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ABSTRACT: The cysteine cathepsins are a group of 11 proteases whose function was
originally believed to be the degradation of endocytosed material with a high degree of
redundancy. However, it has become clear that these enzymes are also important
regulators of both health and disease. Thus, selective tools that can discriminate between
members of this highly related class of enzymes will be critical to further delineate the
unique biological functions of individual cathepsins. Here we present the design and
synthesis of a near-infrared quenched activity-based probe (qABP) that selectively targets
cathepsin S which is highly expressed in immune cells. Importantly, this high degree of
selectivity is retained both in vitro and in vivo. In combination with a new green-fluorescent
pan-reactive cysteine cathepsin qABP we performed dual color labeling studies in bone
marrow-derived immune cells and identified vesicles containing exclusively cathepsin S
activity. This observation demonstrates the value of our complementary cathepsin probes
and provides evidence for the existence of specific localization of cathepsin S activity in

9
o H
) N{yNHSulfo-QS Y21
o 6

dendritic cells.

B INTRODUCTION

Cysteine cathepsins are part of the Cla family of clan CA
proteases.1 These include cathepsins B, L, S, F, H, O, W, X
(also known as Z or P), C (or dipeptidyl-peptidase 1), K (or
02), and V (with the alternative name L2).> While their main
function was originally believed to be primarily the degradation
of endocytosed and intracellular protein waste, it is now clear
that cysteine cathepsins are important players in regulating
aspects of both normal physiology and disease pathology. This
includes involvement in cancer and inflammatory diseases, such
as rheumatoid arthritis, chronic obstructive pulmonary disease
(COPD), inflammatory bowel disease, asthma, sepsis, and
cystic fibrosis. Although initially believed to be highly
redundant, recent studies have identified specific functions for
individual members of the cysteine cathepsin family. While the
majority of the cysteine cathepsins demonstrate a ubiquitous
expression profile, cathepsin S expression is mainly restricted to
antigen-presenting cells (APCs) where it contributes to antigen
presenting capacity by controlling trafficking and maturation of
major histocompatibility complex (MHC) class II molecules.’
This includes professional APCs, such as dendritic cells (DCs),
macrophages, and B cells* as well as non-professional APCs,
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such as intestinal epithelial cells.’ Although primarily localized
to the endolysomal system, cathepsin S has been linked to
functions outside the cell, where it contributes to matrix
degradation6 and DC motility.” Furthermore, an increase in
cathepsin S expression is associated with several diseases that
are characterized by the infiltration of myeloid-derived immune
cell types.

In mouse models of cancer, cathepsin S activity within the
tumor microenvironment is primarily supplied by tumor-
associated macrophages.*” Therefore, cathepsin S is expected
to be associated with any cancer with macrophage infiltration.
However, cancer cell derived cathepsin S also contributes to
neovascularization and tumor growth,'®'" and depletion or
therapeutic inhibition of cathepsin S in both breast cancer and
stromal cells significantly reduced metastasis specifically to the
brain.'" This finding was also linked to clinical outcome in
breast cancer patients, where high cathepsin S expression at the
primary site correlated with decreased brain metastasis-free
survival. A recent study revealed cathepsin S as a major player
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Figure 1. The development of a cathepsin S selective gABP. (A) Structures of the QABP BMVO083 and the novel probes synthesized and
characterized in this work. (B) Concentration-dependent labeling profile of BMV083 compared to BMV117 in live RAW cells. (C) Concentration-
dependent labeling profile of BMV109 compared to BMV117, BMV157, LO219, and LO143 in live RAW cells.

in tumor-initiating cell development'” and the finding that
cathepsin S is required for pro-tumor, M2 polarization of
tumor-associated macrophages highlights yet another mecha-
nism by which cathepsin S impacts tumor development and
clinical outcome."

In addition to cancer, cathepsin S has recently been linked to
pathology of TRPV4-mediated inflammatory pain through
proteolytic cleavage of PAR,">'* and cystic fibrosis where
increased cathepsin S activity is found in the patients’
bronchoalveolar lavage (BAL) fluid."® Although it is clear that
cathepsin S is a highly relevant clinical biomarker and potential
therapeutic target, many of the biological and molecular
questions regarding the contribution of cathepsin S to this
wide array of pathologies remain to be answered. Most of the
current mechanistic knowledge of cathepsin S is based on
studies with genetic knockout animal models. However,
knockout of one cathepsin has been shown to influence the
expression of other members of the family."®'® Furthermore,
proteases often function in enzymatic networks,"” complicating
direct assessment of protease function from genetic knockout
data. To get a better understanding of the function, dynamics,
and localization of cathepsin S activity, there is a need for tools
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that allow direct assessment of activity levels in living cells and
in complex animal models.

One approach to tracking and imaging protease activity is to
use substrate reporters that are cleaved by a protease to
produce a fluorescent signal. These types of fluorogenic
substrate probes have been developed for in vivo assessment
of cathepsin S activity. In one example an autoquenched
dendrimeric structure equipped with a protease cleavable site
(Leu-Arg)*® was used to determine the role of cathepsin S in
arterial and aortic valve calcification in a mouse model of
chronic renal disease.”’ In another example, a strategy termed
“reverse design” was used to generate small molecule
fluorogenic substrate probes based on the structure of cathepsin
S selective inhibitors. These substrates were then used for non-
invasive imaging of inflammation and tumor margins.”>**
Although such substrate probes are useful tools for the
assessment of protease activity, they do not provide precise
information about the localization of the target protease as the
cleavage products are imaged rather than the protease that
produced them. Furthermore, it remains difficult to confirm the
in vivo selectivity of most substrates as many proteases may be
capable of processing any given peptide substrate.
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Figure 2. In vivo characterization of the cathepsin S selective gABP BMV157 in a syngeneic orthotopic mouse breast cancer model. (A) Noninvasive
optical imaging of 4T1 tumor-bearing Balb/c mice injected with BMV157. (B) Ex vivo tumor fluorescence (top panel) and in vivo fluorescently-
labeled tumor-associated proteins visualized after SDS-PAGE by in-gel fluorescence scanning (lower panel) of tumor-bearing mice treated with
vehicle, BMV157 or BMV109. (C) Quantification of tumor cysteine cathepsin labeling intensity of the ex vivo IVIS measurements and fluorescence
SDS-PAGE. (D) In vivo tissue-specific labeling profile of BMV157 compared to the pan-reactive QABP BMV109 visualized after SDS-PAGE by in-

gel fluorescence scanning.

As an alternative to substrate-based probes, activity-based
probes (ABPs) are small molecule reporters of enzymatic
activity that are designed to covalently and irreversibly attach to
the active-site nucleophile of the target enzyme in a
mechanism-dependent manner.”*”>” One subfamily of ABPs
is the quenched activity-based probe (qABPs), which are
intrinsically fluorescently quenched or “dark” but fluorescently
label the target upon mechanism-based nucleophilic displace-
ment of the quencher group.*® This trait makes qABPs optimal
for live cell and non-invasive optical imaging and for the
quantitative assessment of proteolytically active protease pools
in live cells. Importantly, because qABPs covalently and
irreversibly label the target protease, probe selectivity can be
validated biochemically.

Recently, a coumarin-labeled fluorescent vinyl sulfone ABP
was reported to have cathepsin S selectivity in tissue
homogenates,29 and a cell-permeable, radioiodinated, irrever-
sible diazomethyl ketone containing ABP was used to probe
cathepsin S activity in whole blood.>** However, the overall
selectivity of these probes remains questionable as they were
shown to label other cathepsin targets in certain cell
populations. Thus, more selective probes will be required to
begin to analyze specific localization of cathepsin S activity in
live cells and organisms.

In this work, we describe the design, synthesis, and
characterization of a potent, cathepsin S-selective near-infrared
gABP. Our non-peptidic gABP proved to be highly selective for
cathepsin S in cells as well as in various mouse organs in vivo,
and we were able to non-invasively image syngeneic mammary
tumors in living mice. Furthermore, by synthesizing a
complementary green-fluorescent pan-reactive gABP we were
able to perform dual-color live cell activity localization studies
to define the location of proteolytically active cathepsin S in
vesicular compartments in primary mouse bone marrow-
derived dendritic cells (BMDCs). The exact mechanisms and
pathways by which endolysosmal proteolysis impacts antigen
presentation, signal transduction, and the interplay between the
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different proteases and other enzymes remain only partly
understood.>® We believe that the chemical tools presented
here will help to answer some of these remaining questions.

B RESULTS AND DISCUSSION

Probe Synthesis and In vitro Characterization. For the
development of a cathepsin S selective gABP, we started with
the scaffold from our recently reported non-peptidic qgABP
BMV083 (Figure 1a),® which has improved in vivo properties
compared to the peptidic gABP GB137.>> Substrate activity
screening (SAS) efforts demonstrated that improved cathepsin
S selectivity can be obtained by increasing the bulkiness of the
P2 substrate substituent.”® We therefore designed the qABP
BMV117 (Figure la) containing a trans-4-methylcyclohexyl at
the P2 position of the probe (synthetic details can be found in
the Supporting Information). Indeed, when we compared the
labeling profiles of the prior probe BMVO083 to the new
BMV117 probe in live RAW 264.7 cells (mouse leukemic
monocyte macrophage cell line) we found that BMV117
showed exclusive labeling of cathepsin S, whereas BMV083 also
labeled a substantial amount of cathepsin B and, at higher
concentrations, cathepsin L (Figures 1b and S1A).® However,
the gain in selectivity by introducing increased steric bulk in the
P2 position came at the cost of a 10-fold decrease in potency
toward cathepsin S. We recently reported the optimized near-
infrared pan-reactive cysteine cathepsin gABP BMV109 that
contains a more reactive phenoxymethyl ketone (PMK)
electrophile (also known as the “warhead”), a shorter spacer,
and a more hydrophilic sulfo-QSY21 quencher. This probe
targets a broad panel of cysteine cathepsin targets and has
better aqueous solubility and improved in vivo properties
compared to the previous generation acyloxymethyl ketone
(AOMK) probes. ** In an effort to increase the potency of
BMV117, while retaining the remarkable cathepsin S selectivity,
we synthesized three analogues by introducing the sulfo-QSY21
in place of the more hydrophobic QSY21 (BMV157),
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Figure 3. Complementary cysteine cathepsin labeling. (A) Structures of the pan-reactive cysteine cathepsin gQABPs BMV109 and EM053. (B)
Labeling profile and simultaneous multicolor labeling of cathepsin S with the near-infrared-labeled BMV157 and the green pan-reactive EM0S3 in

living human monocyte-derived DCs.

incorporating the tetrafluoro-substituted PMK electrophile
(LO219) and shortening the spacer tethering the quencher
to the electrophile (LO143; Figure la). We compared the
labeling profile of each of the new probes to the pan-reactive
gABP BMV109 and the lead cathepsin S selective qABP
BMV117 in intact RAW 264.7 cells (Figure 1c). Substituting
the QSY21 quencher in BMV117 for sulfo-QSY21 resulted in a
dramatic increase in potency toward cathepsin S, while
retaining extremely high cathepsin S selectivity (Figures lc
and SIB—D). The labeling profiles of LO219 and LO143
revealed that introduction of the PMK electrophile and the
combination with a shorter spacer reduces cathepsin S
selectivity. This suggests that the more bulky nature of the
2,6-dimethylbenzoic acid-derived AOMK electrophile, in
combination with the optimal trans-4-methylcyclohexyl at the
P2 position and the hydrophilic sulfo-QSY21, may contribute
to the superior cathepsin S selectivity and potency of BMV157.
Thus, BMV157 represents our most potent and selective
cathepsin S probe to date, based on cellular studies. We
therefore moved forward with applications in vivo to further
assess its selectivity.

Noninvasive Optical Imaging of Syngeneic Ortho-
topic Mouse Breast Tumors. Given the fact that tumor-
associated macrophages are the key contributors of cathepsin S
in the tumor microenvironment,g’9 we set out to characterize
the tumor imaging capacity, the biodistribution and cathepsin
S-selectivity of BMV157 in a syngeneic orthotopic mouse
model of breast cancer.’® 10 days after tumor implantation, we
injected mice with equimolar amounts of BMV157 or BMV109
(20 nmol) via the tail vein, and then performed non-invasive
optical imaging of CyS fluorescence 8 h post injection. These
data confirmed that qABP BMV157 was able to delineate
tumor margins with substantial contrast (Figure 2a).

After live-animal imaging, we measured tumor fluorescence
ex vivo, followed by analysis of the fluorescently-labeled
proteins by SDS-PAGE (Figure 2b). Analysis of tumor
fluorescence intensity ex vivo showed not surprisingly that the
BMV109 fluorescence was on average ~6 times brighter than
the signal for the cathepsin S-specific probe BMV157 (Figure
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2b,c). This difference in intensity was attributed to the
BMV109-labeled cathepsins X, B, S, and L,** while BMV157
exclusively labeled cathepsin S consistent with the high
selectivity of this qABP observed in cells (Figure 2c). We
also analyzed liver, kidney, spleen, heart, and lung tissues, and
labeling profiles showed similar biodistribution for the pan-
reactive and the cathepsin S selective qABPs (Figures 2d and
S2). In all cases, whole organ fluorescence intensities correlated
well with total cysteine cathepsin labeling intensities
determined by SDS-PAGE (Figure S2c). Most importantly,
BMV157 showed remarkable cathepsin S selectivity in all
organs analyzed, even in organs with relatively low cathepsin S
activity compared to cathepsin B and L, such as the liver and
kidney. The selectivity of any probe, inhibitor, or substrate-
based reporter depends highly on concentrations used, labeling
time, the relative activity levels of the (off-) targets, and the
type of proteome, with in vivo experiments being the most
challenging.

Dual-Color Live Cell Cysteine Cathepsin Activity
Imaging. Since cysteine cathepsin activity (and protease
activity in general) is highly regulated by environmental cues,
proteolytic activation, and endogenous inhibitors, the assess-
ment of protein levels and localization does not provide direct
evidence for proteolytic activity. Specific cysteine cathepsin
functions may be reflected by distinct localization of activity.
Specific compartmentalization of cathepsin S has been reported
in the human thyroid gland, where it is localized to distinct
vesicular compartments lacking cathepsins B, K, and L based on
immunostaining.36 Unlike most other cysteine cathepsins that
are optimally active at acidic pH and mostly inactive at neutral
pH, cathepsin S possesses activity over a broad pH range,
retaining most of its activity at neutral and even slightly alkaline
pH.”” This means that even when localized to the same
subcellular location, activity levels of the different cathepsin
family members is controlled by local environmental factors,
such as pH, redox potential, and the specific localization of
inhibiting factors. To image the localization of cathepsin S
activity with respect to the activity of other members of the
cysteine cathepsin family, we synthesized a complementary
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Figure 4. Live cell co-localization of cathepsin S and other cysteine cathepsin activity using the novel complementary set of gABPs. (A) Live cell
confocal microscopy and (B) biochemical characterization of BMV157 (5 M) and EM053 (S M) co-treated mouse BMMs. (C, D) Confocal
microscopy of mouse BMDCs exposed to BMV157 (S uM) and EMO053 (5 ¢M). Three-dimensional reconstruction of confocal microscopy images
of BMV157-labeled cathepsin S (red) and pan-cathepsin labeling with EM053 (green) (C). Orthogonal projection of the confocal images showing
co-localization and lack thereof of BMV157 and EMO053-labeled cathepsins (D). Scale bar 10 ym.

green-fluorescent gABP based on the broad-spectrum BMV109
probe scaffold (EMOS3, Figure 3a). We found that the
combination of the green fluorescent BODIPY-FL and the
quencher BHQ-10 gave the most optimal quenching efficiency.
Labeling live primary human monocyte-derived DCs with
increasing concentrations of EMO0S3 confirmed a dose-
dependent labeling of multiple cysteine cathepsin targets,
including cathepsin X, B, S, and L, which was similar to the
labeling profile observed with the pan-reactive gABP BMV109
(Figure 3b, lane 1, 2, and 8). We next aimed to specifically label
proteolytically active cathepsin S with BMV157 (CyS) and
simultaneously label the remaining active members with
EMO053 (BODIPY-FL). Titration of human monocyte-derived
DCs with BMV157 followed by immediate addition of EM053
resulted in concentration-dependent CyS labeling of cathepsin
S and concomitant competition of the BODIPY FL labeling of
cathepsin S by EMO0S53 (Figure 3b, lanes 3—6). The CyS
cathepsin S labeling as well as the EMOS3 cathepsin S
competition saturated at a concentration of S uM of BMV157
(Figure 3b, lane 4).

We therefore used this optimized labeling condition to
perform multispectral live cell imaging experiments to
determine the spatial and quantitative distribution of cathepsin
S activity relative to the activity of other members of the
cysteine cathepsin family, such as cathepsin X, B, and L in
primary mouse bone marrow-derived macrophages (BMMs)
and BMDCs. Co-labeling of the cells with BMV1S7 and
EMOS3 for 2 h prior to imaging resulted in robust CyS and
BODIPY FL labeling primarily in vesicular compartments
throughout the cells (Figures 4 and S3). Pre-incubation of the
cells with the pan-cysteine cathepsin inhibitor JPM-OEt
abolished all fluorescence activation thereby confirming the
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activity of cysteine cathepsins as the source of the fluorescence
signals (Figure S3). The slight heterogeneity observed in
fluorescence intensity upon qABP labeling of the BMDCs and
BMMs generated with the in vitro bone marrow differentiation
methods confirms the heterogeneity described for these two
experimental cell populations (Figure $3).*® To be able to
perform multispectral imaging on living cells, each fluorophore
must be detected simultaneously, since the motility of the
vesicular compartments containing the majority of the labeled
cysteine cathepsins is very high (Video S1). In the labeled
BMMs analyzed, cathepsin S activity co-localized with the
activity of the cysteine cathepsins labeled with EMOS3,
although the relative cathepsin S activity per vesicle varies
(Figure 4a). After completion of the imaging experiment, we
harvested the cells, lysed them, and determined protein content
by fluorescent SDS-PAGE (Figure 4b). This confirmed the
selective labeling of cathepsin S by BMV157 and revealed
cathepsins X, B, and L as the primary targets of EM053. We
obtained similar results when BMDCs were imaged, with one
major difference: we observed vesicular compartments that
were highly elevated and seemingly exclusive of cathepsin S
activity (Figure 4c,d). Macrophages and DCs have been shown
to have differences in the quantity and activity of proteolytic
enzymes in their endolysosomal pathways®® as well as
differences in pH regulation resulting in overall less acidic
endolysosomal environments in DCs.** Indeed, cysteine
cathepsin activity profiling with BMV109 showed higher
activity of cathepsins B and L in BMMs compared to
BMDCs (Figure S4). Contrary to the reported major difference
in expression levels of cathepsin S,% we found little difference
in cathepsin S activity between the two experimental immune
cell types. Recently it was shown that individual phagosomes
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behave autonomously, with respect to cargo degradation and
antigen presentation as a result of differential phagosome
maturation.*’ This finding could explain the differential
cathepsin compartmentalization in specialized vesicular com-
partments. The confirmation and further understanding of this
phenomenon will be the basis for further investigation. Overall,
these observations highlight the potential of the near-infrared
cathepsin S selective gABP in combination with complemen-
tary pan-reactive cysteine cathepsin qABPs for activity local-
ization studies in living cells and animal models.

B CONCLUSIONS

The cysteine cathepsin family members, once thought to only
be responsible for degradation within lysosomal compartments,
are slowly revealing their diverse functional roles in numerous
physiological processes. As their role in early development and
progression of various human pathologies is becoming more
evident, the cysteine cathepsins are increasingly being validated
as viable therapeutic targets. Due to its distinctive expression
profile and direct involvement in antigen presentation,
cathepsin S has attracted significant attention from scientists,
both in the pharmaceutical industry and in academia. In order
to investigate the mechanisms important for cathepsin S-
mediated pathology, reliable molecular tools that can monitor
cathepsin S activity are needed. These tools are important not
only to demonstrate the value of cathepsin S activity for
diagnosis and as a biomarker for disease progression but also to
develop and characterize novel therapeutic inhibitors or disease
modulators. Several cathepsin S inhibitors are currently in
various phases of clinical trials** (Eli Lilly Inc., Virobay Inc.).
Building on our experience in the design and synthesis of
cysteine protease ABPs, we describe here a highly selective,
non-peptidic cathepsin S near-infrared gABP BMV157. This
probe can be used for sensitive, selective, and quantitative
assessment of cathepsin S activity in cells and even in whole
organisms. Complementary to this near-infrared cathepsin S
selective imaging tool, we synthesized and characterized a
green-fluorescent pan-cysteine cathepsin qABP EMO053, which
we used in combination with BMV157 to visualize localization
of cathepsin S activity relative to the activity of cathepsin X, B,
and L in living cells. Importantly, the power of our
complementary chemical toolkit was demonstrated by the
observation that, unlike BMMs, BMDCs contain a pool of
vesicles that exclusively possess cathepsin S activity. This work
therefore provides valuable tools that can be used to determine
the characteristics of these distinct subcellular compartments.
While it remains unclear how and why such cathepsin S-specific
vesicles exist, they may play important roles in DC immunology
and provide insight into how this professional APC functions in
vivo. Overall, our results highlight the potential of the near-
infrared cathepsin S selective gABP and its combination with
complementary pan-reactive cysteine cathepsin qABPs for in
depth activity localization studies.
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