatives
JPM-565 (7a), CA074 (9a) and the dipeptide-derived phenyl
vinyl sulfone LHVS (5). These compounds have been selected
because 7a offers the opportunity of promiscuous targeting of
several cysteine cathepsins such as L, B, and S, whereas 9a
and 5 are selective inactivators of cathepsin B and cathepsin

S, respectively. To allow the facile introduction of radioiodine,
the leads had to be equipped with hydroxyphenyl moieties.
For the vinyl sulfone 5, this was achieved by attachment of
a hydroxyl group to the phenyl residue para to the sulfonyl
group resulting in deiodo-28. In the case of CA074 (9a) the N-
bound propyl chain was replaced by a 2-(4-hydroxyphenyl)ethyl
residue. This structural change slightly attenuated the inhibitory
activity but the selectivity for cathepsin B was retained. The
non-radioactive tracer compound 30a has not been evaluated
kinetically but iodination has been judged to be tolerable to the
enzyme-inhibitor interaction on the basis of molecular docking.
The in cellulo evaluation of the radiotracers ['2°1]28, ['%°1]29a
and ['2°1]30a has been performed in the dendritic cell line DC2.4,
the human pro-monocyte cell line U937 and cytotrophoblasts
derived from human placenta in a similar fashion as in the works
described above. Only [12°T]30a was able to visualize specifically
cathepsin B on the radioelectropherograms. The specificity of
this radiotracer toward cathepsin B was further confirmed by
comparing lysates of splenocytes from wildtype mice or mice
in which the cathepsin B, S, or L gene had been deleted
using radio-SDS-PAGE. The radiotracers [12°1]29a and ['2°1]30a
were used to analyze the levels of active cysteine cathepsins
in homogenates of patient-derived neoplastic tissues obtained
from normal, primary and metastatic tumors. The corresponding
radioelectropherograms indicated an increase in cathepsin B
labeling in metastatic tissue relative to primary tumors and
normal tissue, even though the extent of upregulation differed
among the individuals. In contrast, the intensity of the cathepsin
S band was lower in the tumor samples. Invasion of cells to other
tissues is part of normal developmental processes of organisms.
An example is the migration of cytotrophoblasts to the uterus
during the development of the human placenta. Differently to
tumor metastasis, these processes are strictly regulated. The
differentiation of cytotrophoblasts toward the invasive phenotype
was stimulated by the presence of ECM-mimicking matrigel and
the active cysteine cathepsins in the lysates were detected by
['2°1]29a and ['?°1]30a and radio-SDS-PAGE. The presence of
cathepsin S and B increased over the time of matrigel exposure.
This nicely illustrates how radiotracers that covalently interact
with enzymes can be used to shed light on their role in biological
processes with the help of proteomics-related approaches.

The probes [1251]31 and ['?°1]32 combine the 2°I-radiolabel
with a biotinyl tag as affinity label to enable detection of
the enzyme-inhibitor complexes by two independent modalities
(Greenbaum et al., 2000). Both radiotracers are derived from
E64 (6), whose agmatine moiety has been replaced by a tyrosyl
lysine amide to obtain deiodo-31. Inserting an aminohexanoic
spacer between the tyrosine and lysine residues resulted in
deiodo-32. Similar as for [12°1]30, which retained the selectivity
of CA074 (9a) toward cathepsin B, [1251]31 and ['?°1]32
exhibited pan-reactivity against lysosomal cysteine cathepsins
similar to their parent compound E64 (6). The probes have
been evaluated similar as the other '2°I-labeled epoxysuccinyl
derivatives discussed above. Their labeling profiles in radio-
SDS-PAGE were similar to that of ['2°I]29a. In addition, the
labeling profiles of deiodo-31 and deiodo-32 were determined
by Western blotting using an avidin-horseradish peroxidase
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conjugate. In the range of 20-40kDa the band patterns for
both detection modes are consistent, whereas streptavidin-based
detection exhibited additional bands in the range above 40 kDa.
This finding has been mainly attributed to the presence of
endogenously biotinylated proteins in the cell lysates. [2°1]32 has
been used to perform facile selectivity profiling of inhibitors in
the presence of cell lysates. A library of derivatives of deiodo-
32 has been synthesized where the leucine residue has been
replaced by all other proteinogenic amino acids except for
cysteine and methionine, which was replaced by norleucine.
Their selectivity profiles have been evaluated by addition of each
inhibitor to DC2.4 lysates at a concentration of 50 WM prior to
addition of [2°1]32 and subsequent simultaneous electrophoretic
separation. Furthermore, deiodo-32 has been used for the
identification of cysteine cathepsins in rat kidney tissue
homogenates. Fractionation by anion exchange chromatography
guided by SDS-PAGE was followed by concentration of the
pooled fractions of interest using an avidin column. The
concentrated fractions were subjected to two-dimensional SDS-
PAGE and the excised and trypsin-digested spots were analyzed
by mass spectrometry. The results unambiguously identified the
cathepsins B, H and L and thus confirmed these enzymes to be
the major cysteine proteases in kidney tissue. The application
of ['*°1]32 and deiodo-32 for radioactivity measurements and
mass spectrometry as independent detection modes demonstrate
the versatility of these dual-label probes. ['2°1]32 has further
been used in defining biological functions of papain-like cysteine
proteases, such as the role of cathepsin L as alternative
prohormone convertase to liberate the peptidic neurotransmitter
enkephalin in the brain (Yasothornsrikul et al, 2003) and
elucidation of the function of parasitic cysteine proteases in
invasion of host tissues (Greenbaum et al., 2002; Dvorak et al.,
2009).

To create such dual-label probes which enable to address
a broad range of cysteine proteases such as various clan CD
enzymes (caspases, legumain and the bacterial gingipains), the
acyloxymethylketone-based probes [!2°1]33a-f were developed
(Kato et al., 2005). Upon varying the residue in P!, the different
proteases could be visualized by radio-SDS-PAGE. When leucine
was introduced as P! amino acid, the CA enzyme cathepsin L was
also efficiently labeled in the radioelectropherograms.

Peptide-derived acyloxymethylketones were also the basis for
the design of the cathepsin B-targeting radiotracers [12°1]34a
and b (Figure 10) (Edem et al., 2014). The dipeptide portion
consists of the Phe-Lys scaffold and the '2°I-carrying groups are
attached via the lysine side chain. Regarding the introduction of
radioiodine a more sophisticated approach has been chosen than
for the radiotracers discussed so far. The electrophilic jodination
is done on an aromatic group containing an electrofuge differing
from a proton which implicates the advantage of independence
from a neighboring +M substituent. Such electrofuges are
typically metallyl groups of group 13 and 14 elements, with
trialkylstannyls being the most commonly used ones (Kabalka
and Varma, 1989). Generally, groups of this type, which facilitate
the introduction of the radionuclide, are called prosthetic
groups. In the case of radioiodination the use of prosthetic
groups can have direct implications on pharmacokinetics. Iodine

radioisotopes attached at the 3-position of 4-hydroxyphenyl
moieties can be removed by the action of deiodinases, enzymes
that participate in the metabolism of thyroid hormones. Because
enzymatic aromatic deiodination is impeded in the absence
of the hydroxy group, moieties that result in labeled meta-
and para-iodobenzoyl groups are suitable for the metabolically
stable introduction of radioiodine (Mier and Nissen, 2010).
However, the introduction of such prosthetic groups into
protein-binding ligands can potentially impede their binding
affinity due to their increased steric demand. This was observed
in the study of Edem et al. when the 4-iodobenzoyl group
was directly attached to the e-amino group of the lysine
side chain as the second-order rate constants kin,(/K; for
inactivation dropped by 50-fold compared to the unmodified
parent compound. When the iodo-substituent was introduced
in the meta-position, the loss in inhibitory activity was even
stronger. The insertion of an aminohexanoic linker between N*
and the iodobenzoyl group did not result in restored inhibitory
potency, but when the spacer length was extended from a
pentamethylene to a three-unit poly(ethylene glycol) (PEG)
chain the inactivation rates approached the range of the parent
compound, again with meta-iodo substitution resulting in less
efficient inhibition than para. Both 34a and b were synthesized in
their 12°I-labeled versions. For this purpose, their corresponding
tris(tridecafluorooctyl)arylstannanes were prepared and reacted
with sodium [!?°I]iodide in the presence of iodogen at room
temperature under slightly acidic conditions. The tin-bound
fluoroalkyl groups allow separating the radiotracer products
from the excess of precursor by simple fluorous solid-phase
extraction, to provide [!2°I]34a and b in high radiochemical
purities and specific activities of >23 GBg/pwmol. The ability of
both radiotracers to target cathepsin B has been demonstrated
by radio-SDS-PAGE analysis of the 2°I-labeled enzyme-inhibitor
complex. Due to the prolonged incubation time of 1h, also the
less potent inhibitor [12°T]34a was capable of cathepsin B labeling
to a similar extent as [!2°T]34b. The labeled bands did not appear
when the radiotracers were incubated with cathepsin B in the
presence of CA074 (9a). To obtain information regarding their
tumor-targeting ability, [12°T]34a and b were investigated in ex
vivo biodistribution studies in immunodeficient mice bearing
tumor xenografts derived from the human MDA-MB-231 breast
cancer cell line. The distribution of the !2°I activity across the
different organs including the tumor was determined at time
points 0.5, 5, and 23 h p.i. An increased uptake of activity in the
thyroid after 5 h p.i. indicates the metabolic release of [125T]iodide
from both radiotracers. The tumor/muscle ratio for ['2°1]34b
steadily increased over time and reached a value of 7.3 after
23h p.i., which is significantly higher than that for [2°I]34a.
This result is in agreement with the higher inhibitory potency
of ['2°1]34b. The liver uptake of [1251]34b was approximately
5-fold reduced compared to that of ['2°1]34a, which has been
attributed to the hydrophilicity that is conferred by the three-
unit PEG linker. Therefore, the study by Edem et al. (2014)
provides for the first time data on the in vivo behavior of a 12°I-
labeled cathepsin inhibitor, whereas the characterizations of the
other radiotracers discussed so far were focused on their in vitro
application.
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Radiotracers Based on Fluorine-18, Radiocarbon
Isotopes and Tritium

Besides iodine-125, radiopharmaceutically relevant radioisotopes
can be found for each element within the halogen group of
the periodic table (Adam and Wilbur, 2005; Wuest, 2005; Engle
et al, 2011). In regard to PET, fluorine-18 is certainly the
most important one as it has favorable properties such as high
content of positron emission (97%) and intermediate half-life
of 109.8 min (Table 1). Its rather long half-life—compared to
other non-metallic PET nuclides—enables multi-step syntheses
within one to three half-lives. Because furthermore fluorine
forms very stable covalent bonds with carbon, this radiohalogen
is unparalleled in being used for the development of small
molecule-based PET tracers (Miller et al., 2008; Cole et al,
2014).

Compound ['8F]35 (Figure 11) represents the first 18p.
labeled radiotracer targeted against cysteine cathepsins (Loser
et al., 2013). This molecular probe is based on an inhibitor
of the azadipeptide nitrile chemotype. Azadipeptide nitriles
have been characterized as highly potent toward papain-like
cysteine proteases and stable against the degradation by other
proteases (Loser et al., 2008; Frizler et al, 2011; Yang et al,
2012). To enable the convenient introduction of fluorine-
18, the tyrosine residue in P? position was etherified with
a fluoroethyl chain. The non-radioactive reference compound
35 exhibited high binding affinities toward the oncologically
relevant cathepsins B, L, S, and K. The Kj-value for cathepsin
B was 2.4nM, whereas those toward cathepsin L, S, and
K were in the subnanomolar range. The process of SF-
labeling to obtain the corresponding radiotracer ['8F]35 was
established as a two-step, one-pot radiosynthesis. In this
procedure ['8F]fluoride was converted with ethylene glycol-
1,2-dinosylate to 2-['3F]fluorethyl nosylate which was reacted
without isolation with the corresponding phenolic precursor.
This approach resulted in higher radiochemical yields for
['8F]35 than the use of 2-['3F]fluoroethyl tosylate, which is the
commonly employed agent for 3F-fluoroethylations (Zhang and
Suzuki, 2007). The developed procedure was also superior to the
direct conversion of corresponding benzenesulfonate precursors
with ['8F]fluoride. The well-established !®F-labeling process
allowed the extensive radiopharmacological characterization
of [®F]35 in immunodeficient mice bearing xenografted
tumors derived from the human lung carcinoma cell line
NCI-H292. Immunohistochemical investigations confirmed the
presence of the targeted cathepsins in the neoplastic tissue.
Radiotracer [!3F]35 was studied for its ex vivo biodistribution
and pharmacokinetics and stability in vivo in rats and mice.
Slow blood clearance of the '®F-activity results from conjugate
formation between ['8F]35 and glutathione and retention of the
formed metabolite in the erythrocytes, which has been confirmed
by in vitro experiments. Despite rapid biotransformation,
approximately 35% of the original radiotracer was still detectable
in the blood activity fraction at 60 min p.i., which suggests that it
should be available to the tumor-associated cysteine cathepsins.
Accordingly, the tumor/muscle and tumor/blood ratios in the
NCI-H292 carrying mice as determined by dynamic PET imaging
were slowly increasing with tumor/muscle ratios reaching values

significantly greater than three at 120min p.. This can be
considered as indicative of a specific tumor accumulation (Loser
et al, 2013). Therefore, despite unfavorable pharmacokinetic
behavior due to inherent thiol reactivity, azadipeptide nitriles
seem to be capable of tumor targeting.

Cathepsin-targeting radiotracers based on cyano group-
containing inhibitors have been also developed by Rodnick
et al. (2014). In difference, the motivation of this study was
the visualization of cathepsin K activity in osseous tissue, the
inhibitor scaffold was non-peptidic and the chosen radiolabel
was the positron emitter carbon-11 instead of fluorine-18
(Table 1). The choice of the radiolabel was influenced by the
fact that '8F-labeled tracers can potentially undergo in vivo
defluorination and the released inorganic fluoride accumulates
in the skeleton, which could have made judgements about the
specific targeting of cathepsin K in bone tissue difficult. The
selected inhibitors represent the 2-cyanopyrimidine chemotype
of cysteine cathepsin inhibitors (Teno and Masuya, 2010) with
36a and b (Figure 11) exhibiting ICs-values toward cathepsin
K of 22 and 3 pM, respectively, and a 10-1000 fold selectivity
over the cathepsins L and S (Altmann et al., 2007). Labeling
with carbon-11 for both cyanopyrimidines was performed
by !'C-methylation of the corresponding phenolic precursors
with [!!C]methyl iodide generated by gas-phase reduction of
cyclotron-produced [!!C]carbon dioxide (Pretze et al., 2011).
The in vivo radiopharmacological evaluation of ['1C]36a and
b has been performed by dynamic PET imaging in rats. The
obtained images indicated an accumulation of ! C activity in the
distal ulna, distal femur and proximal tibia, among other regions
where bone remodeling under the involvement of cathepsin K
is occurring. The uptake of ['!C]36b in these regions was 2-
3 fold higher than in muscle tissue and could be attenuated
by preinjection of non-radioactive 36b. In accordance with
this result, the uptake for ['!C]36a of high specific activity
(414 GBq/pmol) was higher than that for [11C]36a of low
specific activity (10.8 GBq/pmol, corresponding to co-injection
of 14 pg/kg of non-radioactive 36a) (Rodnick et al., 2014). These
results support the suitability of ['!C]36a and b as radiotracers to
image the activity of cathepsin K in vivo.

Imaging of cathepsin K is also in the focus of the study by
Bennacef et al. (2013) for which only preliminary results have
been published yet in abstract form. The dipeptide-derived nitrile
37 containing homocycloleucine in P? is a potent inhibitor of
cathepsin K with an ICsy of 0.2nM (Falgueyret et al., 2005).
[11C]37 has been synthesized by ! C-methylation of nor-37 using
['!C]methyl triflate in a specific activity of 1229 GBq/pumol. PET
imaging studies of [!C]37 in juvenile rhesus monkeys indicated
an increased uptake in actively growing bone regions (SUV’s 2.0
for distal femur and proximal tibia vs. 0.7 for mid-femur; SUV:
standardized uptake value). Uptake of [11C]37 was attenuated
upon pretreatment with a different inhibitor, which is selective
for cathepsin K (Bennacef et al., 2013).

Historically, carbon-11 has been used in biochemical research
many years before PET has been invented and before long-life
carbon-14 was available in larger scale, such as [ C]CO, for early
studies on CO; assimilation in barley plants (Ruben et al., 1939)
or to investigate its incorporation into glycogen in starved rats
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(Solomon et al., 1941). Later, carbon-14 became the preferred
carbon radioisotope for in vitro investigations (Kamen, 1963,
1986), which culminated in the elucidation of the metabolic
cycle of the photosynthetic dark reaction (Calvin, 1962). Until
today, 1“C-labeled compounds are of great importance to gain
insight into the ADME properties of drug molecules (Elmore,
2009; Isin et al, 2012). Such studies are integral part of
clinical drug development and the results are only occasionally
published. Considering the variety of cathepsin inhibitors that
are in clinical development, the collection of “C-labeled tracers
related to cysteine cathepsins in Figure 11 is certainly not
complete. Contrary to radiotracers based on short-lived nuclides,
the specific activity of #C-tracers is restricted to much lower
values. However, because long-lived radionuclides allow the
incorporation of multiple radionuclides per tracer molecule, this
limitation can be partly counterbalanced. This concept has been
realized in [*Cg-phenyl]13, a '4C-labeled odanacatib (Kassahun
et al., 2011). The radiotracer has been obtained in a specific
activity of 2.9 MBq/pmol and was investigated in rats, dogs, and
rhesus monkeys for its metabolite profile. The biotransformation

pathways are different in these species. In rats and dogs the
main route is hydroxylation of the sulfone methyl group followed
by spontaneous de-hydroxymethylation to the corresponding
sulfinic acid, which is either excreted or undergoes oxidation
to the sulfonic acid. In difference, the main metabolic route in
monkeys is initiated by oxidation at one of the methyl groups
in the P? side chain, which is followed by further oxidation or
O-glucuronidation. The biotransformation of ['4Cs-phenyl]13
observed in monkeys was similar in humans, while the content of
excreted unmodified compound is higher in men. In accordance
with the preclinical results from animals, biliary excretion is
predominant over renal elimination and no metabolites are
retained in the circulation (Kassahun et al., 2014).

Besides ADME studies in humans, #C-labeled compounds
are typically used in autoradiography and whole-body
biodistribution studies in small animals. In this context,
['*C]37 has been prepared in a two-step synthesis consisting
of conversion of 4-(2-(4-methylpiperazin-1-yl)thiazol-4-
yl)phenyl)lithium with [14C]CO, followed by amide bond
formation with the corresponding deprotected dipeptide nitrile.
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The ex vivo biodistribution studies in rats have shown that the
levels of [*C]37 or its metabolites in the liver, spleen, lung and
kidney are 6-12 times higher than in the blood. These results are
interpreted to reflect the lysosomotropic character of 37, which
is conferred by the moderately basic piperazine moiety, because
the high-uptake organs are composed of cells that are rich in
lysosomes. This interpretation is in agreement with the high
volume of distribution, which has been determined to be 11 L/kg
for [1*C]37 (Falgueyret et al., 2005). Lysosomotropism has been
identified as the main reason for adverse side effects observed
during the clinical development of the cathepsin K inhibitor
balicatib (Bromme and Lecaille, 2009). The dipeptide nitrile
38 is a potent and selective inhibitor of cathepsin S developed
by Boehringer Ingelheim (Lorenz et al, 2010). To obtain
information on its ADME properties, introduction of carbon-14
was achieved via Strecker reaction with sodium [14C]cyanide.
The final product ['*C]38 was obtained in a specific activity of
1.8 MBg/pmol. Apart from details on the radiosynthesis, no
radiopharmacological results are disclosed (Latli et al., 2012).
Another radionuclide with similar properties is tritium. In
contrast to carbon-14 it has a much shorter half-life of 12.32 years
and is therefore less problematic regarding radiation protection
issues. However, the mean energy of the electron emitted upon
disintegration of a tritium nucleus is only about 10% of that
for the '4C-borne electrons (Table 1), which means that the -
particles emitted from tritium are almost completely shielded
by the wall of the reaction vessel. This implicates the use of
liquid scintillation counting or radioluminographic methods
for the detection of 3H activity. Other potential drawbacks of
labeling with tritium are the biological instability of the resulting
radiotracer and kinetic isotope effects, when the chemical process
to be studied involves the labeled position (Penner et al., 2012).
However, labeling of organic molecules with tritium is often
facile to achieve by methods such as exposure of compounds to
high activities of tritium gas (known as the Wilzbach method),
catalyzed 'H/*H isotope exchange or introduction by reaction
with tritiated building blocks, for example reduction of carbonyl
compounds with the tritium-based versions of complex hydrides
(Saljoughian, 2002; Voges et al., 2011). The latter strategy was
pursued by Albeck and Kliper for labeling of the N-tripeptidyl-a-
aminoalkyl epoxide 39 with *H. Reduction of the corresponding
tripeptidyl bromomethyl ketone with sodium borotritide and
subsequent cyclization afforded epoxide [*H]39 in a specific
activity of 833 MBq/mmol. Papain was incubated with equimolar
amounts of [°H]39. Separation of the labeled enzyme-inhibitor
complex by dialysis and determination of the *H activity by
liquid scintillation counting indicated that 94% of the enzyme
associated with [*H]39. When this experiment was performed
with papain that was pretreated with the thiol-reactive reagent
DTNB or heat-denatured papain, only 9% and less than 0.5%
of [*H]39, respectively, associated with the enzyme. On the
basis of these results the authors concluded that N-peptidyl-
a-aminoalkyl epoxides interact in a 1:1 stoichiometry with the
active-site cysteine residue in papain-like cysteine proteases and
that this interaction is dependent on the catalytic competence
of the enzyme (Albeck and Kliper, 1997). This example may
serve to illustrate the expedience of radiolabeled irreversible

enzyme inhibitors to determine the stoichiometry of enzyme
inactivation.

Radiometal-based Tracers

Most of the known radionuclides are of metallic character,
which is simply due the fact that the majority of the chemical
elements are metals. Many among them are valuable for SPECT
and PET imaging (Wadas et al., 2010). A well-studied metallic
PET nuclide is copper-64 (Table 1). Compared to fluorine-18,
it offers the advantage of extended half-life and coordinative
bond formation under rather mild conditions. However, the
latter advantage implicates the drawback of modification with
spatially demanding chelators for radiotracer design, which
potentially can compromise target interaction, especially in
the case of small molecules. The ®*Cu-labeled acyloxymethyl
ketones shown in Figure 12 have been the first reported PET
tracers which target cysteine cathepsins (Ren et al., 2011). The
design of compound [**Cu]40 was guided by the structure of
GB123, a fluorescent AOMK capable of cathepsin B and L
optical imaging’. Its Cy5 fluorophore has been replaced by the
macrocyclic chelator DOTA which has been connected via an
amide bond with one of its carboxymethyl groups to the N° of
the lysine in P! to result in the labeling precursor of [**Cu]40. To
enable equipment with a copper-64 and fluorescent label, the Z-
group was replaced by phenylalanine and the chelator relocated
from the lysine side chain to the N-terminus, which provided
the vacancy to attach a Cy5 label (precursor for [**Cu]41).
To be able to compare the activity-based probe [¢*Cu]4l
with a substrate analog as control, its corresponding primary
amide [%*Cu]42 was prepared. Labeling with copper-64 was
done by incubating the chelator-functionalized precursors with
[*Cu]CuCl, in aqueous solution at pH 5.5 and 50°C to obtain
the corresponding radiotracers in high radiochemical purity and
specific activities ranging between 1.1 and 17.8 GBq/pwmol. The
whole-body biodistribution of the three ®*Cu-labeled probes was
studied in athymic nude mice bearing subcutaneously grafted
tumors derived from the human breast cancer cell line MDA-
MB-435 and the oncogenically transformed murine C2C12/Ras
myeloblastoma line. The tumor uptake of [**Cu]40 at 24h
p.i. was significantly higher in the C2C12/Ras tumors, which
correlates with a higher cysteine cathepsin activity in this cell
line compared to MDA-MB-435. The difference in the absolute
uptake is also reflected in differing tumor/muscle ratios. While
the radiotracer exhibited a low uptake in most non-tumor tissues,
activity accumulation in the liver was high. This observation
has been interpreted to result from de- or transchelation of the
64Cu-copper complex, which is in accordance with results that
render DOTA suboptimal for stable complexation of Cu?* ions
(Maheshwari et al., 2012; Cai and Anderson, 2014; Price and
Orvig, 2014; Zarschler et al, 2014). Interestingly, the uptake
of the bimodal probe [**Cu]41 in the C2C12/Ras tumors was
more than 10 times higher than that of [®*Cu]40 with a
tumor/muscle ratio of 13 at 24h p.i. This phenomenon might
be due to the amphiphilic character conferred by the Cy5

7Carbobenzoxy-capped Phe-Lys(Cy5)-acyloxymethyl ketone. http://www.ncbi.
nlm.nih.gov/pubmed/20641998.
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moiety. Also the uptake of the corresponding substrate [*4Cu]42
was higher compared to [*Cu]40, but considerably lower than
that of its AOMK analog [**Cu]41. Notably, the tumor/muscle
ratio at 2h p.d. for the substrate [®*Cu]42 was in the same
range as that for the irreversible inhibitor [**Cu]40. WPET
investigations mainly confirmed the results of the biodistribution
study. PET imaging included also the investigation of the bimodal
AOMK-based probe [®*Cu]41 in mice bearing murine 4T1
tumors with high cysteine cathepsin expression. Subsequent
to the end point of imaging at 24 p.i.,, the cathepsin activity
was investigated in tumor homogenates for all three cell lines
by SDS-PAGE. This was performed both by quantifying the
fluorescence originating from the [*Cu]41-cathepsin complexes
as well as by analyzing the residual cysteine cathepsin activity
upon addition of the fluorescence-only probe GB123 to the
tumor homogenates. For both methods the measured in-gel
fluorescence signals correlated well with the tumor/muscle
ratios determined by PET imaging. Furthermore, the tumor
uptake of [**Cu]41 was reduced by more than factor 2 upon
pretreatment with large amounts of 4, a vinyl sulfone-based
broad spectrum inhibitor of cysteine cathepsins, in mice carrying
tumors derived from the human breast cancer cell line MDA-
MB-231MFP. In conclusion, the work of Ren et al. established
very well that the intratumoral imaging signals of [®*Cu]41
are associated with the cysteine cathepsin activity. Moreover,
the superiority of [®*Cu]41 over [®*Cu]40 demonstrates that
the conjugation of radiotracers with fluorophores may improve

their pharmacokinetic properties in addition to providing the
opportunity of bimodal imaging.

Besides in vivo diagnostics, molecules containing
radionuclides are of potential interest for targeted radiation
therapy of tumors. In particular, this applies to nuclides which
emit charged energetic particles such as B~ and o particles or
Auger and conversion electrons. Preferably, their half-life should
be in the range of a few days until several weeks, and the nuclear
transformation should be accompanied by the emission of y
photons with an energy range between 70 and 360 keV, to enable
tracking of the agents by SPECT imaging (Pouget et al., 2011;
Cutler et al., 2013). A nuclide that matches these criterions
quite well is the radiolanthanide lutetium-177 (Table 1). With a
maximum energy of 498 keV corresponding to a mean range of
670 pm for the emitted B~ particle it is almost ideally suited to
treat locally confined primary and metastatic lesions with limited
radiation exposure of the surrounding normal tissue (Zalutsky,
2011). Regarding its chemical properties, lutetium prefers the
oxidation state 43 and high coordination numbers with 9 being
the most encountered one. This makes DOTA a suitable chelator
for Lu>T ions. In the resulting complexes, eight coordination sites
are occupied by the ligator atoms of DOTA and an additional is
probably provided by a water molecule. ””Lu-DOTA complexes
conjugated to bone-seeking bisphosphonates, analogs of
somatostatin and bombesin as well as a monoclonal antibody
targeting the prostate-specific membrane antigen have been
evaluated in clinical trials for the treatment of metastatic prostate
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cancer and neuroendocrine tumors (Cutler et al., 2013). Apart
from this targeted approach, conjugation of such radiometal
complexes to polymers of sufficient molecular mass and favorable
properties can be an alternative to deliver the radiation dose to
the tumor by taking advantage of the enhanced permeability
and retention (EPR) effect. This effect is mainly caused by a
fenestrated endothelium in the tumor blood vessels on the one
side and defective lymphatic drainage on the other. Therefore,
macromolecules with a molecular mass above a threshold around
20kDa accumulate in the tumor tissue, which is also referred
to as passive targeting. A neutral charge and a molecular mass
greater than 30-50kDa will further facilitate tumor delivery of
the polymer due to reduced renal filtration (Haag and Kratz,
2006). However, with increasing mass the chance of phagocytotic
uptake by cells of the reticuloendothelial system, especially
macrophages, rises. Because these cells reside mainly in the
spleen and the liver, toxic effects to these non-target organs
have to be taken into account for therapy with radionuclide-
carrying polymers. To tackle this problem, Ogbomo et al. (2013)
investigated the effect of conjugation of ”’Lu-DOTA complexes
to N-(2-hydroxypropyl)methacrylamide-based copolymers via
cathepsin-cleavable linkers on the clearance from liver and
spleen. The structure of the polymeric constructs is schematically
depicted in Figure 12. Their synthesis has been achieved
by copolymerizing the monomeric building blocks N-(2-
hydroxypropyl)methacrylamide and the DOTA-peptide/FITC-
functionalized =~ N-(3-aminopropyl)methacrylamides in a
molar ratio of 98:1:1, respectively. Therefore, the resulting
copolymers represent bimodal probes because one half of the
(3-aminopropyl)methacrylamide was conjugated to the chelator
and the other to fluoresceine. The peptide sequences (Gly)s-Phe
(contained in ['7”Lu]43a) and Pro-Met-Gly-Ile-Pro (contained
in ['77Lu]43b) were chosen as linkers to mediate cleavage by
the cathepsins B and S, respectively. This selection was based
on literature reports. In both cases the tripeptide Gly-(D-Ser),
was placed between the N-terminus and the DOTA macrocycle
as linker to facilitate clearance. A construct lacking the peptidic
linker between the DOTA moiety and the polymeric core serves
as control vehicle ([1”’Lu]43c). To prove the susceptibility
of the peptides to cathepsin-catalyzed hydrolysis, the isolated
demetallated DOTA-conjugated peptides derived from 43a and
b were investigated for their degradation upon incubation with
isolated cathepsin B and S, respectively. Cleavage of the peptide
contained in 43a by cathepsin B (~0.9 wM) proceeded with a
half-life of approximately 24 h while degradation of the peptide
included in 43b catalyzed by cathepsin S (~1.0 wM) was much
slower. The cleavage occurred after the second glycine residue
in 43a and between glycine and leucine in 43b, as confirmed by
mass spectrometry. Accordingly, the 177Lu-labeled polymeric
vehicles [17’Lu]43a and b are cleaved by the respective cysteine
cathepsins, while all three polymers [177Lu]43a-c were stable in
serum for 72 h. To assure that tumor targeting relies exclusively
on EPR, the uptake of the demetallated copolymers was studied
by FACS analysis in the human pancreatic adenocarcinoma
cell line HPAC and macrophages. While a time-dependent
increase in cell-associated fluorescence was measureable in
macrophages for all three compounds, virtually no increase was

observed for the tumor cells within the same range. The activities
of cathepsin B and S in the HPAC cells were 70 and 10-fold
lower than in macrophages, respectively. In vivo evaluation of
77Lu-containing polymers has been performed in SCID mice
bearing xenografted tumors derived from the HPAC cell line.
The ex vivo whole-body biodistribution of [!7’Lu]43a-c was
investigated at 24 and 72h p.i. At 24h p.i. the liver uptake of
[177Lu]43a and b was lower than that for [}”7Lu]43c, while the
values for [”7Lu]43b were in between those for [!”’Lu]43a
and ['77Lu]43c. From 24 until 72h p.i. the liver uptake of the
non-cleavable control [77Lu]43c increased 1.5-fold, whereas
the level of cathepsin-responsive [7/Lul43a and b remained
constant. The situation proved to be similar in the spleen
except that the level of [77Lu]43c increased even more from
24 to 72h p.i. The tumor/spleen ratios reached after 72h were
more favorable for the cleavable analogs [177Lu]43a and b.
Unfortunately, their absolute tumor uptakes compared to stable
[77Lu]42c were lower by factors of 3 and 2, respectively. Despite
the reasons for this result remained unclear, enhanced blood
retention and potential tumor metabolism of [177Lu]43a and
b might be possible explanations. In this context it should be
mentioned, that similar approaches exploited protease-cleavable
linkers for selective tumor delivery of therapeutic agents by
taking advantage of the tumor-associated protease activity (Gill
and Loadman, 2008).

Concluding Remarks

In the more than 80 years that have been passed since the
discovery by Willstitter and Bamann, the field of cysteine
cathepsins has seen a tremendous development in regard to the
elucidation of their structures and physiological functions in the
last two decades. Especially their roles in tumor progression and
metastasis, but also in etiology, manifestation and progression of
other diseases are more and more recognized in detail. Molecular
probes contributed to this process to a substantial extent and will
help to define the pathophysiological functions of these enzymes
even more precisely in the future. The use of radiotracers for
functional in vivo imaging of cathepsins has just been initiated
in the last years and will substantially facilitate the clinical
translation of inhibitors.

In this article we intended to provide an overview on
recently developed fluorescent and radioactive molecular probes
targeted against cysteine cathepsins. In addition, we hope that
we rendered the field of probe development palatable to the
medicinal and pharmaceutical chemist, as it combines many
exciting and diverse facets of chemistry to study intriguing
biological processes, not only in the context of cathepsins and
tumor biology.

Acknowledgments

We wish to apologize to those researchers whose works
have not been mentioned due to restrictions in space and
time. The authors are grateful to Dr. Gloria Ruiz Gémez
and Robert Wodtke for help in preparing Figure 2, critical
reading of the manuscript and many fruitful discussions.

Frontiers in Chemistry | www.frontiersin.org

29

June 2015 | Volume 3 | Article 37


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

L6ser and Pietzsch

Imaging agents for cysteine cathepsins

Christel Dell and Toni Klisch from the Leopoldina Archive
in Halle/Saale are acknowledged for making available the
photographs of R. Willstitter and E. Bamann and for providing
some biographical information on the latter scientist. The
authors thank the Helmholtz Association for partly supporting

References

Abbenante, G., and Fairlie, D. P. (2005). Protease inhibitors in the clinic. Med.
Chem. 1, 71-104. doi: 10.2174/1573406053402569

Adam, M. J., and Wilbur, D. S. (2005). Radiohalogens for imaging and therapy.
Chem. Soc. Rev. 34, 153-163. doi: 10.1039/b313872k

Affara, N. I, and Coussens, L. M. (2008). “Proteolytic pathways: intersecting
cascades in cancer development,” in The Cancer Degradome: Proteases and
Cancer Biology, eds D. Edwards, G. Hoyer-Hansen, F. Blasi, and B. F. Sloane
(New York, NY: Springer), 157-182.

Aggarwal, N., and Sloane, B. F. (2014). Cathepsin B: multiple roles in cancer.
Proteomics Clin. Appl. 8, 427-437. doi: 10.1002/prca.201300105

Aits, S., and Jaatteld, M. (2013). Lysosomal cell death at a glance. J. Cell Sci. 126,
1905-1912. doi: 10.1242/jcs.091181

Akkari, L., Gocheva, V., Kester, J. C., Hunter, K. E., Quick, M. L., Sevenich,
L., et al. (2014). Distinct functions of macrophage-derived and cancer cell-
derived cathepsin Z combine to promote tumor malignancy via interactions
with the extracellular matrix. Genes Dev. 28, 2134-2150. doi: 10.1101/gad.
249599.114

Albeck, A. (2000). Peptidyl Epoxides as Selective Protease Inactivators. Drug
Dev. Res. 50, 425-434. doi: 10.1002/1098-2299(200007/08)50:3/4<425::AID-
DDR25>3.0.CO;2-B

Albeck, A., and Kliper, S. (1997). Mechanism of cysteine protease inactivation by
peptidyl epoxides. Biochem. J. 322, 879-884.

Almeida, P. C., Nantes, I. L., Chagas, J. R, Rizzi, C. C., Faljoni-Alario, A,
Carmona, E., et al. (2001). Cathepsin B activity regulation. Heparin-like
glycosaminogylcans protect human cathepsin B from alkaline pH-induced
inactivation. J. Biol. Chem. 276, 944-951. doi: 10.1074/jbc.M003820200

Altmann, E., Aichholz, R., Betschart, C., Buhl, T., Green, J., Irie, O., et al. (2007).
2-Cyano-pyrimidines: a new chemotype for inhibitors of the cysteine protease
cathepsin K. J. Med. Chem. 50, 591-594. doi: 10.1021/jm0613525

Assaraf, Y. G., Leamon, C. P., and Reddy, J. A. (2014). The folate receptor as
a rational therapeutic target for personalized cancer treatment. Drug Resist.
Updat. 17, 89-95. doi: 10.1016/j.drup.2014.10.002

Baranov, M. S., Lukyanov, K. A., Borissova, A. O., Shamir, J., Kosenkov, D.,
Slipchenko, L. V., et al. (2012). Conformationally locked chromophores as
models of excited-state proton transfer in fluorescent proteins. J. Am. Chem.
Soc. 134, 6025-6032. doi: 10.1021/ja3010144

Barreto, J. A., O’Malley, W., Kubeil, M., Graham, B., Stephan, H., and Spiccia, L.
(2011). Nanomaterials: applications in cancer imaging and therapy. Adv. Mater.
23, H18-H40. doi: 10.1002/adma.201100140

Bell-McGuinn, K. M., Garfall, A. L, Bogyo, M., Hanahan, D., and Joyce,
J. A. (2007). Inhibition of cysteine cathepsin protease activity enhances
chemotherapy regimens by decreasing tumor growth and invasiveness in
a mouse model of multistage cancer. Cancer Res. 67, 7378-7385. doi:
10.1158/0008-5472.CAN-07-0602

Bengsch, F., Buck, A., Giinther, S. C,, Seiz, J. R., Tacke, M., Pfeifer, D., et al.
(2014). Cell type-dependent pathogenic functions of overexpressed human
cathepsin B in murine breast cancer progression. Oncogene 33, 4474-4484. doi:
10.1038/0nc.2013.395

Bennacef, 1., Rubins, D., Riffel, K., Williams, M., Posavec, D. J., Holahan, M. A.,
et al. (2013). Towards the imaging of Cathepsin K by PET. J. Labelled Compd.
Radiopharm. 56, $49. doi: 10.1002/jlcr.3057

Bergmann, R., and Pietzsch, J. (2005). Small animal positron emission tomography
in food sciences. Amino Acids 29, 355-376. doi: 10.1007/s00726-005-0237-2

Bien, S, Ritter, C. A, Gratz, M., Sperker, B., Sonnemann, J., Beck, J. F., et al. (2004).
Nouclear factor-kappaB mediates up-regulation of cathepsin B by doxorubicin in
tumor cells. Mol. Pharmacol. 65, 1092-1102. doi: 10.1124/mol.65.5.1092

this work through Helmholtz-Portfolio Topic “Technologie und
Medizin—Multimodale Bildgebung zur Aufklirung des In-vivo-
Verhaltens von polymeren Biomaterialien.” RL is grateful to Prof.
Jorg Steinbach for continuing support and appreciates partial
financial support by the Fonds der Chemischen Industrie.

Bigotti, S., Olimpieri, F., Shankar, P. S., Pinna, G., Altomonte, S., and Zanda, M.
(2009). The trifluoroethylamine function as peptide bond replacement. New
developments and findings. Chim. Oggi 27, 1-3.

Biniossek, M. L., Nigler, D. K., Becker-Pauly, C., and Schilling, O. (2011).
Proteomic identification of protease cleavage sites characterizes prime and
non-prime specificity of cysteine cathepsins B, L, and S. J. Proteome Res. 10,
5363-5373. doi: 10.1021/pr200621z

Blum, G. (2008). Use of fluorescent imaging to investigate pathological protease
activity. Curr. Opin. Drug Discov. Dev. 11, 708-716.

Blum, G., Weimer, R. M., Edgington, L. E., Adams, W., and Bogyo, M. (2009).
Comparative assessment of substrates and activity based probes as tools for
non-invasive optical imaging of cysteine protease activity. PLoS ONE 4:e6374.
doi: 10.1371/journal.pone.0006374

Bogyo, M., Verhelst, S., Bellingard-Dubouchaud, V., Toba, S., and Greenbaum,
D. (2000). Selective targeting of lysosomal cysteine proteases with radiolabeled
electrophilic substrate analogs. Chem. Biol. 7, 27-38. doi: 10.1016/51074-
5521(00)00061-2

Bone, H. G., Dempster, D. W., Eisman, J. A., Greenspan, S. L., McClung, M. R,,
Nakamura, T., et al. (2015). Odanacatib for the treatment of postmenopausal
osteoporosis: development history and design and participant characteristics of
LOFT, the Long-Term Odanacatib Fracture Trial. Osteoporos. Int. 26, 699-712.
doi: 10.1007/s00198-014-2944-6

Borgoio, C. A., and Diamandis, E. P. (2004). The emerging roles of human tissue
kallikreins in cancer. Nat. Rev. Cancer 4, 876-890. doi: 10.1038/nrc1474

Box, C., Rogers, S. J, Mendiola, M. and Eccles, S. A. (2010).
Tumour-microenvironmental  interactions: paths  to  progression
and targets for treatment. Semin. Cancer Biol. 20, 128-138. doi:

10.1016/j.semcancer.2010.06.004

Bremer, C., Tung, C. H., Bogdanov, A. Jr., and Weissleder, R. (2002). Imaging of
differential protease expression in breast cancers for detection of aggressive
tumor phenotypes. Radiology 222, 814-818. doi: 10.1148/radiol.22230
10812

Brix, K., Dunkhorst, A., Mayer, K., and Jordans, S. (2008). Cysteine cathepsins:
cellular roadmap to different functions. Biochimie 90, 194-207. doi:
10.1016/j.biochi.2007.07.024

Bromme, D. (2001). Papain-like cysteine proteases. Curr. Protoc. Protein Sci.
Chapter 21:Unit 21.2. doi: 10.1002/0471140864.ps2102s21

Brémme, D., Bonneau, P. R., Lachance, P., Wiederanders, B., Kirschke, H., Peters,
C., etal. (1993). Functional expression of human Cathepsin S in Saccharomyces
cerevisiae. Purification and characerization of the recombinant enzyme. J. Biol.
Chem. 268, 4832-4838.

Bromme, D., and Demuth, H.-U. (1994). N,O-diacyl hydroxamates as selective and
irreversible inhibitors of cysteine proteinases. Meth. Enzymol. 244, 671-685.
doi: 10.1016/0076-6879(94)44050-6

Bromme, D., and Lecaille, F. (2009). Cathepsin K inhibitors for osteoporosis
and potential off-target effects. Expert Opin. Investig. Drugs 18, 585-600. doi:
10.1517/13543780902832661

Brémme, D., and Wilson, S. (2011). “Role of cysteine cathepsins in extracellular
proteolysis,” in Extracellular Matrix degradation, eds W. C. Parks and R. P.
Mecham (Berlin: Springer), 23-51. doi: 10.1007/978-3-642-16861-1_2

Brust, P., van den Hoff, J., and Steinbach, J. (2014). Development of (18)F-labeled
radiotracers for neuroreceptor imaging with positron emission tomography.
Neurosci. Bull. 30, 777-811. doi: 10.1007/s12264-014-1460-6

Cai, Z., and Anderson, C. J. (2014). Chelators for copper radionuclides in positron
emission tomography radiopharmaceuticals. J. Labelled Comp. Radiopharm. 57,
224-230. doi: 10.1002/jlcr.3165

Calvin, M. (1962). The path of carbon in photosynthesis. Angew. Chem. Int. Ed. 1,
65-75. doi: 10.1002/anie.196200651

Frontiers in Chemistry | www.frontiersin.org

30

June 2015 | Volume 3 | Article 37


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

L6ser and Pietzsch

Imaging agents for cysteine cathepsins

Carl, P. L., Chakravarty, P. K., and Katzenellenbogen, J. A. (1981). A novel
connector linkage applicable in prodrug design. J. Med. Chem. 24, 479-480.
doi: 10.1021/jm00137a001

Cartledge, D. M., Colella, R., Glazewski, L., Lu, G., and Mason, R. W. (2013).
Inhibitors of cathepsins B and L induce autophagy and cell death in
neuroblastoma cells. Invest. New Drugs 31, 20-29. doi: 10.1007/s10637-012-
9826-6

Cesen, M. H., Pegan, K., Spes, A., and Turk, B. (2012). Lysosomal pathways to cell
death and their therapeutic applications. Exp. Cell Res. 318, 1245-1251. doi:
10.1016/j.yexcr.2012.03.005

Chang, W.-S. W., Wu, H.-R,, Yeh, C.-T., and Wu, C.-W. (2007). Lysosomal
cysteine proteinase cathepsin S as a potential target for anti-cancer therapy.
J. Cancer Mol. 3, 5-14.

Chaudhuri, K. D. (1959). Concentration quenching of fluorescence in solutions. Z.
Phys. 154, 34-42. doi: 10.1007/BF01337496

Chin, P. T., Welling, M. M., Meskers, S. C., Valdes Olmos, R. A., Tanke, H., and van
Leeuwen, F. W. (2013). Optical imaging as an expansion of nuclear medicine:
cerenkov-based luminescence vs fluorescence-based luminescence. Eur J. Nucl.
Med. Mol. Imaging 40, 1283-1291. doi: 10.1007/s00259-013-2408-9

Choe, Y., Leonetti, F., Greenbaum, D. C., Lecaille, F., Bogyo, M., Bromme, D.,
et al. (2006). Substrate profiling of cysteine proteases using a combinatorial
peptide library identifies functionally unique specificities. J. Biol. Chem. 281,
12824-12832. doi: 10.1074/jbc.M513331200

Chowdhury, M. A., Moya, I. A,, Bhilocha, S., McMillan, C. C., Vigliarolo, B.
G., Zehbe, I, et al. (2014). Prodrug-inspired probes selective to cathepsin
B over other cysteine cathepsins. J. Med. Chem. 57, 6092-6104. doi:
10.1021/jm500544p

Clark, A. K., and Malcangio, M. (2012). Microglial signalling mechanisms:
Cathepsin S and Fractalkine. Exp. Neurol. 234, 283-292. doi:
10.1016/j.expneurol.2011.09.012

Cole, E. L., Stewart, M. N., Littich, R, Hoareau, R., and Scott, P. J.
H. (2014). Radiosyntheses using Fluorine-18: the art and science
of late stage fluorination. Curr. Top. Med. Chem. 14, 875-900. doi:
10.2174/1568026614666140202205035

Colella, R., Lu, G., Glazewski, L., Korant, B., Matlapudi, A., England, M. R,, et al.
(2010). Induction of cell death in neuroblastoma by inhibition of cathepsins B
and L. Cancer Lett. 294, 195-203. doi: 10.1016/j.canlet.2010.01.037

Colletti, G. A., Miedel, M. T., Quinn, J., Andharia, N., Weisz, O. A., and Kiselyov,
K. (2012). Loss of lysosomal ion channel transient receptor potential channel
mucolipin-1 (TRPML1) leads to cathepsin B-dependent apoptosis. J. Biol.
Chem. 287, 8082-8091. doi: 10.1074/jbc.M111.285536

Crawford, C., Mason, R. W., Wikstrom, P., and Shaw, E. (1988). The design
of peptidyldiazomethane inhibitors to distinguish between the cysteine
proteinases calpain II, cathepsin L and cathepsin B. Biochem. J. 253, 751-758.

Cunha, L., Horvath, I, Ferreira, S., Lemos, J., Costa, P., Vieira, D., et al. (2014).
Preclinical imaging: an essential ally in modern biosciences. Mol. Diagn. Ther.
18, 153-173. doi: 10.1007/s40291-013-0062-3

Cutler, C. S., Hennkens, H. M., Sisay, N., Huclier-Markai, S., and Jurisson, S.
S. (2013). Radiometals for combined imaging and therapy. Chem. Rev. 113,
858-883. doi: 10.1021/cr3003104

Deu, E., Verdoes, M., and Bogyo, M. (2012). New approaches for dissecting
protease functions to improve probe development and drug discovery. Nat.
Struct. Mol. Biol. 19, 9-16. doi: 10.1038/nsmb.2203

Ding, D., Li, K,, Liu, B., and Tang, B. Z. (2013). Bioprobes based on AIE fluorogens.
Acc. Chem. Res. 46, 2441-2453. doi: 10.1021/ar3003464

Di Piazza, M., Mader, C., Geletneky, K., Herrero, Y. C. M., Weber, E., Schlehofer,
J., et al. (2007). Cytosolic activation of cathepsins mediates parvovirus H-
1-induced killing of cisplatin and TRAIL-resistant glioma cells. J. Virol. 81,
4186-4198. doi: 10.1128/JV1.02601-06

Docherty, K., Carroll, R., and Steiner, D. F. (1983). Identification of a 31,500
molecular weight islet cell protease as cathepsin B. Proc. Natl. Acad. Sci. U.S.A.
80, 3245-3249. doi: 10.1073/pnas.80.11.3245

Docherty, K., Hutton, J. C., and Steiner, D. F. (1984). Cathepsin B-related proteases
in the insulin secretory granule. J. Biol. Chem. 259, 6041-6044.

Dvorak, J., Mashiyama, S. T., Sajid, M., Braschi, S., Delcroix, M., Schneider,
E. L, et al. (2009). SmCL3, a gastrodermal cysteine protease of the
human blood fluke Schistosoma mansoni. PLoS Negl. Trop. Dis. 3:e449. doi:
10.1371/journal.pntd.0000449

Edem, P. E., Czorny, S., and Valliant, J. F. (2014). Synthesis and evaluation of
radioiodinated acyloxymethyl ketones as activity-based probes for Cathepsin
B.J. Med. Chem. 57, 9564-9577. doi: 10.1021/jm501357r

Edgington, L. E.,, Verdoes, M., and Bogyo, M. (2011). Functional imaging
of proteases: recent advances in the design and application of substrate-
based and activity-based probes. Curr. Opin. Chem. Biol. 15, 798-805. doi:
10.1016/j.cbpa.2011.10.012

Elmore, C. S. (2009). The use of isotopically labeled compounds in drug discovery.
Annu. Rep. Med. Chem. 44, 515-534. doi: 10.1016/S0065-7743(09)044425-X

Engle, J. W., Barnhart, T. E.,, Severin, G. W., and Nickles, R. J. (2011). The
unrealized potential of 3*™Cl for radiopharmaceutical research with PET. Curr.
Radiopharm. 4, 102-108. doi: 10.2174/1874471011104020102

Falgueyret, J. P., Black, W. C., Cromlish, W., Desmarais, S., Lamontagne, S.,
Mellon, C., et al. (2004). An activity-based probe for the determination
of cysteine cathepsin protease activities in whole cells. Anal. Biochem. 335,
218-227. doi: 10.1016/j.ab.2004.09.005

Falgueyret, J. P., Desmarais, S., Oballa, R., Black, W. C., Cromlish, W., Khougaz,
K., etal. (2005). Lysosomotropism of basic cathepsin K inhibitors contributes to
increased cellular potencies against offtarget cathepsins and reduced functional
selectivity. J. Med. Chem. 48, 7535-7543. doi: 10.1021/jm0504961

Flannery, T., Gibson, D., Mirakhur, M., McQuaid, S., Greenan, C., Trimble,
A., et al. (2003). The clinical significance of cathepsin S expression in
human astrocytomas. Am. J. Pathol. 163, 175-182. doi: 10.1016/S0002-9440(10)
63641-3

Flannery, T., McQuaid, S., McGoohan, C., McConnell, R. S., McGregor, G.,
Mirakhur, M., et al. (2006). Cathepsin S expression: an independent prognostic
factor in glioblastoma tumours - A pilot study. Int. J. Cancer 119, 854-860. doi:
10.1002/ijc.21911

Fonovi¢, M., and Bogyo, M. (2008). Activity-based probes as a tool for functional
proteomic analysis of proteases. Expert Rev. Proteomics 5, 721-730. doi:
10.1586/14789450.5.5.721

Fonovi¢, M., and Turk, B. (2014a). Cysteine cathepsins and extracellular
matrix degradation. Biochim. Biophys. Acta 1840, 2560-2570. doi:
10.1016/j.bbagen.2014.03.017

Fonovi¢, M., and Turk, B. (2014b). Cysteine cathepsins and their potential in
clinical therapy and biomarker discovery. Proteomics Clin. Appl. 8, 416-426.
doi: 10.1002/prca.201300085

Fox, T., De Miguel, E., Mort, J. S., and Storer, A. C. (1992). Potent slow-binding
inhibition of cathepsin B by its propeptide. Biochemistry 31, 12571-12576. doi:
10.1021/bi00165a005

Friedl, P., and Alexander, S. (2011). Cancer invasion and the microenvironment:
plasticity and reciprocity. Cell 147, 992-1009. doi: 10.1016/j.cell.2011.
11.016

Frizler, M., Lohr, F., Furtmann, N., Klis, J., and Giitschow, M. (2011). Structural
optimization of azadipeptide nitriles strongly increases association rates and
allows the development of selective cathepsin inhibitors. J. Med. Chem. 54,
396-400. doi: 10.1021/jm101272p

Frizler, M., Mertens, M. D., and Giitschow, M. (2012). Fluorescent nitrile-based
inhibitors of cysteine cathepsins. Bioorg. Med. Chem. Lett. 22, 7715-7718. doi:
10.1016/j.bmcl.2012.09.086

Frizler, M., Stirnberg, M., Tekeste Sisay, M., and Giitschow, M. (2010).
Development of nitrile-based peptidic inhibitors of cysteine proteases. Curr.
Top. Med. Chem. 10, 294-322. doi: 10.2174/156802610790725452

Frizler, M., Yampolsky, 1. V., Baranov, M. S., Stirnberg, M., and Giitschow, M.
(2013). Chemical introduction of the green fluorescence: imaging of cysteine
cathepsins by an irreversibly locked GFP fluorophore. Org. Biomol. Chem. 11,
5913-5921. doi: 10.1039/c30b41341a

Frohlich, E. (2010). Proteases in cutaneous malignant melanoma: relevance as
biomarker and therapeutic target. Cell. Mol. Life Sci. 67, 3947-3960. doi:
10.1007/s00018-010-0469-5

Fujii, T., Kamiya, M., and Urano, Y. (2014). In vivo imaging of intraperitoneally
disseminated tumors in model mice by using activatable fluorescent small-
molecular probes for activity of cathepsins. Bioconjug. Chem. 25, 1838-1846.
doi: 10.1021/bc5003289

Gauthier, J. Y., Chauret, N., Cromlish, W., Desmarais, S., Duong le, T,
Falgueyret, J. P., et al. (2008). The discovery of odanacatib (MK-0822), a
selective inhibitor of cathepsin K. Bioorg. Med. Chem. Lett. 18, 923-928. doi:
10.1016/j.bmcl.2007.12.047

Frontiers in Chemistry | www.frontiersin.org

31

June 2015 | Volume 3 | Article 37


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

L6ser and Pietzsch

Imaging agents for cysteine cathepsins

Gill, J. H.,, and Loadman, P. M. (2008). “Development of tumour-selective and
endoprotease-activated anticancer therapeutics,” in The Cancer Degradome, eds
D. Edwards, G. Hoyer-Hansen, F. Blasi, and B. F. Sloane (New York, NY:
Springer), 853-876.

Gocheva, V., and Joyce, J. A. (2007). Cysteine Cathepsins and the cutting edge of
cancer invasion. Cell Cycle 6, 60-64. doi: 10.4161/cc.6.1.3669

Gocheva, V., Zeng, W., Ke, D., Klimstra, D., Reinheckel, T., Peters, C., et al. (2006).
Distinct roles for cysteine cathepsin genes in multistage tumorigenesis. Genes
Dev. 20, 543-556. doi: 10.1101/gad.1407406

Gole, B., Duran Alonso, M. B., Dolenc, V., and Lah, T. (2009). Post-translational
regulation of cathepsin B, but not of other cysteine cathepsins, contributes
to increased glioblastoma cell invasiveness in vitro. Pathol. Oncol. Res. 15,
711-723. doi: 10.1007/s12253-009-9175-8

Gondi, C. S., and Rao, J. S. (2013). Cathepsin B as a cancer target. Expert Opin.
Ther. Targets 17, 281-291. doi: 10.1517/14728222.2013.740461

Greenbaum, D. C., Baruch, A., Grainger, M., Bozdech, Z., Medzihradszky, K.
F., Engel, J., et al. (2002). A role for the protease Falcipain 1 in host
cell invasion by the human malaria parasite. Science 298, 2002-2006. doi:
10.1126/science.1077426

Greenbaum, D., Medzihradszky, K. F., Burlingame, A., and Bogyo, M. (2000).
Epoxide electrophiles as activity-dependent cysteine protease profiling and
discovery tools. Chem. Biol. 7, 569-581. doi: 10.1016/S1074-5521(00)00014-4

Grimm, J. B., Heckman, L. M., and Lavis, L. D. (2013). The chemistry of small-
molecule fluorogenic probes. Prog. Mol. Biol. Transl. Sci. 113, 1-34. doi:
10.1016/b978-0-12-386932-6.00001-6

Grotsky, D. A., Gonzalez-Suarez, 1., Novell, A., Neumann, M. A., Yaddanapudi,
S. C., Croke, M., et al. (2013). BRCA1 loss activates cathepsin L-mediated
degradation of 53BP1 in breast cancer cells. J. Cell Biol. 200, 187-202. doi:
10.1083/jcb.201204053

Grzonka, Z., Jankowska, E., Kasprzykowski, F., Kasprzykowska, R., Lankiewicz,
L., Wiczk, W., et al. (2001). Structural studies of cysteine proteases and their
inhibitors. Acta Biochim. Pol. 48, 1-20.

Gul, S., Hussain, S., Thomas, M. P., Resmini, M., Verma, C. S., Thomas, E. W,
et al. (2008). Generation of nucleophilic character in the Cys25/His159 Ion pair
of papain involves Trpl77 but not Asp158. Biochemistry 47, 2025-2035. doi:
10.1021/bi702126p

Gupta, S., Singh, R. K., Dastidar, S., and Ray, A. (2008). Cysteine cathepsin S as
an immunomodulatory target: present and future trends. Expert Opin. Ther.
Targets 12, 291-299. doi: 10.1517/14728222.12.3.291

Haag, R., and Kratz, F. (2006). Polymer therapeutics: concepts and applications.
Angew. Chem. Int. Ed. 45, 1198-1215. doi: 10.1002/anie.200502113

Haris, M., Singh, A., Mohammed, I, Ittyerah, R., Nath, K., Nanga, R. P., et al.
(2014). In vivo magnetic resonance imaging of tumor protease activity. Sci. Rep.
4:6081. doi: 10.1038/srep06081

Hu, H. Y., Gehrig, S., Reither, G., Subramanian, D., Mall, M. A., Plettenburg, O.,
et al. (2014b). FRET-based and other fluorescent proteinase probes. Biotechnol.
J. 9, 266-281. doi: 10.1002/biot.201300201

Hu, H.-Y., Vats, D., Vizovisek, M., Kramer, L., Germanier, C., Wendt, K. U, et al.
(2014a). In vivo imaging of mouse tumors by a lipidated Cathepsin S substrate.
Angew. Chem. Int. Ed. 53, 7669-7673. doi: 10.1002/anie.201310979

Isahara, K., Ohsawa, Y., Kanamori, S., Shibata, M., Waguri, S., Sato, N, et al.
(1999). Regulation of a novel pathway for cell death by lysosomal aspartic
and cysteine proteinases. Neuroscience 91, 233-249. doi: 10.1016/S0306-
4522(98)00566-1

Isin, E. M., Elmore, C. S., Nilsson, G. N., Thompson, R. A., and Weidolf, L. (2012).
Use of radiolabeled compounds in drug metabolism and pharmacokinetic
studies. Chem. Res. Toxicol. 25, 532-542. doi: 10.1021/tx2005212

Jacquemont, C., Simon, J. A., D’Andrea, A. D., and Taniguchi, T. (2012). Non-
specific chemical inhibition of the Fanconi anemia pathway sensitizes cancer
cells to cisplatin. Mol. Cancer 11:26. doi: 10.1186/1476-4598-11-26

James, M. L., and Gambhir, S. S. (2012). A molecular imaging primer:
modalities, imaging agents, and applications. Physiol. Rev. 92, 897-965. doi:
10.1152/physrev.00049.2010

Jevnikar, Z., Obermajer, N., Bogyo, M., and Kos, J. (2008). The role of cathepsin X
in the migration and invasiveness of T lymphocytes. J. Cell. Sci. 121, 2652-2661.
doi: 10.1242/jcs.023721

Joyce, J. A., Baruch, A., Chehade, K., Meyer-Morse, N., Giraudo, E., Tsai, F. Y.,
et al. (2004). Cathepsin cysteine proteases are effectors of invasive growth and

angiogenesis during multistage tumorigenesis. Cancer Cell 5, 443-453. doi:
10.1016/S1535-6108(04)00111-4

Joyce, J. A., and Pollard, J. W. (2009). Microenvironmental regulation of
metastasis. Nat. Rev. Cancer 9, 239-252. doi: 10.1038/nrc2618

Jung, M., Lee, J., Seo, H. Y., Lim, J. S.,, and Kim, E. K. (2015). Cathepsin
inhibition-induced lysosomal dysfunction enhances pancreatic Beta-cell
apoptosis in high glucose. PLoS ONE 10:¢0116972. doi: 10.1371/journal.pone.
0116972

Kabalka, G. W., and Varma, R. S. (1989). The synthesis of radiolabeled
compounds via organometallic intermediates. Tetrahedron 21, 6601-6621. doi:
10.1016/S0040-4020(01)89131-6

Kamen, M. D. (1963). Early history of Carbon-14. Science 140, 584-590. doi:
10.1126/science.140.3567.584

Kamen, M. D. (1986). A cupful of luck, a pinch of sagacity. Annu. Rev. Biochem.
55, 1-34. doi: 10.1146/annurev.bi.55.070186.000245

Karton-Lifshin, N., Albertazzi, L., Bendikov, M., Baran, P. S., and Shabat, D. (2012).
“Donor-two-acceptor” dye design: a distinct gateway to NIR fluorescence.
J. Am. Chem. Soc. 134, 20412-20420. doi: 10.1021/ja308124q

Kassahun, K., Black, W. C., Nicoll-Griffith, D., McIntosh, I., Chauret, N., Day, S.,
et al. (2011). Pharmacokinetics and metabolism in rats, dogs, and monkeys
of the cathepsin K inhibitor odanacatib: demethylation of a methylsulfonyl
moiety as a major metabolic pathway. Drug Metab. Dispos. 39, 1079-1087. doi:
10.1124/dmd.110.037184

Kassahun, K., McIntosh, I., Koeplinger, K., Sun, L., Talaty, J. E., Miller, D. L., et al.
(2014). Disposition and metabolism of the cathepsin K inhibitor odanacatib in
humans. Drug Metab. Dispos. 42, 818-827. doi: 10.1124/dmd.113.056580

Kato, D., Boatright, K. M., Berger, A. B., Nazif, T., Blum, G., Ryan, C,, et al. (2005).
Activity-based probes that target diverse cysteine protease families. Nat. Chem.
Biol. 1, 33-38. doi: 10.1038/nchembio707

Katunuma, N. (2011). Structure-based development of specific inhibitors for
individual cathepsins and their medical applications. Proc. Jpn. Acad. Ser. B
Phys. Biol. Sci. 87, 29-39. doi: 10.2183/pjab.87.29

Kern, U., Wischnewski, V., Biniossek, M. L., Schilling, O., and Reinheckel, T.
(2015). Lysosomal protein turnover contributes to the acquisition of TGFbeta-1
induced invasive properties of mammary cancer cells. Mol. Cancer 14, 39. doi:
10.1186/512943-015-0313-5

Kim, E., and Park, S. B. (2010). Discovery of new fluorescent dyes: targeted
synthesis or combinatorial approach? Springer Ser. Fluoresc. 8, 149-186. doi:
10.1007/978-3-642-04702-2_5

Kirschke, H. (2008). “Cathepsins,” in xPharm: The Comprehensive Pharmacology
Reference, eds S. J. Enna and D. B. Bylund (Amsterdam: Elsevier). doi: 10.1016/
B978-008055232-3.60556-2

Kisin-Finfer, E., Ferber, S., Blau, R., Satchi-Fainaro, R., and Shabat, D. (2014).
Synthesis and evaluation of new NIR-fluorescent probes for cathepsin B: ICT
versus FRET as a turn-ON mode-of-action. Bioorg. Med. Chem. Lett. 24,
2453-2458. doi: 10.1016/j.bmcl.2014.04.022

Kisin-Finfer, E., and Shabat, D. (2013). New repertoire of ’donor-two-
acceptor’ NIR fluorogenic dyes. Bioorg. Med. Chem. 21, 3602-3608. doi:
10.1016/j.bmc.2013.02.049

Klemenci¢, 1., Carmona, A. K., Cezari, M. H. S., Juliano, M. A., Juliano, L.,
Gundar, G., et al. (2000). Biochemical characterization of human cathepsin X
revealed that the enzyme is an exopeptidase, acting as carboxymonopeptidase
or carboxydipeptidase. Eur. J. Biochem. 267, 5404-5412. doi: 10.1046/j.1432-
1327.2000.01592.x

Kos, J., Mitrovic, A., and Mirkovic, B. (2014). The current stage of cathepsin B
inhibitors as potential anticancer agents. Future Med. Chem. 6, 1355-1371. doi:
10.4155/fmc.14.73

Kreusch, S., Fehn, M., Maubach, G., Nissler, K., Rommerskirch, W., Schilling, K.,
et al. (2000). An evolutionarily conserved tripartite tryptophan motif stabilizes
the prodomains of cathepsinL-like cysteine proteases. Eur. J. Biochem. 267,
2965-2972. doi: 10.1046/j.1432-1033.2000.01312.x

Lakowicz, J. R. (2010). Principles of Fluorescence Spectroscopy. New York, NY:
Springer.

Lampe, C. M., and Gondi, C. S. (2014). Cathepsin B inhibitors for targeted cancer
therapy. J. Cancer Sci. Ther. 6, 417-421. doi: 10.1517/14728222.2013.740461
Lankelma, J. M., Voorend, D. M., Barwari, T., Koetsveld, J., van der Spek, A. H.,
De Porto, A. P, et al. (2010). Cathepsin L, target in cancer treatment? Life Sci.

86, 225-233. doi: 10.1016/j.1fs.2009.11.016

Frontiers in Chemistry | www.frontiersin.org

32

June 2015 | Volume 3 | Article 37


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

L6ser and Pietzsch

Imaging agents for cysteine cathepsins

Latli, B., Hrapchak, M., Lorenz, J. C., Busacca, C. A., and Senanayake, C. (2012).
Synthesis of a potent cathepsin S inhibitor labeled with deuterium and carbon-
14. Curr. Radiopharm. 5, 314-317. doi: 10.2174/1874471011205040314

Lecaille, F., Kaleta, J., and Brémme, D. (2002). Human and parasitic
papain-like cysteine proteases: their role in physiology and pathology and
recent developments in inhibitor design. Chem. Rev. 102, 4459-4488. doi:
10.1021/cr0101656

Lechner, A. M., Assfalg-Machleidt, 1., Zahler, S., Stoeckelhuber, M., Machleidt,
W., Jochum, M., et al. (2006). RGD-dependent binding of procathepsin X
to integrin alphavbeta3 mediates cell-adhesive properties. J. Biol. Chem. 281,
39588-39597. doi: 10.1074/jbc.M513439200

Lee, M., Fridman, R., and Mobashery, S. (2004). Extracellular proteases as
targets for treatment of cancer metastases. Chem. Soc. Rev. 33, 401-409. doi:
10.1039/b209224g

Lee, T. K, Cheung, V. C, Lu, P, Lau, E. Y, Ma, S, Tang, K. H,, et al.
(2014). Blockade of CD47-mediated cathepsin S/protease-activated receptor
2 signaling provides a therapeutic target for hepatocellular carcinoma.
Hepatology 60, 179-191. doi: 10.1002/hep.27070

Leung, D., Abbenante, G., and Fairlie, D. P. (2000). Protease inhibitors: current
status and future prospects. J. Med. Chem. 43, 305-341. doi: 10.1021/
jm990412m

Leytus, S. P., Melhado, L. L., and Mangel, W. F. (1983). Rhodamine-based
compounds as fluorogenic substrates for serine proteinases. Biochem. J. 209,
299-307.

Li, J.,, Liu, F,, Shao, Q., Min, Y., Costa, M., Yeow, E. K,, et al. (2014). Enzyme-
responsive cell-penetrating peptide conjugated mesoporous silica quantum dot
nanocarriers for controlled release of nucleus-targeted drug molecules and real-
time intracellular fluorescence imaging of tumor cells. Adv. Healthc. Mater. 3,
1230-1239. doi: 10.1002/adhm.201300613

Li, Z., Hou, W.-S., Escalante-Torres, C. R, Gelb, B. D., and Bromme,
D. (2002). Collagenase activity of cathepsin K depends on complex
formation with chondroitin sulfate. J. Biol. Chem. 277, 28669-28676. doi:
10.1074/jbc.M204004200

Li, Z,, Kienetz, M., Cherney, M. M., James, M. N., and Brémme, D. (2008). The
crystal and molecular structures of a cathepsin K:chondroitin sulfate complex.
J. Mol. Biol. 383, 78-91. doi: 10.1016/j.jmb.2008.07.038

Link, J. O., and Zipfel, S. (2006). Advances in cathepsin S inhibitor design. Curr.
Opin. Drug Discov. Dev. 9, 471-482.

Lorenz, J. C., Busacca, C. A., Feng, X., Grinberg, N., Haddad, N., Johnson, J.,
etal. (2010). Large-scale asymmetric synthesis of a cathepsin S inhibitor. J. Org.
Chem. 75, 1155-1161. doi: 10.1021/j09022809

Loser, R. (2011). Cathepsin S inhibitors: W0O2010070615. Expert Opin. Ther.
Patents 21, 585-591. doi: 10.1517/13543776.2011.550574

Loser, R., Bergmann, R., Frizler, M., Mosch, B., Dombrowski, L., Kuchar,
M., et al. (2013). Synthesis and radiopharmacological characterisation of
a fluorine-18-labelled azadipeptide nitrile as a potential PET tracer for
in vivo imaging of cysteine cathepsins. ChemMedChem 8, 1330-1344. doi:
10.1002/cmdc.201300135

Loser, R., Frizler, M., Schilling, K., and Giitschow, M. (2008). Azadipeptide
nitriles: highly potent and proteolytically stable inhibitors of papain-like
cysteine proteases. Angew. Chem. Int. Ed. 47, 4331-4334. doi: 10.1002/anie.
200705858

Madala, P. K., Tyndall, J. D. A,, Nall, T., and Fairlie, D. P. (2010). Update 1 of:
proteases universally recognize beta strands in their active sites. Chem. Rev. 110,
PR1-PR31. doi: 10.1021/cr900368a

Maheshwari, V., Dearling, J. L. J., Treves, S. T. and Packard, A. B.
(2012). Measurement of the rate of copper(II) exchange for 64Cy
complexes of bifunctional chelators. Inorg. Chim. Acta 393, 318-323. doi:
10.1016/j.ica.2012.07.012

Malla, R. R, Gopinath, S., Alapati, K., Gorantla, B, Gondi, C. S, and
Rao, J. S. (2012). uPAR and cathepsin B inhibition enhanced radiation-
induced apoptosis in gliomainitiating cells. Neuro Oncol. 14, 745-760. doi:
10.1093/neuonc/nos088

Mason, R. W., Bartholomew, L. T., and Harwick, B. S. (1989a). The use of
benzyloxycarbonyl['#I]iodotyrosylalanyldiazomethane as a probe for active
cysteine proteinases in human tissues. Biochem. J. 263, 945-949.

Mason, R. W., Wilcox, D., Wikstrom, P., and Shaw, E. N. (1989b).

The identification of active forms of cysteine proteinases in

Kirsten-virus-transformed mouse fibroblasts by use of a specific radiolabelled
inhibitor. Biochem. J. 257, 125-129.

Mason, S. D., and Joyce, J. A. (2011). Proteolytic networks in cancer. Trends Cell
Biol. 21, 228-237. doi: 10.1016/j.tcb.2010.12.002

Matarrese, P., Ascione, B., Ciarlo, L., Vona, R., Leonetti, C., Scarsella, M., et al.
(2010). Cathepsin B inhibition interferes with metastatic potential of human
melanoma: an in vitro and in vivo study. Mol. Cancer 9:207. doi: 10.1186/1476-
4598-9-207

Matherly, L. H., Hou, Z., and Deng, Y. (2007). Human reduced folate carrier:
translation of basic biology to cancer etiology and therapy. Cancer Metastasis
Rev. 26, 111-128. doi: 10.1007/s10555-007-9046-2

McCarthy, T. J., Schwarz, S. W., and Welch, M. J. (1994). Nuclear medicine and
positron emission tomography: an overview. J. Chem. Educ. 71, 830-836. doi:
10.1021/ed071p830

McGrath, M. E. (1999). The lysosomal cysteine proteases. Annu. Rev. Biophys.
Biomol. Struct. 28, 181-204. doi: 10.1146/annurev.biophys.28.1.181

Mei, J., Hong, Y., Lam, ]. W,, Qin, A, Tang, Y., and Tang, B. Z. (2014). Aggregation-
induced emission: the whole is more brilliant than the parts. Adv. Mater. 26,
5429-5479. doi: 10.1002/adma.201401356

Mertens, M. D., Schmitz, J., Horn, M., Furtmann, N., Bajorath, J., Mare§,
M., et al. (2014). A coumarin-labeled vinyl sulfone as tripeptidomimetic
activity-based probe for cysteine cathepsins. ChemBioChem 15, 955-959. doi:
10.1002/cbic.201300806

Mier, W., and Eisenhut, M. (2011). “Radioiodination chemistry and radioiodinated
compounds,” in Handbook of Nuclear Chemistry, 2nd Edn., eds A. Vertes, S.
Nagy, Z. Klencsar, R. G. Lovas, and F. Rosch (Dordrecht: Springer), 2121-2141.

Mier, W., and Nissen, F. (2010). “Radioiodine chemistry,” in Pharmaceutical
Radiochemistry (I), ed H. J. Wester (Fiirstenfeldbruck: SCINTOMICS Print
Media and Publishing), 127-162.

Miller, P. W., Long, N. J., Vilar, R., and Gee, A. D. (2008). Synthesis of !!C, 18F,
150, and !*N radiolabels for positron emission tomography. Angew. Chem. Int.
Ed. 47, 8998-9033. doi: 10.1002/anie.200800222

Mohamed, M. M., and Sloane, B. F. (2006). Cysteine cathepsins: multifunctional
enzymes in cancer. Nat. Rev. Cancer 6, 764-775. doi: 10.1038/nrc1949

Nabeno, M., Akahoshi, F., Kishida, H., Miyaguchi, I., Tanaka, Y., Ishii, S., et al.
(2013). A comparative study of the binding modes of recently launched
dipeptidyl peptidase IV inhibitors in the active site. Biochem. Biophys. Res.
Commun. 434, 191-196. doi: 10.1016/j.bbrc.2013.03.010

Nigler, D. K., Zhang, R., Tam, W., Sulea, T, Purisima, E. O., and Menard, R. (1999).
Human Cathepsin X: a cysteine protease with unique carboxypeptidase activity.
Biochemistry 38, 12648-12654. doi: 10.1021/bi991371z

Nguyen, D. X., Bos, P. D, and Massague, J. (2009). Metastasis: from
dissemination to organ-specific colonization. Nat. Rev. Cancer 9, 274-284. doi:
10.1038/nrc2622

Nordstrom, R., Cherry, S., Azhdarinia, A., Sevick-Muraca, E., and VanBrocklin, H.
(2013). Photons across medicine: relating optical and nuclear imaging. Biomed.
Opt. Express 4, 2751-2762. doi: 10.1364/BOE.4.002751

Novinec, M., Kovaci¢, L., Lenaréi¢, B., and Baici, A. (2010). Conformational
flexibility and allosteric regulation of cathepsin K. Biochem. J. 429, 379-389.
doi: 10.1042/BJ20100337

Novinec, M., and Lenarti¢, B. (2013a). Cathepsin K: a unique collagenolytic
cysteine peptidase. Biol. Chem. 394, 1163-1179. doi: 10.1515/hsz-2013-0134

Novinec, M., and Lenar¢i¢, B. (2013b). Papain-like peptidases: structure, function,
and evolution. Biomol. Concepts 4, 287-308. doi: 10.1515/bmc-2012-0054

Novinec, M., Lenarti¢, B, and Turk, B. (2014). Cysteine cathepsin activity
regulation by glycosaminoglycans. Biomed. Res. Int. 2014:309718. doi:
10.1155/2014/309718

Ogbomo, S. M., Shi, W., Wagh, N. K, Zhou, Z., Brusnahan, S. K, and
Garrison, J. C. (2013). 77Lu-labeled HPMA copolymers utilizing cathepsin
B and S cleavable linkers: synthesis, characterization and preliminary in vivo
investigation in a pancreatic cancer model. Nucl. Med. Biol. 40, 606-617. doi:
10.1016/j.nucmedbio.2013.01.011

Onishi, T., Hayashi, N., Theriault, R. L., Hortobagyi, G. N., and Ueno, N. T. (2010).
Future directions of bone-targeted therapy for metastatic breast cancer. Nat.
Rev. Clin. Oncol. 7, 641-651. doi: 10.1038/nrclinonc.2010.134

Oresic Bender, K., Ofori, L., van der Linden, W. A., Mock, E. D., Datta, G.
K., Chowdhury, S., et al. (2015). Design of a highly selective quenched
activity-based probe and its application in dual color imaging studies of

Frontiers in Chemistry | www.frontiersin.org

33

June 2015 | Volume 3 | Article 37


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

L6ser and Pietzsch

Imaging agents for cysteine cathepsins

cathepsin s activity localization. J. Am. Chem. Soc. 137, 4771-4777. doi:
10.1021/jacs.5b00315

Otto, H.-H., and Schirmeister, T. (1997). Cysteine proteases and their inhibitors.
Chem. Rev. 97, 133-172. doi: 10.1021/cr950025u

Palermo, C., and Joyce, J. A. (2008). Cysteine cathepsin proteases as
pharmacological targets in cancer. Trends Pharmacol. Sci. 29, 22-28. doi:
10.1016/.tips.2007.10.011

Patterson, A. W., Wood, W. ], Hornsby, M., Lesley, S., Spraggon, G., and Ellman, J.
A. (2006). Identification of selective, nonpeptidic nitrile inhibitors of cathepsin
s using the substrate activity screening method. J. Med. Chem. 49, 6298-6307.
doi: 10.1021/jm060701s

Paulick, M. G., and Bogyo, M. (2008). Application of activity-based probes to the
study of enzymes involved in cancer progression. Curr. Opin. Genet. Dev. 18,
97-106. doi: 10.1016/j.gde.2007.12.001

Pauly, T. A,, Sulea, T., Ammirati, M., Sivaraman, J., Danley, D. E., Griffor, M. C,,
et al. (2003). Specificity determinants of human cathepsin S revealed by crystal
structures of complexes. Biochemistry 42, 3203-3213. doi: 10.1021/bi027308i

Penner, N., Xu, L., and Prakash, C. (2012). Radiolabeled absorption, distribution,
metabolism, and excretion studies in drug development: why, when, and how?
Chem. Res. Toxicol. 25, 513-531. doi: 10.1021/tx300050f

Perisic Nanut, M., Saboti¢, J., Jewett, A., and Kos, J. (2014). Cysteine cathepsins
as regulators of the cytotoxicity of NK and T cells. Front. Immunol. 5:616. doi:
10.3389/fimmu.2014.00616

Podgorski, I, Linebaugh, B. E., and Sloane, B. F. (2007). Cathepsin K in the bone
microenvironment: link between obesity and prostate cancer? Biochem. Soc.
Trans. 35, 701-703. doi: 10.1042/BST0350701

Pouget, J. P., Navarro-Teulon, I, Bardies, M., Chouin, N., Cartron, G., Pelegrin, A.,
et al. (2011). Clinical radioimmunotherapy-the role of radiobiology. Nat. Rev.
Clin. Oncol. 8, 720-734. doi: 10.1038/nrclinonc.2011.160

Powers, J. C., Asgian, J. L, Ozlem, D. E., and James, K. E. (2002). Irreversible
inhibitors of serine, cysteine, and threonine proteases. Chem. Rev. 102,
4639-4750. doi: 10.1021/cr010182v

Pretze, M., Grosse-Gehling, P., and Mamat, C. (2011). Cross-coupling reactions as
valuable tool for the preparation of PET radiotracers. Molecules 16, 1129-1165.
doi: 10.3390/molecules16021129

Price, E. W,, and Orvig, C. (2014). Matching chelators to radiometals for
radiopharmaceuticals. Chem. Soc. Rev. 43, 260-290. doi: 10.1039/C3CS60304K

Quillard, T., Croce, K., Jaffer, F. A., Weissleder, R., and Libby, P. (2011). Molecular
imaging of macrophage protease activity in cardiovascular inflammation
in vivo. Thromb. Haemost. 105, 828-836. doi: 10.1160/TH10-09-0589

Rapa, I, Volante, M., Cappia, S., Rosas, R., Scagliotti, G. V., and Papotti, M. (2006).
Cathepsin K is selectively expressed in the stroma of lung adenocarcinoma but
not in bronchioloalveolar carcinoma. Am. J. Clin. Pathol. 125, 847-854. doi:
10.1309/Q96AYDAAJ3EITNWT

Ravanko, K., Jarvinen, K., Helin, J., Kalkkinen, N., and Holttd, E. (2004). Cysteine
cathepsins are central contributors of invasion by cultured adenosylmethionine
decarboxylase-transformed rodent fibroblasts. Cancer Res. 64, 8831-8838. doi:
10.1158/0008-5472.CAN-03-2993

Rawlings, N. D., Waller, M., Barrett, A. J., and Bateman, A. (2014). MEROPS: the
database of proteolytic enzymes, their substrates and inhibitors. Nucleic Acids
Res. 42, D503-D509. doi: 10.1093/nar/gkt953

Reddy, V. B., Shimada, S. G., Sikand, P., Lamotte, R. H., and Lerner, E. A. (2010).
Cathepsin § elicits itch and signals via protease-activated receptors. J. Invest.
Dermatol. 130, 1468-1470. doi: 10.1038/jid.2009.430

Reinheckel, T., Peters, C., Kriiger, A., Turk, B., and Vasiljeva, O. (2012).
Differential impact of cysteine cathepsins on genetic mouse models of de novo
carcinogenesis: Cathepsin B as emerging therapeutic target. Front. Pharmacol.
3:133. doi: 10.3389/fphar.2012.00133

Reiser, J., Adair, B., and Reinheckel, T. (2010). Specialized roles for cysteine
cathepsins in health and disease. J. Clin. Invest. 120, 3421-3431. doi:
10.1172/JCI42918

Rejmanova, P., Kopetek, J., Pohl, ], Baudy$, M., and Kostka, V. (1983).
Polymers containing enzymatically degradable bonds, 8. Degradation of
oligopeptide sequences in N-(2-hydroxypropyl)methacrylamide copolymers
by bovine spleen Cathepsin B. Makromol. Chem. 184, 2009-2020. doi:
10.1002/macp.1983.021841006

Ren, G., Blum, G., Verdoes, M. Liu, H. Syed, S. Edgington, L. E,
et al. (2011). Non-invasive imaging of cysteine cathepsin activity in solid

tumors using a **Cu-labeled activity-based probe. PLoS ONE 6:¢28029. doi:
10.1371/journal.pone.0028029

Roberts, L. R, Kurosawa, H., Bronk, S. F., Fesmier, P. J., Agellon, L.
B., Leung, W. Y., et al. (1997). Cathepsin B contributes to bile salt-
induced apoptosis of rat hepatocytes. Gastroenterology 113, 1714-1726. doi:
10.1053/gast.1997.v113.pm9352877

Rodnick, M. E., Shao, X., Kozloff, K. M., Scott, P. J., and Kilbourn, M. R. (2014).
Carbon-11 labeled cathepsin K inhibitors: syntheses and preliminary in vivo
evaluation. Nucl. Med. Biol. 41, 384-389. doi: 10.1016/j.nucmedbio.2014.
02.004

Rothe, G., Klingel, S., Assfalg-Machleidt, I., Machleidt, W., Zirkelbach, C., Banati,
R. B, et al. (1992). Flow cytometric analysis of protease activities in vital cells.
Biol. Chem. Hoppe Seyler 373, 547-554. doi: 10.1515/bchm3.1992.373.2.547

Rousselet, N., Mills, L., Jean, D., Tellez, C., Bar-Eli, M., and Frade, R. (2004).
Inhibition of tumorigenicity and metastasis of human melanoma cells by anti-
cathepsin L single chain variable fragment. Cancer Res. 64, 146-151. doi:
10.1158/0008-5472.CAN-03-1717

Ruben, S., Hassid, W. Z., and Kamen, M. D. (1939). Radioactive carbon in the study
of photosynthesis. J. Am. Chem. Soc. 61, 661-663. doi: 10.1021/ja01872a034

Ruiz-Goémez, G., Lim, J., Halili, M. A, Le, G. T., Madala, P. K., Abbenante, G., et al.
(2009). Structure-activity relationships for substrate-based inhibitors of human
complement factor B. J. Med. Chem. 52, 6042-6052. doi: 10.1021/jm900781m

Rullmann, J. A. C,, Bellido, M. N., and van Duijnen, P. T. (1989). The active site of
papain. J. Mol. Biol. 206, 101-118. doi: 10.1016/0022-2836(89)90527-5

Ryu, J. H,, Kim, S. A., Koo, H,, Yhee, ]. Y., Lee, A, Na, J. H,, et al. (2011). Cathepsin
B-sensitive nanoprobe for in vivo tumor diagnosis. J. Mater. Chem. 21, 17631.
doi: 10.1039/c1jm13064a

Ryu, J. H, Na, J. H,, Ko, H. K,, You, D. G, Park, S, Jun, E, et al. (2014).
Non-invasive optical imaging of cathepsin B with activatable fluorogenic
nanoprobes in various metastatic models. Biomaterials 35, 2302-2311. doi:
10.1016/j.biomaterials.2013.11.080

Rzychon, M., Chmiel, D., and Stec-Niemczyk, J. (2004). Modes of inhibition of
cysteine proteases. Acta Biochim. Pol. 51, 861-873.

Sadaghiani, A. M., Verhelst, S. H., and Bogyo, M. (2007). Tagging and detection
strategies for activity-based proteomics. Curr. Opin. Chem. Biol. 11, 20-28. doi:
10.1016/j.cbpa.2006.11.030

Sage, J., Leblanc-Noblesse, E., Nizard, C., Sasaki, T., Schnebert, S., Perrier, E.,
et al. (2012). Cleavage of nidogen-1 by cathepsin S impairs its binding to
basement membrane partners. PLoS ONE 7:e43494. doi: 10.1371/journal.pone.
0043494

Sage, J., Mallevre, F., Barbarin-Costes, F., Samsonov, S. A., Gehrcke, J.-
P., Pisabarro, M. T., et al. (2013). Binding of chondroitin 4-sulfate to
cathepsin S regulates its enzymatic activity. Biochemistry 52, 6487-6498. doi:
10.1021/bi400925g

Sakabe, M., Asanuma, D., Kamiya, M., Iwatate, R. J., Hanaoka, K., Terai, T., et al.
(2013). Rational design of highly sensitive fluorescence probes for protease and
glycosidase based on precisely controlled spirocyclization. . Am. Chem. Soc.
135, 409-414. doi: 10.1021/ja309688m

Saljoughian, M. (2002). Synthetic tritium labeling: reagents and methodologies.
Synthesis 1781-1801. doi: 10.1055/s-2002-33907

Salpeter, S. J., Pozniak, Y., Merquiol, E., Ben-Nun, Y., Geiger, T., and Blum, G.
(2015). A novel cysteine cathepsin inhibitor yields macrophage cell death and
mammary tumor regression. Oncogene. doi: 10.1038/onc.2015.51. [Epub ahead
of print].

Sanman, L. E., and Bogyo, M. (2014). Activity-based profiling of proteases. Annu.
Rev. Biochem. 83, 249-273. doi: 10.1146/annurev-biochem-060713-035352
Schick, C., Pemberton, P. A., Shi, G. P., Kamachi, Y., Cataltepe, S., Bartuski, A. J.,
et al. (1998). Cross-class inhibition of the cysteine proteinases Cathepsins K,
L, and S by the serpin sqamous cell carcinoma Antigen 1: a kinetic analysis.

Biochemistry 37, 5258-5266. doi: 10.1021/bi972521d

Schmidinger, H., Hermetter, A., and Birner-Gruenberger, R. (2006). Activity-based
proteomics: enzymatic activity profiling in complex proteomes. Amino Acids
30, 333-350. doi: 10.1007/s00726-006-0305-2

Schmitt, M., Janicke, F., and Graeff, H. (1992). Tumor-associated proteases.
Fibrinolysis 6, 3-26.

Schoénefuf3, A., Wendt, W., Schattling, B., Schulten, R., Hoffmann, K., Stuecker,
M, et al. (2010). Upregulation of cathepsin S in psoriatic keratinocytes. Exp.
Dermatol. 19, e80-e88. doi: 10.1111/j.1600-0625.2009.00990.x

Frontiers in Chemistry | www.frontiersin.org

34

June 2015 | Volume 3 | Article 37


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

L6ser and Pietzsch

Imaging agents for cysteine cathepsins

Segal, E., Prestwood, T. R., van der Linden, W. A., Carmi, Y., Bhattacharya,
N., Withana, N, et al. (2015). Detection of intestinal cancer by local, topical
application of a quenched fluorescence probe for cysteine cathepsins. Chem.
Biol. 22, 148-158. doi: 10.1016/j.chembiol.2014.11.008

Seibold, U., Wingler, B., Schirrmacher, R., and Wingler, C. (2014). Bimodal
imaging probes for combined PET and OI: recent developments and future
directions for hybrid agent development. Biomed. Res. Int. 2014:153741. doi:
10.1155/2014/153741

Seo, H. R, Bae, S., and Lee, Y. S. (2009). Radiation-induced cathepsin S is involved
in radioresistance. Int. J. Cancer 124, 1794-1801. doi: 10.1002/ijc.24095

Serim, S., Haedke, U., and Verhelst, S. H. (2012). Activity-based probes for the
study of proteases: recent advances and developments. ChemMedChem 7,
1146-1159. doi: 10.1002/cmdc.201200057

Sevenich, L., Bowman, R. L., Mason, S. D., Quail, D. F., Rapaport, F., Elie, B. T.,
et al. (2014). Analysis of tumour- and stroma-supplied proteolytic networks
reveals a brain-metastasis-promoting role for cathepsin S. Nat. Cell Biol. 16,
876-888. doi: 10.1038/ncb3011

Sevenich, L., and Joyce, J. A. (2014). Pericellular proteolysis in cancer. Genes Dev.
28,2331-2347. doi: 10.1101/gad.250647.114

Shabat, D., Amir, R. J., Gopin, A., Pessah, N., and Shamis, M. (2004). Chemical
adaptor systems. Chem. Eur. J. 10, 2626-2634. doi: 10.1002/chem.200305715

Shen, F., Wang, H., Zheng, X., and Ratnam, M. (1997). Expression levels of
functional folate receptors alpha and beta are related to the number of N-
glycosylated sites. Biochem. J. 327, 759-764.

Shibata, M., Kanamori, S., Isahara, K., Ohsawa, Y., Konishi, A., Kametaka, S.,
et al. (1998). Participation of cathepsins B and D in apoptosis of PC12 cells
following serum deprivation. Biochem. Biophys. Res. Commun. 251, 199-203.
doi: 10.1006/bbrc.1998.9422

Shokhen, M., Khazanov, N., and Albeck, A. (2011). The mechanism of papain
inhibition by peptidyl aldehydes. Proteins 79, 975-985. doi: 10.1002/prot.
22939

Shree, T., Olson, O. C,, Elie, B. T., Kester, J. C., Garfall, A. L., Simpson, K., et al.
(2011). Macrophages and cathepsin proteases blunt chemotherapeutic response
in breast cancer. Genes Dev. 25, 2465-2479. doi: 10.1101/gad.180331.111

Sloane, B. F., Yan, S., Podgorski, I., Linebaugh, B. E., Cher, M. L., Mai,
J., et al. (2005). Cathepsin B and tumor proteolysis: contribution of
the tumor microenvironment. Semin. Cancer Biol. 15, 149-157. doi:
10.1016/j.semcancer.2004.08.001

Small, D. M., Burden, R. E., Jaworski, J., Hegarty, S. M., Spence, S., Burrows,
J. F., et al. (2013). Cathepsin S from both tumor and tumor-associated cells
promote cancer growth and neovascularization. Int. J. Cancer 133, 2102-2112.
doi: 10.1002/ijc.28238

Solomon, A. K., Vennesland, B., Klemperer, F. W., Buchanan, J. M., and Hastings,
A. B. (1941). The participation of carbon dioxide in the carbohydrate cycle.
J. Biol. Chem. 140, 171-182.

Solon, E. G. (2012). Use of radioactive compounds and autoradiography to
determine drug tissue distribution. Chem. Res. Toxicol. 25, 543-555. doi:
10.1021/tx200509f

Stabuc, B., Mrevlje, Z., Markovi¢, J., and Stabuc-Silih, M. (2005). Expression and
prognostic significance of cathepsin L in early cutaneous malignant melanoma.
Neoplasma 59, 259-262.

Stoka, V., Turk, B., and Turk, V. (2005). Lysosomal cysteine proteases:
structural features and their role in apoptosis. IUBMB Life 57, 347-353. doi:
10.1080/15216540500154920

Storm van’s Gravesande, K., Layne, M. D., Ye, Q, Le, L., Baron, R. M,
Perrella, M. A., et al. (2002). IFN regulatory factor-1 regulates IFN-
gamma-dependent cathepsin S expression. J. Immunol. 168, 4488-4494. doi:
10.4049/jimmunol.168.9.4488

Striter, N., and Lipscomb, W. N. (1995). Two-metal ion mechanism of bovine
lens leucine aminopeptidase: active site solvent structure and binding mode of
L-Leucinal, a gem-diolate transition state analogue, by X-ray crystallography.
Biochemistry 34, 14792-14800. doi: 10.1021/bi00045a021

Sturge, J., Caley, M. P., and Waxman, J. (2011). Bone metastasis in prostate
cancer: emerging therapeutic strategies. Nat. Rev. Clin. Oncol. 8, 357-368. doi:
10.1038/nrclinonc.2011.127

Teno, N., and Masuya, K. (2010). Orally bioavailable Cathepsin K inhibitors
with pyrrolopyrimidine scaffold. Curr. Top. Med. Chem. 10, 752-766. doi:
10.2174/156802610791113423

Theocharis, A. D., Gialeli, C., Bouris, P., Giannopoulou, E., Skandalis, S. S., Aletras,
A. ], et al. (2014). Cell-matrix interactions: focus on proteoglycan-proteinase
interplay and pharmacological targeting in cancer. FEBS J. 281, 5023-5042. doi:
10.1111/febs.12927

Thiery, J. P. (2002). Epithelial-mesenchymal transitions in tumour progression.
Nat. Rev. Cancer 2, 442-454. doi: 10.1038/nrc822

Thorek, D., Robertson, R., Bacchus, W. A., Hahn, J., Rothberg, J., Beattie, B. ]., et al.
(2012). Cerenkov imaging - a new modality for molecular imaging. Am. J. Nucl.
Med. Mol. Imaging 2, 163-173.

Tian, R., Li, M., Wang, J., Yu, M., Kong, X., Feng, Y., et al. (2014). An intracellularly
activatable, fluorogenic probe for cancer imaging. Org. Biomol. Chem. 12,
5365-5374. doi: 10.1039/c40b00297k

Turk, B., Turk, D., and Salvesen, G. S. (2002). Regulating cysteine protease activity:
essential role of protease inhibitors as guardians and regulators. Curr. Pharm.
Des. 8, 1623-1637. doi: 10.2174/1381612023394124

Turk, D., and Guncar, G. (2003). Lysosomal cysteine proteases (cathepsins):
promising drug targets. Acta Crystallogr. D Biol. Crystallogr. 59, 203-213. doi:
10.1107/50907444902021479

Turk, D., Gunéar, G., Podobnik, M., and Turk, B. (1997). Revised definition
of substrate binding sites of papain-like cysteine proteases. Biol. Chem. 379,
137-147.

Turk, D., Turk, B., and Turk, V. (2003). Papain-like lysosomal cysteine proteases:
drug discovery targets. Biochem. Soc. Symp. 70, 15-30.

Turk, V., Kos, J., Gunt¢ar, G., and Turk, B. (2001a). “Lysosomal cysteine proteases
and their protein inhibitors,” in Role of Proteases in the Pathophysiology of
Neurodegenerative Diseases, eds A. Lajtha and N. L. Banik (New York, NY:
Kluwer Academic/Plenum Publishers).

Turk, V., Stoka, V., Vasiljeva, O., Renko, M., Sun, T., Turk, B., et al. (2012). Cysteine
cathepsins: from structure, function and regulation to new frontiers. Biochim
Biophys Acta 1824, 68-88. doi: 10.1016/j.bbapap.2011.10.002

Turk, V., Turk, D., and Turk, B. (2001b). Lysosomal cysteine proteases:
facts and opportunities. EMBO J. 20, 4629-4633. doi: 10.1093/emboj/20.
17.4629

Uhl, P., Fricker, G., Haberkorn, U, and Mier, W. (2015). Radionuclides
in drug development. Drug Discov. Today 20, 198-208. doi:
10.1016/j.drudis.2014.09.027

van Zijl, P. C, and Yadav, N. N. (2011). Chemical exchange saturation transfer
(CEST): what is in a name and what isn’t? Magn. Reson. Med. 65, 927-948. doi:
10.1002/mrm.22761

Veilleux, A., Black, W. C., Gauthier, J. Y., Mellon, C., Percival, M. D., Tawa,
P, et al. (2011). Probing cathepsin S activity in whole blood by the
activity-based probe BIL-DMK: cellular distribution in human leukocyte
populations and evidence of diurnal modulation. Anal. Biochem. 411, 43-49.
doi: 10.1016/j.ab.2010.11.022

Verdoes, M., Oresic Bender, K., Segal, E., van der Linden, W. A., Syed, S,
Withana, N. P,, et al. (2013). Improved quenched fluorescent probe for imaging
of cysteine cathepsin activity. J. Am. Chem. Soc. 135, 14726-14730. doi:
10.1021/ja4056068

Vernet, T., Tessier, D. C., Chatellier, J., Plouffe, C., Lee, T. S., Thomas,
D. Y, et al. (1995). Structural and functional roles of Asparagine 175
in the cysteine protease papain. J. Biol. Chem. 270, 16645-16652. doi:
10.1074/jbc.270.28.16645

Voges, R., Heys, J. R., and Moenius, T. (2011). Preparation of Compounds Labeled
with Tritium and Carbon-14. Chichester: John Wiley & Sons, Ltd.

Wadas, T. J., Wong, E. H, Weisman, G. R, and Anderson, C. J. (2010).
Coordinating radiometals of copper, gallium, indium, yttrium, and zirconium
for PET and SPECT imaging of disease. Chem. Rev. 110, 2858-2902. doi:
10.1021/cr900325h

Wadhawan, M., Singh, N., and Rathaur, S. (2014). Inhibition of cathepsin B by E-64
induces oxidative stress and apoptosis in filarial parasite. PLoS ONE 9:¢93161.
doi: 10.1371/journal.pone.0093161

Ward, Y. D., Thomson, D. S,, Frye, L. L., Cywin, C. L., Morwick, T., Emmanuel,
M. J., et al. (2002). Design and synthesis of dipeptide nitriles as reversible
and potent Cathepsin S inhibitors. J. Med. Chem. 45, 5471-5482. doi:
10.1021/jm020209i

Watzke, A., Kosec, G., Kindermann, M., Jeske, V., Nestler, H. P., Turk, V., et al.
(2008). Selective activity-based probes for cysteine cathepsins. Angew. Chem.
Int. Ed. 47, 406-409. doi: 10.1002/anie.200702811

Frontiers in Chemistry | www.frontiersin.org

35

June 2015 | Volume 3 | Article 37


http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

L6ser and Pietzsch

Imaging agents for cysteine cathepsins

Wegner, K. D., and Hildebrandt, N. (2015). Quantum dots: bright and versatile
in vitro and in vivo fluorescence imaging biosensors. Chem. Soc. Rev. doi:
10.1039/c4cs00532e. [Epub ahead of print].

Welss, T., Sun, J. R, Irving, J. A., Blum, R., Smith, A. I, Whisstock, J. C., et al.
(2003). Hurpin is a selective inhibitor of lysosomal cathepsin L and protects
keratinocytes from ultraviolet-induced apoptosis. Biochemistry 42, 7381-7389.
doi: 10.1021/bi027307q

Werner, F., Sachse, K., and Reinheckel, T. (2012). “Secreted cysteine cathepsins -
versatile players in extracellular proteolysis,” in Matrix Proteases in Health and
Disease, ed N. Behrendt (Weinheim: Wiley-VCH), 283-297.

Wiederanders, B., Kaulmann, G., and Schilling, K. (2003). Functions of
propeptide parts in cysteine proteases. Curr. Protein Pept. Sci. 4, 309-326. doi:
10.2174/1389203033487081

Wilbur, D. S. (1992). Radiohalogenation of proteins: an overview of radionuclides,
labeling methods, and reagents for conjugate labeling. Bioconjug. Chem. 3,
433-470. doi: 10.1021/bc00018a001

Willems, L. I, Overkleeft, H. S., and van Kasteren, S. I. (2014). Current
developments in activity-based protein profiling. Bioconjug. Chem. 25,
1181-1191. doi: 10.1021/bc500208y

Willstitter, R., and Bamann, E. (1929). Uber die Proteasen der Magenschleimhaut.
Erste Abhandlung iiber die Enzyme der Leukocyten. Hoppe-Seyler’s Z. Physiol.
Chem. 180, 127-143. doi: 10.1515/bchm2.1929.180.1-3.127

Withana, N. P., Blum, G., Sameni, M., Slaney, C., Anbalagan, A., Olive, M. B., et al.
(2012). Cathepsin B inhibition limits bone metastasis in breast cancer. Cancer
Res. 72, 1199-1209. doi: 10.1158/0008-5472.CAN-11-2759

Woods, M., Woessner, D. E., and Sherry, A. D. (2006). Paramagnetic lanthanide
complexes as PARACEST agents for medical imaging. Chem. Soc. Rev. 35,
500-511. doi: 10.1039/b509907m

Wouest, F. (2005). Aspects of positron emission tomography radiochemistry as
relevant for food chemistry. Amino Acids 29, 323-339. doi: 10.1007/s00726-
005-0201-1

Xing, R., Addington, A. K., and Mason, R. W. (1998). Quantification of cathepsins
B and L in cells. Biochem. J. 332, 499-505.

Yamamoto, A., Tomoo, K., Hara, T., Murata, M., Kitamura, K., and Ishida, T.
(2000). Substrate specificity of bovine cathepsin B and its inhibition by CA074,
based on crystal structure refinement of the complex. J. Biochem. 127, 635-643.
doi: 10.1093/oxfordjournals.jbchem.a022651

Yang, P. Y., Wang, M,, Li, L, Wu, H,, He, C. Y, and Yao, S. Q. (2012).
Design, synthesis and biological evaluation of potent azadipeptide nitrile
inhibitors and activity-based probes as promising anti-Trypanosoma
brucei agents. Chem. Eur. J. 18, 6528-6541. doi: 10.1002/chem.
201103322

Yasothornsrikul, S., Greenbaum, D., Medzihradszky, K. F., Toneft, T., Bundey,
R, Miller, R., et al. (2003). Cathepsin L in secretory vesicles functions
as a prohormone-processing enzyme for production of the enkephalin

peptide neurotransmitter. Proc. Natl. Acad. Sci. U.S.A. 100, 9590-9595. doi:
10.1073/pnas.1531542100

Yuan, Y., Zhang, C. J., Gao, M., Zhang, R., Tang, B. Z, and Liu, B. (2015).
Specific light-up bioprobe with aggregation-induced emission and activatable
photoactivity for the targeted and image-guided photodynamic ablation of
cancer cells. Angew. Chem. Int. Ed. 54,1780-1786. doi: 10.1002/anie.201408476

Zalutsky, M. (2011). “Radionuclide therapy,” in Handbook of Nuclear Chemistry,
2nd Edn, eds A. Vertes, S. Nagy, Z. Klencsar, R. G. Lovas, and F. Rosch
(Dordrecht: Springer), 2179-2209.

Zarschler, K., Kubeil, M., and Stephan, H. (2014). Establishment of two
complementary in vitro assays for radiocopper complexes achieving reliable
and comparable evaluation of in vivo stability. RSC Adv. 4, 10157. doi:
10.1039/c3ra47302c

Zhanaeva, S. Y., Korolenko, T. A., Khoshchenko, O. M., Spiridonov, V. K,
Nikolin, V. P., and Kaledin, V. L. (2005). Effect of cysteine protease inhibitor
Ep-475 on TNF-alpha-independent cyclophosphamide-induced apoptosis in
mouse lymphosarcoma LS cells. Bull. Exp. Biol. Med. 139, 186-189. doi:
10.1007/s10517-005-0243-0

Zhang, M.-R., and Suzuki, K. (2007). ["®F]Fluoroalkyl agents: synthesis, reactivity
and application for development of PET ligands in molecular imaging. Curr.
Top. Med. Chem. 7, 1817-1828. doi: 10.2174/156802607782507448

Zheng, X., Chou, P. M., Mirkin, B. L., and Rebbaa, A. (2004). Senescence-
initiated reversal of drug resistance: specific role of cathepsin L. Cancer Res.
64, 1773-1780. doi: 10.1158/0008-5472.CAN-03-0820

Zheng, X., Chu, F., Chou, P. M., Gallati, C,, Dier, U., Mirkin, B. L., et al
(2009). Cathepsin L inhibition suppresses drug resistance in vitro and in vivo:
a putative mechanism. Am. J. Physiol. Cell Physiol. 296, C65-C74. doi:
10.1152/ajpcell.00082.2008

Zhong, Y. J., Shao, L. H,, and Li, Y. (2013). Cathepsin B-cleavable doxorubicin
prodrugs for targeted cancer therapy. Int. J. Oncol. 42, 373-383. doi:
10.3892/ij0.2012.1754

Zhu, D. M., and Uckun, F. M. (2000). Z-Phe-Gly-NHO-Bz, an inhibitor of cysteine
cathepsins, induces apoptosis in human cancer cells. Clin. Cancer Res. 6,
2064-2069.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Loser and Pietzsch. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

36

June 2015 | Volume 3 | Article 37


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Chemistry
http://www.frontiersin.org
http://www.frontiersin.org/Chemistry/archive

	Cysteine cathepsins: their role in tumor progression and recent trends in the development of imaging probes
	Introduction: Structural and Biochemical Considerations
	Inhibitor Design and Importance of Cysteine Cathepsins as Drug Discovery Targets
	Functions of Cysteine Cathepsins in Tumor Progression and their Influence on Therapy Response
	Considerations on Cysteine Cathepsin Inhibitors as Adjuvant Radiosensitizers and Chemosensitizers

	Recent Trends in the Development of Cysteine Cathepsin-targeting Imaging Probes and Related Molecular Tools
	Fluorescent Probes
	Activity-based Probes
	Substrate-based Probes

	Radiotracers
	125I-labeled Compounds
	Radiotracers Based on Fluorine-18, Radiocarbon Isotopes and Tritium
	Radiometal-based Tracers


	Concluding Remarks
	Acknowledgments
	References


